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Abstract: This study evaluated the fumigant toxicity of Thymus munbyanus subsp. coloratus essential oil against adult Ephestia 
kuehniella (Zeller). To determine sublethal effects, we integrated biochemical biomarkers with assessments of reproductive 
performance and locomotor activity. Adults were exposed via fumigation to concentrations between 0.05 and 0.8 μL/mL 
of air, with lethal concentrations calculated after 24 h of exposure. The essential oil showed strong fumigant activity, with 
LC25 and LC50 values of 0.153 and 0.26 μL/mL of air, respectively. Sublethal exposure at these concentrations was associated 
with changes in biomarker responses in adults, including increased glutathione S-transferase (GST) and catalase (CAT) 
activities, along with decreased acetylcholinesterase (AChE) activity. In addition, fumigation affected adult reproductive 
performance by reducing oviposition, as reflected by a decrease in the number of eggs laid and hatched. Locomotor activity 
was also impaired, with reductions in distance traveled, movement duration, and movement speed. Overall, these findings 
suggest that T. munbyanus essential oil has potential as a botanical fumigant against E. kuehniella adults.

Keywords: Ephestia kuehniella, Thymus munbyanus, essential oil, fumigant toxicity, biomarker

INTRODUCTION

Stored cereals and their products are essential for 
ensuring global food and nutritional security [1,2]. 
However, these commodities are highly susceptible 
to losses during storage, primarily due to infestations 
by various insect species, which can cause significant 
quantitative losses and deterioration of their nutritional 
and sanitary quality [3]. According to the Food and 
Agriculture Organization of the United Nations, these 
losses amount to up to 29.6% of global production 
[4]. Among damaging insects, the Mediterranean 
flour moth Ephestia kuehniella Zeller (Lepidoptera: 
Pyralidae) is one of the most destructive pests of grain, 
particularly affecting flour [5]. The larvae of E. kue-
hniella not only cause direct damage by feeding on 
grains but also reduce product quality by contaminating 

them with excrement and webbing that favor fungal 
growth, and, consequently, mycotoxin production [6].

Chemical control strategies for this pest have pri-
marily relied on fumigants such as methyl bromide, 
cyanogens, and phosphine [7]. However, the use of these 
fumigants may lead to insect resistance, residues in food 
products, environmental contamination, occupational 
threats, and toxicity to non-target organisms [8,9]. 
Therefore, the search for safer and more sustainable 
alternatives has gained increasing attention over the 
last few decades. Essential oils (EOs) have emerged 
as promising alternatives due to their high volatility 
and potent bioactivity against insect pests [10,11]. 
Thymus munbyanus (Boiss. & Reut.), an aromatic 
species of the Lamiaceae family endemic to North 
Africa [12], possesses diverse biological activities, 
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including antimicrobial, antioxidant, antibacterial, 
and antiproliferative effects on human cells [13]. T. 
munbyanus EO has demonstrated significant potential 
for controlling E. kuehniella by disrupting key physi-
ological processes and enzymatic activities. Bendjedid 
et al. [14] reported that topical application of this EO 
to pupae inhibited AChE and activated detoxifica-
tion systems in a concentration-dependent manner 
(15.38 and 25.22 μL/mL). This bioactivity is likely at-
tributed to its major constituents, carvacrol (39.11%) 
and paracymene (15.47%), highlighting its potential 
as a natural alternative to synthetic insecticides for 
stored-product protection. However, insect suscep-
tibility to bioactive compounds varies significantly 
based on developmental stage and exposure route, 
both of which are linked to distinct physiological and 
biochemical differences across life cycles [15]. While 
pupae represent a transitional, non-feeding phase, adults 
exhibit distinct metabolic activity, detoxification capac-
ity, and respiratory function [16,17]. Monoterpenes, 
which are major constituents of many essential oils, 
are characterized by high volatility and lipophilicity, 
allowing rapid penetration into insects and preferential 
uptake via inhalation, particularly in adults [18,19]. 
Consequently, adult fumigation exposure occurring 
primarily through the tracheal system may elicit toxi-
cological and enzymatic responses distinct from those 
observed following topical application during the pupal 
stage [20,21]. Essential oils may exhibit variable activ-
ity across developmental stages, reflecting differences 
in sensitivity and cuticular properties [22,23]. In this 
context, the present study examines the effects of T. 
munbyanus essential oil on adult Ephestia kuehniella 
using fumigation exposure by assessing mortality, 
biochemical biomarkers (GST, CAT, and AChE), and 
behavioral parameters (oviposition and mobility).

