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ARTICLE INFO ABSTRACT

Handling Editor: Dr Christos Athanassiou Sorghum and pearl millet are vital sources of food and fodder in semi-arid regions, prone to infestation by stored

grain insect pests. Essential oil (EO) from the Lamiaceae family plants is gaining attention because of its effec-

Keywords: tiveness against these pests. We report for the first time on the utilization of essential oil from Monarda citriodora
ls;.ored grain insect pest (MC-EO) against Rhyzopertha dominica (RD), a significant pest prevalent in both stored sorghum and pearl millet.
1oassays

The current work highlights fumigant and contact bioassays (without and with grains), germination ability of
post-treated grains, EO residual analysis, and in vitro enzyme assays (AChE and GST). The M. citriodora exhibits
fumigant (FT) and contact (CT) toxicity in 12 h with an LCsq of 48.94 pL/L and 0.005 pL/cm? respectively.
Moreover, with sorghum and pearl millet for 168 h, FT was 494 pL/L and 272.68 pL/L. The EO treatment showed
no residues on grains without any significant change in germination. Inhibition (in vitro) of AChE and GST ac-
tivity was noticed with 10 % EO. Computational studies with the major components of EO (thymol and o-
cymene) showed the binding affinities towards RD AChE and observed to be —6.1 kcal/mol and —5.5 kcal/mol,

AChE inhibition
GST activity
Biopesticide

respectively. Hence, M. citriodora EO can be a good biorational candidate against R. dominica.

1. Introduction

Millets are considered super crops because of their resistance to
extreme drought conditions, where dominant cereals like rice and wheat
have low productivity (Hegde et al., 2025). They belong to the Poaceae
family and are mainly cultivated in dry and semi-arid regions in Asia and
Africa. Millets are more feasible for cultivation as they are harvested
nearly 65 days after sowing and thus serve as a staple for larger pop-
ulations in middle and lower-income countries (Joshi et al., 2025).
Millets are also called as Nutri-cereals because of their super-nutritional
content and diverse phytochemical composition. They are grabbing
global attention because of their naturally gluten-free nature with
higher fibre, various vitamins, minerals, and more unsaturated fatty acid
content (Antony Ceasar and Maharajan, 2022). Millet farming can
effectively address global warming, carbon credits, and climate change.
India, Ethiopia, the USA, China, and Nigeria produce most of the millet
in the world.

Millets are classified as major and minor millets. The major class
includes sorghum, pearl, and finger millet, whereas the minor class
consists of proso, foxtail, barnyard, and little millet. Each millet is

specific in its nutrient content. In this study, we focused on sorghum
(Sorghum bicolor (L.) M) and pearl millet (Pennisetum glaucum (L.)).
Sorghum is a larger grain millet that can be grown in diverse soil types,
including drylands (Madhusudhana et al., 2025). Sorghum, commonly
called Jowar in India, is preferred as food amongst other millets. It
contains complex carbohydrates and magnesium, which can regulate
calcium absorption (Suman and Chandra, 2024). On the other hand,
Pearl millet, known as Bajra in India, shares a significant portion of
production and is more tolerant than any other millet. It has a smaller
grain than sorghum, can grow in low-fertility soils with drylands, and
carries higher iron, phosphorus, and fibre content with the lowest gly-
cemic index. Millet grains are considered coarse grains and possess a
tougher pericarp. However, during prolonged storage, millets are prone
to infestation with stored product insect pests such as Sitophilus oryzae,
Rhyzopertha dominica, Tribolium castaneum, and Oryzaephilus sur-
inamensis (Chandrashekar and Satyanarayana, 2006). S. Oryzae and
R. dominica cause primary infestation prevalent in the field samples of
sorghum and pearl millet (Swamy and Wesley, 2021). R. dominica (F.)
(Coleoptera: Bostrichidae), commonly identified as the lesser grain
borer, attacks stored cereal grains, mainly wheat, rice, soybean,
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sorghum, and pearl millet, by feeding on the germ portion of the grain.
Its prominent flying ability makes it the best candidate for infesting
grains across a vast geographic area, unlike other stored grain pests
(Edde, 2012). Even though other pests attack stored grains, the infes-
tation share R. dominica possesses is nearly 40 %, which causes sub-
stantial grain loss and leads to nutritional and economic loss altogether
(Ren et al., 2023). Grain damage by R. dominica serves as the invitation
for the secondary pests and microbial load. To overcome the loss caused
by R. dominica infestation, various methodologies are being followed by
the farmers and stakeholders. Curative methods such as fumigation by
phosphine and prophylactic solutions of pyrethroid like deltamethrin
are extensively used (Ramirez-Cabrera et al., 2024). Improper disinfes-
tation methodologies lead to the development of resistance in insect
species towards insecticides. The development of phosphine resistance
in R. dominica and T. castaneum was detected early in the 1970s and was
stabilized in the larger population (Daglish et al., 2024). Present disin-
festation methodologies are associated with many drawbacks, including
toxicity towards humans and other non-target organisms, bio-
magnification, global warming, and, as mentioned before, the devel-
opment of resistance, which necessitates the development of novel
strategies to combat storage insect pest infestation. Many efforts were
made to eradicate insect pest infestation from the commodity, including
gamma radiation, ozone, and high CO, treatment. Apart from these,
many biorationals are gaining attention because of their broad-spectrum
action towards insect pests, low non-target toxicity, and low environ-
mental impact. Among these, essential oils became choice because they
belong to the Generally Recognized as Safe (GRAS) category of sub-
stances. Therefore, their feasibility increased in application towards the
stored grains (Rashmi et al., 2024).

