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A B S T R A C T   

Nootkatone, a sesquiterpenoid isolated from Alaskan yellow cedar (Cupressus nootkatensis), is known to possess 
insect repellent and acaricidal properties and has recently been registered for commercial use by the Environ-
mental Protection Agency. Previous studies failed to elucidate the mechanism of action of nootkatone, but we 
found a molecular overlay of picrotoxinin and nootkatone indicated a high degree of structural and electrostatic 
similarity. We therefore tested the hypothesis that nootkatone was a GABA-gated chloride channel antagonist, 
similar to picrotoxinin. The KD50 and LD50 of nootkatone on the insecticide-susceptible strain of Drosophila 
melanogaster (CSOR) showed resistance ratios of 8 and 11, respectively, compared to the cyclodiene-resistant 
strain of RDL1675, indicating significant cross-resistance. Nootkatone reversed GABA-mediated block of the 
larval CSOR central nervous system; nerve firing of 78 ± 17% of baseline in the CSOR strain was significantly 
different from 24 ± 11% of baseline firing in the RDL1675 strain (p = 0.035). This finding indicated that the 
resistance was expressed within the nervous system. Patch clamp recordings on D. melanogaster central neurons 
mirrored extracellular recordings where nootkatone inhibited GABA-stimulated currents by 44 ± 9% at 100 μM, 
whereas chloride current was inhibited 4.5-fold less at 100 μM in RDL1675. Taken together, these data suggest 
nootkatone toxicity in D. melanogaster is mediated through GABA receptor antagonism.   

1. Introduction 

Terpenoids are natural compounds found in plants that make up the 
predominant component of plant essential oils (Norris and Coats, 2017). 
They are also commonly found in a large number of household flavor 
and fragrance products, and humans and domestic animals commonly 
interact with these molecules daily in their foods and environment 
(Isman, 2000; Isman et al., 2011). Previous studies have demonstrated 
that terpenoids are effective insect control chemistries with potent 
insecticidal and repellent activities (Paluch et al., 2009; Peterson and 
Stout, 2009; Paluch et al., 2010; Norris et al., 2015; Gross et al., 2017). 
Terpenoids, thus, represent safe and biodegradable compounds, and 
they are becoming more prevalent in a variety of insect control products. 
To date, approximately 10% of the Environmental Protection Agency’s 
(EPA) Biopesticides List is made up of terpenoid active ingredients or 
plant essential oils comprised predominantly of terpenoids ((EPA), 

2021). 
Nootkatone, a sesquiterpenoid originally extracted from Alaskan 

yellow cedarwood (Cupressus nootkatensis), has been shown to effec-
tively repel or kill a variety of pest arthropods, such as the Yellow Fever 
mosquito (Aedes aegypti (Panella et al., 2005, Clarkson et al., 2021)), the 
Asian tiger mosquito (Aedes albopictus (Clarkson et al., 2021)), the black- 
legged tick (Ixodes scapularis (Dolan et al., 2009)), the Oriental rat flea 
(Xenopsylla cheopis (Panella et al., 2005)), and the Formosan subterra-
nean termite (Coptotermes formosanus (Zhu et al., 2001)). It has recently 
been registered as a new repellent ((EPA), 2021), and some promising 
studies indicate its utility as a new novel pest control chemistry (Dolan 
et al., 2009; Bharadwaj et al., 2012; Dyer et al., 2021). However, studies 
designed to elucidate its mechanism of action in arthropods have failed 
to definitively identify the molecular target of action (McAllister and 
Adams, 2010; Anderson and Coats, 2012). 

Our goal was to characterize the physiological and toxicological 
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effects of nootkatone in insect systems to ultimately define the mode of 
action of toxicity in arthropods. Initial molecular modeling suggested 
that nootkatone was structurally similar to picrotoxinin (Fig. 2), an 
established GABA receptor antagonist (Matsumura and Ghiasuddin, 
1983). Thus, we combined neurophysiological and toxicological tech-
niques with molecular modeling to test the hypothesis that nootkatone 
induces lethality through antagonism of the insect GABA receptor. The 
data provide strong support that nootkatone antagonizes the insect 
GABA receptor in a manner that is analogous to picrotoxinin to induce 
lethality. 

