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inhibition, causing paralysis. Its safety for
humans and pleasant scent makes
nootkatone a promising option for
mosquito control.
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SUMMARY

Humanity has long battled mosquitoes and the diseases they transmit—a struggle intensified by climate
change and globalization, which have expanded mosquito ranges and the spread of associated diseases."
Additionally, widespread insecticide resistance has reduced the efficacy of current control methods, neces-
sitating new solutions.?* Nootkatone, a natural compound found in grapefruit, shows promise as both amos-
quito repellent and an insecticide.*® However, its mechanism of action remains unclear. Our study demon-
strates that nootkatone acts as a potent spatial and contact repellent against multiple mosquito species.
Nootkatone-induced spatial aversion, which is influenced by human odor, is in Aedes aegypti partially
mediated by Orco- and ionotropic receptor (IR)-positive neurons, while contact aversion is robust and likely
mediated via the proboscis and independent of TRPA1 and IRs. We further find that nootkatone potentiates
v-aminobutyric acid (GABA)-mediated signaling by modulating the broadly expressed major insect GABA-
gated chloride channel resistant to dieldrin (Rdl). At low doses, the chemosensory-mediated spatial and con-
tact repellency is likely strengthened by nootkatone’s disruption of synaptic transmission in select mosquito
sensory neurons. At higher doses, nootkatone induces paralysis and death, presumably through broad-
range synaptic transmission disruption. These findings reveal nootkatone’s unique mode of action and
highlight its potential as an effective mosquito control agent. Its dual role as a repellent and an insecticide,
combined with low-to-no toxicity to humans and a pleasant smell, underscores nootkatone’s promise as a
future tool in mosquito control efforts.

RESULTS AND DISCUSSION

Nootkatone spatially displaces mosquitoes but not

when human scent is present

In the 1600s, the Caribbean was a bustling hub of commerce and
colonization. In this melee of galleons coming and going—inter-
mixed with swashbuckling adventures and buccaneering on the
high seas—many new commodities were introduced to the
region.

One such commodity was the pomelo (Citrus grandis). The
widely accepted story suggests that seeds of this fruit were
brought to Barbados in the mid-1600s by a certain Captain Phil-
lip Chaddock (Figure 1A), a British trader sailing under charter
from King Charles Il (1630-1685) and possibly associated with
the Honorable Company of Adventurers for the Somers Islands.®
The pomelo quickly hybridized with Chinese sweet oranges
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(Citrus sinensis) present on the island, with the pomelo serving
as maternal parent and sweet orange providing pollen.® The re-
sulting offspring (back then known as the forbidden fruit) was
much praised for its distinct tangy taste and quickly spread
across the Caribbean. Today, this apomictically stabilized hybrid
is known as grapefruit (Citrus X paradisi), and is a staple on many
breakfast tables.

Grapefruit has inherited many characteristics from its maternal
parent, including its size, color, thick peel, pulp texture, and tart-
ness, as well as the biosynthetic pathway for nootkatone.” This
sesquiterpene (Figure 1B) has a distinct and pleasant smell to
the human nose and is widely used as a flavoring and fragrance
agent in food and hygiene products to mimic the scent of grape-
fruit. To some arthropods, however, nootkatone is not pleasant
but induces strong aversion and, at high doses, paralysis and ul-
timately death.*°
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Figure 1. Nootkatone is a spatial repellent

(A) Speculative depiction of Captain Phillip Chaddock, British merchant and credited with having brought pomelo seeds to Barbados in the 1600s.

(B) The chemical structure of nootkatone and its full systematic IUPAC name.

(C) Schematic drawing of the standard WHO spatial repellency assay.

(D and E) Repellency indices (Rls) from wild-type (WT) Ae. aegypti confronted with 5% w/v DEET (D) and WT Ae. aegypti, Culex quinquefasciatus, and An. gambiae
confronted with 5% w/v nootkatone (E) in the WHO spatial repellency assay (10 mosquitoes/trial; n = 6-10). Rl = (Nc — Nt)/(Nc + Nt), where Nc = number of females
in the control chamber and Nt = number of females in the treatment chamber. The edges of the boxes are the first and third quartiles, while the thick lines inside the
boxes indicate the medians. Whiskers represent the data range. Preference was evaluated using a one-sample Wilcoxon signed-rank test against a theoretical
mean of 0. Black star denotes a significant difference from 0 (p < 0.05). Differences between groups were analyzed using the Mann-Whitney U test. Similar letter
denotes no significant difference (p > 0.05).

(F) Kaplan-Meier estimates showing the proportions of Ae. aegypti remaining on the cage wall over time in response to 30% w/v nootkatone, acetone and DEET
(n = 30 mosquitoes). Differences between groups were analyzed using the Cox proportional hazard model. Black star indicates significant differences from
control (p < 0.05).

(G) Schematic drawing of the uniport olfactometer assay.

(H) WT Ae. aegypti (10 mosquitoes/trial; n = 5-10) freely orienting in a CO,-spiked airstream toward a human hand treated with either solvent or 5% w/v
nootkatone. The shaded area indicates the standard deviation. Differences between control and treatment were analyzed using the Mann-Whitney U test. “ns”
denotes no significant difference (p > 0.05).

(I) Schematic drawing of the photonic fence monitoring device (PFMD).

(J) Example PFMD generated tracks from WT Ae. aegypti, exposed to a patch of human skin (denoted by a dashed line) coated with either solvent or 5% w/v
nootkatone.

(K) Percentage of tracks within 3 cm of the exposed skin (3 mosquitoes/trial; n = 9). Boxplots as per (D and E). Statistical difference was assessed using a paired
samples Student’s t test. ns denotes no significant difference (p > 0.05).

See also Table S1.

Studies over the past 2 decades, spearheaded by the Cen-
ters for Disease Control and Prevention (CDC), have demon-
strated that nootkatone is effective in warding off arthropods,
including mosquitoes.>*'" In 2020, the US Environmental Pro-
tection Agency (EPA) approved nootkatone for use as a repel-
lent and biopesticide (EPA Pesticide Chemical [PC] Code:
030806), opening the path for widespread application of this
compound.
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Nootkatone possesses several appealing qualities when
compared with N,N-diethyl-3-methylbenzamide (DEET)—the
present gold standard among insect repellents. It is a natural
compound, does not degrade plastic, is non-greasy, has a
nice smell, and is even safe for consumption.'? As a result,
once nootkatone-based repellents become available, they are
likely to quickly gain popularity. Although evidently effective, pre-
cisely how nootkatone works remains unknown.
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Figure 2. Molecular components mediating nootkatone’s spatial aversion

(A) RIs from Orco®6 and the WT (Orlando strain) Ae. aegypti genetic background control exposed to nootkatone (either 1% w/v or 5% w/v) (10 mosquitoes/trial;
n=6-12). Rl = (Nc — Nt)/(Nc + Nt), where Nc = number of females in the control chamber and Nt = number of females in the treatment chamber. The edges of the
boxes are the first and third quartiles, while the thick lines inside the boxes indicate the medians. Whiskers represent data range. Preference was evaluated using
one-sample Wilcoxon signed-rank test against a theoretical mean of 0. Black star denotes a significant difference from 0 (p < 0.05). Difference against genetic
background strain was examined via Kruskal-Wallis test. Pink star denotes a significant difference from background (p < 0.05).