The Monarda genus belongs to the Lamiaceae family (Mint family),
consisting of around 18 species of flowering plants reported in Mexico
and the USA. It is already documented for its antibacterial, antifungal,
nematoxic, phytotoxic, antiseborrheic, repellent, antilipase, anti-cancer,
antiplasmodial, and antioxidant properties (Ghosh et al., 2020).
Monarda citriodora Cerv. ex Lag, commonly called lemon beebalm, is an
ornamental plant native to the southern US and northern Mexico. In
contrast, scientists at the Indian Institute of Integrative Medicine (CSIR),
Jammu, introduced it to India from Europe (Meena and Gochar, 2018).
It is an annual plant with an average height of 3 ft, with white, pink, and
purple-coloured flowers. The species is rich in thymol and o-cymene,
which give aromatic properties to its essential oil. Because of mono-
terpenes, it shows prominent insect-repellent and anti-microbial prop-
erties (Lu et al., 2011). The phytochemicals from M. citriodora are used
mainly for culinary and cosmetic purposes, as in perfumery, making it a
good candidate for industrial farming (Verma and Chandra, 2013).

Even though the species of Monarda possess many biological activ-
ities, a comprehensive study on the biorational potential of M. citriodora
against R. dominica, a primary pest of sorghum and pearl millet, has not
been reported. The present study uncovers the role of M. citriodora
essential oil as a biorational candidate and its importance in mitigating
the infestation of R. dominica in stored sorghum and pearl millet.

2. Materials and methodology
2.1. Chemicals

The pure commercial-grade M. citrioda essential oil was procured
from Nishant Aromas, Mumbai (Lot No. MCONAPL0623, GC% Purity —
Thymol content minimum 45 %). L-glutathione reduced (G4251-1G)
CAS-97-00-7 Lot #SLBZ6732,1-Chloro-2,4-dinitrobenzene (237329-
10G) CAS-70-18-8 Lot #BCBN7826V, Acetylthiocholine iodide (A5751-
5G) CAS-N0:1866-15-5 Lot#BCCJ0961, 5,5-Dithiobis (2-nitrobenzoic
acid) (DTNB) (D8130-1G) CAS No. 69-78-3 Lot#0000196702 above
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).,
Physostigmine salicylate (RM2173-100 MG) CAS No. 57-64-7 was pur-
chased from HiMedia (Bengaluru, Karnataka, India). , n-Hexane (95 %)
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HPLC grade from SRL chemicals.

2.2. Insect culture

The insect culture of R. dominica used in the experiments had been
maintained at 30 £ 2 °C with a relative humidity of 75 + 5 % and 11:13
(light: dark) photoperiodic conditions in the insect culture room of the
Food Protectants and Infestation Control department at CSIR-CFTRI.
The tested insects were reared with high-quality sorghum grains
sourced from Vasuvamba Food Needs, Mysore. Sequential culturing was
carried out, and unsexed adult insects aged 7-10 days were collected for
the experiments (Oppert and Morgan, 2013).

2.3. GC-MS analysis of essential oil

M. citriodora essential oil was procured from Nishant Aromas and
was analysed wusing M/s Agilent Technologies, USA Gas
Chromatography-Mass Spectrometer Model 8890 GC, 5977C MSD
equipment with acquisition software Openlab CDS: version 2.7. The
chemical profiling of essential oil was conducted following the method
slightly modification to the method as described in Bincy et al. (2023). A
total of 10 pL EO was dissolved in 990 pL of HPLC-grade n-Hexane, from
which 1 pL of sample with a split ratio of 1:20 was injected into the
multimode inlet and kept at 250 °C. Analysis was performed with an
HP-5MS column; Part number 19091S-433, 30 m length x 0.25 mm
diameter x 0.25 pm film thickness, with a total run time of 38 min.
Helium gas was the carrier gas with a 1 ml/min flow rate. The initial
oven temperature was maintained at 40°C, kept for 0 min hold and
increased to 120°C at the rate of 10° C/min with a hold of 1 min and
further increased to 180°C at the rate of 3° C/min and hold for 2 min and
finally increased to 290°C at the rate of 25° C/min and hold for 2.6 min
at 290°C. A solvent delay of 5 min was adopted. The source and quad-
rupole temperatures were set at 230°C and 150°C, respectively, and
compounds were scanned between 40 m/z and 400 m/z. The collected
data were analysed using NIST 2023 version 3; Mass Spectral Database.