2. Materials and methods 

2.1. Molecular modeling 

The structures of picrotoxinin and nootkatone were downloaded 
from the PubChem database. Shape and electrostatic similarity between 
the two compounds were determined using vROCS 3, (Hawkins et al., 
2007) after a library of conformers of each compound was generated 
with OMEGA2 (Hawkins et al., 2010) using default settings as well as 
MOE 2020.0901. MarvinView 20.17 (ChemAxon) was also used for 
calculating the chemical parameter logP using default settings. 

2.2. Chemicals 

Nootkatone (>95%), picrotoxinin (≥98%) and γ-amino-n-butyric 
acid (GABA) (approximately 99% pure) were obtained from Sigma 
Aldrich (St. Louis, MO, USA) and a sample of natural pyrethrins (pyre-
thrins I percentage = 29.12%; pyrethrins II percentage = 23.37%) was 
obtained from Fairfield American Corporation (Frenchville, N. J., USA). 

2.3. Insects 

The Yellow fever mosquito (A. aegypti) was the only mosquito species 
used in this study and was originally donated to Dr. Daniel Swale (LSU, 
Department of Entomology) by the CMAVE, USDA- ARS, Gainesville, FL. 
Mosquitoes used were 3–5 days old and reared in an environmental 
chamber set to 27 ◦C and 75% humidity in the Life Sciences Building of 
Louisiana State University (Baton Rouge, LA, USA). Drosophila mela-
nogaster were maintained using Formula 4–24® artificial media (Car-
olina Biological Supply, Burlington, NC, USA). Colonies with all life 
stages were kept in clear plastic tubes and reared at a constant tem-
perature of 21 ± 1 ◦C. The wild-type insecticide-susceptible strain, 
Oregon-R, and dieldrin-resistant strain, RDL1675, were obtained from 
the Bloomington Drosophila Stock Center (Indiana University, Bloo-
mington, IN, USA) and were kept in colony at the University of Florida 
since 2009. RDL1675 carries a A301S mutation in the GABA subunit 
gene conferring resistance to picrotoxinin and cyclodienes (Bloomquist, 
1994). Before this study, RDL1675 flies were re-selected with dieldrin 
with a topical dose of 100 ng/mg that produced 100% mortality in the 
CSOR strain. Subsequent generations of RDL1675 flies after selection 
possessed resistance to dieldrin of greater than 100-fold via topical 
application (data not published). 

2.4. Adult D. melanogaster topical applications 

Adult flies were anesthetized by a constant flow of CO2 and then 
treated with 200 nL of variable concentrations of insecticidal active 
ingredients using a 10 μL Hamilton Gastight Syringe repeating micro-
applicator (Hamilton Co., Reno, NV). At least ten female flies were used 
per concentration and at least three different biological cohorts were 
used in the analysis. For all concentrations, nootkatone was dissolved in 
ethanol at a maximum concentration of 200 mg/mL. To apply high doses 
to insects beyond that allowed by a single application of 0.2 μL of 200 
mg/mL (equivalent to a dose of 40 μg/insect), multiple applications 
were performed on a single insect. Control applications were performed 

with 5 applications of pure ethanol to account for the extra applications 
on some insects. Little-to-no mortality was consistently observed in 
these control applications. A minimum of 5 dose levels that produced 
between 10 and 90% mortality/knockdown were used for each curve. 
Knockdown (defined as inability to fly or stand) was recorded at 1 h post 
application, whereas mortality (defined as no movement – ataxia) was 
recorded at 24 h. Concentrations that produced 10–90% mortality at 24 
h post exposure were used for calculating the dose required to kill 50% 
of the population (LD50) with SAS 9.4 software running a PROC PROBIT 
model and Abbott’s correction to account for any control mortality 
(Finney, 1952). 

