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Abstract  The interest in botanical insecticides has 
surged due to environmental apprehensions and insect 
resistance to synthetic insecticides. In this study, we 
explored the insecticidal, biochemical, and physio-
logical effects of Mentha pulegium essential oil (EO) 
and Artemisia camphorata methanol extract (ME) on 
the fourth-instar larvae of Spodoptera littoralis. By 
GC–MS analysis, the main compounds identified in 
M. pulegium EO were menthone (22.45%), 1,8-cin-
eole or eucalyptol (19.37%), and pulegone (8.67%). 
The abundant flavonoid compounds were apigenin, 
luteolin, quercetin, and naringin, whereas the abun-
dant phenolic compounds were 4-hydroxybenzoic, 

ferulic, and chlorogenic acids in A. camphorata ME 
after analysis by HPLC. The LC50 values after 24 h 
of S. littoralis treatment with M. pulegium EO, A. 
camphorata, and novaluron were 4458.3, 7349.9, 
and 9.8 mg/L, whereas the LC50 values after 48 h of 
treatment were 2495.3, 4024.5, and 7.7 mg/L, respec-
tively. The activities of mixed-function oxidase, α 
and β-esterases, and glutathione S-transferase were 
significantly increased in S. littoralis larvae after 24 
and 48  h of treatment with LC25 and LC50 concen-
trations of novaluron, M. pulegium EO, and A. cam‑
phorata ME. The mean number of prohemocytes, 
granulocytes, and plasmatocyte cells was signifi-
cantly decreased at 24, 48 and 72 h of treatment with 
LC25 of M. pulegium EO and A. camphorata ME. In 
contrast, the number of oenocytes and spherulocytes 
was increased compared to the control. On the other 
hand, novaluron caused a significant decrease in all 
hemocyte numbers. The hemocyte surface areas 
increased dramatically in all hemocyte types after 
treatment with M. pulegium EO and A. camphorata 
ME. In contrast, hemocyte surface areas significantly 
decreased after novaluron treatment compared to the 
control. These findings suggest that M. pulegium and 
A. camphorata may be eco-friendly alternatives for 
synthetic insecticides in S. littoralis control.
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Introduction

The Egyptian cotton leafworm, Spodoptera littoralis 
(Boisduval) (Lepidoptera: Noctuidae), is among the 
most devastating polyphagous insect pests of many 
cultivated crops in subtropical and tropical zones. It 
attacks over 87 plant species belonging to 40 plant 
families of economically important crops such as 
cotton, maize, potatoes, vegetables, and ornamen-
tal plants (CABI, 2022; EPPO, 2022). Based on 
data retrieved from the Arthropod Pesticide Resist-
ance Database (http://​www.​pesti​cider​esist​ance.​org, 
accessed on 18 May 2021), it has been shown that S. 
littoralis ranks in the top 30 species globally in terms 
of resistance to pesticides. The excessive and continu-
ous use of conventional insecticides to control S. litto‑
ralis has led to the development of resistance to major 
classes of pesticides (Fouad et al., 2022; Hilliou et al., 
2021; Moustafa et al., 2023b). Thus, it is necessary to 
search for alternative pest management methods that 
are more cost-effective and sustainable than conven-
tional insecticides (Hussein et al., 2023).

Botanical insecticides have long been boosted as 
alternatives to synthetic insecticides for pest control 
because their natural sources are biodegradable, and 
they do not leave toxic residues or by-products to 
pollute the environment (Abdelkhalek et  al., 2020; 
Isman, 2020; Moustafa et  al., 2023a;  Awad et  al., 
2024). From among these botanical substances, Men‑
tha pulegium L. is one of the Mentha species com-
monly known as pennyroyal. It is a native species of 
Europe, North Africa, Asia Minor, and the Near East 
(Chalchat et al., 2000). The flowering aerial parts of 
M. pulegium have been traditionally used as its anti-
septic for the  treatment of colds, sinusitis, cholera, 
food poisoning, bronchitis, and tuberculosis (Bouk-
hebti et  al., 2011), and as antiflatulent, carminative, 
expectorant, diuretic, antitussive, and menstruate 
(Ghalamkari et  al., 2012). Some pharmacological 
effects of M. pulegium essential oil (EO) such as 
the  abortifacient effect in rat myometrium have 
been reported (Soares et al., 2012). M. pulegium has 
been shown to have anticholinesterase and antioxi-
dant (Yakoubi et  al., 2021),  and anthelmintic (Sebai 
et  al., 2020), as well as insecticidal effects (Ahmed 
et al., 2018; Domingues & Santos, 2019). The aerial 
components of several  Mentha  species have been 
utilized for an extended period as tonics, carmina-
tives, digestives, stomachic, antispasmodics, and 

anti-inflammatory drugs (Benabdallah et  al., 2018). 
Furthermore, Artemisia, a genus of tiny herbs and 
shrubs, is a family of Asteraceae native primarily to 
the northern temperate parts of the world. Approxi-
mately 500 species of Artemisia have been examined, 
and it has been discovered that they possess a wide 
range of secondary metabolites, such as terpenoids, 
flavonoids, coumarins, glycosides, and polyacetylenes 
(Bisht et al., 2021). A. camphorata (synonym of Arte‑
misia alba subsp. alba) EO showed potential insec-
ticidal activity against Sitophilus oryzae L. (Tawfeek 
et al., 2021).

Chitin synthesis inhibitors are insect growth 
regulators that affect insect chitin synthesis (Abbas 
& Hafez, 2021). Novaluron is a benzoylphenylurea 
insecticide that interferes with developmental pro-
cesses in immature insects (Chang et  al., 2022). 
Moreover, it has low toxicity to mammals and sev-
eral important natural enemies (Xu et al., 2017).