MATERIALS AND METHODS

Ethics statement

This research did not involve human participants or 
vertebrate animals. The experimental model used was 
the insect Ephestia kuehniella, an invertebrate species 
for which ethical committee approval is not required 
according to applicable regulations. The study was 
conducted following good laboratory practices.

Insect rearing

Ephestia kuehniella (Zeller 1879) is a lepidopteran 
pest of stored products that causes damage mainly to 
flour and wheat stocks; it is a convenient biological 
laboratory model [24]. E. kuehniella was reared at 
27°C and 80% relative humidity in almost continuous 
darkness to assure their development [25]. Last instar 
larvae were collected from a stock colony, separated 
according to sex, and deposited in jars containing 
flour until pupation. Newly emerged adult females 
(<8 h old) were used in all experiments. 

Plant collection 

The aerial parts of Thymus munbyanus subsp. col-
oratus (Boiss. & Reut.) were collected from Annaba, 
Northeast Algeria (36°56’47.4”N 7°23’43.9”E). Plant 
material was identified by the taxonomist Prof. T. Hamel 
(Department of Biology, Badji-Mokhtar University, 
Algeria). The essential oil was extracted by hydrodistil-
lation using a Clevenger-type apparatus. The chemical 
composition of the EO was previously determined 
by GC/MS analysis [14]. A total of 54 chemical com-
pounds were identified, representing 93.27% of the 
total oil content. The EO was characterized by a high 
proportion of carvacrol (39.1%), followed by p-cymene 
(15.4%), while linalool (2.3%) and D-limonene (2.3%) 
were identified as minor components [14].

Fumigant assay

The fumigant toxicity of T. munbyanus EO was tested 
on newly emerged adults (< 8 h old). Whatman No. 
1 filter paper discs (2 cm diameter) were impreg-
nated with concentrations of 0.05, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, and 0.8 μL/mL [25]. Adults were placed in 
100 mL plastic jars at a density of 10 individuals per 
jar. Three independent replicates were performed for 
each concentration, with each replicate comprising 10 
jars, resulting in 100 adults per replicate and a total of 
300 adults per concentration. Applied concentrations 
were converted based on the jar volume and expressed 
as concentrations in µL/mL of air. For the 100 mL 
experimental jars, the corresponding applied volumes 
were 5, 10, 20, 30, 40, 50, 60, and 80 µL/100 mL of air. 
The experiment consisted of three replicates of 10 
adults per jar, including the control. Mortality was 
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recorded hourly until death, and the observed rates 
were adjusted using Abbott’s correction formula [26]. 
Lethal concentrations (LC50 and LC90) and their 95% 
confidence limits were determined using GraphPad 
Prism 10.3.1 software.

Biomarker activities

Adult Ephestia kuehniella from control and treated 
groups (LC25 and LC50) were collected 1, 2, and 3 days 
post-emergence for biomarker analyses. Six inde-
pendent biological replicates were analyzed for each 
treatment and sampling interval.

Glutathione S-transferase (GST) activity was de-
termined according to the method of Habig et al. [27] 
and expressed as μM/min/mg protein. Samples were 
homogenized under cold conditions in 1 mL of phos-
phate buffer (0.1 M, pH 6) and centrifuged at 17,968 
× g for 30 min. An aliquot of 200 μL of the resulting 
supernatant was mixed with 1.2 mL of substrate solu-
tion containing reduced glutathione (GSH, 5 mM) and 
1-chloro-2,4-dinitrobenzene (CDNB, 1 mM) prepared 
in phosphate buffer (0.1 M, pH 6). Absorbance was 
recorded at 340 nm every minute for 5 min.