2.5. A. aegypti larval toxicity 

We used two distinct larval toxicity bioassays to assess nootkatone 
toxicity. First, we employed a 24-h bioassay on intact larvae to deter-
mine if compounds could penetrate the integument to cause toxicity. 
Methods followed those described previously (Francis et al., 2016; 
Larson et al., 2017). Ten fourth instar larvae per treatment condition 
were placed in dishes containing a larval saline that consisted of: 154 
mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 1.2 mM NaHCO3, (pH 6.9) plus 
DMSO or with test compound dissolved in DMSO. Final DMSO con-
centrations did not exceed 1%. Larvae were observed after 1 h for any 
immediate toxic effects. Larvae were evaluated 24 h post-exposure by 
providing a mechanical stimulus to determine paralysis, which was 
determined by a body wall contraction or any movement. A lack of 
movement or contractility to the mechanical stimulus was scored as 
dead. Mortality data for each concentration were pooled for each cohort 
each concentration consisted of at least 90 individuals (30 individuals 
from 3 cohorts). 

For the second larval toxicity assessment, we employed a headless 
larval bioassay to circumvent the problem of low cuticular penetration 
and provide a better estimate of the intrinsic toxicity of test compounds 
(Islam and Bloomquist, 2015). Decapitation of 4th instar larvae was 
performed with forceps. The larvae were then placed into a test com-
pound/vehicle/saline solution and observed for toxic effects 5 h post- 
exposure. Headless larvae show a strong bilateral contractile motion 
when probed and therefore, mortality was defined by no movement or a 
sluggish, unilateral contractility. Mortality was assessed at 1-, 3-, and 5- 
h after initial removal of the head. Vehicle controls were performed for 
each test compound concentration and data were discarded if control 
mortality exceeded 10%. 

2.6. D. melanogaster larval recordings 

Extracellular recordings were performed on the CNS of wandering 
stage third-instar D. melanogaster larvae essentially as previously 
described (Bloomquist and ffrench-Constant, 1991; Swale et al., 2018). 
The CNS was excised and placed into a dish containing physiological 
saline (157 mM NaCl, 3 mM KCl, 2 mM CaCl2, 4 mM HEPES). The CNS 
was transected posterior to the cerebral lobes to disrupt the blood-brain 
barrier, thereby enhancing the penetration of pharmacological agents. 
Descending electrical activity was monitored by drawing peripheral 
nerves into a suction electrode connected to an differential amplifier 
(Model 3000, A-M Systems, Inc., Carlsborg, WA, USA) and 60 Hz line 
noise was removed using a Hum Bug® (A-M Systems). Signals were 
converted into a rate plot, expressed in Hz, using LabChart 7 Pro soft-
ware (AD Instruments Inc. Colorado Springs, CO, USA). Electrical ac-
tivity was monitored for approximately 5–10 min to establish a baseline 
firing rate and test solutions were added to the bath in saline (GABA) or 
DMSO (nootkatone). All concentrations of active ingredients/synergists 
are expressed as their final concentrations in saline and final solvent 
concentrations did not exceed 0.1%. Each recording was performed for 
30 min; a new CNS preparation was used for each treatment replicate. 
Firing frequency was averaged over 1-min intervals immediately prior 
to, and after drug application and then monitored for 30 min. An 
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unpaired t-test between treatments was performed to determine signif-
icant differences at discrete time points (α = 0.05). Block by GABA was 
produced by incubating 3 mM GABA for 10 min before application of 
nootkatone. GABA antagonism studies were performed on both CSOR 
(susceptible) and RDL1675 (resistance to dieldrin) strains of 
D. melanogaster to assess any difference in potency or efficacy for 
nootkatone. 

2.7. Generation of Transgenic Flies and Whole-cell patch clamp 
recordings 

To ensure that patch-clamp recordings were performed on neurons 
that expressed the GABA receptor, we generated transgenic 
D. melanogaster F1 flies expressing GFP in central neurons where RDL is 
expressed by crossing RDL-Gal4 (BDSC_66509) flies with UAS-GFP 
(green fluorescent protein, BDSC_5130) flies. A schematic overview of 
the transgenic cross is shown in Fig. 1A. Fluorescence microscopy 
verified appropriate expression in larval central neurons (Fig. 1B). 