(B) Schematic drawing of the electroantennography (EAG) preparation.

(C) EAGs from WT (Orlando) and Orco®® Ae. aegypti; n = 6-9. EAG traces shown are averages of multiple traces, with shaded areas representing the standard
deviation. Boxplots as per (A). Differences between groups were analyzed using the Mann-Whitney U test. Similar letter denotes no significant difference

(o > 0.05).

(D) RIs from IR co-receptor mutant Ae. aegypti strains exposed to 5% w/v nootkatone (10 mosquitoes/trial; n = 6-8). Boxplots and statistics as per (A).

See also Table S1.

To begin unraveling the function of nootkatone, we first used
the standardized World Health Organization (WHO) spatial repel-
lency assay'® (Figure 1C), which prevents direct contact be-
tween mosquitoes and the test substance. As a positive control,
we screened DEET (5%), which exhibited clear spatial repellency
in Aedes aegypti females (Figure 1D). Nootkatone at 5% was
equally effective, with none of the Ae. aegypti remaining in the
treated chamber (Figure 1E). We also tested the Southern house
mosquito (Culex quinquefasciatus) and the African malaria mos-
quito (Anopheles gambiae) in the same assay, both of which
were also repelled by nootkatone, although slightly less so
than Ae. aegypti (Figure 1E). Repellency of Ae. aegypti to nootka-
tone was also observed in a close proximity response assay'*
(Figure 1F), where nootkatone (at a high dose of 30%) showed
a repellency level comparable with what we previously found
for DEET (100%) in this assay.'®

To assess whether nootkatone retains its effectiveness in
repelling mosquitoes in the presence of human scent, we con-
ducted a uniport olfactometer assay'® (Figure 1G) to monitor
the behavior of female Ae. aegypti flying upwind toward a hu-
man hand treated with nootkatone or solvent. An exposed
hand treated with solvent triggered robust upwind flight (Fig-
ure 1H). Application of 5% nootkatone did not affect the
mosquitoes’ behavior (Figure 1H), nor did increasing the con-
centration to 10% (data not shown). To investigate if nootka-
tone inhibits spatial attraction at close range when human
scent is present, we used a photonic fence monitoring device
(PFMD), capable of automatically tracking multiple flying
mosquitoes (Figure 1l). We introduced female Ae. aegypti into
a cage, allowing them to approach a patch of human skin in
the bottom, but preventing direct contact. Skin treated with sol-
vent attracted the mosquitoes (Figure 1J), with the mosquitoes
staying close (here defined as 3 cm) to the skin surface (Fig-
ure 1K). Treatment with 5% nootkatone had little effect on
the behavior of the mosquitoes (Figure 1J). Although the
mosquitoes showed a tendency to spend less time close to

the skin when nootkatone was present (Figure 1K), this differ-
ence did not reach statistical significance.

Together, these results show that volatile nootkatone confers
spatial repellency in mosquitoes, which is largely neutralized by
the simultaneous presence of sensory cues emitted from hu-
man skin.

Spatial repellency is partially OR and IR mediated

How does nootkatone mediate spatial repellency? We investi-
gated nootkatone aversion in Ae. aegypti lacking Orco, a co-re-
ceptor necessary for the proper function of ligand-selective
odorant receptors (ORs)."”""® The Orco®?® mutants exposed to
1% or 5% nootkatone in the WHO repellency assay retained
similar aversion, with no significant difference (Student’s t test:
t(21) = 2.08, p = 0.74) (Figure 2A), although to a lesser extent
than the genetic background (Orlando), in which these concen-
trations caused complete spatial displacement (Figure 2A).

To verify that Ae. aegypti detects nootkatone via Orco-positive
neurons, we examined antennal responses using electroanten-
nography (EAG) (Figure 2B). EAG responses to nootkatone
were stronger than those to the solvent and comparable to those
elicited for 1-octen-3-ol, a compound emitted from human skin'®
(Figure 2C). These responses were abolished in Orco®’ mos-
quitoes (Figure 2C). In summary, while Orco-positive neurons
detect nootkatone and contribute to spatial repellency, they do
not seem to be the sole pathway for aversion in Ae. aegypti
because mosquitoes lacking Orco still exhibit repellency.

In mosquitoes, as in other insects, volatile compounds are
also detected by ionotropic receptors (IRs).'®?%?" Could the IR
pathways contribute to the spatial repellency of nootkatone?
Similar to ORs, the IR family relies on co-receptors (Ir8a, Ir25a,
and Ir76b) for the proper functioning of the ligand-selective
IRs.?'*® We tested Ae. aegypti mutant strains lacking each of
these IR co-receptors'®?° with 5% nootkatone. Although all three
mutant strains were still repelled by nootkatone, both Ir76p32/"

and [r&31F/9SRED ghowed significantly reduced aversion compared
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Figure 3. Nootkatone contact aversion is independent of IRs and TRPA1

(A) Schematic drawing of the close-up feeding assay.

(B) Example still image (left) and heatmap (right, based on occupancy/bin) from a single experiment showing the positions of WT Ae. aegypti (Orlando strain) over
5 min on the surface of human skin treated with either solvent or 5% w/v nootkatone.

(C) Average of maximum time spent by WT Ae. aegypti (Orlando and Liverpool strain) on the surface of skin treated with either 5% w/v nootkatone or solvent in the
close-up feeding assay (left) and (right) the percentage of these mosquitoes proceeding to blood feed from skin treated with nootkatone or solvent in the same
assay (5 mosquitoes/trial; n = 4-6). The edges of the boxes are the first and third quartiles, while the thick lines inside the boxes indicate the medians. Whiskers
represent data range. Statistical differences were examined using the Kruskal-Wallis test. Black star denotes a significant difference between nootkatone and
solvent treatments (p < 0.05).

(D) Superimposed tracks from individual WT Ae. aegypti (Orlando strain) navigating across human skin treated with nootkatone 5% w/v.

(E) Paralyzed WT Ae. aegypti on nootkatone-treated skin.

(F) Tracks of individual body parts of a WT Ae. aegypti exposed to 5% w/v nootkatone vigorously grooming its proboscis.

(G) Superimposed tracks from a single WT Ae. aegypti (Orlando strain) navigating in the vicinity of human skin treated with 5% w/v DEET.

(H) Chemosensory appendages of Ae. aegypti and the chemosensory genes expressed in the proboscis.*°

(1) Maximum time spent by TRPA1ECFP-1/ECFP2 pg_aegypti on the surface of skin treated with either 5% w/v nootkatone or solvent in the close-up feeding assay
(left) and (right) the percentage of these mosquitoes proceeding to blood feed from skin treated with nootkatone or solvent in the same assay (5 mosquitoes/trial;

n = 5-6). Boxplots and statistics as per (C).

(legend continued on next page)
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with the genetic background (Liverpool and Orlando, respectively)
(Figure 2D).

