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The house fly, Musca domestica, is a major mechanical vector of several pathogens, posing significant
public health risks. Due to the hazards associated with indoor use of synthetic insecticides,
biopesticides offer an eco-friendly alternative. Clove (Syzygium aromaticum) flower bud extract
contains bioactive insecticidal compounds; however, a comprehensive study of its sublethal effects

on M. domestica, along with the associated molecular responses, was lacking. Ethanol-based clove
extracts were characterized using gas chromatography-mass spectrometry (GC-MS). This study
assessed the lethal and transgenerational effects of clove extract on two generations using age-stage,
two-sex life table analysis. Gene expression analysis was conducted on three key stress-responsive
genes (CYP12A2, CYP6D2, CYP6A24) and one fecundity-related gene, vitellogenin-I (Vg-1). GC-MS
analysis identified eugenol (68.80%), caryophyllene (13.24%), and acetyl eugenol (13.56%) as the
major constituents. The lethal concentrations were determined as LC,=0.405%, LC,=1.574%, and
LC,,=4.046%. The LC,, treatment significantly reduced longevity, fecundity, and survival. Mean
generation time (T) was significantly shorter in the LC,, group (16.43 days) than in the control (19.89
days). Similarly, key population parameters—intrinsic rate of increase (r), finite rate of increase (1),
and net reproductive rate (R,)—were reduced. Gene expression studies revealed elevated stress
responses and reproductive suppression. The detoxification genes (CYP12A2, CYP6D2, CYP6A24) were
upregulated, while the fecundity-related gene Vg-/ was downregulated. Molecular docking suggested
strong binding affinity of caryophyllene to survival-related proteins. These findings suggest that clove
extract significantly affects M. domestica, highlighting the potential of caryophyllene as an insecticidal
compound.
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The house fly, Musca domestica L. (Diptera: Muscidae), presents a significant challenge to both animals and
public health, with a global distribution!. Adult flies are a nuisance and act as mechanical vectors for various
pathogens, including bacteria such as Salmonella typhi, Pseudomonas aeruginosa, and Escherichia coli, as well
as fungi, viruses, and other parasites that can cause human diseases®’. House fly larvae can induce myiasis in
humans, manifesting in cutaneous?, intestinal®, pelvic’, oral’, scalp®, and umbilical forms®.

House fly management strategies include cultural practices, chemical interventions, and biological
approaches using microorganisms, predators, and parasitoids, or a combination of these methods'*-12.
However, reliance on chemical control is common, leading to insecticide resistance!®!*, In Pakistan, agricultural
practitioners often use residual insecticides from their farming activities to manage insect pests'>. A wide
variety of insecticides, both traditional and novel chemical compounds, have been employed to control house
flies. Nevertheless, indiscriminate and injudicious use of insecticides has significantly contributed to resistance
development in Pakistan'®!” and other countries'®. The use of synthetic chemical insecticides is linked to global
challenges, including environmental pollution, bioaccumulation of toxic residues, and public health concerns'.
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Consequently, researchers are exploring alternative methods, such as bioinsecticides. Various plant species have
been used globally to control dipteran insects'®.

Various plant extracts contain primary and secondary metabolites, which are essential for plant survival,
particularly defence against environmental stress?’. Clove, a common spice, is added to food for its strong
aroma and antimicrobial properties®!. Clove oil and clove powder, or their constituents, have repellent, toxic,
and anesthetic properties against many urban pests, such as ants and cockroaches. However, integrating any
biopesticide or its derivatives for targeting a specific insect pest requires a comprehensive study of its chemical
composition, life table metrics, and potential effects on gene expression in the target species. There is a research
gap concerning the sublethal effects of dried clove flower bud extracts on key biological parameters, including
longevity, survival, reproduction, sex ratio, and developmental duration, as well as their influence on gene
expression in domestic house flies??.

Preliminary molecular docking studies were conducted to identify potential interactions between clove
constituents and insect molecular targets, which provided the basis for the selection of genes for expression
analysis. Understanding changes in gene expression is crucial for elucidating the molecular mechanisms
underlying insect responses to botanical insecticides. Gene expression profiling can help reveal physiological
stress, detoxification processes, and reproductive modulation, providing in-depth knowledge on sublethal and
long-term effects. In this study, genes related to detoxification (CYP12A2, CYP6D2, CYP6A24) and reproduction
(vitellogenin-I, Vg-I) were selected based on their known involvement in insecticide resistance and fecundity
regulation®’.