Third-instar D. melanogaster CNS was dissected in extracellular saline 
(128 mM NaCl, 20 mM KCl, 4 mM MgCl2•6H2O, 1.8 mM CaCl2•2H2O, 5 
mM HEPEs and 35.5 mM sucrose, pH 7.1), mounted on Sylgard® cov-
erslips (Dow Corning, Midland, MI, USA), and perfused with extracel-
lular saline. For neuronal somata patch clamping, the neurolemma 
surrounding the CNS was ruptured following previously described pro-
cedures (Baines and Bate, 1998; Marley and Baines, 2011). A large 
diameter (20 μm) patch pipette was loaded with 1% protease, type XIV 
(Sigma-Aldrich, St. Louis, MO, USA) and brought into contact with the 
surface of the CNS where GFP fluorescence of GABAergic neurons was 
observed. The neurolemma was drawn into the patch pipette and held 
for 100 s. Following this enzymatic degradation, the underlying neurons 
were exposed by alternating pulses of suction and expulsion of saline in 
the pipette. Following degradation, the CNS was incubated at 25 ◦C for 
60 min prior to experimental manipulations. 

Whole–cell patch clamp recordings were performed as previously 
described (Baines and Bate, 1998) with thick-walled borosilicate glass 
electrodes (GC100F-10, Harvard Apparatus, Edenbridge, UK) that were 
pulled and fire polished to a resistance of 10–15 MΩ. The electrodes 
were filled with an intracellular saline of (140 mM KCl, 10 mM HEPEs, 
10 mM EGTA, and 4 mM Mg-ATP, pH 7.1). Appropriate neurons were 
identified as described above and seals of 2–3 gigaohms formed readily 
in approximately 20% of cells. Only cells with an input resistance of 
greater than 1 gigaohm were used for analysis. Cells were held at a 
holding potential of − 70 mV and exposed to GABA (20 μM) alone or 
simultaneous exposure to GABA (20 μM) + nootkatone (100 μM) 
through extracellular profusion for 10s and Cl− current was recorded for 
60 s post exposure. Signals were acquired with an Axopatch 700B 
amplifier (Molecular Devices, CA, USA), digitized with a Digidata 1440A 

(Molecular Devices), and currents recorded with pClamp 10 software 
(Molecular Devices). Peak Cl− current was determined using Clampfit 
software (Molecular Devices) and differences in Cl− current responses 
between treatment groups was determined through comparison of 
average (n = 5) peak Cl− current. 

3. Results 

3.1. Molecular modeling 

The structures of picrotoxinin and nootkatone show similarity in 
shape with a shared hydrogen bond acceptor ketone common between 
the two compounds (Fig. 2A). Also, the hydrophobic isopropenyl moiety 
shares a similar orientation. The ketone on nootkatone overlays with the 
acceptor surface area of picrotoxinin, as well as share a similar hydro-
phobic isopropenyl moiety, which is shown in Fig. 2B. We calculated the 
n-octanol:water partition coefficient logP, and found a value of − 0.57 
for picrotoxinin and a logP of 3.7 nootkatone, which is reflective of the 
lipophilic surfaces seen in Fig. 2C and D. These data indicate the mo-
lecular shape between picrotoxinin and nootkatone has significant 
similarities, but a key difference is that nootkatone has only one key 
possible hydrogen bonding moiety compared to 4 possible hydrogen 
bonding interactions from picrotoxinin. 

3.2. Signs of intoxication 

After treatment with lethal doses of nootkatone, intact and headless 
A. aegypti larvae displayed hyperexcitatory behavior with unprovoked 
movements and twitching behavior. For intact larvae, signs of intoxi-
cation were observed approximately 1 to 3 h post-exposure but were not 
apparent at 5 h post-exposure. In headless larvae, hyperexcitation and 
unprovoked movements were observed 1 h post exposure (Supplemental 
Video 1) that increased in frequency and culminated in a weak body wall 
contraction at 5 h post-exposure. Similar hyperexcitatory signs of 
intoxication were observed in larvae exposed to picrotoxinin at 1 h post 
exposure, but body wall contraction was not observed. 