Catalase (CAT) activity was assessed following the 
method of Claiborne et al. [28], which monitors the 
decrease in absorbance associated with the decom-
position of hydrogen peroxide (H₂O₂). Samples were 
homogenized in phosphate buffer (100 mM, pH 7.4), 
sonicated, and centrifuged at 20,627 × g for 10 min. 
The reaction mixture consisted of 50 μL of supernatant 
added to 750 μL of phosphate buffer (0.1 M, pH 7.4) 
and 200 μL of H₂O₂ (0.5 M). The decrease in absor-
bance was recorded at 240 nm after an initial delay of 
15 s and then every 5 s for a period of 30 s. Catalase 
activity was expressed as µmol/min/mg protein.

Acetylcholinesterase (AChE) activity was assessed 
according to the method of Ellman et al. [29], using 
acetylthiocholine as substrate. Samples were homog-
enized in 1 mL of detergent buffer (1 mM EGTA, 1% 
Triton X-100, 1 M NaCl, 0.01 M Tris-HCl, pH 7). 
After centrifugation at 2,292 × g for 5 min, an aliquot 
of 100 μL of supernatant was mixed with 100 μL of 
5,5'-dithiobis-2-nitrobenzoic acid (DTNB) and 1 mL 
of Tris buffer (0.1 M, pH 7). After a 5-min incuba-
tion period, 100 μL of acetylthiocholine was added 

to initiate the reaction. Absorbance was measured at 
412 nm every 4 min for 20 min. AChE activity was 
expressed as μM/min/mg protein. 

Total protein content was determined accord-
ing to the method of Bradford [30] using Coomassie 
Brilliant Blue G-250 and bovine serum albumin (BSA) 
as standard. Absorbance was measured at 595 nm, 
and protein concentrations were calculated from a 
standard calibration curve. All enzymatic activities 
were normalized to total protein content to ensure 
accurate comparison among treatments.

Reproductive events

To evaluate the potential effects of the essential oil on 
oviposition, newly emerged adults of E. kuehniella (<8 
h old) were subjected to fumigation at LC25 and LC50 
concentrations. Untreated adult males were paired 
with surviving treated females and allowed to mate. 
Mating and oviposition were conducted in glass Petri 
dishes lined with dark paper to facilitate egg counting. 
Six pairs were used per treatment, and adults were 
kept together for three days. The number of eggs laid 
per female, fertility, and hatching percentage were 
subsequently recorded.

Mobility of adults

Each newly emerged E. kuehniella adult was tested 
individually in a transparent glass arena (20 × 20 × 10 
cm). Insects were placed in the center of the arena and 
allowed to acclimatize for 2 min. Locomotor activity 
was then recorded for 5 min using a camera positioned 
above the arena. Distance traveled was estimated 
in millimeters using a calibrated grid placed at the 
bottom of the arena, providing a semi-quantitative 
assessment of displacement, while movement dura-
tion (s) was determined from the video recordings. 
Movement speed (mm s-¹) was subsequently calculated 
based on the total distance traveled and the duration 
of movement. The arena was cleaned between trials 
to prevent chemical or olfactory contamination. For 
each treatment, 15 independent individuals were used 
as replicates.
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Data analysis 

All data were first assessed for normality using the 
Shapiro-Wilk test, and homogeneity of variances was 
evaluated using the Brown-Forsythe test, which is robust 
to deviations from normality and suitable for small 
sample sizes. For datasets meeting the assumptions 
of normality and homogeneity, parametric one-way 
ANOVA followed by Tukey’s post hoc test was applied. 
For datasets not meeting these assumptions, non-
parametric Kruskal-Wallis tests followed by Dunn’s 
post hoc test were used. Differences were considered 
statistically significant at P<0.05. All statistical analy-
ses were performed using GraphPad Prism 10.3.1 for 
Windows 11 (GraphPad software, La Jolla, CA, USA, 
www.graphpad.com/).