The detoxifying enzymes are involved in the 
detoxification of various plant xenobiotics in insects 
by removing harmful substances through differ-
ent detoxification mechanisms (Gong et  al., 2021). 
Induction of detoxification enzymes, such as car-
boxylesterases (CarEs), mixed function oxidase 
(MFO), and glutathione S-transferase (GST), is one 
of the defense physiological responses that play 
important roles in plant extract metabolism, through 
increasing their solubility and promoting rapid 
excretion or facilitating degradation (Hilliou et  al., 
2021). Additionally, hemocytes play a crucial role 
in an insect’s immune response, safeguarding the 
insect against pathogens and foreign agents, such 
as plant extracts and pesticides. Upon exposure to 
pesticides or toxic substances, hemocytes can iden-
tify the chemicals as foreign entities and initiate 
immune responses to neutralize them. Furthermore, 
certain hemocyte types possess enzymes that aid 
in detoxifying harmful substances, In addition to 
many detoxification enzymes in insect hemolymph 
that may metabolize and decompose hazardous 
substances, including pesticides. These enzymes 
can diminish pesticides’ toxicity, enhancing the 
insect’s survival (Gad, 2020). Moreover, insects can 
enhance their resistance to certain pesticides over 
time via the adaptive responses of their immune 
system, known as "immune memory," enabling 
them to mount a more effective reaction upon reap-
plication of the pesticide (Belial and Gad, 2023).

http://www.pesticideresistance.org
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Therefore, this study aimed to characterize the 
chemical compositions and evaluate the toxicity of M. 
pulegium EO and A. camphorate ME compared with 
the insecticide novaluron against the fourth-instar lar-
vae of S. littoralis. Their effects on MFO, CarEs, GST 
enzyme activities, hemocyte counts, and hemocyte 
surface areas of S. littoralis were also estimated.

Materials and methods

Chemicals

The chemicals used for enzyme activity analysis 
included 4-nitroanisole, p-nitrophenol, fast blue B 
salt, α- and ß-naphthol, glutathione (GSH), sodium 
dodecyl sulfate (SDS) and 1-chloro-2,4-dinitroben-
zene (CDNB) were purchased from Sigma-Aldrich 
(Germany). Nicotinamide adenine dinucleotide phos-
phate (NADPH) was acquired from Sorachim (Swit-
zerland), and α- and ß-naphthyl acetate was purchased 
from MP Biomedicals (India). Novaluron (Equo® 
10% EC; Isagro Co., Italy) was a positive control.

Insect rearing

The strain of Spodoptera littoralis was originally col-
lected from the infested cotton fields in Abees district, 
Alexandria, Egypt, and reared for several genera-
tions without exposing it to insecticides. The larvae 
were fed on fresh leaves from the Ricinus commu‑
nis L., which belongs to the Euphorbiaceae family, 
while moths were fed on a 15% sugar solution. The 
culture was kept in an incubator at a temperature of 
25 ± 2  °C, relative humidity of 65 ± 5% with 8:16  h 
dark: light intervals, as described previously (Hussein 
& Eldesouky, 2019).

Mentha pulegium aerial parts and essential oil 
extraction

Mentha pulegium, family Labiatae with the local 
name Felaiyya, habitat in Egypt, was collected during 
the summer of 2022 from growing wild plants at the 
canal banks and moist ground in Abees district, Alex-
andria, Egypt. The aerial parts (stem and leaves) were 
cut from the plants and used for the extraction of the 
essential oil (EO). Aerial parts of about 100 g were 
cut into small pieces using scissors and put into a 2-L 

flask containing 1500 mL of distilled water (DW) 
and extracted by the hydrodistillation method using a 
Clevenger-type apparatus for 3 h (Chakravarty et al., 
2021). After obtaining the EO, they were dried over 
anhydrous sodium sulfate and kept dry in sealed 
Eppendorf tubes stored at 4 °C until chemical and 
bioassay analyses. The yield of EO was 2.5 mL/100 g 
plant fresh aerial parts.

GC–MS analysis of the essential oil

The chemical compositions of the EO  were per-
formed using a Trace GC Ultra-ISQ mass spec-
trometer (Thermo Scientific, Austin, TX, 
USA) with a direct capillary column TG–5MS 
(30 m × 0.25 mm × 0.25 µm film thickness). The col-
umn oven temperature was initially held at 70  °C 
and then increased by 5  °C/min to 280  °C withhold 
5 min then increased to 300 with 5 °C/min. The injec-
tor and MS transfer line temperatures were kept at 
250 °C. Helium was used as a carrier gas at a constant 
1 mL/min flow rate. The solvent delay was 2 min and 
diluted samples of 1 µL were injected automatically 
using Autosampler AS1310 coupled with GC in the 
split mode. EI mass spectra were collected at 70 eV 
ionization voltages over the range of m/z 40–600 in 
full scan mode. The ion source was set at 200  °C. 
The components were identified by comparison of 
their retention times and mass spectra with those of 
WILEY 09 and NIST 14 mass spectral databases.

Artemisia camphorata methanol extract and HPLC 
analysis

Artemisia camphorata aerial parts (stem and leaves) 
supplied by a commercial horticultural nursery, in 
Alexandria, Egypt (Tawfeek et  al., 2021) was used 
for the extraction. The plant material was air-dried at 
room temperature for about 2 weeks and then ground 
to powder using a small laboratory mill. Approxi-
mately 100 g of the powdered material was extracted 
with 150 mL of methanol by the soaking method for 
1 week at room temperature (Elbanoby et al., 2024). 
The extract was filtered through filter paper (What-
man no. 1) and then with a cotton plug. The methanol 
extract (ME) was concentrated and stored in brown 
vials in the refrigerator before use. The yield of the 
ME of A. camphorata was 3.04%.
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HPLC (Agilent 1100, USA) was used to clas-
sify the phenolic components from the ME of A. 
camphorata. This device consists of a C18 column 
(125  mm, 4.60  mm, with 5  µm film thickness), a 
binary LC pump, and a UV/Vis detector. Chromato-
grams were obtained and examined using the Agilent 
ChemStation. Phenolic acids were separated using 
a gradient mobile phase consisting of two solvents: 
Solvent A (MeOH) and Solvent B [Acetic acid in 
H2O (1:25)]. For three minutes, the gradient program 
stayed at 100% B. Five minutes of 50% eluent A, two 
minutes of 80% eluent A, five minutes of 50% eluent 
A, two minutes of 80% eluent A, five minutes of 50% 
eluent A, five minutes of 50% eluent A, and five min-
utes of detection wavelength at 250 nm are the next 
steps. Consequently, this mobile phase ordered the 
phenolic components to authenticate standard compo-
nents. HPLC (Agilent 1100), which consists of a C18 
column (250  mm × 4.6  mm, with 5  µm film thick-
ness), two LC pumps, and a UV/Vis detector, was 
utilized to analyze the flavonoid compounds. Ace-
tonitrile (A) and 0.2% (v/v) aqueous formic acid (B) 
with an isocratic elution (70:30) protocol served as 
the mobile phase. 360 nm was the chosen wavelength 
for the detection of flavonoid compounds (EL-Hefny 
et  al., 2023;  Alkharpotly et  al., 2024; Eldesouky 
et al., 2024).