3.3. Larval A. aegypti toxicity 

Picrotoxinin displayed low toxicity to headless A. aegypti larvae with 
1-h post exposure resulting in 45 ± 11% toxicity at 600 ppm, which was 
the highest concentration tested (Fig. 3A). Toxicity was increased from 
one-to-three hours post-exposure with an LC50 value of 164 ppm (95% 
CI: 134–210 ppm; Hillslope: 1.5; r2: 0.94) and was increased an addi-
tional 2.3-fold from three-to-five hours post-exposure (LC50: 70 ppm, 
95% CI: 60–81 ppm; Hillslope: 1.5; r2: 0.97, Fig. 3A). Although signs of 
intoxication were observed in intact larvae, nootkatone did not induce 

Fig. 1. Generation of Transgenic Flies. A) Schematic diagram showing generation of transgenic lines using GAL4-UAS technology to generate GFP expression in 
GABAergic central neurons. B) Fluorescent microscopy of GFP expressing RDL neurons in third instar D. melanogaster CNS. Red circle shows patch electrode attached 
to a cell during a voltage-clamp experiment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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>10% toxicity at concentrations up to 200 parts-per-million (ppm) (data 
not shown), but was toxic to headless larvae in a concentration- 
dependent manner (Fig. 3B). Nootkatone toxicity was markedly slower 
when compared to picrotoxinin and, although signs of intoxication were 
observed, no toxicity greater than 10% was observed at any concen-
tration at 1-h post-exposure. However, nootkatone was toxic at 3 h post- 
exposure with an LC50 value of 152 ppm (95% CI: 125–184 ppm; Hill-
slope: 1.3; r2: 0.91; Fig. 3B) and increased by 3.9-fold at 5 h post- 
exposure with an LC50 value of 39 ppm (95% CI: 28–56 ppm; Hill-
slope: 0.94; r2: 0.90, Fig. 3B). Picrotoxinin was significantly (P < 0.05) 
more toxic to headless larvae at one and threehr post-exposure when 
compared to nootkatone, yet no significant difference was observed 
between the LC50 values at 5 h post-exposure (Fig. 3A-B). Interestingly, 
approximately 80% of headless larvae treated with 300 ppm everted 
their alimentary tract (Fig. 3C), which was not observed at any con-
centration with picrotoxinin. 

3.4. D. melanogaster adult toxicity 

Topical application of nootkatone to both CSOR and RDL1675 
showed it to be a weak toxicant and there was significant resistance to 
nootkatone in RDL1675 (Table 1). The CSOR strain exhibited a 1-h KD50 
of approximately 35 μg/mg fly compared to 280 μg/mg on the RDL1675 
strain. This resistance ratio (RR) of 8 was significant as evaluated by lack 
of overlap in the 95% CI intervals (Table 1). The slope for KD50 on the 
CSOR strain was similar to the slope on the RDL1675 strain. The 24-h 
LD50 values for nootkatone on these two strains were also significantly 
different. The LD50 of nootkatone on CSOR was 45 μg/mg and 480 μg/ 
mg on RDL1675. The corresponding resistance ratio (LD50 RDL1675 / 
LD50 CSOR) of 10.7 was significant, again with no 95% CI overlap 
(Table 1). Slope values for the log dose-probit fit of nootkatone was 
higher on CSOR compared to RDL1675. 

3.5. D. melanogaster larval central nervous system recordings 

GABA produced rapid block of nerve firing when applied at 3 mM 

(Fig. 4) to both CSOR and RDL1675. At 10 min post-application, GABA 
produced >85% block compared to baseline firing of CNS. CNS prepa-
rations experienced significant block compared to controls at T = 2–10 
min for both strains tested (p < 0.05). On the CSOR strain, 100 μM 
nootkatone applied at T = 10 min significantly reversed GABA-mediated 
block at time points T = 11–16 min (p < 0.05). In contrast, nootkatone 
(100 μM) did not produce a statistically significant reversal of GABA- 
mediated block in the RDL1675 strain at any time point (Fig. 4). 
Moreover, significant differences in nerve firing after application of 
nootkatone between the RDL1675 and CSOR strain were observed. Two 
minutes after application of 100 μM nootkatone, there was a 78 ± 17% 
reduction of baseline nerve firing in CSOR compared to a 24% reuction 
in baseline nerve firing in RDL1675, wich is a statistically significant 
difference (p < 0.05). 