RESULTS

Toxicity assays

Fumigation with Thymus munbyanus EO for 24 h 
significantly impacted Ephestia kuehniella survival. 
Corrected mortality rates for adults ranged from 15% 
at the lowest concentration (0.05 µL/mL air) to 100% 
at the highest concentration (0.80 µL/mL air). The EO 
induced adult mortality in a concentration-dependent 
manner (Fig. 1). Table 1 presents the lethal concentra-
tions (LC) and their corresponding Hill slope values, 
both accompanied by 95% fiducial limits. Statistical 
analysis revealed a significant concentration effect 
(F(6,15)=545.6; P<0.0001). Ranking the concentrations 
using Tukey’s HSD test allowed for the classification of 
concentrations based on their toxicities (Fig. 2). The 
results revealed 7 distinct groups, indicating varying 
levels of EO efficacy on adult mortality percentages.

Effect of Thymus munbyanus essential oil on the 
specific activity of GSTs

As shown in Fig. 3A, GST activity was significantly 
stimulated in adults exposed to sublethal concentra-
tions (LC25 and LC50) of T. munbyanus EO through-
out the three-day monitoring period. The highest 
stimulation was observed on day 1, with increases of 
+23.7% (LC₂₅) and +57.4% (LC₅₀) compared with the 
control group. Two-way ANOVA revealed significant 

effects for concentration (F(2,45)=899.3; P<0.0001), 
time (F(2,45)=549.4; P<0.0001), and their interaction 
(F(4,45)=27.76; P<0.0001).

Effect of Thymus munbyanus essential oil on the 
specific activity of CAT

Catalase is a key antioxidant enzyme involved in the 
elimination of hydrogen peroxide. As shown in Fig. 3B, 
CAT activity increased in EO-exposed adults compared 
with controls. The strongest response was recorded 
on day 3, with CAT activity increasing by +95.1% 
at LC₂₅ and +124.4% at LC₅₀ relative to the control 
group. Statistical analysis confirmed significant effects 

Table 1. Lethal concentrations of Thymus munbyanus essential 
oil against Ephestia kuehniella adults

Concentrations Values  
(μL/mL air) 

Fiducial limits 
(95%) R² 

LC10 0.087 0.047 to 0.138

0.97
LC25 0.153 0.104 to 0.207
LC50 0.269 0.215 to 0.326
LC90 0.829 0.582 to 1.321
Hill slope 1.949 1.358 to 2.871

Values represent lethal concentrations (LC₁₀, LC₂₅, LC₅₀, LC₉₀) expressed 
as μL/mL of air. Fiducial limits correspond to 95% confidence intervals 
calculated from probit regression. The Hill slope describes the steepness 
of the concentration–response relationship, and R² indicates the goodness 
of fit of the model.

Fig.1. Effect of Thymus munbyanus essential oil on adult mortality 
of Ephestia kuehniella after 24 h fumigation exposure. Mortality 
(%) was recorded 24 h post-exposure. Values are means of 3 
independent replicates. Bars with different letters indicate sig-
nificant differences (one-way ANOVA followed by Tukey’s HSD 
test, P<0.0001).
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of concentration (F(2,45)=228,096; P<0.0001) and 
time (F(2,45)=116,761; P<0.0001), as well as a signifi-
cant concentration × time interaction (F(4,45)=4,586; 
P<0.0001). The extremely high F values observed 
are attributable to minimal within-group variance 
coupled with substantial differences between group 
means, as evidenced by the small standard deviations 
across replicates.

Effect of Thymus munbyanus essential oil on the 
specific activity of AChE 

AChE is a major target enzyme of neurotoxic insec-
ticides. Fig. 3C shows that EO exposure strongly in-
hibited AChE activity throughout the experiment. 

On day 1, AChE activity decreased by 73.8% at LC₂₅ 
and 78.6% at LC₅₀ compared with controls, and this 
inhibition persisted throughout the experimental 
period. Two-way ANOVA indicated significant ef-
fects of concentration (F(2,45)=3,856; P<0.0001), 
time (F(2,45)=287.4; P<0.0001), and their interaction 
(F(4,45)=104.4; P<0.0001).

