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Abstract: The use of essential oils from certain herbal plants offers a promising alternative
to synthetic insecticides for controlling the maize weevil, Sitophilus zeamais Motschulsky
(Coleoptera: Dryophthoridae), a major pest that causes significant damage to stored grains.
Essential oils, particularly from aromatic herbs in the Apiaceae family, are widely used in
medicinal, cosmetic, and food industries and provided insecticidal properties to mitigate
the environmental and health hazards associated with synthetic insecticides. This research
aimed to investigate the insecticidal and repellent effects of Apium graveolens L. (celery)
seed essential oil against S. zeamais. Chemical analysis of the commercially produced
essential oil from A. graveolens seeds was conducted using a gas chromatograph-mass
spectrometer (GC-MS), and the biological activity of the essential oil was determined by
ingestion, contact, fumigation, and repellent tests. The analysis identified D-limonene
(64.21%) and o-humulene (17.46%) as primary components of the oil. Toxicity assays
revealed an observable contact toxicity, with higher concentrations and prolonged exposure
increasing its effectiveness. The contact toxicity assays reported an LCsg of 19.83 nL/adult
after 72 h. Additionally, the essential oil displayed repellent effects, effectively deterring
weevils at concentrations above 16 uL/L air, but its feeding deterrence was weak. The
essential oil’s strong insecticidal and repellent properties, which were concentration- and
time-dependent, highlighted its potential as a sustainable alternative to synthetic pesticides
for integrated pest management.

Keywords: Apiaceae; plant secondary metabolite; essential oil; stored insect pest; insecticide

1. Introduction

Sitophilus zeamais Motschulsky (Coleoptera: Dryophthoridae) is a major pest of stored
grains, including maize, rice, and wheat, causing significant crop losses due to both quantity
and quality losses during storage. Both larvae and adults damage grains by direct feeding
and contamination, resulting in weight loss, reduced germination, and reduced nutrient
content [1]. Female S. zeamais lay eggs in grain bore holes to protect the developing larvae,
making pest control a major challenge [2]. Infestations also promote an environment
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conducive to secondary pests, such as fungi and bacteria, further compromising the quality
of stored products [3]. Losses due to S. zeamais are particularly severe during long-term
storage, with post-harvest infestations reported to reduce grain weight by up to 59.48%
within 90 days [4]. Since female S. zeamais lays eggs in grain bore holes, early detection is
difficult, and pest management is complicated [5].

Traditionally, synthetic chemical insecticides, such as phosphine fumigants, have been
the primary tool for controlling maize weevil infestations during storage [5,6]. Although
effective, prolonged use of these chemicals has resulted in pest resistance and raised
concerns about environmental and health hazards, such as chemical residues in food and
soil and toxicity to non-target organisms [7-9]. Additionally, some chemicals, like methyl
bromide, have been banned due to their environmental impact, prompting the search for
safer alternatives [10]. As a result, there is growing interest in eco-friendly pest control
solutions. Plant-based alternatives, particularly insecticidal essential oils, offer promising
potential, providing lower toxicity, effective pest control, biodegradability, and minimal
environmental impact [2,11].

Essential oils are natural plant extracts composed of volatile compounds and have
gained attention as potential alternatives to synthetic insecticides. These oils are biodegrad-
able and exhibit low toxicity to mammals, making them safer for both the environment
and non-target species [2]. Essential oils contain complex mixtures of monoterpenes and
sesquiterpenes, which function as toxins, insecticides, repellents, antifeedants, and ovipo-
sition inhibitors, disrupting pest behavior, development, and reproduction [12]. Notable
examples include essential oils from clove, thyme, eucalyptus, and peppermint, which
have demonstrated effectiveness against maize weevils through contact toxicity, fumi-
gation, and behavioral disruption [9,13,14]. Despite their advantages, essential oils are
volatile and prone to degradation, requiring optimal formulations to maintain sustained
effectiveness [15].

Apium graveolens L. (celery) is an aromatic plant from the Apiaceae family, widely
cultivated in temperate and subtropical regions worldwide, including Europe, Asia, Africa,
and the Americas. It is a biennial or perennial herb with hollow stems, pinnate leaves, and
small flowers arranged in umbels, and its seeds are rich in secondary metabolites [16,17].
Among these metabolites, D-limonene has gained attention for its neurotoxic effects on
insects, disrupting olfaction and deterring feeding and oviposition [17,18]. Darmiati [19]
reported that celery extracts inhibited egg-laying in beetles, highlighting their potential for
integrated pest management (IPM). The accessibility and low toxicity of celery essential oil
make it an attractive candidate for sustainable pest control. This study aimed to evaluate the
insecticidal and repellent effects of A. graveolens essential oil on S. zeamais through contact,
fumigation, and ingestion assays. The research also analyzed the chemical composition
of the oil to assess its bioactivity and effectiveness. The objective was to determine the
potential of A. graveolens essential oil as a sustainable alternative to synthetic insecticides,
supporting its use in IPM strategies for the control of stored-product pests.