3.6. Whole-cell patch clamp recordings 

We performed whole-cell patch clamp recordings to verify specif-
ically the differential potency of nootkatone to the firing frequency 
between CSOR (Fig. 5A) and RDL1675 (Fig. 5B) strains. Application of 
20 μM GABA gave an inward current of ca. 30 pA in neurons from either 
strain that could be reduced by nootkatone. Nootkatone (100 μM) 
inhibited GABA-induced Cl− current by 44 ± 9% in CSOR (Fig. 5C). 
However, RDL1675 was shown to be 4.4-fold less sensitive to nootka-
tone (10 ± 8%), which is a statistically significant (P < 0.01) reduction 
of nootkatone effectiveness (Fig. 5). 

4. Discussion 

Although previous efforts to identify the mechanism underlying 
nootkatone toxicity failed (McAllister and Adams, 2010; Anderson and 
Coats, 2012), the recent EPA registration of nootkatone as an active 
ingredient for arthropod control stimulated research efforts to identify 
its mode of toxicity. In this study, we combined toxicological and 
neurophysiological approaches to define the mechanism for nootkatone 
toxicity. Nootkatone possesses some structural similarity to 

Fig. 2. Molecular modeling overlay of picrotoxinin 
and nootkatone showing structural similarities. A) 
chemical depiction of the structures with common 
moieties shown in blue; B) 3D optimized structures 
showing picrotoxinin (grey) and nootkatone (green), 
and the overlay between the two molecules. A hy-
drophobic isopopenyl moiety and ketone moiety are 
shared between the two compounds; C) electrostatic 
surface of the two compounds with blue positive areas 
and red showing negative areas; D) lipophilic surface 
of the two compounds with the hydrophilic areas 
shown with purple and lipophilic area shown with 
green. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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picrotoxinin, a known GABA antagonist (Matsumura and Ghiasuddin, 
1983), because both contain isopropenyl moieties along with a similar 
three dimensional structure and thus, we hypothesized that nootkatone 

may induce lethality through antagonism of insect GABA receptors. This 
hypothesis was supported through molecular overlay models (Fig. 2) 
that justified further investigation. Toxicity bioassays showed a signifi-
cant level of resistance between susceptible CSOR and RDL1675 
(Table 1). This finding was supported by neurophysiological recordings 
that showed reduced excitatory response to nootkatone in GABA- 
blocked CNS of RDL1675, compared to the susceptible CSOR strain 
(Fig. 4) and did not depolarize cockroach nerve axons (Fig. S1). Lastly, 
nootkatone was shown to inhibit GABA-induced Cl- currents in neurons 
from CSOR but not RDL1675 (Fig. 5) that, when taken together, provide 
strong support that nootkatone induces toxicity through antagonism of 
the GABA receptor. 

Terpenoids have been shown to act as GABA antagonists (Hosie et al., 
1996), thus, it is somewhat unsurprising that nootkatone likely induces 
lethality through antagonism of GABA receptors. Picrodendrins are 
picrotoxane terpenoids that are potent displacers of [35S]t-butylbicy-
clophosphorothionate binding from rat brain membranes (Ozoe et al., 
1994) and in a subsequent study were shown to inhibit GABA-gated 
currents in homo-oligomeric wild type receptors expressed in Xenopus 
laevis oocytes (Hosie et al., 1996). Moreover, RDL receptors carrying the 
A302S mutation were less sensitive to block by picrodendrin-O (Hosie 
et al., 1996). Gingkolides and bilobalide, diterpenoids and sesqui-
terpenoids from Gingko biloba, have also been shown to negatively 
modulate the effects of GABA on GABAA (Huang et al., 2003), but the 
antagonism of various positive modulators such as propofol differed 
significantly from that produced by picrotoxinin (Ng et al., 2017). 
Likewise, the silphinene terpenoids are antifeedants (Reina et al., 2002) 
and toxicants that reverse GABA-induced blockage of D. melanogaster 
larval CNS and whose effects are reduced in the A302S dieldrin-resistant 
mutant (Bloomquist, 1994). Thus, in a similar way, nootkatone pos-
sesses the requisite structure to interact with GABA receptors to reverse 
GABA-mediated block through allosteric antagonism. 