Considering the importance of house flies and clove, this study was designed to assess the sublethal effects
of clove flower bud extract on house fly populations by examining various life table parameters using the age-
stage, two-sex life table. The research also included chemical characterization of the clove flower bud using gas
chromatography-mass spectrometry (GC-MS), along with an analysis of the expression of various resistance-
and fecundity-related genes.

Materials and methods

Insect rearing

Adult house flies were collected from poultry and meat shops using the methods described by Sinthusiri and
Soonwera?*. The collected specimens were reared in transparent cotton cages (30x30x 30 cm) in the Insect
Ecology Laboratory at MNS-University of Agriculture, Multan. The cages were maintained at a temperature of
30-35 °C and relative humidity of 70-80%. The flies were provided with a 10% sugar syrup solution absorbed
in cotton wool, 30 g of powdered milk, and 300 g of mackerel fish placed on a sterile plastic tray (18 x 25x 9 cm)
filled with rice husks to support feeding and oviposition. House flies were reared for more than 10 generations
before experiments were initiated.

Preparation of samples for gas chromatography-mass spectrometry (GC-MS)

Dried Syzygium aromaticum (clove) flower buds (250 g), purchased from a local market, were finely ground
into a powder. Two grams of the powdered sample were subjected to ethanol extraction at room temperature for
24 h. The extracts were then centrifuged at 13,000 x g for 10 min at 10 °C. The supernatants were filtered using
Whatman No. 1 filter paper, and the solvents were concentrated using a rotary evaporator. The resulting organic
residues were dissolved in 1 mL of methanol. The filtered solutions were transferred into dark amber vials using
syringe filters for subsequent analysis®>?.

Gas chromatography-mass spectrometry (GC-MS) analysis

The GC-MS analysis was performed at the Analytical Lab, MNS-University of Agriculture, Multan, Pakistan,
using an Agilent 8890 GC system integrated with a 5977B mass spectrometer. Chemical characterization was
conducted using a DB5MS capillary column (30x0.25 mm ID x 1 um film thickness). Helium (99.99%) was
used as the carrier gas, maintained at a constant flow rate of 1 mL/min. The injection volume was set to 0.5
L, with an injector temperature of 250 °C. The oven temperature was programmed to increase from 100 °C to
200 °C at a rate of 10 °C/min, followed by an increase to 280 °C at 5 °C/min, where it remained isothermal for
9 min. Mass spectra were collected at 70 eV with a scan interval of 0.5 s, spanning a mass-to-charge (m/z) range
of 40-550. Compound were identified using the RTLPEST3 and NIST20 databases®*%”.

Screening test

The acute toxicity of clove flower bud extracts against house flies was evaluated using the food-incorporated
bioassay method described by Kristensen et al.?. The bioassay was conducted in 30 x 30 cm boxes with mesh-
covered sides to ensure adequate airflow. Clove extracts were tested at concentrations ranging from 0 to 10%. A
cotton plug soaked in a sugar solution containing the extract was provided as a feeding source. Each treatment
consisted of 60 house flies, divided into three replicates of 10 individuals each, with equal numbers of males and
females. Mortality was recorded 72 h post-treatment to determine LC,, LC,,, and LC,, values®.

Transgenerational studies

Following the determination of LC,, LC,, and LC, values, a cohort of 30 adult house flies was exposed to each
respective concentration, along with an untreated control group according to the modified methodology of
Igbal et al.*. Forty-eight hours post-treatment, exposed adults were provided with larval medium to facilitate
oviposition. Eggs laid by treated adults were randomly selected to assess transgenerational effects on population
dynamics and demographic parameters. Daily observations were carried out on the F, generation to evaluate
adult longevity and fecundity. Newly laid eggs were systematically counted until the death of the last adult in
each treated group. Developmental progression, survival rates, and growth metrics from egg hatching to adult
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emergence were recorded. Observations continued daily until all individuals had died. The experiment was
conducted under controlled environmental conditions (27 °C, 65-75% relative humidity, and a 12:12 h light:
dark photoperiod). The resulting data were used to construct an age-stage, two-sex life table following the
methodology of Shafi et al.?%.