Bioassays

The toxicity of M. pulegium EO and A. camphorata 
ME compared to the insecticide novaluron against 
the fourth-instar larvae of S. littoralis was evalu-
ated using a leaf-dipping technique (Moustafa et al., 
2023a). Preliminary experiments were conducted to 
ascertain the best concentrations for testing. After-
ward, six concentrations of each plant material (250, 
500, 1000, 2000, 4000, and 8000 mg/L) were diluted 
with distilled water containing 0.1% Triton X-100 as 
an emulsifier. Six concentrations of the insecticide 
novaluron (2.5, 5, 10, 15, 20, and 30 mg/L) were pre-
pared in distilled water. There were two controls: one 
with distilled water only, and the other with distilled 
water in addition to 0.1% Triton X-100. Castor bean 
leaves of the same size were dipped in each concen-
tration for 20 s and then air-dried at room tempera-
ture. Five replicates were performed for each treat-
ment, with twenty larvae in each replication. The 
experiment was kept in an incubator at a temperature 

of 25 ± 2 °C, relative humidity of 65 ± 5% with 8:16 h 
dark: light intervals. The number of dead larvae and 
the mortality percentages were recorded after 24 and 
48 h of treatment.

Detoxification enzyme activities assessment

Sample preparation

The fourth-instar larvae of S. littoralis were treated 
with the LC25 and LC50 values of M. pulegium EO, A. 
camphorata ME, and the insecticide novaluron. After 
24 and 48 h of treatment, 100 mg of the fresh body 
weight of the surviving larvae were homogenized in 
9 volumes (w/v) of 0.1  M phosphate buffer with a 
pH of 7.4 for mixed-function oxidases (MFO), a pH 
of 7.0 for carboxylesterase (CarE), and a pH of 6.5 
for glutathione S-transferase (GST). The weight of 
an adult (mg): the volume of buffer (mL) was kept 
in a ratio of 1:9 (Chauhan et al., 2022). The homoge-
nates were centrifuged at 12,000 rpm for 30 min at 
4°C using Cryofuge 20–3, Heraeus Christ centri-
fuge. The clear supernatants were stored at −20°C to 
measure the protein content and enzyme activity. For 
each enzyme assay, five replicates per treatment were 
used. The protein content was determined using the 
Coomassie brilliant blue assay (Bradford, 1976).

Mixed‑function oxidases (MFO) activity assay

The MFO activity was determined using the meth-
odology of Hansen and Hodgson (1971), with slight 
modification. The overall volume of the reaction was 
200 μL, comprising 100 μL of a 2 mM p-nitroanisole 
(p-NA) solution. Subsequently, 90 µL of the super-
natant was introduced into the reaction mixture and 
incubated at 27 °C for 2 min. Then, 10 µL of a 9.6 
mM NADPH solution was introduced into the reac-
tion. The MFO activity was measured for 15 min 
using a V-530 UV/Vis spectrophotometer at a wave-
length of 405 nm. The MFO activity was determined 
by utilizing a standard curve of p-nitrophenol. The 
specific activity was denoted as µmol of p-nitrophe-
nol produced per minute per mg protein.

Carboxylesterases (CarEs) activity assay

The CarEs activity, which encompasses both α- and 
ß- esterases, was assessed using the method of Van 



Phytoparasitica (2025) 53:46	 Page 5 of 20  46

Vol.: (0123456789)

Asperen (1962) modified by Cao et  al. (2008). To 
assess the activity of α- and ß- esterases, a 50 μL por-
tion of the supernatant was subjected to incubation 
with 50 µL of (30 mM) alpha (α) or beta (ß)-naph-
thyl acetate at a temperature of 30 °C for 15 min. 
The reaction was halted by the addition of 50 µL of 
a stop solution composed of a mixture of 5% sodium 
dodecyl sulfate and 1% fast blue B salt solution, with 
a volume ratio of 5:2. The measurement of color 
change was conducted at a wavelength of 600 nm for 
the hydrolysis of α-naphthyl acetate, and at a wave-
length of 550 nm for the hydrolysis of ß-naphthyl ace-
tate, using the V-530 UV/Vis Spectrophotometer. The 
mean enzyme activity levels were determined using 
the standard curves of α- and β-naphthol. The specific 
activity was denoted as µmol of α- and ß- naphthol 
produced per minute per mg protein.

Glutathione S‑Transferase (GST) activity assay

The GST activity was conducted by using 1-chloro-2, 
4-dinitrobenzene (CDNB), and reduced glutathione 
(GSH) as substrates, following the methodology 
described by Habig et  al. (1974). The experimental 
setup involved a reaction solution including 100 µL 
of enzyme solution, 10 µL of 30 mM CDNB, and 10 
µL of 50 mM GSH. This solution was subjected to 
measurement at 340 nm using a V-530 UV/Vis spec-
trophotometer, with the temperature maintained at 
25 °C. The measurement duration was set to 3 min. 
The enzyme activity was determined using a molar 
absorptivity of 9.6 mM cm−1 for CDNB. The specific 
activity was denoted as µmol of CDNB conjugate 
produced per minute per mg protein.