Full loss of spatial aversion may require the simultaneous
disruption of separate Orco-, and IR co-receptor-dependent
pathways, with each contributing to the overall aversion. Alterna-
tively, repellency could be mediated by neurons that co-express
these co-receptors. Recent studies in both Drosophila mela-
nogaster*® and Ae. aegypti*>** have demonstrated widespread
co-expression of chemosensory co-receptors in olfactory sen-
sory neurons. One such interesting non-canonical neuron class
in Aedes expresses OR14 and OR15, along with all co-receptors.
Notably, OR15 responds to a broad range of structurally dissim-
ilar plant-derived repellents®>*° and may also be responsive to
nootkatone. Parts of the aversion could also be non-chemosen-
sory mediated and stem from the neurotoxicity of nootkatone.*
Pyrethrin and derived pyrethroid insecticides confer Orco-inde-
pendent spatial repellency through hyperactivation of voltage-
gated sodium channels.?’*® It is conceivable that a similar
mechanism might be at work here as well.

Nootkatone is an effective contact repellent

While conferring spatial repellency is an advantageous trait of
nootkatone, from an epidemiological standpoint, inhibiting
arthropod disease vectors from engaging in blood feeding is
clearly more important.

To examine whether nootkatone also has contact repellency
properties, we used a “close-up feeding assay” (Figure 3A).
Mosquitoes were confined within a Plexiglas enclosure and
tracked in 2D using the multi-animal pose tracking software, So-
cial LEAP Estimates Animal Pose (SLEAP).%° Heatmaps gener-
ated from mosquito thorax positions over a 5-min tracking period
showed that, with application of a 5% nootkatone solution, none
of the mosquitoes spent extended periods on the surface
(Figures 3B and 3C), and none proceeded to blood feed (Fig-
ure 3C). Heatmaps from skin treated with solvent showed
mosquitoes spending extended periods on the surface and
engaged in blood feeding (Figures 3B and 3C).

Interestingly, after landing, mosquitoes did not immediately
take off; instead, they were observed scurrying across the noot-
katone-treated surface (Figure 3D). On average, mosquitoes
stayed on the skin for 6.14 + 1.38 s (avg = SEM; n = 49 landing
events, Orlando and Liverpool pooled), during which they
touched the skin with their proboscis 1.30 + 0.39 times before
evacuating and sometimes becoming immobilized (Figure 3E).
The feeding attempts were promptly aborted and typically fol-
lowed by vigorous grooming of the proboscis (but not the
antennae) (Figure 3F). Of note, the tracked mosquito in Figure 3F
is standing on nootkatone-coated skin, and although the front
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legs are repeatedly moved along the proboscis, the middle
and posterior legs remain immobile on the nootkatone-coated
surface. In short, the mosquitoes appear untroubled by having
their tarsi in prolonged contact with nootkatone but reluctant to
touch the surface with their proboscis beyond the first attempt.
This behavior is in stark contrast to that triggered by DEET,
where brief tarsal contact induces rapid takeoff,®*** which we
also observed in our close-up feeding assay (Figure 3G). Taken
together, these experiments suggest that contact aversion is pri-
marily mediated via the proboscis, a notion that will need to be
confirmed via electrophysiology or functional imaging.

Nootkatone contact aversion is independent of IRs and
TRPA1

Chemoreceptors expressed in the proboscis include ORs, IRs,
gustatory receptors (GRs), and transient receptor potential
(TRP) channels®® (Figure 3H). The latter family includes the noci-
ceptor TRPA1, which is activated by heat and noxious com-
pounds.®*** TRPA1 is also a known target of natural insect re-
pellents, including citronellal®> and nepetalactone,'® and could
accordingly also be responsible for detecting nootkatone.
TRPA1ECFP-T/ECFP-2 mytants® displayed a slight loss of aversion
in the close-up feeding assay (Figure 3l); however, this difference
was not statistically significant compared with the behavior of
the genetic background Liverpool strain(ANOVA test [F(1,8) =
2.95, p = 0.12)).

The IR co-receptor Ir76b is expressed at high levels in the pro-
boscis.*® Although its primary function appears to be detection
of volatile amines,***” it could in theory also function in contact
chemosensation. The Ir76b°%®" mutants (Figure 3J), however,
displayed no abnormal contact aversion toward nootkatone
compared with Liverpool strain (ANOVA test [F(1,9) = 0.51, p =
0.49]). The Ir76b%2/°" mosquitoes also did not feed from nootka-
tone-treated skin. Curiously, however, neither did these mutants
feed from solvent treated skin (Figure 3J). The mosquitoes could
be seen vigorously probing the skin surface (Figure 3K) but never
proceeded to complete a blood meal. The failure of the Ir765°2/%"
mosquitoes to blood feed is an intriguing phenotype that merits
further investigation. Feeding phenotype aside, these experi-
ments do show that these mutants have no reduced contact
aversion toward nootkatone.

Ir25a is the most highly expressed chemosensory gene in the
proboscis30 and is involved in chemo-, taste, thermo-, and
hygrosensation.’®*? In D. melanogaster, Ir25a is expressed in
neurons signaling aversive taste*® and therefore a prime candi-
date to operate in potential nootkatone-sensing gustatory neu-
rons. However, in the close-up feeding assay, the Ir25a'%EamH!
mutants were uncooperative, with none of the mosquitoes

(J) Maximum time spent by Ir766°%/6" Ae. aegypti on the surface of skin treated with either 5% w/v nootkatone or solvent in the close-up feeding assay (left) and
rig e percentage of these mosquitoes proceeding to blood feed from skin treated with nootkatone or solvent in the same assay (5 mosquitoes/trial; n = 6-7).
ight) th t f th it ding to blood feed fi kin treated with nootkat Ivent in th 5 itoes/trial 6-7,

Boxplots and statistics as per (C).

(K) Tracks from individual Ir76b6°%/%™ Ae. aegypti navigating across human skin treated with solvent.

(L) Schematic drawing of the modified close-range feeding assay.

(M) Tracks from individual Ir25a'%53™H pe. aegypti navigating across human skin treated with solvent, plotted on top of a heatmap (based on occupancy/bin)

showing the mosquitoes’ position over 5 min.

(N-P) Maximum time spent by Ae. aegypti chemosensory mutant strains (Ir25a

19/BamH1 attp/dsRE
, Ir8a?"™

, and Orco®6) on the surface of skin treated with either 5%

w/v nootkatone or solvent in the close-up feeding assay (left in each subpanel) and (right) the percentage of these mosquitoes proceeding to blood feed from skin
treated with nootkatone or solvent in the same assay (5 mosquitoes/trial; n = 5-6). Boxplots and statistics as per (C).
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approaching the exposed skin (even after 20 min of observation).
Replacing the Plexiglass box in the assay with a mesh cage (Fig-
ure 3L) made the mosquitoes more active, and although they
never fully engorged, they eventually engaged in blood feeding
(Figure 3M). Application of nootkatone abolished any prolon-
ged contact with the skin and blood-feeding attempts in the
Ir25aBamHl mutants (Figure 3N). In short, the contact aversion
is not mediated by /r25a-dependent pathways.

We also examined mutants for the co-receptors /Ir8a and Orco
and their associated tuning receptors.>’ Mutants for these two
co-receptors examined in the close-up assay (using the original
assay configuration) displayed no reduced aversion toward
nootkatone (Figures 30 and 3P) compared with the Orlando
strain (ANOVA test [F(1,8) = 1.71, p = 0.23 and F(1,8) = 0.003,
p = 0.96, respectively]).