Gene expression analysis

For gene expression analysis, total RNA was extracted from exposed adult house flies and progeny of treated
groups using TRIzol reagent. RNA integrity was assessed using a spectrophotometer (ACTGene) by measuring
the A, /A, ratio. First-strand cDNA was synthesized using the PrimeScript’ RT Reagent Kit (Takara, Japan).
Quantitative real-time PCR (RT-qPCR) was performed on an ABI 7500 system (Applied Biosystems, USA) using
gene-specific primers (0.5 tM), 10 uL of SYBR Green Master Mix (Bio-Rad, USA), and nuclease-free water, in a
total reaction volume of 20 pL. The elongation factor 1-alpha (EF1la) gene was used as an internal reference for
normalization. Primer sequences are listed in Table 1. Each RT-qPCR assay was conducted with three biological
replicates and three technical replicates®!.

Molecular docking of phytochemicals

Molecular docking studies were performed using PyRx, PyMOL, and Discovery Studio Visualiser to examine
ligand-target protein interactions. Protein and ligand structures were prepared first. The Protein Data Bank
(PDB) or AlphaFold (https://alphafold.ebi.ac.uk) provided three-dimensional structures of Cytochrome
P450, Ecdysone 20-monooxygenase isoform X1, Muscle calcium channel subunit alpha-1, Odorant-binding
protein 2, Gamma-aminobutyric acid receptor subunit beta, Vitellogenin domain-containing protein, and
Gustatory receptor. Ligand structures from chemical databases or ChemDraw were translated into docking
forms. Structural optimisation required protein and ligand energy minimisation. PyRx used AutoDock
Vina for virtual screening®~*°. The active sites of each protein were used to generate grid box dimensions
for appropriate ligand placement. Lower binding energy levels indicate stronger interactions. Post-docking
analysis of ligand-protein complexes was done with PYMOL and Discovery Studio Visualiser. These methods
identified stabilising interactions such hydrogen bonding, hydrophobic contacts, and electrostatic forces using
3D and 2D visualisations. We compared docking data across all targets and analysed complexes with the highest
binding affinities to find the best ligand-protein interactions. This integrative strategy illuminated insecticidal
possibilities and directed experimental validation®.

Statistical analysis

Life table parameters like developmental duration of immature stages, survival rates, pre-oviposition, oviposition,
post-oviposition periods, adult longevity, intrinsic rate of increase (r), finite rate of increase (1), and the mean
generation time (T) etc. were analyzed using age-stage, two-sex life table methodologies**-*!. Population
parameters such as total pre-oviposition period (TPOP), adult pre-oviposition period (APOP), fecundity,
and longevity were calculated using TWO-SEX-MSChart software. Variance and standard errors of life table
parameters were estimated using the bootstrap method, with 100,000 bootstrap replicates for accuracy®’. Gene
expression levels were quantified using the 2-AACt method*, and statistical analysis was performed using a
completely randomized design in Statistix 8.1.

Results

GC-MS results

The phytochemicals identified in the ethanolic extract of Syzygium aromaticum (clove) flower buds, along with
their molecular weights, chemical formulas, percentage compositions, retention times, peak areas, and mass-to-
charge (m/z) ratios, are presented in Table 2. The major compounds detected include: Eugenol (68.80%), 3-Allyl-
6-methoxyphenol (Chavibetol) (68.80%), Caryophyllene (13.24%), Phenol, 2-methoxy-4-(2-propenyl)-, acetate
(Acetyleugenol) (13.56%), 3-Allyl-6-methoxyphenyl acetate (13.56%), and Bis(2-ethylhexyl) phthalate (3.10%).
The dominant functional groups identified among these compounds were allylbenzenes, bicyclic hydrocarbons,
benzoate esters, acetates, and phthalates. The observed m/z values ranged from 41.10 to 279.10.