2. Results
2.1. Chemical Composition

The chemical analysis revealed 26 compounds, accounting for 97.23% of the overall
composition of A. graveolens seed essential oil (Table 1). Six primary components (91.75%)
had a percentage peak area greater than 1%, as identified by their highest peaks and
classified using the International Union of Pure and Applied Chemistry (IUPAC) standard.
D-limonene was the main component of A. graveolens seed essential oil, accounting for
64.21% of the total. The following other compounds were found in smaller amounts:
a-humulene (17.46%), 3-butylisobenzofuran-1(3H)-one (3.02%), 4,11-selinadiene (2.44%),
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pentylbenzene (2.20%), and senkyunolide (2.42%). Monoterpene hydrocarbons represented
65.18% of the chemical composition, which consisted mainly of these compounds.

Table 1. The chemical composition of essential oil from A. graveolens seeds.

No. Compound Retention RT % Peak Area
Index
1 a-Pinene 934 6.155 0.45
2 a-Myrcene 993 6.425 0.52
3 D-Limonene 1030 8.749 64.21
4 Carveol 1206 11.744 0.43
5 Pentylbenzene 1134 12.592 2.20
6 cis-p-Mentha-2,8-dien-1-ol 1165 13.366 0.08
7 cis-Dihydrocarvone 1180 14.139 0.13
8 trans-Carveol 1220 15.120 0.38
9 cis-Carveol 1225 15.658 0.17
10  Carvone 1242 16.078 0.27
11 Limonene-1,2-diol 1280 20.552 0.55
12 Valerophenone 1327 20.689 0.16
13 B-Elemene 1393 22.025 0.11
14 Caryophyllene 1418 23.249 0.48
15 a-Humulene 1456 26.732 17.46
16 4,11-Selinadiene 1495 26.877 2.44
17 2-Methyl-7-phenyl-2,6-heptanediol 1610 27.162 0.09
18  Alloaromadendrene 1455 27.317 0.14
19 2,2-Dimethylpropanoic acid, undec-2-enyl ester 1643 27.480 0.13
20  Cyclohexanebutanal, 2-methyl-3-oxo-, cis 1509 28.278 0.18
21  cis-p-Mentha-1(7),8-dien-2-ol 1206 29.146 0.31
22 Caryophyllene oxide 1582 29.739 0.70
23 3-Butylisobenzofuran-1(3H)-one 1658 32.734 3.02
24  Ledene oxide 1605 33.132 0.08
25  Senkyunolide 1558 35.134 242
% 2-Mehtyl-4-(2,6,6-trimethylcyclohex-1-enyl)but- 1641 39.912 012
2-en-1-ol
Chemical classes
Monoterpene hydrocarbons 65.18
Oxygenated monoterpenes 2.01
Sesquiterpene hydrocarbons 20.63
Oxygenated sesquiterpenes 0.78
Others 8.63
Total 97.23

Retention index determined on an Rtx-5MS column. RT represents retention time.

2.2. Ingestion Effect

The feeding deterrence potential of A. graveolens essential oil appeared limited. At a

concentration of 9.375 uL/g flour, the feeding deterrence index (FDI) was 21.86%, reducing
food intake to 20.90 + 1.41 mg from 26.83 & 1.52 mg in the control (0 uL/g flour). A higher
concentration of 18.75 uL/g flour further reduced food consumption to 17.05 &+ 2.27 mg,

yielding an FDI of 28.30%. Both FDI values indicated weak feeding deterrence, as they fell

within the 20-50% range (Table 2). Moreover, statistical analysis showed no significant

difference in feeding deterrence, suggesting that reductions in consumption might have

been due to random variation rather than a consistent inhibitory effect. The study suggested

that A. graveolens seed oil may not be a potent feeding deterrent at the tested concentrations,

though it demonstrated some potential for reducing feeding behavior.



Plants 2025, 14, 347

4of 16

Table 2. The feeding deterrence index (FDI) of adult S. zeamais after ingesting essential oil of A.
graveolens seeds at seven days.

Concentration (uL/g Flour) = Mass of Food Ingested (mg) %FDI Reaction
0 26.83 £1.52 - -
9.375 2090 +1.41 21.86 weak
18.75 17.05 £ 2.27 28.30 weak
F-test ns

ns represents non-significant difference at p > 0.05. Feeding deterrence index (FDI) < 20% was no feeding
deterrence, 50% > FDI > 20% was weak, 70% > FDI > 50% was moderate, and FDI > 70% was strong feeding
deterrence [20].