The contact aversion may be mediated through GRs ex-
pressed in the proboscis. Of the ~35 GRs expressed in this
structure,** several have orthologs in D. melanogaster that
confer bitter taste and avoidance behavior. Another possibility
is that nootkatone activates the nociceptive TRP channel Pain-
less,”® which is also strongly expressed in the proboscis,*° and
responsive to aversive compounds.“® A third possibility is that
nootkatone does not activate chemoreceptors but that contact
avoidance—as well as spatial repellency—is wholly or partially
mediated through some other mechanism(s).

Nootkatone potentiates GABA-mediated inhibition

In the close-up feeding assay, mosquitoes showed distinct
symptoms consistent with a neurotoxic effect of nootkatone
(Figure 3F). To verify its insecticidal activity, we used the WHO
susceptibility assay, a standardized test used to assess the
effectiveness of insecticides in adult mosquitoes (Figure 4A).*’
Ae. aegypti exposed to nootkatone were quickly affected, with
nootkatone not only causing temporal paralysis (knockdown)
but also mortality, with roughly half the mosquitoes exposed to
20% nootkatone ending up dead after 24 h and about a quarter
if 10% was used (Figure 4A).

Our findings of nootkatone evoking spatial and contact repel-
lency at low to moderate doses and knockdown and mortality
at high doses are reminiscent of the actions of transfluthrin, a
volatile pyrethroid insecticide. Transfluthrin activates voltage-
gated sodium (Na,) channels, causing neuronal hyperactivity
and paralysis at high doses and Orco-independent spatial
repellency at nonlethal doses.?” Therefore, we examined the
possible effects of nootkatone on an Ae. aegypti sodium chan-
nel (AaNa,1-1) expressed in Xenopus oocytes under two-elec-
trode voltage clamp (TEVC) (Figure 4B). However, unlike trans-
fluthrin, nootkatone did not alter AaNa,1-1 channel gating nor
did it block sodium currents (Figures 4C, 4D, S1A, and S1B).
These results indicate that nootkatone does not act on sodium
channels.

A study in Drosophila larvae using whole-cell patch clamp re-
cordings of central neurons reported a reduction in y-aminobu-
tyric acid (GABA) inhibition when nootkatone was applied.*
Additionally, nootkatone’s toxicity also differed between a cyclo-
diene-resistant and a susceptible Drosophila strain.*® These
findings contrast with mortality data from An. gambiae, in which
no difference in lethal dosage of nootkatone was observed be-
tween a cyclodiene-resistant and a susceptible strain.*’
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To determine whether nootkatone inhibits or potentiates
GABA action, we next examined the effect on the Ae. aegypti
GABA-gated chloride channel Rdl (resistant to dieldrin) ex-
pressed in Xenopus oocytes. Rdl is a broadly expressed major
GABAA receptor in insects and was initially isolated from
D. melanogaster strains resistant to dieldrin, an insecticide that
specifically targets GABA-gated chloride channels.’® Dieldrin
(and related insecticides such as lindane and fipronil) cause
neurotoxicity by blocking Rdl channels, thereby disrupting inhib-
itory neurotransmission.

We isolated a full-length Rdl clone—AaRd/71-1—from Ae. ae-
gypti, which we functionally expressed in Xenopus oocytes. Us-
ing TEVC, we examined the AaRdl71-1 channel’s response to
GABA, both in the absence or presence of nootkatone. GABA-
induced currents were detected from oocytes injected with the
AaRdl1-1 cRNA, which were fully blocked by 100 nM of fipronil
confirming that AaRdl71-1 is, indeed, an Rdl GABA receptor
(Figure S1C).

The application of GABA rendered stable peak current ampli-
tudes within the first test pulses. Having established GABA activa-
tion, we next, in a stepwise manner, increased the GABA concen-
tration pulsed onto the oocyte, which resulted in a stepwise
increased current amplitude response that plateaued at
1,000 uM GABA (Figure 4E). The same oocyte was then pulsed
with saline before testing it with 100 uM nootkatone, which did
not reveal agonist-like action on AaRdI1-1 (Figure 4E). We then
added 100 uM nootkatone to the bath flow to maintain its constant
presence throughout the recording and generated another
GABA-concentration-response curve (Figures 4E and 4F). Noot-
katone increased the responsiveness of AaRdl1-1 to GABA,
causing a 4.8-fold leftward shift of the response curve and a signif-
icantly smaller GABA ECs, than in the absence of nootkatone.

We next set to test the dose-response effect of nootkatone in a
fixed GABA concentration background of 100 uM. After obtain-
ing a stable current amplitude response for 100 uM GABA in
the absence of nootkatone (Figure 4G), we proceeded to in-
crease the nootkatone concentration until a near-maximum
plateau was reached at 100 uM (Figure 4H). The nootkatone ef-
fect was dose dependent, and using the last GABA pulse for
each nootkatone concentration as the maximum effect for
each concentration, we found that nootkatone induced a
maximum 4.5-fold increase at 100 uM (Figure S1D).

In summary, these experiments demonstrate that nootkatone
potentiates GABA-mediated inhibition. Nootkatone accordingly
works differently from other insecticides, such as dieldrin,
lindane, and fipronil, which also operate on the same molecular
target but similar to the monoterpenoid thymol—the key aroma
compound of garden thyme (Thymus vulgaris)—which also
acts as a positive allosteric GABA, receptor modulator.®’ Similar
to pyrethrins, nootkatone’s repellency could also, in part, stem
from modification of synaptic transmission, and while pyrethrins
cause hyperactivation of nervous signaling, nootkatone causes
increased inhibition of synaptic transmission.

Conclusions

We demonstrate that nootkatone is an effective mosquito repel-
lent. Spatial aversion, which is modulated by human odor, is
partially mediated by Orco and IR positive neurons, while con-
tact aversion is mediated via the proboscis and is independent
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Figure 4. Nootkatone potentiates GABA-mediated inhibition

(A) Schematic drawing of the WHO susceptibility assay (top). Proportion of knockdown WT Ae. aegypti exposed to nootkatone (10% or 20% w/v) over time
(bottom). The shaded area indicates standard deviation (10 mosquitoes/trial; n = 4).

(B) Schematic drawing of the two-electrode voltage clamp setup.

(C) Representative trace of the typical transient inward sodium current upon step membrane depolarization from —120 to 10 mV, with nearly complete inactivation
of the AaNa, 1-1 channel after a few ms.

(D) Representative traces showing absence of the typical tail current induced by pyrethroids after repolarization to —120 mV from a —10 mV test pulse after 100 x
66 Hz 5 ms pre-pulses to —10 mV.

(E) Time course example of GABA concentration responses on AaRdI1-1 expressed in one oocyte in the absence (blue dots, from 0 to 58 min) or presence
(grapefruit-colored dots, from 60 to 132 min) of nootkatone 100 1M, with overlaid current traces from the last pulse at each concentration (bottom).