2.4. Fumigant toxicity assay with M. citriodora essential oil

The efficacy of essential oil as a fumigant was checked on R. dominica
using the protocol given by Remesh et al. (2022). The experimental
setup consists of a 50 ml glass tube, a 5 cm x 1 cm filter paper strip stuck
to the lid of the glass tube, impregnated with different volumes of pure
essential oil. The filter paper without essential oil served as the negative
control for the experiment. The volumes of essential oils 1 pL, 2 pL, 4 pL,
6 pL, 8 pL, and 10 pL, corresponding to 20 pL/L, 40 pL/L, 80 pL/L, 120
pL/L, 160 pL/L, and 200 pL/L, respectively, were tested against the in-
sects. The time duration of the experiment was kept at 12 h and 24 h for
the assay without grains.

The fumigant bioassay with sorghum and pearl millet grains was
carried out. For this assay, 10 gm of grains of each millet and 10 mixed-
aged male and female (unsexed) individuals of R. dominica were taken in
a 30 ml glass tube, and the treatment was given on filter paper as sug-
gested above. The Dose-response relationship was established for 5 pL,
10 pL, 15 pL, 20 pL, and 25 pL, corresponding to 166.66 pL/L, 333.33
pL/L, 500 pL/L, 666.66 pL/L, and 833.33 pL/L for both the millets
selected. The treatment was observed continuously for 168 h. The dead
insects were observed to exhibit total mortality. The insects were
examined under the stereomicroscope (Olympus) at fixed intervals.
Immobile insects, showing no movement of their legs or antennae and
not responding to a light probe, were classified as dead (Hou et al.,
2019). The corrected mortality was calculated with the help of the
Abbott formula (Abbott, 1925). The differentiation of insects as live and
dead was done accordingly. A fumigant toxicity assay was carried out in
three replicates and performed three times independently.
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2.5. Insecticidal efficacy of a binary combination of M. citriodora EO

The insecticidal potential of M. citriodora EO combined with different
EO and aroma compounds was evaluated using a fumigant bioassay (Ou
et al., 2025). The binary combination of M. citriodora oil with Ocimum
gratissimum (OG), lemongrass essential oil, citronella oil, estragole, and
geraniol was tested in 75:25, 50:50, and 25:75 ratios. 5 pL corresponds
to 100 pL/L of the combination, which was used in binary combination
fumigation toxicity with 10 unsexed (male and female) adults of
R. dominica in a 50 ml glass tube. Mortality was recorded after 12 h of
treatment, and corrected mortality was calculated using the Abbott
formula (Abbott, 1925).

2.6. Contact toxicity

The M. citriodora EO was checked for its contact toxicity towards the
R. dominica following the methodology given by Kozhissery Sreekrish-
nakumar et al. (2025). A glass petri plate of 100 mm diameter was used
for contact toxicity studies. Whatman filter paper no. 01 was placed
inside the petri plate at the bottom, and treatment was given with the
help of acetone as a carrier. The doses selected were 1 pL, 2 pL, 4 pL, 6
pL, 8 pL, and 10 pL, corresponding to 0.00318 pL/cm?, 0.00639 pL/cm?,
0.012 pL/cm? 0.0191 pL/cm? 0.0254 pL/cm? and 0.0318 pL/cm?
respectively. 10 adult R. dominica were released inside the petri plate
and sealed with parafilm to make it a closed system. The same assay was
performed with both sorghum and pearl millet grains. 10 gm of grains
were used in the assay for each millet. The experimental setup was the
same as above. Essential oil treatment was used as 5 pL, 10 pL, 15 pL, 20
pL, and 25 pL (0.0159 pL/cm?, 0.0318 pL/cm?, 0.0477 pL/cm?, 0.0636
pL/cm?2, and 0.0796 pL/cm?). The assay was carried out for 168 h. The
total number of dead individuals was counted in the control and treat-
ment groups to get corrected mortality by using the Abbott formula
(Abbott, 1925). A contact toxicity assay was carried out in three repli-
cates and experiments were performed three times independently.

2.7. Seed germination assay of treated grains

The effect of essential oil treatment on sorghum and pearl millet
grain germination was tested. After 20 days of treatment initiation,
grains from the contact bioassay were subjected to a germination test
using the method described by Ketoh et al. (2005) and Vendan et al.
(2017). Grains were cleaned thoroughly with distilled water, and then
10 randomly selected grains from treated samples were selected and
placed on moist Whatman filter paper inside a petri plate and observed
till they germinated. The fresh grains were kept as a control for the
assay.

2.8. Essential oil residue detection

The grains from the contact bioassay were tested for residual analysis
of essential oil (Vendan et al., 2017). The grains were soaked in 10 ml of
n-hexane to extract essential oil for 1 h. Then, the contents were filtered
through the filter paper, and the filtrate was kept for evaporation for 3
days. After complete evaporation, the content was resuspended in
n-hexane for analysis through GC-MS as described in the above
methodology.

2.9. Invitro engyme inhibition assays

Invitro activity of M. citriodora essential oil was evaluated against the
enzyme extract of R. dominica using 1 %, 2.5 %, 5 %, 7.5 %, and 10 % of
M. citriodora oil with ethanol as a vehicle. To get enzyme extract, 40
adults of R. dominica were crushed in ice-cold phosphate buffer (pH 7.0)
and centrifuged at 10,000 rpm for 15 min at 4 °C with a Remi table top
cooling centrifuge. The supernatant served as the enzyme source, stored
at —20 °C. For assessing the biological activity, the enzyme source was
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pre-incubated with 5 pL of the treatment at 37 "C for 30 min, and then
processed with the individual enzyme assay (Ellman et al., 1961; Singh
et al., 2023a; Bhatt et al., 2024).