Target gene Primers Product size (base pairs)
TCATCCGAATGGGAACAGGC
CYP12A2 187
CAACATCGGGTTTGCCAAGG
GATCGCGGCATATACGTGGA
CYP6D2 CCCACATCATCGACGGTCTC | !*°
GTGGATGGCGATAAATGGCG
CYP6A24 172
GTCCCAGCATATCGCGTACA
GTAAGTGCCCTGGCAAAAGC
Vitellogenin-1 176
AAATGAATGCGTTCGGGTGC
Elongation factor EF1-a (Internal control) ¥g€%§%ﬁi§g¥?}%&%%¥[‘%% 161

Table 1. Primers designed for qPCR.
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LC, LC,, LC,,
Clove extracts | Percentage Percentage Percentage ).C DF | Slope
72h 0.405 (0.217-0.599) | 1.574 (1.204- 1.984) | 4.046 (3.128-5.781) | 5.416 | 13 | 1.64+0.22

Table 2. Lethal concentration Estimation of clove flower bud extracts against house fly. LC=lethal
concentration, DF = degree of freedom, X?=Chi square.

Peak area | Molecular | Molecular weight

Peak no. | RT (min) | (%) formula (g/mol) Name of the compound Functional group m/z

CI10H1202 | 164.20 Eugenol Allylbenzene 77.10, 103.10,
1 11322 | 6880 3-Allyl-6-methosyphenol 131.05, 149.05,

C10H1202 | 164.2011 (AKA Chavibetol) Allyl and methoxy group | 164.20

R 41.10, 79.10, 91.10,
2 12.751 13.24 C15H24 204.35 Caryophyllene Bicyclic hydrocarbon 9310, 133.10
Phenol, 2-methoxy-4-(2-propenyl)-, .

C12H1403 | 206.24 acetate (acetyleugenol) Benzoate ester 91.10, 131.05,
3 14.900 13.56 133.05, 149.05,

CI12H1403 | 206.241 3-Allyl-6-methoxyphenyl acetate Acetate, methoxy and 164.20

allyl group

4 27.528 3.10 C,,H;;0, 390.564 Bis(2-ethylhexyl) phthalate Phthalates ?2'7102’7791 '1100’ 149,

Table 3. Chemicals identified in the ethanolic extract of clove flower bud extracts by GC-MS.

Parameters Control LC, LC,, LC,,
Pre-adult duration (days) | 21.08+0.15 A | 14.94+0.25B | 13.10+0.32C | 11.65+0.23D
Female longevity (days) | 26.36+0.56 A | 25.45+0.78 A | 22.58+0.53B | 20.29+0.57 C
Male longevity (days) 28.90+0.45 A | 26.57+£0.74B | 19.78+0.53B | 18.85+0.35B
APOP (days) 091+£0.15A | 1.20£0.12A |1.17+021 A |123+0.18A
TPOP (days) 1593+0.36 A | 15.90+0.31 A | 15.17+0.43 A | 13.35+0.38B
Oviposition days 8.13+047 A | 6.70+£0.28B 6.47+0.38B 6.23+0.45B
Fecundity (per female) 62.14+3.48 A | 51.20+3.03B | 39.94+2.27C | 34.05+2.36 C
r (per day) 0.16+0.01 A |0.15£0.01 A |0.14+0.01AB | 0.13+0.01B
R, (per day) 24.85+4.32 A | 18.61£3.49B |12.34+2.57C |10.52+2.24C
T 19.89+0.42 A | 18.97+0.43 A | 18.27+0.46B | 16.43+0.39 C
A (per day) 1.17+0.01 A | 1.17£0.02A |1.15£0.01AB | 1.14+0.01B

Table 4. Biological and population parameters of house fly against clove flower bud extract. APOP =adult

pre-oviposition period, TPOP =total pre-oviposition period of female counted from birth. r=intrinsic rate of
growth, R =the net reproductive rate (offspring/individual), T'=the mean generation time (days), A =limiting
rate of growth. Means in adjacent rows with different letters differ significantly (P <0.05) by bootstrap test use.