In previous studies, nootkatone was screened against a dieldrin- 
resistant strain of Anopheles gambiae (P + DLRC+R+) that had >1000- 
fold resistance to topical dieldrin, but only 1.5-fold resistance to noot-
katone (McAllister and Adams, 2010). This low level of resistance led the 
authors to exclude GABA receptors as the possible target of nootkatone. 
There are, however, a few marked differences between this study and 
ours. First, the model organism used was different (A. gambiae compared 
to D. melanogaster). Second, while the P + DLRC +R+ strain as a dieldrin 

Fig. 3. Toxicity to headless larval Aedes aegypti. Concentration-toxicity curves 
of picrotoxin (A) and nootkatone (B) to headless 4th instar A. aegypti at 1-, 3-, 
and 5- h post exposure. Data points represents mean (n = 5–8) percent paralysis 
and error bars represent SEM. C) Representative image of headless larva 
ejecting digestive tract from body cavity at 5 h post-exposure to 300 
ppm nootkatone. 

Table 1 
Topical application data for knockdown and lethality by nootkatone on 
Drosophila melanogaster CSOR and RDL strains.  

Strain N KD50, μg/mg (95% 
CI) 

Slope 
(SE) 

LD50, μg/mg (95% 
CI) 

Slope 
(SE) 

CSOR 189 35 (13–183) 1.8 (0.7) 45 (16–110) 
2.16 
(0.8) 

RDL 229 280 (190–630) 1.6 (0.4) 480 (240–2400) 1.4 (0.4) 

SE: Standard Error. 
N indicates the total number of insects used for each dose-response. 

0 3 6 9 12 15 18 21 24 27 30
0

20

40

60

80

100

120

140

Time

Pe
rc

en
tB

as
el

in
e

Fi
rin

g

DMSO 
G (CSOR)

G + N (CSOR)
G + N (RDL)

*

Fig. 4. Effect of nootkatone on GABA-dependent inhibition of nerve firing in 
susceptible CSOR and cyclodiene-resistant RDL strains. D = DMSO; G = 3 mM 
GABA (applied at T = 0 min); and N = 100 μM nootkatone (applied at T = 10 
min). Nootkatone significantly reverses block of GABA in CSOR (asterisk at T =
12 min). This reversal is less pronounced in the RDL strain, whose response is 
not significantly different from DMSO control. GABA 3 mM alone response for 
RDL is not shown for clarity, as it was not significantly different from the CSOR 
response. Data points (squares and circles) represent mean (n ≥ 5) percent of 
baseline firing and error bars represent SEM. 
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resistant allele (A302G)) that was proposed by Du et al. 2005 to be 
homologous to the Drosophila dieldrin-resistant RDL1675 strain 
(A302S), pharmacological differences between the An. gambiae and 
D. melanogaster variants may reflect different binding site interactions 
available for the glycine and serine substitutions. Moreover, the degree 
of resistance observed to dieldrin is not always matched by other GABA 
antagonists in RDL, since resistance to lindane was approximately 
33-fold, whereas resistance to picrotoxinin on this strain was only about 
18-fold in a feeding assay (Bloomquist, 1994). Similarly, resistance to 
nootkatone in the present study was significantly lower (RR = 10.7) than 
that of dieldrin (>100-fold), and resistance levels to various blockers 
acting on RDL GABA receptors in isolated D. melanogaster neurons was 
>100-fold for picrotoxin and lindane, but <10-fold for TBPS (Zhang 
et al., 1994). Since sensitivity levels to GABA antagonists can be quite 
different from one another, even for the same receptor, it clearly sup-
ports the possibility that receptors having allelic variants or splice var-
iants will differ as well, as has been recently reviewed (Hosie et al., 
1996). 

Overall, the present study combines toxicological and physiological 
evidence to suggest nootkatone acts as a GABA antagonist to induce 
lethality and fits well among other studies demonstrating that terpe-
noids are broadly active at GABA receptors. Differences in models used, 
gene sequence of resistant individuals, and relative resistance ratios 
between susceptible and resistant individuals to different compounds 
likely explain the differences between our findings and those of previous 
studies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pestbp.2022.105085. 
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