Effect of Thymus munbyanus essential oil on 
oviposition 

Regular monitoring of mating pairs allowed the de-
termination of fecundity, egg hatching, and hatch-
ing rate. Exposure to T. munbyanus EO significantly 
reduced female fecundity, with decreases of 28.1% at 
LC₂₅ and 66.4% at LC₅₀ compared with the control 
group (one-way ANOVA followed by Tukey’s HSD 
test: F(2,5)=2644; P<0.0001). Egg viability was also 
negatively affected, as the number of hatched eggs 
declined by 48.7% at LC₂₅ and 78.2% at LC₅₀ relative 
to the control (one-way ANOVA followed by Tukey’s 
HSD test: F(2,15)=3742; P<0.0001). Similarly, the 
hatching rate decreased by 30.9% at LC₂₅ and 37.5% 
at LC₅₀ compared with the control group (one-way 
ANOVA followed by Tukey’s HSD test: F(2,15)=314.6; 
P<0.0001) (Table 2).

Effect of Thymus munbyanus essential oil on the 
mobility of Ephestia kuehniella

Exposure of adult Ephestia kuehniella to Thymus 
munbyanus EO induced pronounced, concentration-
dependent impairments in mobility (Fig. 4). Distance 

Fig. 2. Effect of Thymus munbyanus essential oil on adult Ephestia 
kuehniella at different concentrations (μL/mL). The concentration-
response curve expresses the relationship between corrected 
mortality and the logarithm of essential oil concentrations (μL/
mL). R² indicates the goodness of fit of the regression model.

Fig. 3. Effects of Thymus munbyanus essential oil on glutathione S-transferase (GST) (A), catalase (CAT) (B), and acetylcholinesterase 
(AChE) activities (C) in adult Ephestia kuehniella exposed to sublethal concentrations (LC₂₅ and LC₅₀). Data are expressed as mean±SD 
(n=6). Different letters indicate significant differences among treatments (two-way ANOVA followed by Tukey’s HSD test, P<0.0001).
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travelled (mm) decreased by 78.8% at LC₂₅ and by 100% 
at LC₅₀ compared with the control group (Kruskal-
Wallis test: H=40.63; P<0.0001) (Fig. 4A). Similarly, 
movement duration (s) was reduced by 43.8% at LC₂₅ 
and 100.0% at LC₅₀ relative to controls (Kruskal-Wallis 
test: H=35.94; P<0.0001) (Fig. 4B). Movement speed 
(mm s-¹) also declined in a concentration-dependent 
manner, decreasing by 61.1% at LC₂₅ and approaching 
100% at LC₅₀ compared with controls (Kruskal-Wallis 
test: H=39.07; P<0.0001) (Fig. 4C).

DISCUSSION

EOs offer several advantages over synthetic chemi-
cal pesticides due to their medicinal properties, low 
mammalian toxicity, and rapid biodegradability. 
Consequently, they represent a promising natural 
alternative for integrated pest management [31]. 
Furthermore, the high volatility of many plant ex-
tracts and EOs allows them to function effectively as 
fumigants [32].

In the present fumigant bioassays, 
T. munbyanus EO exhibited potent tox-
icity against the Mediterranean flour 
moth, Ephestia kuehniella (Lepidoptera: 
Pyralidae). These findings align with previ-
ous studies reporting the fumigant efficacy 
of various plant essential oils against differ-
ent developmental stages of E. kuehniella. 
Specifically, essential oils from Satureja 
thymbra, Origanum onites, and Myrtus 
communis have demonstrated high efficacy 