Toxicity

The LC,, LC,, and LC, values were calculated after 72 h of exposure to clove extracts against housefly. Lethal
concentrations, i.e., LC,, LC,,, and LC,, were determined as 0.405% (0.217-0.599%), 1.574% (1.204-1.984%),
and 4.046% (3.128-5.781%), respectively (Table 3). Additionally, the slope of the dose-response curve was
1.64+0.22 (Chi-square=5.416, DF=13).

Survival and fecundity of parental generation

The higher survival rate in males was found in control population as compared to the rest of treatments. While,
survival rate of female adults was similar in treated and as well as in control group. Overall male survival was
higher as compared to female. Daily fecundity was lower in LC, treated population. Contrarily, more numbers
of eggs were found in the control parents as compared to other treatments (Supplementary Fig. 1).

Life table parameters

The life table parameters of the progeny of house fly adults exposed to clove flower bud extract exhibited
significant differences among treatments (Table 4). The shortest pre-adult duration was observed in the LC|
group (11.65+0.23 days), whereas the control group showed a significantly longer developmental period
(21.08 £0.15 days). Female longevity was significantly reduced in the LC, group (20.29 +0.57 days) compared
to the control (26.36 +0.56 days). Similarly, male longevity decreased in LC,, (18.85+0.35 days) relative to the
control (28.90+0.45 days).

Scientific Reports |

(2025) 15:30856

| https://doi.org/10.1038/s41598-025-10857-7 natureportfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The adult pre-oviposition period (APOP) did not differ significantly across treatments, ranging from 0.91
to 1.23 days. However, the total pre-oviposition period (TPOP) was significantly shorter in LC, (13.35+0.38
days) than in the control group (15.93+0.36 days). Oviposition duration was also significantly reduced in all
treatment groups, with the shortest period recorded in LC, (6.23+0.45 days) and the longest in the control
(8.13£0.47 days). Fecundity was significantly affected by clove extract exposure; females in the LC, group laid
less number of eggs (34.05 +2.36), while the highest fecundity was observed in the control group (62.14 +3.48
eggs per female).

Significant differences were also observed in population parameters (Table 4). The intrinsic rate of increase
(r) was significantly lower in LC, progeny (0.13+0.01 per day) compared to the control (0.16+0.01 per day).
Likewise, the net reproductive rate (R;) was reduced in LC,; (10.52+2.24) versus the control (24.85+4.32).
The mean generation time (T) was shortest in LC, (16.43 £0.39 days), while it was significantly longer in the
control (19.89 +0.42 days). The finite rate of increase (1) was also significantly lower in LC, (1.14+0.01 per day)
compared to the control (1.17£0.01 per day).

Age-specific maternity ([ m )

Age-specific maternity (I m, ) was derived from age-specific survival rate (I,) and age-specific fecundity (m ) as
shown in Fig. 1. Relatively lower peaks for all the three values were observed in the LC, treatment. The age-stage
specific survival (I ) reached 0 in the control on day 33. Similarly, the peak value of age-stage specific fecundity
(f,) in the LC, treatment was found on day 20 and 21, with 6.77 offsprings per day. Similarly, the value of peak
age-specific fecundity (m,) was 2.71 in control on day 20. The peak age-specific maternity (/ m, = 2.07) in control
was found on day 20. In comparison, lower values for age-specific survival rate, age-stage specific fecundity, and
age-specific maternity were observed in LC, .
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Fig. 1. Age-specific maternity (I m,), age-specific survival rate (1), age-specific fecundity of total population
(m,), and (f) eggs/female of Musca domestica, (A) control, (B) LC,, (C) LC,, and (D) LC,, of clove flower

buds.
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Fig. 2. Relative expression levels of 3 P450 genes (CYP12A2, CYP6D2, and CYP6A24) and one vitellogenin-I
gene in F  and F, generation Musca domestica descending from the parent (F,) after 72 h exposure to LC,
of clove flower buds extracts. The relative expression level is expressed as the mean + SE with the control as
the calibrator. Different letters above the error bars indicate significant differences at P<0.05 level (one-way
ANOVA followed by LSD post hoc tests).
Cytochrome P450 -58 -6.0 -6.8 -6.1 -57 -53
Ecdysone 20-monooxygenase -59 -6.0 -71 -6.3 -6.1 -7.0
Muscle calcium channel subunit | — 5.6 -6.1 -74 -6.5 -6.6 -6.7
Odorant binding protein 2 -55 -52 -74 -6.1 -57 -63
GABA receptor subunit beta -4.6 -53 -58 -52 -49 —-5.6
Vitellogenin domain-containing | - 5.6 =55 -74 -64 -62 - 6.6
Gustatory receptor -57 -6.3 -9.0 -6.4 -6.8 -7.6

Table 5. Affinities of different phytochemicals in clove with different growth proteins in house fly.