(F) Concentration-response curves for GABA in the presence or absence of 100 M nootkatone. Normalized GABA-induced currents (blue and grapefruit-colored
dots) were fitted with Boltzmann function (continuous line). Error bars represent the mean + SEM, and the shaded area indicates the 95% confidence interval of
the fitted curve (n = 5). Difference between ECsq values was tested with a Student’s t test (p < 0.001).

(G) Time course example of nootkatone concentration responses on AaRdI1-1 expressed in one oocyte stimulated with GABA 100 uM (left), with overlaid current
traces from the last pulse at each concentration (right).

(H) Concentration-response curve for nootkatone + GABA (100 uM). Normalized GABA + nootkatone-induced currents were fitted with Boltzmann function
(continuous line). Error bars represent the mean + SEM, and the shaded area indicates the 95% confidence interval of the fitted curve (n = 5).

See also Figure S1.

of TRPA1 and IRs. Nootkatone potentiates GABA-mediated inhi- Further studies are required to evaluate the underlying
bition through positive allosteric modulation of the GABA-gated  neuronal mechanisms of nootkatone-activated Rdl involvement
chloride channel Rdl. At low doses, the chemosensory-mediated  in both toxicity and repellency, as well as to identify the neuronal
spatial and contact repellency is likely strengthened by nootka-  population in the proboscis conferring contact aversion. The Rdl
tone’s disruption of synaptic transmission in select mosquito  channel is broadly, but not uniformly, expressed in the insect
sensory neurons. At higher doses, nootkatone induces paralysis  nervous system, and in Ae. aegypti, it is most highly expressed
and death, presumably through disrupting broad-range synaptic  in the brain.>° Small lipophilic molecules, such as nootkatone,
transmission. can easily dissolve in the lipid-rich epicuticle, facilitating their
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passage into the insect’s body and nervous system. Exposure to
volatile nootkatone is sufficient to induce paralysis. The different
in vivo effects of nootkatone at low versus high doses could
result from the potentiation of different Rdl variants. Indeed, in-
sect Rdl genes undergo extensive alternative splicing and RNA
editing, generating Rdl variants with different sensitivities to
GABA and/or insecticides.®?°° At sublethal low doses, nootka-
tone might potentiate only a subset of Rdl variants that are
more sensitive to it, thereby enhancing the chemosensory-medi-
ated component of the repellent effect. Prolonged exposure to
high concentrations of nootkatone would induce broad-range
potentiation of GABA-mediated inhibitory transmission, leading
to paralysis, as observed.

The effectiveness of nootkatone as both a repellent and an
insecticide, combined with its low-to-no toxicity for humans
and pleasant smell, makes this compound a promising future
mosquito control agent.
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Bacterial and virus strains

Escherichia coli — Top10 Competent cells, ThermoFisher Scientific, USA Cat#C404010

genotype: F-mcrA A(mrr-hsdRMS-mcrBC)
$80/acZAM15 AlacX74 recA1 araD139 A(ara-leu)
7697 galU galK A-rpsL(Str?) endA1 nupG

Biological samples

Sheep blood

Hatuna AB, Bro, Sweden

Cat#336; https://www.hatunalab.com

Chemicals, peptides, and recombinant proteins

Nootkatone FG >98%
Nootkatone >96%
Acetone ACS >99,5%
N,N-diethyl-m-toluamide >95% (DEET)
1-Octen-3-ol >98%
DMSO ACS >99,9%
n-Heptane >99%

Ethanol >99.5%

Ethanol 70%

CO,

Collagenase B

Sodium Chloride
Potassium Chloride
Magnesium Chloride hexahydrate
Calcium Chloride dihydrate
HEPES

Sodium pyruvate
Theophylline

Gentamicin sulfate salt
Agar

Phenol

Sigma-Aldrich
Evolva
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Fisher Scientific
Linde AG
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich a
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Promega
Sigma-Aldrich

74437; CAS: 4674-50-4
N/A

179124; CAS: 67-64-1
36542; CAS: 134-62-3
W280518; CAS:3391-86-4
276855; CAS: 67-68-5
34873; CAS: 142-82-5
16651932; CAS: 64-17-5
BP82011; CAS: 64-17-5
CAS: 124-38-9
Cat#COLLB-RO

S7653; CAS: 7647-14-5
P5405; CAS: 7447-40-7
M2393; CAS: 7791-18-6
C7902; CAS: 10035-04-8
H4034; CAS: 7365-45-9
P5280; CAS: 113-24-6
T1633; CAS: 58-55-9
G1264; CAS: 1405-41-0
Cat#V3841; CAS: 9012-36-6
P4557; CAS: 108-95-2

Critical commercial assays

MMESSAGE mMACHINE™ T7 Transcription Kit
Notl Restriction enzyme

ApalLl Restriction enzyme

BamHI Restriction enzyme

BstEll Restriction enzyme

TRIzol™-Reagent kit

Turbo DNA-free™ kit

RNeasy Mini Kit (50)

SuperScript™ lll First-Strand Synthesis System
Monarch gel extraction kit

T4 DNA ligase

6X gel loading dye

E.Z.N.A Plasmid DNA Mini Kit |

ThermoFisher Scientific, USA
New England Biolabs, USA
New England Biolabs, USA
New England Biolabs, USA
New England Biolabs, USA
ThermoFisher Scientific, USA
ThermoFisher Scientific, USA
QIAGEN N.V., Germany
ThermoFisher Scientific, USA
New England Biolabs, USA
ThermoFisher Scientific, USA
New England Biolabs, USA
Omega Bio-tek, Inc., USA

Cat# AM1344
Cat#R3189L
Cat#R0507L
Cat#R3136L
Cat#R3162L
Cat#15596026
Cat#AM1907
Cat#74104
Cat#18080051
Cat#T1020L
Cat#15224041
Cat#B7025S
Cat#D6943-02

Deposited data

Ae. aegypti Rdl clone

This paper

GenBank: PQ497334

(Continued on next page)
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Experimental models: Cell lines

Xenopus laevis ovary

Xenopus1, USA

https://xenopus1.com

Experimental models: Organisms/strains

Ae. aegypti/Orlando™* DeGennaro Lab, Florida International N/A
University, Miami, USA

Ae. aegypti/Liverpool™ Vosshall lab, The Rockefeller N/A
University, New-York, USA

Ae. aegypti/Or°/16 DeGennaro Lab, Florida International N/A
University, Miami, USA

Ae. aegyptillr8a”te’Psred DeGennaro Lab, Florida International N/A
University, Miami, USA

Ae. aegypti/TRPA1ECFF-1/ECFP-2 Vosshall lab, The Rockefeller N/A
University, New-York, USA

Cx. Quinquefasciatus/Thai"* Ignell lab, Swedish University N/A
of Agricultural Sciences, Sweden

An. gambiae/G3"* Ignell lab, Swedish University N/A
of Agricultural Sciences, Sweden

Ae. aegypti/lr25a'%/BamH! Vosshall lab, The Rockefeller N/A
University, New-York, USA

Ae. aegyptillr76b32/%° Vosshall lab, The Rockefeller N/A
University, New-York, USA