Hemocytes study

For hemocyte examination, the hemolymph samples 
of the fourth-instar larvae of S. littoralis were taken 
after 24, 48, and 72  h of treatment with the LC25 
values of M. pulegium EO, A. camphorata ME, and 
the insecticide novaluron, in addition, the negative 
control. The LC25 concentration (Sublethal dose) 
affected the treated larvae. Still, the percentage of 
mortality was low, which allowed the examination 
of the changes and deformities that occurred to the 
hemocytes as a result of the treatments (Khamis et al., 
2016). One drop of larval hemolymph from each 
treatment was smeared on a glass slide. The slides 

were kept to dry for 5 min and then stained with 10% 
Wright’s stain for 10  min. Each slide was scanned 
under a light microscope × 100 magnification. A hun-
dred hemocytes in the microscopic field were identi-
fied. In addition, the surface area of each hemocyte 
type was measured by a format micrometric slide in 
all treatments and the control.

Statistical analysis

The LC25, LC50, and LC90 values were calculated 
using the probit analysis (Finney, 1971). One-way 
analysis of variance (ANOVA) was used to compare 
the differences between the means of the treatments 
with Tukey’s honest significant difference (HSD) test 
(Cohort Software Inc., 1985); P < 0.05 was consid-
ered significant.

Results

Chemical compounds of M. pulegium EO

The chemical composition of M. pulegium EO by 
GC–MS is shown in Table  1, and the mass spectral 
fragmentations of each compound are presented in 
Table  S1. The GC–MS chromatograms of the iden-
tified compounds in M. pulegium EO are shown in 
Fig.  1. The abundant compounds were menthone 
(22.45%), 1,8-cineole or eucalyptol (19.37%), pule-
gone (8.67%), endo-borneol (7.90%). Furthermore, 
other compounds like β-caryophyllene oxide (3.87%), 
5-isopropyl-6-methyl-5-hepten-3-yn-2-ol (3.64%), 
isomenthone (3.38%), 6-hydroxy-5-methyl-6-vi-
nylbicyclo[3.2.0]heptan-2-one (3.26%), α-terpineol 
(2.81%), dimethyl anthranilate (2.11%), β-pinene 
(2.02%), 2-methyl-2-(3-methyl-2-oxobutyl)cyclohex-
anone (1.99%), trans,trans−5-caranol (1.78%), 
p-cymene (1.56%), piperitone (1.54%), and camphor 
(1.48%) were found in low percentages.

Phenolic and flavonoid compounds in A. camphorata 
methanol extract

The HPLC chromatograms of the separation and 
identification of phenolic and flavonoid compounds 
in A. camphorata ME are shown Fig.  2 (a and b), 
respectively.
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Phenolic compounds in A. camphorata ME

The abundant phenolic compounds were 4-hydroxy-
benzoic acid (12.33 mg/mL) followed by ferulic acid 
(9.05  mg/mL) and chlorogenic acid (6.36  mg/mL) 
(Table 2).

Flavonoid compounds in A. camphorata ME

The abundant flavonoid compounds were apigenin 
(6.71  µg/mL), luteolin (6.65  µg/mL), quercetin 
(4.40 µg/mL), and naringin (4.01 µg/mL) (Table 3).

Toxicity of tested compounds to S. littoralis larvae

The mortality percentages, LC25, and LC50 values of 
M. pulegium EO and A. camphorata ME compared to 
the insecticide novaluron against the fourth-instar lar-
vae of S. littoralis are shown in Tables 4 and 5. The 
LC25 values after 24 h of treatment with M. pulegium 
EO, A. camphorata, and novaluron were 1066.8, 
1793.8, and 4.2  mg/L, while the LC50 values were 
4458.3, 7349.9, and 9.8 mg/L, respectively. The LC25 
values after 48  h of treatment were 642.2, 1042.4, 
and 3.0 mg/L, whereas the LC50 values were 2495.3, 
4024.5, and 7.7 mg/L, respectively (Table 4).

Table 1   Chemical 
constituents of M. 
pulegium essential oil by 
gas chromatography-mass 
spectrometry

Retention 
time (min)

Area (%) Compound Match factor

4.29 0.80 Sabinene 951
4.39 2.02 β-Pinene 938
5.28 1.56 p-Cymene 938
5.45 19.37 1,8-Cineole (Eucalyptol) 930
5.99 0.85 γ-Terpinene 942
6.27 0.40 cis-β-Terpineol 937
7.95 0.81 laevo-Pinocarveol 938
8.07 1.48 Camphor 923
8.35 22.45 Menthone 933
8.53 3.38 Isomenthone 949
8.74 7.90 endo-Borneol 936
9.31 2.81 α-Terpineol 926
9.59 0.75 Levoverbenone 916
9.80 1.28 6,6,10-Trimethyl-3,7-undecanedione 720
10.12 1.78 trans,trans−5-Caranol 750
10.38 8.67 Pulegone 920
10.78 1.54 Piperitone 930
10.94 1.99 2-Methyl-2-(3-methyl-2-oxobutyl)cyclohexanone 763
11.56 3.64 5-Isopropyl-6-methyl-5-hepten-3-yn-2-ol 807
11.66 3.26 6-Hydroxy-5-methyl-6-vinylbicyclo[3.2.0]heptan-2-one 771
12.00 0.88 (3E)−3-Methyl-3-decen-2-one 745
12.94 0.62 Verbenone 811
13.16 1.06 Menthofurolactone 830
14.65 2.11 Dimethyl anthranilate 935
15.22 0.51 8-Hydroxycarvotanacetone 907
15.37 0.80 5-Methyl-2-(1-methylethylidene)cyclohexanone 832
15.87 0.97 Carvenone oxide 695
18.38 1.22 7a-Hydroxymintlactone 927
18.83 3.87 β-Caryophyllene oxide 952
20.21 0.80 .tau.-Cadinol 911
20.85 0.43 Isoaromadendrene epoxide 850
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In vivo effect of tested compounds on detoxification 
enzyme activities of S. littoralis