against adults, achieving 100% mortality within 24 h 
[33, 34]. Similarly, exposure of adult E. kuehniella to 
Ocimum basilicum and Zingiber officinale EOs resulted 
in significant mortality [35]. Recent findings indicate 
that Schinus molle EO, applied via fumigation, was 
the most effective, followed by Rosmarinus officinalis 
[36]. Furthermore, Wang et al. [37] demonstrated the 
potent toxicity of Artemisia annua EO and its primary 
constituent, 1,8-cineole, against E. kuehniella larvae. 
Additionally, EOs from T. argaeus and T. sipyleus proved 
effective against both larval and egg stages [38]. The 
pronounced insecticidal activity of T. munbyanus EO 
observed in this study may be attributed to its high 
concentration of monoterpenes, including carvacrol, 
p-cymene, and thymoquinone [39]. Fumigant exposure 
to volatile compounds imposes significant metabolic 
and neurophysiological constraints on insects. These 
stressors manifest as measurable alterations in detoxifi-
cation and antioxidant enzymes, such as GST and CAT, 
alongside neurophysiological targets like AChE. The 
magnitude of these responses often fluctuates accord-
ing to the physiological context and specific exposure 

Table 2. Effects of sublethal exposure to Thymus munbyanus essential oil on the 
reproductive traits of adult Ephestia kuehniella

Treatment Number of eggs laid Number of eggs 
hatched Hatching rate (%)

Control 194.25±3.50    A 137.5±3.10    A 73.44±2.09    A
LC25 139.75±4.11    B 70.5±2.60    B 50.76±2.84    B
LC50  65.33±4.75    C 30±2.16    C 45.89±1.72    C

Data are presented as mean±SD (n=6). Mean values followed by different uppercase letters 
are significantly different among treatments (P<0.0001) according to one-way ANOVA 
followed by Tukey’s HSD multiple-comparison test.

Fig. 4. Effects of Thymus munbyanus essential oil on locomotor performance of adult Ephestia kuehniella: distance travelled (A), move-
ment duration (B), and movement speed (C) after exposure to sublethal concentrations (LC₂₅ and LC₅₀). Data are expressed as mean±SD 
(n=15). Different letters indicate significant differences among treatments (Kruskal-Wallis test followed by Dunn’s post hoc test, P<0.0001).
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conditions [40, 41]. Glutathione S-transferases (GSTs) 
are key phase II detoxification enzymes that protect 
insects against toxic plant metabolites by facilitating 
xenobiotic conjugation and contributing to cellular 
defense under oxidative stress [42]. In the present 
study, fumigation with T. munbyanus EO significantly 
increased GST activity as early as 24 h post-treatment, 
an effect that persisted through the third day compared 
to controls. Similar inductions of GST activity have 
been reported following the treatment of larvae with 
α-pinene, trans-anethole, and thyme EO [43], as well 
as in Culex pipiens exposed to Myrtus communis EO 
[44]. This elevated GST activity in the Mediterranean 
flour moth likely represents a response to oxidative 
stress induced by the botanical compounds; specifically, 
GST facilitates the inactivation of lipid peroxidation 
products that accumulate during oxidative damage [45].

Catalase (CAT) is a major antioxidant enzyme 
involved in the decomposition of hydrogen peroxide 
and is widely used as a biomarker of oxidative stress 
responses in insects [46]. In the present study, CAT 
activity was significantly elevated in E. kuehniella 
larvae following EO exposure. Similar increases in 
CAT activity have been reported in E. kuehniella larvae 
after exposure to EO constituents such as α-pinene 
and thymol [47], as well as after short-term exposure 
to Artemisia annua EO [37]. Comparable enzymatic 
changes have also been observed in Plutella xylostella 
treated with Chenopodium ambrosioides EO and its 
major compounds, p-cymene and α-terpinene [48], 
and in Hyphantria cunea larvae exposed to A. annua 
EO [49]. This increase in enzyme activity may indicate 
an adaptive response to stress induced by the applied 
compounds to eliminate the negative effects of reactive 
oxygen species (ROS) [37].