2.3. Contact Effect

The contact toxicity results of A. graveolens seed essential oil showed positive insectici-
dal potential. The study demonstrated that the contact toxicity of essential oil toward S.
zeamais was both concentration- and time-dependent. At 48 h, the LCs was 56.65 nL/adult
(95% CL: 33.59-138.57 nL/adult), which decreased significantly to 19.83 nL/adult (95% CL:
6.42-38.68 nL/adult) after 72 h (Table 3). This reduction in LCs¢ highlighted that prolonged
exposure increased the lethality of the essential oil, indicating that the contact toxicity
became more effective over time. Higher concentrations of the essential o0il resulted in
quicker and more complete mortality, with 100% mortality achieved at 37.5 nL/adult by
96 h. In contrast, lower concentrations required longer exposure times to reach significant
mortality, with 0.375 nL/mg insect achieving 72.5% mortality after 168 h (Figure 1).

Table 3. Concentration—mortality response of adult S. zeamais after contact with essential oil of A.
graveolens seeds.

Time LC50 (950/0 CL)

2
(h) n (nL/adulb) Intercept df X
48 240 56.65 (33.59-138.57) —1.333 19 213.95
72 240 19.83 (6.42-38.68) —0.932 19 508.32
n = number of insects tested. CL = confidence limit. x? = chi-square.
100 - a abl aTa bia
90 1 g ab be b B
80 1 b be L
S\f’/ 70 1 ab T
Z 60 .
= 50 4 c
h = be
g 40 T be
= 30 1 ab, T
3 20 A b P
< 10 -
0 A c il d Il d d c d M
24 h 48 h 72 h 96 h 120 h 144 h 168 h
®m 0 nl/adult m0.375 nL/adult ® 0.94 nl/adult
m 3.75 nl/adult m 18.75 nL/adult m 37.5 nl/adult

Figure 1. The adult mortality of S. zeamais after contact with essential oil of A. graveolens seeds.
There were no significant differences observed in the mortality within 24 h (p > 0.05). The significant
differences were found within 48-168 h (p < 0.01). Means of the same period followed by the same
letter were not significantly different (LSD: p > 0.05).

2.4. Fumigation Effect

The fumigation effect of A. graveolens seed essential oil on S. zeamais was influenced by
both concentration and exposure time. While the data at 24 and 168 h were not analyzed
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statistically, mortality increased significantly from 48 to 144 h. Higher concentrations, such
as 64 uL/L air, caused faster mortality, reaching 100% by 144 h, while lower concentrations
(16 uL/L air and 32 uL/L air) achieved complete mortality by 168 h (Figure 2). These
results demonstrate the effectiveness of the essential oil as a fumigant, especially at higher
doses, and its potential for controlling S. zeamais with extended exposure.

100 ] 2
90 A
80 -
70 1
60 -
50 | b
40
30 A b
20
10 1
0 T = ; c c c b b
24h 48 h 72h 96 h 120 h 144 h 168 h

m(Q (uL/L air) ™16 (uL/L air) ™32 (uL/L air) ™64 (uL/L air)

Adult mortality (%)

Figure 2. The adult mortality of S. zeamais after fumigation with essential oil of A. graveolens seeds.
The data could not be statistically analyzed at 24 and 168 h. There were significant differences found
within 48-144 h (p < 0.05). Means of the same period followed by the same letter were not significantly
different (LSD: p > 0.05).

2.5. Repellent Effect

Apium graveolens essential oil acts primarily as a repellent to S. zeamais, with stronger
effects at higher concentrations (16 and 32 pL/L air) across all time intervals. Initial
attraction at lower concentrations (8 pL/L air) during the first 24 and 48 h shifted to
repellency over time, suggesting that prolonged exposure enhanced the repellent properties
of essential oil. Its sustained repellency after 72 h demonstrates the effectiveness of A.
graveolens essential oil for long-term pest management, particularly at higher concentrations
(Table 4). Apium graveolens essential oil effectively repels S. zeamais when used as a fumigant
at 32 uL/L air, showing a consistent repellent effect over time. The absence of significant
differences in repellency from 24 to 168 h suggests that the oil functions primarily as a
repellent rather than a direct toxicant at this concentration. The significant difference
observed at 48 h may indicate heightened sensitivity of the insects to the fumigant during
this period (Figure 3). These findings confirmed that A. graveolens essential oil has potential
as a long-term repellent for controlling S. zeamais populations, particularly by preventing
infestation without causing immediate mortality.

Table 4. Repellency index (RI) of adult S. zeamais after fumigation with essential oil of A. grave-
olens seeds.