2.9.1. Acetylcholine esterase inhibition assay

20 pL of 10 mM ATChI (in distilled water) was added to the pre-
incubated enzyme solution, and the reaction mixture was incubated at
37 °C for 15 min. Next, 30 pL of 10 mM DTNB (in buffer) was introduced
and incubated for 10 min at 37 °C. A yellow-coloured complex was
formed at the end of the reaction, which was measured at 412 nm
(Ellman et al., 1961) with the help of a Thermo Fisher Varioskan Flash
spectral scanning multimode reader.

2.9.2. Glutathione-S-Transferase (GST)

The total reaction volume for the GST assay was 200 pL. The reaction
was followed as the addition of substrate, 5 mM reduced Glutathione to
the buffer, and 20 pL of 1 mM CDNB (In methanol) was added to start the
reaction. As soon as CDNB was added, reading was taken at 314 nm for
15 min at an interval of 30 s with the help of Thermo Fisher Varioskan
Flash spectral scanning multimode reader. The GST activity was repre-
sented in nmol/ml/min by taking 0.0096 as the molar extinction coef-
ficient (Singh et al., 2023ab)

2.10. Molecular docking analysis

Protein modeling performed using AlfaFold2 software and UCSF
Chimerax-daily. exe platform (Jumper et al., 2021; Mirdita et al., 2022;
Meng et al., 2023). Thymol and o-cymene were selected as the ligands
for this computational study. Ligand structures were sourced using
PubChem and docked with RD AChE employing AutoDock Vina v1.2.5
(Trott, 2010; Eberhardt et al., 2021). The best alignment of these ligands
with the highest binding affinity was visualized in Discovery Studio
Visualizer.

2.11. Statistical analysis

All the experiments were performed three times with three different
independent sets. All biological and technical triplicate data were pro-
cessed through the IBM SPSS ver. 26 software. The statistical analysis
consists of a one-way analysis of variance (ANOVA) with Tukey’s test.
Statistical significance between the control and M. citriodora EO-treated
groups was evaluated at p < 0.01 and p < 0.05. where *, **, and ns read
as significant, very significant, and non-significant. GraphPad Prism
(version 9.4.1) software (GraphPad Inc., USA) was used to plot the

graphs of a data set.
3. Results
3.1. GC-MS analysis of essential oil

The analysis of M. citriodora oil through Gas chromatography mass
spectroscopy showed the major compounds in the EO (Fig. 1 and
Table 1). Analysis showed the presence of Isothymol (Thymol) (IUPAC
name- 2-Isopropyl-4-methylphenol) as a primary compound, from a
total % area, it shared 49.71 %, while o-cymene accounted for 13.03 %.
In contrast, OG showed 41.13 % thymol, lemongrass with 71.5 % citral,
and citronella oil with 38 % geraniol, whereas aroma compounds such as
geraniol and estragole were confirmed with 96.22 % and 95.47 % total
area respectively (Suppl. Table 1).

3.2. Fumigant toxicity assay with M. citriodora essential oil

Fumigant bioassay with M. citriodora EO on R. dominica showed a
linear dose-response relationship when tested with 1 pL, 2 pL, 4 pL, 6 pL,
8 pL and 10 pL, corresponding to 20 pL/L, 40 pL/L, 80 pL/L, 120 pL/L,
160 pL/L and 200 pL/L and denoted in graph in Fig. 2a. Which showed
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Fig. 1. Chromatogram of Characterisation of M. citriodora EO by gas-chromatography mass-spectroscopy.
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Fig. 2b. Fumigant toxicity of M. citriodora EO against R. dominica with sor-
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Fig. 2a. Fumigant toxicity of M. citriodora EO against R. dominica was shown by
% Mortality, and a mean value of triplicates is represented, with error bars
denoting the mean + SD. (¥, **, and ns for p < 0.05, p < 0.01, and non-
significant, representing significance level respectively compared to control).

23.33 %, 43.33 %, 66.66 %, 70 %, 90 %, and 96.66 % mortality without
food after 12 h. The fumigant toxicity after 24 h showed complete
mortality with 80 pL/L onwards, whereas 46.66 % and 76.66 % for 20
pL/L and 40 pL/L, respectively. With probit analysis, we got lethal
concentrations as 1.08 pL (21.6 puL/L) LCgs, 2.44 pL (48.8 pL/L) LCsp,
5.51 pL (110.2 pL/L) LCys, and 11.45 pL (229 uL/L) LCoo for 12 h.
With food commodity, in sorghum, as seen in Figs. 2b and 5 pL
showed no mortality, 10 pL showed 13.33 %, 15 pL and 20 pL showed a
maximum of 66.66 % and 70 % mortality, respectively, after 168 h. The
most efficient treatment of all was 25 pL. It showed a mortality of 66.33
% at 96 h and reached 90 % at the end of the experiment. The lethal
concentrations for 168 h were 11.24 pL (374.66 pL/L) LCys, 14.82 (492

to control).