Effect on gene expression and molecular docking

Quantitative PCR (qPCR) analysis revealed significant alterations in the expression of detoxification and
reproductive genes in M. domestica exposed to clove flower bud extract (Fig. 2). In the treated parental
generation (F), the relative expression of CYPI2A2 increased significantly to 3.06-fold compared to the control
(setat 1). Similarly, CYP6D2 and CYP6A24 were upregulated to 1.10-fold and 2.20-fold, respectively. In contrast,
vitellogenin expression was markedly downregulated to 0.54-fold. In the F; progeny, CYP12A2 expression further
increased to 3.37-fold, while CYP6D2 and CYP6A24 were upregulated to 1.36-fold and 2.38-fold, respectively.
Vitellogenin-I expression remained suppressed at 0.68-fold.

Molecular docking analysis demonstrated that caryophyllene exhibited the strongest binding affinity with
several key insect proteins. Caryophyllene interacted with the hydrophobic transmembrane domains of the
GABA receptor, involving residues such as valine, leucine, and isoleucine, and potentially formed hydrogen
bonds with polar residues like serine or threonine. It showed the strongest binding with the gustatory receptor
(-9.0 kcal/mol), followed by 3-allyl-6-methoxyphenol (-6.3 kcal/mol) and eugenol (-5.7 kcal/mol) (Table 5).
Against the muscle calcium channel subunit alpha-1, caryophyllene also demonstrated the highest affinity
(-7.4 kcal/mol), followed by 3-allyl-6-methoxyphenol (-6.1 kcal/mol) and eugenol (-5.6 kcal/mol), suggesting
possible disruption of calcium signaling and neuromuscular function.

Caryophyllene also had the strongest affinity for the GABA receptor subunit beta (- 5.8 kcal/mol), as well
as for the ecdysone 20-monooxygenase (- 7.1 kcal/mol), with both interactions involving hydrophobic contacts
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3-Allyl-6- Bis(2-
methoxyphenyl ethylhexyl)
Target protein Eugenol 3-Allyl-6-methoxyphenol | Caryophyllene Phenol, 2-methoxy-4-(2-propenyl) | acetate phthalate
. . . .| Hydrophobic,
Cytochrome P450 Hydrophobic, ) Hydrogen l?ondlng, Hydrophobic, Van der Hydrogen bonding, n-n stacking Weak hydrophobic, steric
hydrogen bonding | hydrophobic Waals Van der Waals hindrance
Ecdysone Hydrogen . .| Hydrophobic,
20-monooxygenase | bonding, Hydrophobic, nt-7t stacking Eft::r?r(lige h{/\(};‘:li hobic, Hydrogen bonding, hydrophobic \\/]Zeal;gy&gnl?oblc, competitive
isoform X1 hydrophobic g n inhibition
Muscle calcium Weak . . .| Hydrophobic,
channel subunit hydrophobic, Van Hydrogen l?ondlng, Strong hydrophob}c) Hydrophobic, nt-1 stacking Weak hydrophobic, channel
hydrophobic allosteric modulation Van der Waals .
alpha-1 der Waals blocking
- . . . .| Hydrophobic,
Odor?nt binding Hydrpphoblc, m-n | Weak hydrophobic, Van Strong }}ydroPhqblc, Hydrogen bonding, hydrophobic Weak hydrophobic, competitive
protein 2 stacking der Waals irreversible binding Van der Waals binding
Gamma- .