Time (h) Concentration (uL/L Air) Repellency Index (RI) Reaction
24 8 1.1+03 Attraction

16 09+03 Repellent

32 0.8+0.2 Repellent

48 8 1.2+03 Attraction

16 07+03 Repellent

32 0.6 £0.2 Repellent




Plants 2025, 14, 347 6 of 16

Table 4. Cont.

Time (h) Concentration (uL/L Air) Repellency Index (RI) Reaction
72 8 0.8+02 Repellent
16 09401 Repellent

32 07+01 Repellent

96 8 0.6 £0.4 Repellent
16 09401 Repellent

32 0.6+0.1 Repellent

120 8 0.6 £0.4 Repellent
16 09+01 Repellent

32 0.6+0.2 Repellent

144 8 0.6 £0.4 Repellent
16 09401 Repellent

32 0.6+0.2 Repellent

168 8 0.8+0.3 Repellent
16 0.8+0.2 Repellent

32 0.6+0.2 Repellent

Repellency index (RI) > 1 showed an attractive effect and RI < 1 showed a repellent effect.

100
90
80
70
60
50
40
30
20
10

0 T T T T T T
24 h 48 h 72 h 96 h 120 h 144 h 168 h

Adult repellent (%)

§ U NN ISR TN TN T T NN TN NN SN TN NN TN T |
<t

m 8 plL/L air m 16 pL/L air 32 puL/L air

Figure 3. The adult of S. zeamais was repelled after fumigation with essential oil of A. graveolens seeds.
There were no significant differences observed in the mortality within 24-168 h (p > 0.05), except
significant differences were found within 48 h (p < 0.05). Means of the same period followed by the
same letter were not significantly different (LSD: p > 0.05).

3. Discussion

Generally, essential oils are highly complex mixtures of volatile compounds and may
contain about 20-60 different components in varying concentrations, with some containing
over 300 different compounds. Each essential oil is characterized by two or three of these
components, which are usually present in a large proportion (20-70%), as compared to other
components being present in small concentrations [21]. Typically, the major components of
essential oils are the main components responsible for their biological properties. However,
minor compounds may also play an important role in bioactivity, either by potentiating
the action of major components or through antagonistic or additive effects [22]. This study
showed that the main component of A. graveolens seed essential oil, according to the gas
chromatograph—mass spectrometer (GC-MS) analysis, was D-limonene, which made up
64.21% of the total. Other compounds, present in smaller proportions, included pentylben-
zene, senkyunolide, 4,11-selinadiene, 3-butylisobenzofuran-1(3H)-one, and «-humulene.
This is consistent with other previously reported studies [23-25] that found primarily
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limonene concentrations of 58.38-76.9%. Because of its high limonene content, it has a
strong and fresh scent note. This includes both the citrusy enantiomer (R)-(+)-limonene and
the pine-fresh enantiomer (S)-(—)-limonene [26]. The essential oil from A. graveolens seeds
is the most widely utilized in the pharmaceutical, flavor, fragrance, and aromatherapy
industries [27-29]. However, this study showed notable deviations from earlier research.
a-Humulene (17.46%) appeared prominently but was often absent or reported in lower
amounts in other studies, where the chemical constituent was x-humulene (0.19%) in A.
graveolens seed essential oil [25]. In addition, the presence of secondary compounds, such
as 4,11-selinadiene and 3-butylisobenzofuran-1(3H)-one, detected in the essential oil of A.
graveolens seeds in this study is noteworthy, as they have not been widely or consistently
reported in previous studies [23-25]. The fragrance and chemical composition of essential
oils can vary according to the geo-climatic location and growing conditions (soil type,
climate, altitude, and amount of water available), season (before or after flowering), time
of day when harvesting is achieved, genetic composition of the plant, plant part utilized
(leaves, seeds, or stalks), type and method of preparation of the essential oil, etc. [30-33].
Therefore, all these factors influence the biochemical synthesis of essential oils in a given
plant. Thus, the same species of plant can produce a similar essential oil, however, with
different chemical compositions, resulting in different biological activities.

The essential oils of A. graveolens exhibited weak feeding deterrent effects, with FDI
values ranging from 21.86% to 28.30%, suggesting that while the insects detected the oil,
they did not entirely reject the food. These effects may be short-lived, as insects are highly
adaptable and can initially be deterred but may recover their feeding behavior within
hours, days, or even months [11]. Nevertheless, the feeding deterrent effects observed
in this study could contribute to managing S. zeamais, a highly destructive pest known
for its rapid grain consumption [34]. These findings align with those of Huang et al. [34],
who reported that essential oil from Myristica fragrans Houtt. seeds reduced grain biomass
and food consumption by S. zeamais adults in a flour disk bioassay. Similarly, de Lira
et al. [35] demonstrated the ingestion toxicity of essential oils from the inflorescences of
Alpinia purpurata (Vieill.) K. Schum. on S. zeamais adults, further supporting the potential
of essential oils in pest control strategies. A limitation of this study is the absence of
GC-MS analysis of the prepared substrate after incubation. Given the volatile nature of
key compounds like limonene, changes in their proportions during preparation may have
influenced the observed bioactivity. Without verifying the retention of these compounds,
it is difficult to reliably attribute the effects to individual components. Future studies
should include GC-MS analysis to confirm the chemical profile of the substrate post-
incubation, ensuring a direct correlation between the observed effects and the presence of
specific bioactive compounds. This approach will provide stronger evidence for the role of
individual components in the essential oil’s efficacy and enhance its practical application in
IPM strategies.