pL/L) LCsp, 19.53 (651 pL/L) LCys, and 25.04 (833.33 pL/L) LCqo. The
response was more efficient with pearl millet, and results can be seen in
Fig. 2c, Treatment of lower concentration like 5 pL and 10 pL showed
33.33 % and 76.66 % mortality whereas in 15 pL, 20 pL, and 25 pL,
observed mortality was 83.33 %, 90 %, and 93.33 %, respectively. Le-
thal concentrations for 168 h can be calculated as 3.46 pL (161.74 pL/L)
LCys, 6.489 L (272.6 pL) LCsp, 12.15 pL (459.73 pL/L) LGys, and
21.381 pL (735.63 pL) LCop.
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Fig. 2c. Fumigant toxicity of M. citriodora EO against R. dominica with pearl
millet showed by % Mortality, and a mean value of triplicates is represented,
with error bars denoting the mean + SD. (*, **, and ns for p < 0.05, p < 0.01,
and non-significant, respectively, representing significance level compared
to control).
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3.3. Insecticidal efficacy of a binary combination of M. citriodora EO

The efficacy of the M. citriodora EO with other phytochemicals as an
insecticide was evaluated, and the results are depicted in Table 2. Three
ratios of 3:1, 1:1, and 1:3 M. citriodora EO were blended with Ocimum
gratissimum, lemongrass EO, geraniol, citronellol, and estragole. In the
bioassay, we found that the ratio of M. citriodora EO with OG, lemon-
grass, geraniol, and citronellol acted antagonistically in contrast to the
binary combination of M. citriodora EO with estragole, which exhibited
an additive relationship.

3.4. Contact toxicity

Experimental results of contact toxicity of M. citriodora towards
R. dominica can be seen in Fig. 3. It showed more efficient results than
fumigant toxicity. Contact toxicity without food with 1 pL, 2 pL, and 4 pL
can be seen as 23.33 %, 53.33 %, and 90 % respectively. Whereas 6 pL
onwards showed complete mortality of test insects in 12 h with 1.09 pL
(LCgs), 1.73 pL (LCs0), 2.76 pL (LCys), and 4.19 pL (LCqp) being the le-
thal concentrations for 12 h. At the end of 24 h, 4 L also showed 100 %
mortality (Fig. 3a).

Contact toxicity of M. citriodora on R. dominica with sorghum is
shown in Fig. 3b as a food source; early mortality of 46.66 % and 90 %
with 5 pL and 10 pL, respectively, and complete mortality with 20 pL at
the end of 24 h. After completion of the treatment period, 5 pL gave
79.12 %, and 10 pL gave complete mortality. Fig. 3c showed the contact
toxicity of M. citriodora EO towards R. dominica in stored pearl millet,
with completion of 24 h, 5 pL resulted in the least mortality of 6.66 %,
and 10 pL, 15 pL, and 20 pL resulted in 73.33 %, 96.66 %, and 100 %
mortality, respectively. A gradual increase in contact toxicity can be
seen in the treatments, along with 56.66 %, 96.66 %, and 100 % mor-
tality when checked for 5 pL, 10 pL, and 15 pL, respectively, at the end of
treatment duration.

3.5. Essential oil residue detection

The residual analysis of M. citriodora EO-treated sorghum and pearl
millet has been performed, and the results are depicted in the chro-
matogram (Suppl. Fig. 1 and 2). The GC-MS chromatograms of pure EO
were compared with the EO-treated samples. When checked with grains
after treatment, the chromatograms showed no significant individual
peaks corresponding to the EO or the individual phytochemicals.

Table 2

Fumigant toxicity of binary combinations on R. dominica. (MC- M. citriodora, OG-
Ocimum gratissimum, LG-Lemongrass, CT-Citronella oil, E-Estragole, G-
Geraniol).

Binary Combinations Mortality (%) Chi? Effect
Expected Observed

MC:0G (75:25) 88.67 66.66 5.17 Antagonistic
(50:50) 40 26.18 Antagonistic
(25:75) 16.66 57.83 Antagonistic

MC:LG (75:25) 83.33 46.66 15 Antagonistic
(50:50) 0 83.33 Antagonistic
(25:75) 0 83.33 Antagonistic

MC:CT (75:25) 80 60 5 Antagonistic
(50:50) 3.33 73.47 Antagonistic
(25:75) 3.33 73.47 Antagonistic

MC:G (75:25) 80 50 11.25 Antagonistic
(50:50) 10 61.25 Antagonistic
(25:75) 0 80 Antagonistic

MC:E (75:25) 99.2 93.33 0.34 Additive
(50:50) 83.33 2.53 Additive
(25:75) 83.33 2.53 Additive
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Fig. 3a. Contact toxicity of M. citriodora EO against R. dominica was shown by
% Mortality, and a mean value of triplicates is represented, with error bars
denoting the mean + SD. (*, **, and ns for p < 0.05, p < 0.01, and non-
significant, respectively, represented significance level compared to control).
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Fig. 3b. Contact toxicity of M. citriodora EO against R. dominica with sorghum
showed by % Mortality, and a mean value of triplicates is represented, with

error bars denoting the mean + SD. (*, **, and ns for p < 0.05, p < 0.01, and

non-significant, respectively, represented significance level compared
to control).
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Fig. 3c. Contact toxicity of M. citriodora EO against R. dominica with pearl
millet showed by % Mortality, and a mean value of triplicates is represented,
with error bars denoting the mean + SD. (*, **, and ns for p < 0.05, p < 0.01,
and non-significant, respectively, representing significance level compared
to control).