Detoxifying enzyme activities of M. pulegium EO 
and A. camphorata ME in comparison with the 
insecticide novaluron are performed against S. lit‑
toralis after 24 and 48 h of treatment and presented 
in Figs. 3, 4, and 5. The enzyme activities in larvae 
treated with LC25 and LC50 concentrations were dose 
and time-dependent. Data showed that all the concen-
trations of M. pulegium EO, A. camphorata ME, and 
novaluron significantly induced the enzyme activi-
ties of MFO, α-esterase, β-esterase, and GST in S. 
littoralis after 24  h of treatment (F = 7.583, df = 6, 
p < 0.001; F = 34.518, df = 6, p < 0.001; F = 42.364, 
df = 6, p < 0.001; F = 23.789, df = 6, p < 0.001), 
whereas, after 48  h of treatment (F = 3.653, df = 6, 
p < 0.001; F = 51.607, df = 6, p < 0.001; F = 56.297, 
df = 6, p < 0.001; F = 15.086, df = 6, p < 0.001), as 
compared to the controls.

Hemocyte counts

Five basic types of hemocytes have been identi-
fied as  prohemocytes (Pr), plasmatocytes (Pl), 

granulocytes (Gr), oenocytes (Oe), and spherule cells 
(Sp) (Fig.  6). Table  6 shows changes in the mean 
number of different hemocytes in the hemolymph 
of the fourth-instar larvae of S. littoralis after treat-
ment with LC25 of M. pulegium EO, A. camphorata 
ME, and the insecticide novaluron after 24, 48, and 
72 h of treatment. All tested compounds were mark-
edly affected by different hemocyte counts. For the 
M. pulegium EO treatment, the maximum decrease in 
the number of prohemocytes was observed after 72 h 
of treatment about 5.6 cells compared to the control 
12 cells. A similar decrease was seen with A. cam‑
phorata ME treatment, where the prohemocyte count 
reduced significantly to 4.4 cells at 72 h of treatment. 
There was a significant reduction in the number of 
granulocytes, especially 72 h after LC25 M. pulegium 
EO and A. camphorata ME of treatment, about 28.4 
and 20.3 cells, respectively, compared to  the control 
(35 cells). The same trend was observed in the num-
ber of plasmacytes; both M. pulegium EO and A. 
camphorata ME significantly decreased the number 
of (Pl) to 25.4 and 19.3 cells, respectively after 72 h 
of treatment while the control was 34.1 cells.

In contrast, Oenocytes significantly increased 
after 72  h of treatment with M. pulegium EO and 

Fig. 1   Gas chromatography–mass spectrometry chromatograms of the identified compounds in M. pulegium essential oil
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A. camphorata ME LC25 to 27.3 and 22.1, respec-
tively, while the control was 15 cells. Furthermore, 
the number of spherule cells significantly increased 
after 72  h of treatment with M. pulegium EO and 

A. camphoratae ME to 17.5 and 12.6, respectively, 
while the control was 9.5 cells (Table 6).

Hemocyte surface area

Table  7 shows the variations in the surface area 
of each hemocyte type in treatments. The results 

Fig. 2   HPLC analysis of 
phenolic (a) and flavonoid 
(b) compounds in A. cam‑
phorata aerial parts

Table 2   Phenolic compounds from A. camphorata methanol 
extract by high-performance liquid chromatography analysis

*RT: Retention time

RT* (min) Phenolic compound Concentra-
tion (mg/
mL)

4.4 Caffeic acid 0.56
5.0 Ferulic acid 9.05
7.89 Chlorogenic acid 6.36
9.2 4-Hydroxybenzoic acid 12.33
11.0 Salicylic acid 0.78
12.2 Ellagic acid 1.09
14.2 Protocatechuic acid 0.09

Table 3   Flavonoid compounds from A. camphorata methanol 
extract by high-performance liquid chromatography analysis

*RT: Retention time

RT* (min) Flavonoid compound Concentra-
tion (µg/mL)

4.4 Naringin 4.01
5.0 Rutin 2.11
7.0 Quercetin 4.40
8.0 Kaempferol 3.89
9.0 Luteolin 6.65
10.0 Apigenin 6.71
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revealed that all hemocyte surface areas were mark-
edly increased after treatment with M. pulegium EO 
and A. camphorata ME at LC25, especially after 72 h 
of treatment compared with the control. On the other 
hand, treatment with novaluron at LC25 significantly 
decreased all hemocyte surface areas, especially after 
72 h of treatment compared to the control (Table 7). 
The maximum values of Pr, Gr, Pl, Oe, and Sp were 
observed after treatment with M. pulegium EO LC25 
at 72 h to 4.9, 9.9, 13.6, 26.1, and 17.8 μm2, respec-
tively while control was 3, 5.9, 6.7, 15.0 and 9.7 μm2, 
respectively. The same trend was observed in A. cam‑
phorata ME treatment but the increase in the hemo-
cyte surface areas was lower than M. pulegium EO 
treatment. The highest effect was observed after 72 h 
of treatment, where the surface areas of Pr, Gr, Pl, 
Oe, and Sp were 4.6, 8.5, 10.4, 25.6, and 17.1 μm2, 
respectively, compared with the control. On the con-
trary, novaluron insecticide significantly decreased 
the surface area of all hemocytes of the fourth-instar 
larvae of S. littoralis. The highest effect was observed 
at 72 h of treatment, where the surface areas of Pr, Gr, 
Pl, Oe, and Sp were 2.1, 3.6, 4.0, 12.7, and 5.8 μm2, 
respectively, compared with the control (Table 7).

As shown in Figs. 7 and 8, treatment with M. pule‑
gium EO, A. camphorata ME, and novaluron insecti-
cide at LC25 caused different levels of deformation on 
all hemocyte types, especially after 72 h of treatment.