In the topical application assay, a known volume of an essential oil is applied directly to
the insect’s body. The EO penetrates the cuticle to reach the haemolymph, which carries the
EO to the target organs. The insect cuticle is made up of an outward hydrophobic thinner
layer (epicuticle) and an internal hydrophilic thicker layer containing chitin (procuticle).
The chitin fibers of the procuticle are predominant in hard-body insects (such as weevils),
playing an important role in EO uptake; however, certain parts of the insect body, such as
intersegmental membranes, sites around the setae, and sensilia, lack a developed chitin
layer, offering less resistance to EO diffusion [36]. The essential oil of A. graveolens seeds
demonstrated an LCsy of contact toxicity toward S. zeamais of 19.83 nL/adult in this
investigation. The Apiaceae family, which includes spicy or aromatic plants with essential
oils in various plant parts, includes A. graveolens. Additionally, some species in this
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family are known to be good sources of insecticidal essential oils [37,38]. Liu et al. [39]
documented the toxicity of the Apiaceae plant Ostericum sieboldii essential oil. An LDs
value of 13.82 pg/adult indicated that the plant was extremely toxic to S. zeamais adults.
Monoterpenes and sesquiterpenes are among the many compounds found in essential oils,
which are composed of an abundance of secondary substances from aromatic families, like
Lamiaceae and Apiaceae [11]. According to Tong and Coats [40], the insecticidal action of
many plants that contain essential oil is caused by monoterpenoids, which also function as
fumigants and contact toxicicants on many kinds of insect pests [41]. Contact toxicity effects
on S. zeamais and other stored-grain pests have been reported for a variety of oils. The
degree of toxicity has been attributed to traits like low-to-moderate volatility and ease of
penetration of insect cuticle [42—44]. It is possible that the high concentrations and duration
of A. graveolens essential oil allowed it to pass through the highly chitinized elytra of S.
zeamais. However, the penetration capacity of the compound is not necessarily reflected in
its bioactivity since many other chemical characteristics of the compounds influence their
insecticidal properties [45].

Fumigation is the most widely used method of pest control in stored items because
it is typically inexpensive, quick, efficient against insects at all life stages, and may be
applied directly to insects [46,47]. Monoterpenoids, such as limonene, y-terpinene, o-
pinene, and thymol, have neurotoxic effects on various systems, including cholinergic,
octopamine, and GABA-A receptors [40,47-49]. Essential oils containing monoterpenes,
such as limonene, a key component of A. graveolens essential oil in this study, have been
demonstrated to block octopamine receptors, leading to neurotoxicity, paralysis, and
mortality in insects [50,51]. In this study, the higher concentrations (e.g., 64 uL/L air)
caused 100% mortality within 144 h, while lower concentrations required 168 h to achieve
the same effect. These findings were consistent with previous research highlighting the
importance of concentration and exposure duration in effective fumigation toxicity. In
addition, variations in chemical composition across studies may have influenced fumigant
toxicity. For example, studies on Foeniculum vulgare and Coriandrum sativum revealed
similar time- and dose-dependent effects but highlighted differences in toxicity levels, most
likely due to variations in monoterpene and sesquiterpene content [52,53]. However, the
essential oils obtained from many medicinal plants are rich in phytoconstituents, such as
monoterpene hydrocarbons, oxygenated monoterpenoids, and sesquiterpene hydrocarbons.
These compounds are known to have significant pharmacological and biological potential.
Research has shown potential for antioxidant, antimicrobial, antiviral, insecticidal, and
cytotoxic effects [54-58].