3.6. Seed germination assay of treated grains

The germination capability of M. citriodora EO-treated sorghum and
pearl millet grains is presented in Fig. 4. Fresh grains of sorghum and
pearl millet attained a maximum of 90 % germination, whereas
M. citriodora EO-treated grains showed 90 % and 80 % germination. In
contrast, a control group showed 70 % and 66.66 % germination,
respectively. There is no significant difference in the germination
capability of grains after M. citriodora EO treatment.
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Fig. 4. % Germination of sorghum and pearl millet grains treated with
M. citriodora EO and a mean value of triplicates is represented, with error bars
denoting the mean + SD. (*, **, and ns for p < 0.05, p < 0.01, and non-
significant, respectively, representing significance level compared to
fresh grains).
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Fig. 5. In vitro % inhibition of R. dominica AChE by the M. citriodora EO and a
mean value of triplicates is represented, with error bars denoting the mean +
SD (significant difference shown by different letters by Tukey’s test at p < 0.01
between the groups).

3.7. Acetylcholine esterase inhibition assay

In the in vitro analysis of acetylcholine esterase inhibition, we
observed a significant influence of the treatment on the enzyme system.
Fig. 5 shows the overall inhibition % of AChE when treated with
different doses of M. citriodora EO. The vehicle ethanol interfered non
significantly in the reaction. The dose-dependent % inhibition of AChE
was observed; 1 % M. citriodora EO showed the least inhibition of
11.62 %, doses of 2.5 %, 5 %, and 7.5 % M. citriodora EO resulted in
29.63 %, 57.305 % and 69.25 % inhibition, respectively, whereas 10 %
and standard drug 100 pM physostigmine showed similar 75.14 % and
75.58 % inhibition of AChE.

3.8. Glutathione-S-transferase

Glutathione-S-Transferase, the enzymatic antioxidant system, was
evaluated for its activity when treated with different doses of
M. citriodora EO. In vitro investigation of GST indicated a significant
decrease in GST activity, as seen in Fig. 6. The vehicle ethanol showed no
changes in GST activity. The control reaction showed activity of 30.18
nmol/ml/min. When treated with 1 % M. citriodora EO, it reduced to
15.86 nmol/ml/min. The steady decrease can be seen in the consequent
doses till the 10 % treatment, with the activity lowest at 9.25 nmol/ml/
min. Overall, the treatment of M. citriodora EO inhibited GST activity
significantly.

3.9. Molecular docking analysis

Thymol had a slightly higher binding energy of —6.1 kcal/mol
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Fig. 6. R. dominica GST activity treated with M. citriodora EO in vitro and a
mean value of triplicates is represented, with error bars denoting the mean +
SD (significant difference shown by different letters by Tukey’s test at p < 0.01
between the treatments).

between the docked ligands, whereas o-cymene had an affinity of —5.5
kcal/mol. Thymol formed hydrogen bonds with LE 355, GLN 468, and
Pi-Anion interaction with GLU 357. In contrast, o-cymene formed
hydrogen bonds and hydrophobic interactions with TYR 467 (Fig. 7).
The described protein-ligand interactions and their bond lengths and
types can be inferred from the Suppl. Table 2.

4. Discussion

Primary feeders such as S. oryzae and R. dominica can flourish in
stored sorghum and pearl millet. Their attack or any physical damage to
the grains can invite secondary insect pests and mold formation,
collectively impacting the yield, quality, and quantity (Rajendran and
Sriranjini, 2024), leading to the overall reduction in the nutritional
profile of these grains. When the choice test was done on different
millets with R. dominica and T. castaneum, the results showed that the
insects least preferred little and finger millets. In contrast, the insect
species preferred sorghum, pearl, and foxtail millet, and the progeny
development was more remarkable than in other millets (Swamy et al.,
2023). The work by Mariadoss et al. (2024) checked the feeding pref-
erence of R. dominica towards the millets and observed that the feeding
preference was towards sorghum and barnyard millet. The main
contributing factor to these preferences is the higher sugar content than
in other millets (Anagha, 2023). The size was the limiting factor for
larval development in minor millets, and adults showed lesser attraction
(Rajendran and Chayakumari, 2003).

Rhyzopertha dominica causes significant damage to stored wheat,
rice, and sorghum grains. Many efforts have been taken to control the
R. dominica infestation, including the chemical-based phosphine fumi-
gation and deltamethrin treatment. However, because of their tolerance
to these treatments, different groups started exploring eco-friendly op-
tions, including essential oils, especially from the Lamiaceae family.
Other methods include entomopathogenic nematodes, diatomaceous
earth, and amorphous silica, which have significant mortality in
R. dominica (Manivannan and Subramanyam, 202.3). Biopesticides such
as essential oil and their significant compounds have been studied
extensively for stored product insect pests, proving to have the least
adverse effects and being eco-friendly towards nature. The Lamiaceae
family, consisting of flowering plants, is vastly studied for their phyto-
chemical contents and biological activities (Lokesh et al., 2024). For
R. dominica, prominent fumigant toxicity was shown by the Ocimum
basilicum (Estragole), Eucalyptus spp. (Eucalyptol), Ocimum gratissimum
(Eugenol), Citrus sinensis (Limonene), and contact toxicity were shown
by Thymus quinquecostatus (Anethole), Trachyspermum ammi
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Fig. 7. 2D and 3D visualization of R. dominica AchE with docked ligands.