Treatments with these tested compounds caused 
a reduction in the cytoplasm (Fig.  7a) destroyed 
cell membrane (Fig.  7b) irregular cell membrane 

Table 4   Mortality percentages of the fourth-instar larvae of S. 
littoralis after 24 and 48 h of treatment with M. pulegium EO, 
A. camphorata ME compared to the insecticide novaluron

Five replicates were performed for each treatment, with 
twenty-fourth instar larvae in each replication. Means within a 
column followed by the same letter are not significantly differ-
ent by Tukey’s honestly significant difference test (p < 0.05).

Treatment Conc
(mg/L)

Mortality percentages 
(mean ± SE)

24 h 48 h

M. pulegium EO 250 8 ± 1.4i 12 ± 1.8 k

500 15 ± 1.3 h 22 ± 1.1i

1000 25 ± 1.8 g 34 ± 1.3 h

2000 36 ± 2.1e 45 ± 2.6f

4000 48 ± 1.6d 56 ± 2.4d

8000 60 ± 1.3c 74 ± 3.2b

A. camphorata ME 250 5 ± 0.9j 8 ± 0.6 l

500 10 ± 1.1i 16 ± 1.5j

1000 18 ± 0.7 h 24 ± 1.3i

2000 26 ± 1.8 g 36 ± 1.1 g

4000 38 ± 2.3e 48 ± 2.8e

8000 52 ± 1.5d 65 ± 3.0c

Novaluron 2.5 15 ± 1.2 h 22 ± 0.7i

5 32 ± 0.8f 38 ± 1.9 g

10 48 ± 1.5d 54 ± 1.3d

15 60 ± 2.1c 68 ± 1.2c

20 72 ± 2.2b 76 ± 1.7b

30 80 ± 1.3a 85 ± 2.1a

Table 5   Toxicity of M. pulegium EO and A. camphorata ME compared to the insecticide novaluron against the fourth-instar larvae 
of S. littoralis after 24 and 48 h of treatment

LC: Lethal concentration; CL: Confidence limit; SE: Standard error; χ2: Chi-square; df = 5; p < 0.05.

Treatment Time (h) LC25 (mg/L) (95% CL) LC50 (mg/L)
(95% CL)

LC90 (mg/L)
(95% CL)

Slope ± SE χ2

M. pulegium EO 24 1066.8
(797.5–1359.3)

4458.3
(3403.5–6349.3)

67,492.5
(34,725.8-18339E + 1)

1.086 ± 0.117 0.167

48 642.2
(464.4–826.9)

2495.3
(2000.7–3218.9)

32,892.6
(19,416.3–70,394.3)

1.144 ± 0.113 0.864

A. camphorata ME 24 1793.8
(1386.1–2291.9)

7349.9
(5313.8–11,624.6)

107,180
(50,381.7-34458E + 1)

1.101 ± 0.125 0.132

48 1042.4
(789.7–1313.8)

4024.5
(3140.2–5513.6)

52,415.6
(28,847.1-12616E + 1)

1.15 ± 0.117 0.370

Novaluron 24 4.2
(3.1–4.9)

9.8
(8.6–11.5)

55.2
(41.4–82.3)

1.723 ± 0.16 0.713

48 3.0
(2.2–3.8)

7.7
(6.5–9.0)

45.7
(34.6–67.2)

1.659 ± 0.157 0.730
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(Fig. 7c) extruded cytoplasmic constituents (Fig. 7d). 
Moreover, increase in cell surface area of Pl and Gr 
(Fig. 7e), apoptotic cell (Fig. 7f). On the other hand, 

treatment of the fourth-instar larvae of S. littoralis 
after 72 h with novaluron insecticide at LC25 caused 
a reduction in hemocyte surface areas (Fig. 8a, b, c, 

Fig. 3   MFO activity in the 
fourth-instar larvae of S. 
littoralis after 24 and 48 h 
of treatment with LC25 and 
LC50 concentrations of M. 
pulegium EO, A. cam‑
phorata ME, and novaluron 
in comparison with the 
control. The different letters 
between treatments indicate 
significant differences by 
Tukey’s honestly significant 
difference test (p < 0.05)
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and d), a reduction in the cytoplasm (Fig. 7e) vacu-
olization of granulocytes (Fig. 8f) forcing the nucleus 
through the cell membrane of plasmacytes (Fig. 8g) 
and dead cells (Fig. 8h).

Discussion

Essential oils (EOs) and plant extracts are among the 
most promising botanicals to be used as alternatives 

for insect control. The studies on the insecticidal 
activity of EOs and plant extracts have increased 
because these substances are nontoxic to mammals 
and biodegradable in the environment (Hussein et al., 
2023; Awad et al., 2024; Ibrahim & Sammour, 2024). 
Common management practices focus on applying 
EOs and plant extract-based biopesticides without 
fully comprehending their mode of action (Álvarez-
Martínez et  al., 2021). Recent research focusing 
on pest management using EOs and plant extracts 

Fig. 5   GST activity in the 
fourth-instar larvae of S. 
littoralis after 24 and 48 h 
of treatment with LC25 and 
LC50 concentrations of M. 
pulegium EO, A. cam‑
phorata ME, and novalu-
ron compared with the 
control. The different letters 
between treatments indicate 
significant differences by 
Tukey’s honestly significant 
difference test (p < 0.05)
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Fig. 6   Light microscopy of the fourth-instar larvae of S. littoralis (X100- oil, bar 5 μm) Normal hemocytes. Pr: Prohemocytes, Gr: 
Granulocytes, Pl: Plasmatocytes, Oe: Oenocytoides, Sp: Spherulocytes
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revealed several mechanisms involved in the insecti-
cidal effects of EOs on targeted organisms (Ni et al., 
2021). Accordingly, it is crucial to identify the active 
compounds of M. pulegium EO and A. camphorata 
ME to study their mode of action and thus develop 
effective biopesticide products.