Apium graveolens essential oil is a potent long-term repellent against S. zeamais, par-
ticularly at higher concentrations (16-32 puL/L air). While lower concentrations initially
attracted insects, prolonged exposure led to sustained repellency. Higher concentrations
significantly enhanced the repellency rate, indicating a dose-dependent effect. Apium
graveolens essential oil contains high levels of active compounds toxic to pest insects, func-
tioning as both a contact pesticide and insect repellent [18,59,60]. The primary constituents
include D-limonene, D-selinene, sedanolide, terpineol, santalol, selinene, nerolidol, pinene,
and myrcene [61]. This study identified D-limonene as the major component (64.21%)
of A. graveolens seed essential oil, consistent with prior findings that monoterpenes like
limonene are effective insect repellents. D-limonene, acting as a repellent and insecticide,
disrupts insects’ behavior by interfering with their olfactory systems rather than causing
acute toxicity [62,63]. Tripathi et al. [64] reported that essential oils interact with larval
olfactory receptors, blocking their sense of smell. The strong odor of A. graveolens has
also been shown to repel larvae of Spodoptera frugiperda. The delayed repellency at lower
concentrations in this study likely reflects concentration-dependent behavioral responses
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influenced by the oil’s composition and volatility. Variability in performance aligns with
previous findings that chemical composition and environmental factors affect essential
oil efficacy. Differences in compound concentrations, irrigation practices, and harvesting
times impact the content and composition of celery essential oils. For instance, A. graveolens
irrigated during harvest in September contained more limonene than unirrigated celery
harvested in October in Poland [65].

This study found that S. zeamais exhibited concentration-dependent behavioral re-
sponses, which may explain the initial attraction at lower concentrations (8 uL/L air).
Essential oils, particularly those high in volatile chemicals like D-limonene, can have varied
effects depending on the concentration and exposure time. At low concentrations, the
volatile components may initially stimulate the insects” olfactory receptors, mimicking
natural attractants. As these compounds accumulate and their volatility decreases, the
repellent properties dominate, leading to a behavioral shift from attraction to repellency.
This effect may also demonstrate how complex essential oils interact with insect odor
systems. This is because different volatile parts of the oils have different effects on insects’
smell systems depending on their concentration gradients and how long they stay in the
environment. Variability in environmental factors, such as humidity and temperature,
might further influence the evaporation and perception of the essential o0il, aligning with
findings from previous studies [66].

The strong repellent properties of A. graveolens essential oil against S. zeamais demon-
strated its potential as an eco-friendly tool in IPM for stored-grain protection. Its practical
applications include use in fumigation systems, biodegradable sachets, or packaging materi-
als to deter pests, while reducing reliance on synthetic pesticides. Nano/micro-formulation
techniques, proven to enhance essential oil stability, volatility, and targeted delivery, repre-
sent a promising direction for future research to improve the essential oil’s practical efficacy.
Integrating A. graveolens essential oil with advanced formulations and other IPM strategies
can create a sustainable, comprehensive pest management solution for safer grain storage.

4. Materials and Methods
4.1. Insect Rearing

Adult Sitophilus zeamais Motschulsky were sourced from infested maize grains and
reared in a plastic container (30 cm diameter and 50 cm height), as described by Wanna
and Krasaetep [67]. They were sexed by examining the rostrum and abdominal shape
of the insects under a stereomicroscope. The rostrum of the male is rough and distinctly
shorter and wider than that of the female, while the rostrum of the female is smooth, shiny,
and distinctly longer and narrower than that of the male [68]. A total of 150 pairs of S.
zeamais were introduced into the container along with 1 kg of maize kernels for food. The
container was sealed with a netted lid and maintained at a temperature of 30 + 5 °C, with
70 &£ 5% relative humidity and a 16 h light, 8 h dark photoperiod. This setup was contained
in the laboratory of the Department of Agricultural Technology, Faculty of Technology,
Mahasarakham University, Thailand. The insects were allowed to mate and lay eggs to
increase their population for experimental consistency.

In this study, 7-day-old female S. zeamais were used, which were prepared by rearing
their parents in plastic containers with sterile maize kernels as a food source. The sterile
maize kernels were frozen for 12 h to eliminate any eggs, pests, or other contaminants [69].
Initially, the insects were allowed to reproduce for two generations to increase their popula-
tion. In the third generation, 150 pairs of adult S. zeamais were released into the containers to
mate and lay eggs for 7 days, after which the parent insects were removed. Only the maize
kernels containing insect eggs were left in the containers. The containers were maintained
at 30 £ 5 °C, with 70 &= 5% relative humidity and a 16 h light/8 h dark photoperiod. Newly
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emerged adults were observed daily and transferred to new containers with sterile maize
kernels. The collection date of the insects was recorded. When the collected adults reached
6 days of age, they were identified and counted. If an insufficient number of female weevils
were available for the experiment, these adults were used as new parents. If a sufficient
number were available, the 7-day-old females were used in the bioassays.