. - Weak . . .| Hydrophobic,
aminobutyric ac id hydrophobic, Van W.ea.k hydrophobllc, Hydroph(?blcl, o Weak hydrophobic, Van der Waals Wea}( hydrophoblc, weak
receptor subunit der Waal minimal modulation allosteric inhibition no significant effect .
beta er Waals antagonism
Vitellogenin . . . .| Hydrophobic,

- L Hydrophobic, Van | Weak hydrophobic, Van Strong hydrophobic, . . Weak hydrophobic, o
doma}n-contammg der Waals der Waals disrupts lipid binding Hydrogen bonding, hydrophobic Van der Waals competitive
protein inhibition

Hydrogen . .| Hydrophobic,
Gustatory receptor | bonding, Hydrophobic, nt-7t stacking Strong }}ydroyho'blc) Hydrogen bonding, hydrophobic Weak hydrophobic, competitive
h . irreversible binding Van der Waals P
ydrophobic binding
Table 6. Key interactions of phytochemicals (extracted from clove flower bud extracts) with protein targets in
house fly.
3-Allyl-6- Bis(2-
Binding pocket methoxyphenyl | ethylhexyl)
Target protein characteristics Eugenol 3-Allyl-6-methoxyphenol | Caryophyllene | Phenol, 2-methoxy-4-(2-propenyl) | acetate hthalate
getp 8 Y XyP cryain 257 propeny! P
. Blocks Steric
Hydrophobic . Strong Lo .
Cytochrome P450 | cleft with heme Catalyn? SIf€ | Moderate inhibition hydrophobic Competitive inhibition quk binding, | hindrance,
coordination (potential interference minimal effect | substrate
inhibitor) exclusion
Ecdysone Steroid-binding Disrupts Strong L .
20-monooxygenase | hydrophobic substrate Partial inhibition allosteric Competitive inhibition Weak binding, Qorp?gtltlve
: L - no effect inhibition
isoform X1 pocket binding modulation
Muscle calcium Voltage- Weak Strong Minimal Blocks ion
channel subunit sensing domain allosteric Channel blocking allosteric Stabilizes inactive state modulation conduction
alpha-1 (hydrophobic) modulation inhibition
: Competitive .
Odorant binding }i\romanc/ . binding Weak displacement of I(re\{emble s No significant Strong
. ydrophobic o binding (odor | Competitive binding competitive
protein 2 i . .| (odor native ligands ) effect S
igand-binding site masking) suppression) binding
Sr:rirrllr:l;t ric acid Extracellular Weak Allosteric Weak
yric a ligand-binding . Minimal modulation T Weak binding No effect .
receptor subunit domain antagonism inhibition antagonism
beta
. . . Competes
Vitellogenin N Disrupts . N .
domain-containing Lipid-binding protein-lipid | Weak binding Strong lipid Alters structural stability No significant | with
. pocket : . displacement effect endogenous
protein interactions lii
ipids
. . Strong
G Bitter-taste Taste . . antagonism e 1. a Weak Irreversible
ustatory receptor | receptor pocket dulati Partial agonist Competitive binding . . bindi
(hydrophobic) modulation (taste ion) interaction inding
suppression

Table 7. Binding pockets and functional outcomes of Phytochemical-Protein Interactions.

with non-polar residues (e.g., phenylalanine, leucine, valine) and hydrogen bonds with polar amino acids (e.g.,
serine, threonine, asparagine). Additionally, caryophyllene displayed a high binding affinity for cytochrome P450
enzymes (— 6.8 kcal/mol), with key van der Waals interactions involving aromatic residues like phenylalanine
and tyrosine.

Among all ligands tested, caryophyllene consistently demonstrated the highest binding affinity to the
vitellogenin domain-containing protein (- 7.4 kcal/mol), followed by 3-allyl-6-methoxyphenol (- 5.5 kcal/
mol) and eugenol (- 5.6 kcal/mol). Binding was mediated through interactions with the lipid-binding domain,
primarily involving non-polar residues (e.g., leucine, valine, isoleucine), as well as possible hydrogen bonding
with polar residues like lysine or arginine (Tables 6 and 7). These findings suggest that caryophyllene may
interfere with key physiological pathways, supporting its potential as a bio-insecticide.
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Discussion

The ethanolic extract of clove flower buds was found to contain a diverse array of bioactive compounds, with
eugenol being the most abundant constituent (68.80%), followed by acetyleugenol (13.56%) and caryophyllene
(13.24%). The potent insecticidal effects observed against Musca domestica are likely attributable to this
phytochemical diversity, consistent with previous reports highlighting the toxicity of plant-based compounds
such as eugenol and caryophyllene toward insects*~*°.