The present study found that menthone, 1,8-cin-
eole or eucalyptol, pulegone, and endo-borneol had 
the highest percentage of compounds in the essen-
tial oil (EO) of M. pulegium, with respective values 
of 22.45, 19.37, 8.67, and 7.90%. These chemical 
compounds were identified in the EOs with differ-
ent percentages from the plants growing worldwide. 

The difference in chemical constituents was inves-
tigated from the EOs of M. pulegium depending 
on the regions of cultivation and from other coun-
tries. For example, the abundant compounds from 
the Uruguayan plants were pulegone (73.4%), and 
isomenthone (12.9%) (Lorenzo et  al., 2002), while 
from the Tunisian plants were pulegone (41.8%), 
and isomenthone (11.3%) (Mkaddem et  al., 2007). 
The principal compounds found in the EO of wild-
growing M. pulegium from the Yugoslavian plants 
were menthone (30.9%), and pulegone (14.1%) 
(Chalchat et  al., 2000). M. pulegium EO contains 
pulegone (73.44%), piperitenone (5.49%), decane 

Table 6   Effect of LC25 of M. pulegium EO and A. camphorata ME compared with the insecticide novaluron on the number of dif-
ferent hemocytes in the fourth-instar larvae of S. littoralis after 24, 48 and 72 h of treatment

Pr: Prohemocytes, Gr: Granulocytes, Pl: Plasmatocytes, Oe: Oenocytoides, Sp: Spherulocytes.
Each value represents the mean ± SE. Means in the same column followed by the same letters are not significant.

Treatment Time (h) Hemocyte number (cell/mm3) Abnormal cells Apoptotic
cells

Pr Gr Pl Oe Sp

M. pulegium EO
(1066.8 mg/L)

24
48
72

11.6 ± 1.3b

7.3 ± 1.1d

5.6 ± 1.5e

33.7 ± 1.3b

31.1 ± 0.6b

28.4 ± 0.8c

29.2 ± 0.7b

27.0 ± 0.9b

25.4 ± 1.2c

20.8 ± 1.1c

23.5 ± 1.5b

27.3 ± 1.1a

13.5 ± 0.7b

15.3 ± 0.8a

17.5 ± 1.0a

–
10
52

–
8
11

A. camphorata ME
(1793.8 mg/L)

24
48
72

9.3 ± 0.1c

5.1 ± 0.2e

4.4 ± 0.7e

26.5 ± 1.1c

22.5 ± 1.5d

20.3 ± 1.5d

23.6 ± 1.2c

20.2 ± 1.6d

19.3 ± 1.2d

17.7 ± 1.4d

19.0 ± 1.5c

22.1 ± 1.6b

9.9 ± 0.6d

11.4 ± 0.8c

12.6 ± 0.2b

–
16
67

–
10
19

Novaluron
(4.2 mg/L)

24
48
72

4.6 ± 0.1e

3.5 ± 0.1f

2.9 ± 0.1f

18.4 ± 1.4e

16.5 ± 1.2e

13.2 ± 0.5f

19.0 ± 1.2d

18.1 ± 1.4d

15.7 ± 0.8f

14.1 ± 1.6e

12.3 ± 1.5e

11.8 ± 1.1f

8.0 ± 0.4e

8.7 ± 0.5e

6.2 ± 0.8f

20
45
53

14
37
45

Control - 12.0 ± 1.3a 35.0 ± 1.5a 34.1 ± 1.5a 15.0 ± 0.2d 9.5 ± 0.1d – –

Table 7   Effect of LC25 of M. pulegium EO and A. camphorata ME compared with the insecticide novaluron on the surface area of 
different hemocytes in the fourth-instar larvae of S. littoralis after 24, 48 and 72 h of treatment

Pr: Prohemocytes, Gr: Granulocytes, Pl: Plasmatocytes, Oe: Oenocytoides, Sp: Spherulocytes.
Each value represents the mean ± SE. Means in the same column followed by the same letters are not significant.

Treatment Time (h) Hemocyte surface area (μm2)

Pr Gr Pl Oe Sp

M. pulegium EO
(1066.8 mg/L)

24
48
72

2.7 ± 0.5bc

3.5 ± 0.4b

4.9 ± 0.7a

8.9 ± 0.5ab

9.5 ± 0.6a

9.9 ± 0.4a

12.2 ± 0.9a

12.8 ± 0.9a

13.6 ± 1.2a

22.7 ± 1.2a

24.5 ± 1.7a

26.1 ± 1.5a

13.3 ± 0.3c

15.8 ± 0.5b

17.8 ± 1.2a

A. camphorata ME
(1793.8 mg/L)

24
48
72

2.5 ± 0.1c

3.2 ± 0.2b

4.6 ± 0.6a

6.2 ± 1.6 cd

7.3 ± 1.6c

8.5 ± 1.5b

8.6 ± 1.6c

9.0 ± 1.6bc

10.4 ± 1.2b

23.0 ± 1.4b

24.0 ± 1.7ab

25.6 ± 1.6a

14.5 ± 0.6b

15.4 ± 0.8b

17.1 ± 0.9a

Novaluron
(4.2 mg/L)

24
48
72

2.6 ± 0.3c

2.4 ± 0.3c

2.1 ± 0.2c

4.5 ± 0.2d

4.5 ± 0.2d

3.6 ± 0.5d

5.3 ± 1.4d

4.6 ± 1.4d

4.0 ± 0.8d

14.2 ± 0.5c

13.5 ± 0.7c

12.7 ± 0.5d

8.2 ± 0.6d

7.0 ± 0.4d

5.8 ± 0.8e

Control – 3.0 ± 1.3b 5.9 ± 0.8d 6.7 ± 1.5c 15.0 ± 0.6b 9.7 ± 0.6d
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Fig. 7   The effect of LC25 concentration of M. pulegium EO 
and A. camphorata ME on the morphology of different hemo-
cytes of the fourth-instar larvae of S. littoralis after 72  h of 
treatment. (a) reducing in cytoplasm (b) destroyed cell mem-

brane (c) irregular cell membrane (d) extruded cytoplasmic 
constituents (e) increase in cell surface area in Pl and Gr (f) 
apoptotic cell. (X100- oil, bar 5  μm). Gr: Granulocytes, Pl: 
Plasmatocytes, Oe: Oenocytoides, Sp: Spherulocytes

Fig. 8   The effect of LC25 concentration of the insecticide 
novaluron on the morphology of different hemocytes of the 
fourth-instar larvae of S. littoralis after 72 h of treatment. (a, 
b, c, d) reducing in hemocyte surface areas, (e) reducing in 

the cytoplasm (f) vacuolization of granulocytes (g) forcing the 
nucleus through the cell membrane of plasmacytes (h) dead 
cells (X100- oil, bar 5  μm). Gr: Granulocytes, Pl: Plasmato-
cytes, Oe: Oenocytoides, Sp: Spherulocytes
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(4.99%), and limonene (3.07%) (Ebadollahi et  al., 
2017).