4.2. Essential Oil Procurement and Chemical Composition Analysis

The essential oil extracted from A. graveolens seeds was obtained by steam distillation
using a Clevenger apparatus for 3 h. During the distillation process, the plant material
was placed on a sieve above a distillation vat. Water in the vat was heated, producing
steam that carried the volatile compounds from the plant material. The steam and essential
oil were condensed and separated to produce the essential oil. The collected essential oil
was further separated from the aqueous phase, dried over anhydrous sodium sulfate, and
stored in an amber bottle (Botanicessence Essential Oils, Bangkok, Thailand). It was kept at
4 °C in a dark environment until needed for bioassays.

The composition of the essential oil was verified through gas chromatography-
mass spectrometry (GC-MS) analysis, following the methods outlined by Satongrod
and Wanna [70]. The analysis was performed using a Clarus 680 gas chromatograph
(PerkinElmer, Inc., Shelton, CT, USA) equipped with an Rtx-5MS capillary column (5%
phenyl-methylpolysiloxane stationary phase, 30 m length, 0.32 mm diameter, and 1.0 um
film thickness) and a mass detector operating in electron impact (EI) mode. Helium served
as the carrier gas at a flow rate of 1.0 mL/minute. Each sample (1 uL, 100,000 ppm) was
injected in split mode with a split ratio of 1:100 (v/v). The injector temperature was main-
tained at 200 °C, and the oven temperature program began at 45 °C for 5 min, followed by
a rise to 280 °C at 10 °C/minute, held for 5 min. The mass spectrometer operated at 70 eV
in EI mode, using a quadrupole mass analyzer, and the detector temperature was set to
250 °C. Mass spectra were scanned (#/z) from 40 to 1000 amu.

The essential oil components were identified based on their retention indices, deter-
mined concerning the homologous series of C7—Cy4 (n-alkanes), by comparison of their
mass spectra with the reports in the literature using the National Institute of Standards
and Technology (NIST; Gathersburg, MD, USA) and Wiley version libraries (Scientific
Instrument Services, Palmer, MA, USA) [71], ensuring a quality match of over 80%.

4.3. Ingestion Effect Bioassay

The ingestion effect of the essential oil was assessed using a modified version of the
Xie et al. [72] method, as adapted by Napoleao et al. [73]. An artificial diet was created by
suspending autoclaved wheat flour (2.0 g) in 5 mL of an essential oil solution (dissolved in
acetone) to achieve final concentrations of 18.75 or 37.5 uL/g flour (uL of pure essential
oil per gram of wheat flour). Five aliquots (200 uL) of the suspension were measured
with a micropipette and applied to Petri dishes (90 mm diameter, with known weight) to
form flour disks. These dishes were incubated overnight at 37 °C to dry. The dishes were
weighed again to determine the final mass of the flour disks. Ten adult S. zeamais were
introduced into each dish, with four replicates per bioassay. After 7 days at 30 £ 5 °C in
complete darkness, the mortality rate and the weight of both the flour disks and insects
were recorded. The control diet consisted of wheat flour suspended in acetone.

Using these results, the feeding deterrence and nutritional indices were calculated. The
feeding deterrence index (FDI) was determined by the formula: FDI (%) = 100 x [(A — B)/A],
where A represented the mass of food ingested by insects in the control, and B represented
the mass of food ingested by insects in the test group [20]. Samples were categorized by
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FD], as follows [74]: no feeding deterrence (FDI < 20%), weak (20% < FDI < 50%), moderate
(50% < FDI < 70%), and strong (FDI > 70%) feeding deterrence.

4.4. Contact Effect Bioassay

The contact effect assay followed the method outlined by Liu and Ho [75]. Essential oil
from A. graveolens seeds was diluted in acetone to prepare test solutions at concentrations
of 0 (control), 0.75, 1.88, 7.5, 37.5, and 75 pL./mL. Using a micropipette, 0.5 pL of each test
solution was topically applied to the dorsal thorax of the insects. For the control group,
acetone was used instead of the essential oil. Consequently, the test concentrations received
by the insects were 0 (control), 0.375, 0.94, 3.75, 18.75, and 37.5 nL/adult, respectively.
After treatment, the insects were placed in plastic containers (2.5 cm diameter and 5.5 cm
length), and their mortality was monitored daily for seven days. Each experiment included
four replicates.