Houseflies exposed to LC, concentrations of the extract exhibited significantly reduced survival and
fecundity. These results align with earlier studies demonstrating that phytochemicals can interfere with
oviposition and reproductive behavior in insects'*’. The strong molecular interactions of caryophyllene,
particularly with vitellogenin-I and gustatory receptors, may impair reproductive physiology and disrupt
feeding behavior, ultimately reducing fecundity and survival. This is supported by Darrag et al.*®, who reported
that interactions between caryophyllene and key survival- and reproduction-related proteins could lead to
physiological disruptions and increased mortality.

The shortened pre-adult developmental duration (11.65 days in LC,-treated flies vs. 21.08 days in controls)
suggests stress-induced change in developmental time, a phenomenon commonly associated with decreased
longevity and fitness. Likewise, reductions in the total pre-oviposition period (TPOP) were observed in
treated groups. These developmental disruptions may be attributed to the interference of clove phytochemicals
with ecdysteroid biosynthesis, especially given caryophyllene’s strong binding affinity with ecdysone
20-monooxygenase. Similar developmental disturbances have been reported in other insect species treated with
clove-derived compounds®.

Population parameters such as the intrinsic rate of increase (r=0.13 per day), net reproductive rate (R, =
10.52 offspring per female), and mean generation time (T=16.43 days) were significantly reduced in LC, -
treated groups compared to the control. These results correspond with those of Shang et al.>%, who reported
eugenol-induced disruption of physiological processes in insect pests. Similarly, Leelaja et al.>! observed negative
impacts on fecundity and survival following exposure to allyl acetate, another important component of clove
extract. The observed reductions in reproductive output and survival may reflect an adaptive stress response to
the toxic phytochemicals®>%,

Molecular analyses revealed that clove extract exposure significantly upregulated detoxification-related genes
(CYPI2A2, CYP6D2, CYP6A24) and downregulated vitellogenin, suggesting the activation of detoxification
pathways and suppression of reproductive gene expression. The overexpression of cytochrome P450 genes
reflects an enhanced metabolic response to chemical stress, consistent with known mechanisms of insecticide
detoxification and resistance?"*6. These molecular responses were supported by docking simulations, where
caryophyllene demonstrated strong binding affinities to cytochrome P450 enzymes and the vitellogenin domain-
containing protein. The interaction with vitellogenin’s lipid-binding domain may impair its function, resulting in
suppressed expression and diminished reproductive capacity.

The physiological, molecular, and computational findings underscore the potential of clove flower bud
extract as a promising biopesticide with eugenol and caryophyllene are major contributors towards its lethal
and sublethal toxicity. Clove flower bud extracts are capable of inducing both lethal and sublethal effects in M.
domestica through multiple mechanisms of action of its phytochemicals.

Conclusion

This study strongly suggests using clove flower bud extracts as a natural biopesticide against house flies. The
extract exhibited both lethal and sublethal effects with eugenol being the major contributor. Exposure to LC,
concentrations significantly reduced survival, fecundity, longevity, and population growth indices in house flies,
demonstrating a significant physiological influence on reproductive and developmental biology. In addition,
qPCR analysis showed that cytochrome P450 genes were upregulated and vitellogenin was downregulated,
indicating detoxification and reproductive suppression. Molecular docking showed significant binding affinities
between caryophyllene and various important insect proteins, including vitellogenin, cytochrome P450
enzymes, and neurotransmitter-related receptors, suggesting plausible modes of action. These findings show that
clove extract targets many biological processes in house flies, making it a sustainable, eco-friendly insecticide
alternative. This research supports clove-based formulations in integrated pest control (IPM) programs due
to synthetic pesticide resistance and environmental concerns. To maximise their use in pest management
techniques, future studies should extract and test phytoconstituents, assess long-term field efficacy, and examine
their compatibility with other biological control agents.
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