(Carvacrol), Ocimum kilimandscharicum (Eucalyptol), and Syzygium
aromaticum (Eugenol). Almost all of the above components showed
feeding deterrence and developmental and reproductive inhibition
(Karaborklii and Ayvaz, 2023).

Monarda genus plants contain classes of compounds from mono-
terpenes, their alcohols, aldehyde forms, and sesquiterpenes (Rashmi
et al., 2024). M. citriodora, commonly called lemon bee balm, shows
tolerance towards cold climatic conditions and hence can be found
mainly in colder regions of India like Jammu Kashmir, Himachal Pra-
desh, and Uttaranchal (Mazza et al., 1987). The literature suggests the
presence of thymol as a principal component in the M. citriodora EO, but
with varying percentages. Thymol content changes according to the
climatic conditions and harvesting. The thymol component can share
17.83 %-82.29 % of the total essential oil analysed (Pathania et al.,
2013; Grzeszczuk et al., 2020), whereas our reports showed the presence
of 49.71 % of thymol in EO which coincides with the results of Lu et al.
(2011), other primary compound detected during the study was
o-cymene with means area of 13.03 %; which can be validated with the
study done by Rashmi et al. (2024), where they got 17.92 % cymene
content. There was no significant difference between the chemical
composition of EO extracted from the different parts of the M. citriodora
plant, like from leaves and flower the thymol content obtained was
55.10 % and 60.56 % respectively. Secondary compounds like p-cymene
were 14.90 % and 9.34 % in leaves and flowers, respectively (Rashmi
etal., 2024). M. citriodora can be considered the thymol-rich EO because
thymol is the sole component, taking nearly 50 % share. Significantly
fewer plants were observed with this high amount of thymol, except for
Zataria multiflora Boiss. (47.5 %), Thymus vulgaris (48.9 %), Thymus
algeriensis (56 %), and Origanum glandulous Desf. (41.6-81.1 %) (Escobar
et al., 2020). Because of their diverse monoterpenes’ contents, Monarda
species possess diverse biological activities. All species contain mostly
thymol and o-cymene as their active components. M. didyma and
M. fistulosa were studied for anti-microbial activity, whereas insect re-
pellent property was explored in M. fistulosa and M. bradburiana
(Tabanca et al., 2013). The studies reported anti-microbial, antibacte-
rial, antifungal, and in vitro anti-cancer activities of M. citriodora (Lu
etal., 2011; Di Vito et al., 2019; Deepika et al., 2020). While considering
the Monarda genus, leaves of M. didyma were given to the growing

larvae of fall armyworm (Spodoptera frugiperda), it showed feeding
deterrence and no choice towards the leaves, whereas an inhibitory ef-
fect was seen in the overall larval growth (Rabinowitz et al., 2015).
Furthermore, hydrolate of the same showed potent activity toward the
field pest Trialeurodes vaporariorum (Mariani et al., 2020). The EO and
ethanolic extract from M. fistulosa were explored for their insecticidal
activity towards the Colorado potato beetle and showed significant
ovicidal, antifeedant, and overall insecticidal activity (Elisovet;caia
et al., 2018). Silver nitrate nanoparticles synthesized from M. citriodora
essential oil were tested for their efficacy on different microbes, such as
Bacillus cereus and Micrococcus luteus, which showed promising results
(Yadav et al., 2024). M. citriodora EO inhibited the storage grain molds,
including Aspergillus flavus and 15 other molds (Deepika et al., 2020).
However, there is no report of testing M. citriodora EO against the
storage pest insect, so we evaluated its activity, and we got significant
fumigant and contact toxicity results against the test R. dominica within
12 and 24h, requiring less volume to have good insecticidal activity
when no food source was considered.