Ae. aegypti/Rockefeller Ke Dong Lab, Duke University, N/A
Durham, USA

Oligonucleotides

Primer for PCR-Cloning — AaRd|_Forward: This paper N/A

CGCGGATCCGCCACCATGGCGCT

GGAAATCGAAGTGCC

Primer for PCR-Cloning — AaRdI_Reverse: This paper N/A

CGCGGTAACCTTACTTCTCCTCT

CCGAGTAGGACC

Recombinant DNA

AaRdI1-1 in pGH19 This paper N/A

AaNa,1-1in pGH19 Du et al.>® N/A

Software and algorithms

Python version 3.10.9

EAG software 2.2

Social LEAP Estimates Animal Pose v1.3.3
Clampex v.10.7 software

OriginPro 2022b

Python Software Foundation
Ockenfels Syntech GmbH, Germany
SLEAP Developers

Molecular Devices

OriginLab Cor, USA

https://www.python.org
https://www.ockenfels-syntech.com
https://sleap.ai
https://www.moleculardevices.com
https://www.originlab.com

Other

Tetramin® fish food
Bugdorm Cages (30x30x30)
Bugdorm Cages (15x15x15)
Artificial blood feeder
Spatial repellency setup
Whatman Filter Paper

CO2 flowmeter

Air flowmeter

Photonic Fence Monitoring Device (PFMD)
Fork-shaped electrode
Signal acquisition

Tetra, Arken Zoo

BugDorm Store

BugDorm Store

HemotekTM, UK

Custom-made

Sigma-Aldrich

Scantec Nordic, Sweden

Scantec Nordic, Sweden

GH Labs, WA, USA

Ockenfels Syntech GmbH, Germany
Ockenfels Syntech GmbH, Germany
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Cat#16110

Cat#DP1000B; https://shop.bugdorm.com
Cat#BD4S1515; https://shop.bugdorm.com
Cat#SP6W1-3; http://hemotek.co.uk

N/A

Cat#1001500

80.PMR1-017993

80.PMR1-012793
https://photonicsentry.com
https://www.ockenfels-syntech.com
IDAC-2; https://www.ockenfels-syntech.com
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Pulse generator
Basler ace Classic

Macro len
WHO tube test

Nanoject Il

Oocyte Clamp 725-C amplifier

Digidata 1440A

Borosilicate capillary glass

P-97 filament pipet puller

Centrifuged model 5810 R

3D printer model S3

UltiMaker 2.85mm NFC PLA - Black 7509

Ockenfels Syntech GmbH, Germany
Basler AG

Canon
Biogents

Drummond Scientific Co., USA
Warner Instrument Cor., USA
Molecular Devices, USA

World Precision Instruments Inc., USA
Sutter Instrument Co., USA
Eppendorf, Germany

Ultimaker, Netherlands

Ultimaker, Netherlands

https://www.ockenfels-syntech.com

Basler acA2040-90um; https://www.
baslerweb.com

Macro EF 100 mm f/2.8L

https://eu.biogents.com/contract-
research-who-cone-test/

https://shop.drummondsci.com
https://www.warneronline.com
https://www.moleculardevices.com
Cat#1B120F-4
https://www.sutter.com
https://www.eppendorf.com
https://ultimaker.com
https://www.dynamism.com

Cat#1609
18-gauge polytetrafluoroethylene Scientific commodities Inc., USA Cat#BB311-18
Micromanipulator Narishige, Japan U-3C
Valve controller model VC6 with perfusion kit Warner Instrument Cor., USA VC6

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal rearing
Wild-type Ae. aegypti (Orlando and Liverpool strains), Cx. quinquefasciatus (Thai strain) and An. gambiae (G3 strain) were reared at
27+1°C, 70+5% RH, and a 12L:12D light cycle. Allimmature stages were raised in distilled water, with larvae fed Tetramin® fish food
(Tetra, Arken Zoo, Sweden). Adults emerged in Bugdorm cages (15 cm x 15 cm x15 cm or 30 cm x 30 cm x 30 cm; MegaView Science,
Talchung, Taiwan) and were provided with 10% sucrose solution. All adult females were offered sheep blood (Hatuna AB, Bro, Swe-
den) from a membrane feeder (HemotekTM, Discovery Workshops, Accrington, UK) 5 days post-emergence for 1 h. The following Ae.
aegypti heteroallelic lines were utilized: Orco® 6, TRPA1ECFP-1/ECFP-2 | ,gaAtip/Dsred \yhich were generated by crossing their corre-
sponding homozygous mutants and collecting F1 progeny. The heteroallelic mutants Ir25a"%5%™ and Ir76b6%%/%® were generated us-
ing the crossing scheme previously described.?® All Ae. aegypti mutants were maintained under the same conditions as wild-type,
except for Ir25a8amH! and Ir76b6%%/%°, which were blood-fed on human arms.

All behavioral experiments were carried out with 5-15 day-old female mosquitoes only fed sucrose solution. All assays were carried
out at Zeitgeber time 4 to 11 at the same rearing conditions.

METHOD DETAILS

Chemical reagents

Nootkatone FG >98%, acetone ACS >99,5%, N,N-diethyl-m-toluamide >95% (DEET), 1-octen-3-ol >98%, DMSO ACS >99,9%
and n-heptane >99% were obtained from Sigma-Aldrich® (Stockholm, Sweden). We in addition obtained samples of nootkatone
from Evolva AG, with >96% purity. Ethanol >99.5% and 70% were obtained from Fisher Scientific (Lund, Sweden). CO,. purchased
from Linde AG (Sweden).

Mosquito behavior experiments

Spatial repellency assay

A modified spatial repellency assay”’ was used to investigate mosquito avoidance behavior in response to nootkatone or DEET stim-
uli without direct contact. The plexiglass setup included two treatment cylinders (L: 14 cm, W: 10 cm), one release chamber for
mosquitoes (L: 16 cm, W: 10 cm), linking sections, and two metallic drums covered with treated nylons inside the cylinders (L:
13 cm, W: 9 cm). Mosquitoes females were placed in the central chamber and allowed to acclimate for 8 min. 500 pL solution of noot-
katone or DEET (1% w/v and 5% w/v) was added to a nylon sock and allowed to dry for 2 min before coating the drums with the nylon
and placing them inside the cylinders. Blank controls were run with acetone. The entire system was then covered with an opaque
cloth, with viewing ports left uncovered to attract mosquitoes with light at the ends. Mosquitoes were released by opening the doors
simultaneously, and their responses to the stimuli were observed over 8 min. Subsequently, the number of mosquitoes in each cham-
ber was counted, and the setup was cleaned with 70% ethanol after each run. 10 mosquitoes of each strain were used for each
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experiment and each treatment was subjected to at least 6 replicates. Repellency indices were calculated using the formula:
RI = (Nc - Nt) / (Nc + Nt), where Nc represents the number of females in the control chamber and Nt represents the number of females
in the treatment chamber. All spatial repellency tests are summarized in Table S1.

Close proximity response assay

Each mosquito was individually transferred to a cage (30 cm x 30 cm x 30 cm BugDorm, Taiwan) and allowed a 5 min acclimation
period. A 1000 mL pipette tip, containing a filter paper soaked with the test stimulus, was gently brought near the mosquito. The tip
was placed on the cage wall where the mosquito was resting. The mosquito’s behavior was observed for 30 s, during which the time
to take-off was recorded. Three different odorants were tested: acetone and 30% w/v nootkatone. The order of exposure was ran-
domized, with a 2-min rest period between each exposure (n = 30).