4.5. Fumigant Effect Bioassay

The fumigation effect of A. graveolens essential oil was tested on adult S. zeamais using
a modified method from Wanna and Krasaetep [67]. The experiment followed a completely
randomized design (CRD) with four replicates for four essential oil concentrations: 0,
16, 32, and 64 uL/L air. The essential oil solutions were prepared by diluting them in
100% acetone. Strips of Whatman No. 1 filter paper (1.5 cm width and 5 cm length) were
saturated with 200 pL of the essential oil solution, and the solvent was allowed to evaporate
at room temperature for 2 min. These strips were then suspended in glass vials (2.5 cm
diameter and 5 cm height) from the center of the screw caps of fumigation bottles (5.5 cm
diameter and 10.5 cm height) to prevent contact with the insects. Ten adult S. zeamais
were placed into each fumigation bottle, the caps were sealed, and the bottles were kept
at 30 & 5 °C with 70 & 5% relative humidity and a 16 h light, 8 h dark photoperiod. For
the control group, only acetone was used. The fumigation test lasted for 7 days, during
which the bottles remained sealed to minimize the loss of volatile compounds from the
essential oil. The bottles were not opened daily; instead, observations were conducted
through the transparent walls of the containers to record insect mortality and behavior. The
mortality of adult S. zeamais was recorded daily for 7 days. Insects were considered dead if
no movement of their legs or antennae was observed.

4.6. Repellent Effect Bioassay

The repellent effect of A. graveolens essential oil against adult S. zeamais was evaluated
using a vapor phase with choice test, based on a slightly modified version of the methods
described by Satongrod and Wanna [70]. The test setup consisted of two plastic bottles
(8 cm diameter and 17 cm height), designated as the test bottle and the control bottle. A
small plastic tube (0.5 cm diameter and 15 cm length) connected the two bottles via a hole
near the base of each. In the center of this tube, a hole was created for releasing adult S.
zeamais, with a sliding tube mechanism to open and close the release point and prevent
insect escape. The essential oil solutions were prepared at concentrations of 8, 16, and
32 uL./L air by diluting the oil in acetone. For each concentration, 100 uL of the solution
was applied to a filter paper strip (1.5 cm width and 5 cm length) and allowed to evaporate
for 2 min at room temperature. The treated filter paper was then placed inside a small glass
vial (2.5 cm diameter and 5 cm height) and suspended from the center of the screw cap
in the test bottle, which was then sealed tightly. In the control bottle, a filter paper strip
was treated with 100 pL of pure acetone, following the same preparation steps. Ten adult
S. zeamais were released into the connecting tube between the two bottles, and the sliding
tube was securely closed. The number of weevils in both the test and control bottles was
monitored daily for 7 days.
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The repellency index (RI) was calculated following the method of Mazzonetto and
Vendramim [76], using the formula: RI = 2T /(T + C), where T represented the percentage
of S. zeamais in the bottle with essential oil, and C represented the percentage of S. zeamais
in the control bottle. Standard deviations (SD) were also calculated, and the results were
classified as follows: RI + SD > 1 indicated an attractive effect, while RI 4= SD < 1 indicated
a repellent effect. Each test was performed with four replicates.

For the tests on the contact effect, fumigation effect, and repellent effect, S. zeamais
were kept without food throughout the experiment. This design was chosen to isolate
the effects of the essential oil and avoid any interference from food-related behaviors or
interactions. While 7 days is a long duration, S. zeamais adults can survive for several days
without food under experimental conditions. This approach is consistent with established
protocols in similar studies to assess the direct effects of essential oils on insect mortality
and behavior [75,77,78].

4.7. Statistical Analysis

The data were expressed as a mean of replicates & standard errors. The mortality
of adult S. zeamais was calculated using the formula: % adult mortality = (Nd/Nt) x 100,
where Nd represented the number of dead adult S. zeamais and Nt denoted the total
number of adult S. zeamais used in the test. Mortality data were adjusted for control
mortality according to Abbott’s formula [79], where mortality in the control ranged from
5% to 20%. The contact toxicity of A. graveolens essential oil on adult S. zeamais was assessed
for the concentration—mortality response using probit analysis with a reliability interval of
95% [80], yielding LCs; values and associated parameters. The repellent effect was assessed
using the repellency index (RI) as the formula: RI = 2T /(T + C), where T represented the
percentage of insects in the treatment bottle and C was the percentage of insects in the
control bottle, with ranking values as follow [74]: RI £ SD > 1 was an attractive effect, while
RI £ SD < 1 produced a repellent effect. Statistical data were obtained using the F-test
by analysis of variance (ANOVA) based on the experimental plan factorial in CRD, and
significant differences between treatment groups were analyzed using the least significant
difference method (LSD < 0.05).

5. Conclusions

This study found that A. graveolens essential oil had effective insecticidal and repellent
properties against S. zeamais. Key findings included notable fumigant and contact toxicity,
with decreasing LCs( values over time, and concentration-dependent death. D-limonene
and a-humulene are the major components responsible for its bioactivity. While the
feeding deterrence was weak, the essential oil had sustained repellent effects, especially at
higher concentrations, and demonstrated sustained repellency over lengthy periods. These
findings highlight the oil’s potential as a long-term alternative to synthetic insecticides,
particularly when used in IPM techniques for stored-goods pests.
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