Thymol in the M. citriodora EO accounts for its bioactivity, as thymol-
rich EO showed good results against the stored product insects. Orig-
anum vulgare and Mosla chinensis share thymol as a major compound and
showed fumigant toxicity against Ephestia kuehniella and S. zeamais
(Erler, 2005; Kim et al., 2010). EOs from O. vulgare and T. ammi
exhibited substantial contact toxicity towards R. dominica, and the
thymol in oils played an important role in the activity (Kanda et al.,
2017). The fumigant toxicity of M. citriodora with sorghum and pearl
millet showed differential mortality rates. In pearl millet, we can see
more effectiveness, at the end of 168 h, a minimum of 10 pL of oil
treatment showed nearly 75 % mortality of adult R. dominica, whereas,
in sorghum, we required higher volumes. When the contact toxicity
studies were done on R. dominica and T. castaneum, thymol showed
effectiveness and was more toxic than other aroma compounds tested
(Kanda et al., 2017). The same results can also be seen in our results, as
M. citriodora is highly rich in thymol content; higher mortality can be
seen in sorghum with a minimum of 10 pL dose after 24 h. At the end of
the 168 h, a 5 pL dose gave more than 75 % mortality, and all others
showed complete mortality. In pearl millet, the same trend can be seen.
The above results showed the effectiveness of M. citriodora against the
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R. dominica infesting sorghum, and pearl millet and can be a good
candidate for fumigant and contact insecticide. Binary combinations of
EOs with other EOs or aroma compounds can be a broad-spectrum
strategy for combating pests. A study by Kanda et al. (2017) showed
that thymol is least effective towards S. oryzae. In contrast, linalool was
toxic towards S. orzyae but not others, so using a binary combination
served as toxic to all the insect species tested. Our study tested the binary
combination of M. citriodora EO with O. gratissimum, lemongrass,
citronella oil, geraniol, and estragole to check their interaction in insect
mortality. The results showed that combining M. citriodora oil with other
oils and aroma compounds showed an antagonistic effect, causing lesser
mortality of R. dominica than expected. Compared to this, the estragole
combination showed an additive effect but no synergistic effect, so using
M. citriodora alone can serve the best. The post-treated grains were
tested by GC-MS for the persistence of EO residues on the sorghum and
pearl millet grains and showed no traces of the compounds, making it a
good candidate as a grain protectant and can usually be used for the
grains for export purposes. Moreover, the treatment did not hamper
germination, as demonstrated with the Rosmarinus officinalis EO treat-
ment (Kiran and Prakash, 2015).

The enzyme system of the insect body plays an important role in
detoxifying foreign material or toxins. As per the literature, EO specif-
ically targets the nervous system of insects by targeting acetylcholines-
terase. Other modes include inhibition of P450 cytochrome, different
ATPases, cholinergic system, modulation of GABA receptors, and octo-
paminergic system (Karaborklii and Ayvaz, 2023). We have assessed the
effect of M. citriodora EO on the AChE as well as a detoxifying enzyme
called Glutathione-S-Transferase. Acetylcholine esterase is a primary
site for synthetic insecticides where the acting component binds to the
Acetylcholine esterase enzyme and inhibits its activity, resulting in the
accumulation of messenger signal acetylcholine at the synapse, leading
to continuous signal transduction, making the insect hyperactive and
finally collapsing of the nervous system (Nascimento et al., 2024). One
of the actions of EO is the inhibition of AChE, as already reported in the
literature. Major compounds associated with the inhibition can be listed
as anethole, carvacrol, carvone, cinnamaldehyde, citral, citronellol,
eucalyptol, a-pinene, etc. (Karaborklii and Ayvaz, 2023). In R. dominica,
linalool, fenchone, and y-terpine cause AChE inhibition (Lopez et al.,
2008). When we checked the effect of M. citriodora EO with different
concentrations on the enzyme extracted from R. dominica, a
dose-associated response was observed in vitro. The treatment of 10 %
M. citriodora EO showed maximum AChE inhibition of 75 %, compa-
rable with the standard drug donepezil, which is suggested as a medi-
cation for inhibiting AChE in Alzheimer’s (Dhage et al., 2021). Thymol
shows AChE inhibitory properties when checked in neurodegenerative
disease rat models (Hamdan et al., 2022). The extract of M. fistulosa
showed inhibitory activity when tested against AChE (Georgiev et al.,
2022). Molecular docking with Tetronarce californica AChE enzyme
showed binding affinities of nearly identical scores. Thymol with —7.2
kcal/ml, p-cymene —7.1 kcal/mol, whereas standard drugs such as
galantamine showed the highest score with —9.2 kcal/mol (Aanniz
et al., 2025). At the same time, our study showed similar scores of —6.1
kcal/mol (Thymol) and —5.5 kcal/mol (o-cymene) with Rd AChE.

Typically, insecticides cause an increase in the activity of detoxifying
enzymes, and insects that are tolerant and resistant to pesticides show an
elevation in detoxifying enzymes. GST is the main target of insecticide
action (Kinareikina and Silivanova, 2023). Our study focused on the GST
activity when treated with the same dose. We discovered that the GST
activity was reduced drastically with the in vitro treatment of 1 %
M. citriodora EO and decreased significantly with increased concentra-
tion. The results can be correlated with the work done by (Waliwitiya
et al., 2012), which suggests there is inhibition in GST activity when
exposed to EO or synthetic insecticide for a longer duration with higher
concentration. Citrus sinensis peel EO can prominently inhibit the GST
activity in Callosobruchus maculatus and S. zeamais (Oyedeji et al., 2020).
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5. Conclusion

In the above investigation, we evaluated the insecticidal property of
M. citriodora essential oil against the stored product insect pest, espe-
cially R. dominica. Moreover, to complement the biorational traits of
M. citriodora EO, it showed significant fumigant and contact toxicity in
both with and without sorghum and pearl millet grains. Enzyme systems
like AChE and GST were inhibited significantly in vitro at lower con-
centrations, which was advocated by molecular docking studies. In
addition, the seed viability of grains was unaffected due to the lower
persistence of the EO. Hence, the EO from M. citriodora can be a good
candidate for developing novel biorational strategies against stored in-
sect pests.
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