Uniport olfactometer assay

A modified uniport assay'® was used to evaluate mosquito attraction to human host stimuli. The uniport consists of a plexiglass tube
(L: 75 cm, W: 13 cm) attached to a small cylindrical trap (L: 10 cm, W: 5 cm), which houses the mosquitoes before the experiment. At
the other end of the plexiglass tube was a hollow box (L: 25 cm, W: 20 cm) connected to the stimulus chamber. CO, was released
through the stimulus chamber to create an airflow of 1 L/min (80.PMR1-017993, Scantec Nordic, Sweden) towards the release trap.
The CO, concentration in the assay was maintained at 2500-2700 ppm by a carbon dioxide monitor (Extech CO240, Elfa, Sweden).
The humidified airflow was regulated at 9 L/min by an air flowmeter (80.PMR1-012793, Scantec Nordic, Sweden). Mosquitoes were
released from the small cylinder trap and allowed to respond to stimuli (human subject hand treated with 500 uL acetone, nootkatone
5% w/v, 10% w/v) for 8 min. 10 female Ae. aegypti were used for each experiment and each treatment was subjected to 10 replicates.
Mosquitoes were considered attracted if they flew upwind through the uniport into the attraction trap. Mosquitoes that moved out of
the cylindrical trap were considered activated. A blank trial with no odor stimulus was run to ensure the cleanliness of the setup.
Short range repellency assay with human scent

We conducted close-range repellency experiments by recording the behavioral response of mosquitoes using the Photonic Fence
Monitoring Device (PFMD) (GH Labs, WA, USA) over a period of 2 min. The PFMD was positioned 150 cm away within a Plexiglas
cage (30cm x 30cm) with a retroreflective background. Insects were released through a rectangular opening at the bottom (4 cm
x 7 cm), which was subsequently covered with a nylon net allowing exposure to the stimulus (human subject’s arm treated with either
5% w/v nootkatone or acetone) while preventing direct contact of the insects with the skin. We conducted a total of 9 experimental
recordings for each treatment using 3 female Ae. aegypti in each replicate. The zip file containing metadata from the recordings was
analyzed using the virtual interface of Photonic Sentry (https://www.pfmd.net/), and the raw data files, containing temporal informa-
tion in the form of datetime and positional information as X, Y, and Z coordinates, were processed using Python 3.10.9 with the
pandas, numpy, and matplotlib packages.

Close-up feeding assay

Non-blood-fed females (5-10 d-old) were allowed to come into contact with a volunteer’s arm and continue to feed blood through a
circular opening (3 cm diameter) at the base of a Plexiglas box (10 cm x 10 cm). The females were acclimatized in the box for 2 min
without skin exposure and the experiment began by placing the arm in the opening. The behavior was recorded for 5 or 20 min (20 fps)
with a Basler acA2040-90um camera controlled using Pylon 5 software and equipped with a 100 mm macro lens (Canon macro EF
100 mm /2.8L). The skin was previously treated with 100 uL of acetone as a control treatment or 5% w/v nootkatone. 5 females were
used per replicate (n=4-7) for each treatment. The Social LEAP Estimates Animal Pose [SLEAP v1.3.3] software package was used for
pose estimation. The trained pose estimation skeleton contained 13 anatomical positions of interest on the mosquito: head,
abdomen, end of the stylet, end of the tarsus of the forelegs (L, R), midleg (L, R), hindleg (L, R), end of the femur (L, R) and end of
the tibia of the forelegs (L, R). Thorlabs components were used to arrange all optical components and the experimental cage at suit-
able distance.

WHO insecticide susceptibility test

Insecticide bioassays with 10% w/v and 20% w/v nootkatone were done following the instructions of the World Health Organiza-
tion.*” 10 female mosquitoes were aspirated into each one of the five holding tubes, and acclimatization was allowed for 30 min. Con-
trol and exposure tubes were prepared, with nootkatone or acetone impregnated filter paper placed in after 5 min of solvent evap-
oration. Mosquitoes were gently blown into the exposure tubes and set for a 1 h exposure period. Following exposure, mosquitoes
were transferred back to holding tubes and provided with a 10% sugar solution. They were kept for 24 h in controlled conditions
before assessing mortality. Mosquitoes were classified as dead or knocked down based on immobility or inability to fly.

Electroantennography (EAG)

Wild type and Orco®® female mosquitoes were cold-anesthetized. The distal end of both antennae was placed in the recording elec-
trode a fork-shaped electrode while the base of the mosquito head was placed at the reference electrode. The electrode (Ockenfels
Syntech GmbH, Germany) was covered with conducting gel. This electrode was then connected to a high input impedance pre-
amplifier (Syntech, Germany) using Ag/AgCl junctions. EAG responses were digitized using an IDAC-2 signal acquisition system
and visualized using a dedicated EAG software (Syntech, Germany). A pulse generator CS-05 (Syntech, Germany) facilitates the
stimulation of the antenna with a 2 s pulse, using an analytical airflow of 300 mL/min through a Pasteur pipette containing a filter paper
soaked with 10 pL solution of the test compounds (nootkatone, 1-octen-3-ol, and n-heptane, each at 0.0001% w/v). A continuous
flow of 500 mL/min of humidified air was maintained during the recordings. 6 to 9 replicates on different individuals of each strain were
performed. The raw data files were processed using Python 3.10.9 with pandas, numpy, and plotly.graph_objects packages.
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Isolation of an Aedes aegypti Rdl full-length cDNA

For cloning a full-length transcript of the Rdl GABA receptor gene, total RNA was extracted from heads of 50 female Ae. aegypti
(Rockefeller strain) using TRIzol-Reagent kit (Invitrogen™). The total RNA was then treated with Turbo DNA-free kit (Invitrogen™)
and further cleaned up using RNeasy kit (Qiagen). Oligo-dT primers were used for the first strand cDNA synthesis using
SuperScriptlll kit (Invitrogen™). Based on the Rdl coding sequence (GenBank Accession Number: U28803), the following
primers were designed to amplify Rdl cDNA: AaRdI_Forward (CGCGGATCCGCCACCATGGCGCTGGAAATCGAAGTGCC) and
AaRd|_Reverse (CGCGGTAACCTTACTTCTCCTCTCCGAGTAGGACC). Both primers contained overhangs that included the restric-
tion enzyme cutting sites (bold) for downstream vector cloning. In AaRdI_Forward primer, a Kozak sequence (underlined) was intro-
duced by addition of 6 nucleotides (italicized) before the start codon and a point mutation from T to G on the 4 positions of the coding
sequence (italicized). The PCR products were cloned into pGH19, a Xenopus oocyte expression vector. First, both the PCR products
and the plasmid DNA were digested with the restriction enzymes (BamHI, and BstEll, New England Biolabs) and were then gel-
extracted and purified using Monarch gel extraction kit (New England Biolabs). T4 DNA ligase (Promega) was used to complete
the insertion of the PCR products into the vector. The ligated plasmids were then transformed into Top10 E. coli bacteria line (Invi-
trogen™) and grown in agar plates as the manufacturer protocols. Candidate colonies were handpicked into liquid LB growth me-
dium and shaken for 18 h for vigorous colony growth. A “quick check” step was performed prior to plasmid isolation to screen
for the presence of plasmids of expected size in each bacteria culture. For that, a 50 uL aliquot of the bacterial culture from each
candidate tube was mixed with 50 pL of phenol (Sigma-Aldrich) and 10 uL of 6X gel loading dye (New England Biolabs). The mixture
was vigorously vortexed and centrifuged at 14,000 rpm for 10 min at 4 °C. Approximately 20 uL of supernatant was loaded and sepa-
rated in an electrophoresis agar gel and DNA bands of 3-4 kb were screened to select for candidate bacteria culture. Potential candi-
date culture solutions were further processed for plasmid isolation using E.Z.N.A Plasmid DNA Mini Kit (Omega Bio-tek) and isolated
plasmid was sequenced using Oxford Nanopore technologies (Plasmidsaurus). The full-length Ae. aegypti Rdl clone was deposited
in GenBank under the Accession Number: PQ497334.