Acetylcholinesterase (AChE) is a primary target of 
neurotoxic insecticides and is therefore widely used as 
a biomarker to assess neurophysiological impairment 
in insects [50]. In the present study, AChE activity in 
adults was significantly reduced 24 h after fumiga-
tion with T. munbyanus EO. This inhibitory effect is 
consistent with previous reports demonstrating that 
essential oils rich in terpenoid compounds can inter-
fere with AChE activity [51]. In particular, Thymus 
zygis EO, characterized by a high carvacrol content, 
has shown strong AChE inhibitory potential [52], and 
topical application of carvacrol significantly reduced 

AChE activity in adults of Diaphorina citri [53]. The 
inhibition of AChE activity observed in this study 
may be related to the high monoterpenoid content 
of T. munbyanus EO, particularly carvacrol. Previous 
studies have reported neuroactive effects of carvacrol 
in insects, including interactions with neural targets 
such as octopaminergic and GABAergic receptors [54].

In E. kuehniella, vitellogenesis occurs during the 
pupal stage, while mating and fertilization take place 
within the first 12 h post-eclosion. The subsequent 
pre-oviposition and oviposition periods typically span 
three to four days [55]. The results obtained show that 
T. munbyanus EO significantly affects fertility, viability, 
and hatching percentage. Furthermore, in a previous 
study, Satureja thymbra EO had an inhibitory effect on 
the egg-laying of E. kuehniella [56]. Recently, essential 
oils from S. sahendica, S. khuzistanica, and S. macrantha 
were shown to significantly inhibit oviposition in E. 
kuehniella. Among these, S. khuzistanica oil exhibited 
the highest efficacy, primarily due to its high carvacrol 
content [57]. A recent study revealed that the EOs of 
anise, basil, chamomile, cumin, dill, garlic, thyme, and 
yarrow inhibit the egg-laying of Bactrocera tryoni [58]. 
M. communis EO was tested on fourth-instar larvae 
of Cx. pipiens and showed a reduction in fertility and 
egg numbers [59].

Insect mobility is widely regarded as a key indicator 
of an insect’s overall physiological state and a critical 
factor influencing its environmental interactions [60]. 
In the present study, fumigation with T. munbyanus 
EO significantly affected the locomotor activity of 
E. kuehniella adults. Exposure to LC25 and LC50 con-
centrations resulted in reduced distance traveled and 
movement duration, whereas the highest concentra-
tion caused prolonged periods of immobility. Similar 
locomotor effects following EO exposure have been 
described in several insect species. Lopes et al. [61] 
reported modifications in walking and flying activ-
ity in Sitophilus zeamais after sublethal exposure to 
Piper hispidinervum EO. Reduced locomotor activity 
has also been observed in Drosophila melanogaster 
following fumigation with Chamaecyparis obtusa EO 
[62], and in D. melanogaster and D. suzukii exposed 
to monoterpenes, with these impairments linked to 
the modulation of tyramine receptor function [63]. 
These behavioral changes may be associated with 
physiological disturbances induced by EO exposure. 
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Previous research has established a clear correlation 
between AChE inhibition and impaired locomotor per-
formance in insects [64]. In this context, the reduction 
in AChE activity observed following T. munbyanus EO 
treatment likely contributes to the recorded mobility 
alterations, potentially acting in synergy with other 
disrupted physiological processes. 

Despite these consistent behavioral patterns, cer-
tain methodological limitations of the mobility assay 
warrant acknowledgment. The assay employed here 
provides a semi-quantitative estimation of locomo-
tor activity based on grid displacement. While this 
approach facilitates the comparison of relative mobil-
ity across treatments, it does not capture fine-scale 
movement dynamics. Consequently, the observed 
shifts in mobility should be interpreted as indicative 
behavioral trends rather than precise measurements 
of locomotor performance.

CONCLUSIONS

Fumigation with Thymus munbyanus essential oil 
showed strong toxicity against adult Ephestia kue-
hniella, causing high mortality at low concentrations. 
The treatment increased GST and CAT activities and 
inhibited AChE, suggesting physiological stress and 
possible neurotoxic effects. It also reduced oviposition 
and egg viability and impaired adult mobility. Overall, 
these findings support the potential of T. munbyanus 
EO for stored-product pest management, although 
further semi-field and field validation is still required.
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