Expression of AaegRdI1-1 and AaNa,1-1 in Xenopus oocytes

Mature stage IV and V Xenopus oocytes were isolated from ovaries of the African clawed frog (Xenopus laevis) from Xenopus1
(Dexter-MI, USA) for cRNA injection. Briefly, about 4 mL of oocytes clusters obtained by mechanically separating pieces of the ovary
tissue, was incubated with 4 mg collagenase (Roche Diagnostics GmbH, Germany) in 11 mL calcium-free ND96 saline containing
96 mM NaCl, 2 mM KClI, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, 2.5 mM Na-pyruvate, 0.5 mM theophylline, supplemented
with gentamicin at 100 mg/L. Follicle cells and follicle membranes were then removed with forceps. Isolated oocytes were cultured
in the ND96 saline. To prepare cRNA for oocyte injection, plasmid DNA of an isolated Rdl clone, AaegRdl1-1 was linearized using Not/
which does not cut the insert, followed by in vitro transcription with T7 polymerase using the mMMESSAGE mMACHINE kit (Ambion,
Austin, TX). The plasmid DNA containing the AaNa, 7-1 was linearized using ApaL-l, and in vitro transcription was performed as for the
AaegRdl1-1. As in previous studies,® AaTipE auxiliary sub-unity was co-injected with AaNa,7-7 at 1:1 ratio, to achieve robust Na,
expression on the oocytes. The AaTipE was linearized with Notl before in vitro transcription as described earlier. In-vitro transcribed
capped RNA of AaegRdl1-1 or AaNa,1-1:AaTipE eluted in DEPC-water was injected into oocytes to a dose ranging from 0.5 to 2 ng
per cell using a Nanoject Il (Drummond Scientific Co. Broomall, PA-USA), set to delivery 27.6 nL of solution per injection in the
fast mode.

Two-electrode voltage clamp recordings and data analysis

Electrophysiological recordings were conducted using an Oocyte Clamp 725-C amplifier (Warner Instrument Cor. Hamden, CT-
USA), and data were acquired using a Digidata 1440A analog-digital interface and managed with its Clampex v.10.7 software
(Molecular Devices, San Jose, Ca-USA). Microelectrodes were made from borosilicate capillary glass (1B120F-4, World Precision
Instruments Inc. Sarasota, FL-USA) in a P-97 puller (Sutter Instrument Co. CA), being backfilled with a warm solution of 3 M
KCI + 1.5% agar (resistance ranging from 1 to 1.5 MQ) in Rdl recordings, but 0.5 MQ for Na,).

To achieve faster chemical delivery and washout during the recording of GABA-induced currents, we adapted the u-tube delivery
system previously developed®® for isolated cockroach neurons. Briefly, cells were bathed in a custom designed 3D PLA-printed
recording chambers, with ND96 recording solution (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM HEPES) from a
gravity-fed 18-gauge polytetrafluoroethylene (PTFE) tubing (Scientific commodities Inc., Lake Havasu City, AZ-USA) placed about
2 mm from the oocyte (Figure 4B, left flow line). The ligand (i.e., GABA) solutions were flown inside another gravity/vacuum PTFE
tubing (Figure 4B, right flow line). The middle section of this tubing was bent to form a u-shaped loop, on which a small hole was
made using a 0.2 mm insect pin, that was placed close to the oocyte using a micromanipulator (Narishige, U-3C, Japan). The
flow of both bath and u-tube lines were controlled by two pinch valves (from a VC6 controller, Warner Instrument Cor. Hamden,
CT-USA), one interrupting the main bath flow onto the cell, and the other placed downstream from the u-tube loop. When the pinch
valves are open, the solution from the U-tube does not flow into the chamber, and the oocyte is continuously washed with fresh bath
solution. When the pinch valves are closed (for 5 s), the u-tube solution directly bathes the oocyte, while the bath flow is interrupted.
Upon reopening of both valves, ligand application ceases and the strong bath flow immediately wash away the ligand solution from
the cell.

U-tube solutions with increasing concentrations of the ligand (i.e., GABA) were applied alone or in continuous presence of 100 uM
of nootkatone (both in bath and u-tube solutions) until a maximum response plateau was achieved. For each GABA concentration, the
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peak response (amplitude) of three consecutive GABA pulses were averaged. The responses for each GABA concentration were
normalized to peak current at the highest GABA concentration in its curve, and data was fit to a Boltzmann regression analysis in
OriginPro 2022b (OriginLab Cor. Northampton, MA-USA). Each individual cell (replicate) thus yielded an ECs, for GABA in presence
and another in absence of nootkatone. These ECsq values were used for a Student's t-test in SigmaPlot v.15 (Inpixon Inc. Palo Alto,
Ca-USA). Additionally, a global curve fit was performed containing all the replicates values, which yield a single ECsq value. This over-
all ECsg value was confirmed to be very similar to the average of individual replicate curve fits, but also provided the 95% upper and
lower confidence interval bands plotted along with the observed data.

For the recording of AaNa,1-1, oocytes were clamped to -120 mV, and the following protocols were recorded before, and after
exchanging the bath recording solution without nootkatone to a nootkatone containing solution. 1) Voltage dependent of activation
protocol, from 20 ms step depolarizations ranging from -85 to +65 mV, in 5 mV increments; 2) Voltage dependent of activation pro-
tocol, from 20 ms step depolarizations ranging from -85 to +65 mV, in 5 mV increments after a train of 50X 5 ms pre-pulses to +50 mV
at 20 Hz, as used in B-toxins recordings; 3) Tail current from a repolarization to -120 mV after a 20 ms pulse to -10 mV after a train of
100X 5 ms pre-pulses to -10 mV at 66 Hz. The solution exchange was performed by applying 10 mL of freshly prepared solution at one
side of the chamber from a 10 mL syringe while a vacuum tube syphon collected the solution on the other side. Incubation with noot-
katone in the bath before recording the protocols was 10 min. Conductance data was calculated and normalized to maximum
conductance before being fit to a Boltzmann equation as previously described.*®

QUANTIFCATION AND STATISTICAL ANALYSIS

All statistics were performed using Python 3.10.9 with the pandas, numpy, and scipy.stats packages. Statistical details related to
sample size and p values are reported in the figure legends.
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