The EO from aerial parts of Moroccan M. pule‑
gium showed the presence of pulegone (57.8–62.8%), 
and menthone (9.5–15.0%) were found to be the main 
constituents (Ahmed et  al., 2018). The main EO 
compound in plants grown in Bulgaria was pulegone 
(42.9–45.4%) (Stoyanova et  al., 2005). The major 
component of the EO from M. pulegium (North-East 
Algeria) was pulegone (38.81%), with other com-
ponents including menthone (19.24%) (Boukhebti 
et  al., 2011). Menthone, pulegone, and neo-menthol 
were the main constituents in the EO from the plant 
grown in Portugal (Teixeira et al., 2012). Algerian M. 
pulegium leaves revealed that EO contains pulegone 
(70.66%) and neo-menthol (11.21%), as the major 
compounds (Abdelli et al., 2016).

Some phenolic and flavonoid compounds, includ-
ing caffeic acid, ferulic acid, chlorogenic acid, 
4-hydroxybenzoic acid, salicylic acid, ellagic acid, 
protocatechuic acid, naringin, rutin, quercetin, 
kaempferol, luteolin, and apigenin, were identified 
from ME from A. camphorata (synonym of Artemisia 
alba Turra) (Trendafilova et al., 2018).

Many researchers have previously studied the 
chemical compositions of plant extracts of the genus 
Artemisia (Lopes-Lutz et al., 2008; Pandey & Singh, 
2017). Chlorogenic acid, rutin, luteolin, and apigenin 
were reported as main compounds in the ethanolic 
extract of A. alba from Serbia (Đorđević et al., 2013). 
Chlorogenic acid, 3,5- and 4,5-dicaffeoylquinic acids, 
scopoletin, umbeliferone, luteolin, nepetin, quercetin 
3-methyl ether, axillarin, apigenin, hispidulin, dios-
metin, chrysoeriol, desmethoxycentaureidin, jaceosi-
din, quercetin 3,3′-dimethyl ether, centaureidin, and 
rutin were isolated from the aerial parts (leaves and 
flowers) of A. alba from Bulgaria (Trendafilova et al., 
2018).

Flavonoids (rutin, myricetin, luteolin, quercetin, 
and apigenin) and gallic, p-coumaric, vanillic, and 
ferulic acids were extracted from the plant’s aerial 
portions using ethyl acetate (Jakovljević et al., 2019). 
The methanol extract of the same plant parts con-
tained the following compounds: ferulic acid, querce-
tin, 3,5-dihydroxybenzoic acid, rutin, syringin, proto-
catechuic acid, vanillic acid, fisetin, trans-cinnamic, 
trans-coumaric, chlorogenic acid, and quercetin-3-O-
glucopyranoside (Jakovljević et al., 2020). A probable 
reason for the cytotoxic activity of the acetone extract 

from A. alba is the higher levels of trans-cinnamic 
acid, chlorogenic acid, and quercetin-3-O-glucopyra-
noside that were validated by HPLC–PDA analysis 
(Jakovljević et  al., 2022). Rutin, apigenin glucoside, 
quercetin, luteolin, kaempferol, and apigenin were 
among the flavonoid components discovered in two 
samples from Serbia. Phenolic acids such as chloro-
genic acid, p-coumaric acid, cynarine, and rosmarinic 
acid were also observed (Ickovski et  al., 2020). The 
plant from the northeast of Italy contains several 
polyphenolic compounds like chlorogenic acid, rutin, 
and kaempferol (Peron et al., 2017).

In the present study, novaluron was the most 
toxic than M. pulegium EO and A. camphorata ME 
against the fourth-instar larvae of S. littoralis after 
24 and 48  h of treatment. The insecticidal effect of 
M. pulegium EOs was mainly due to active com-
pounds including menthone, 1,8-cineole or eucalyp-
tol, and pulegone. The biological activity of the EO 
typically arises from its intricate blend of volatiles, 
which may exhibit synergistic interactions, where 
the EO’s activity surpasses the cumulative effects of 
its volatiles; antagonistic interactions, where certain 
compounds detrimentally affect the efficacy of bio-
active constituents; and additive interactions, where 
the EO’s biological activity is simply the aggregate 
of its components’ activities. Synergistic interac-
tions among substances frequently arise from an aug-
mented permeability of the plasma membrane to the 
bioactive EO compound or an improved binding to 
transmembrane proteins, however, the precise mecha-
nism of action is sometimes challenging to ascertain 
(Bassolé & Juliani, 2012). Research on the interac-
tions of several distinctive EO compounds against 
Spodoptera littoralis larvae revealed that most syn-
ergistic interactions were ascribed to six compounds, 
including trans-anethole, g-terpinene, and p-cymene 
(Pavela, 2014). Several plant species from the Men‑
tha genus have shown remarkable efficiency against 
stored product insects (Abdelli et  al., 2016; Aimad 
et  al., 2021), and as larvicidal and repellent agents 
against some mosquitoes (Conti et al., 2010; Kazem-
pour et  al., 2021; Rocha et  al., 2015; Tine-Djebbar 
et  al., 2018). Also, the contact toxicity of M. pule‑
gium EO induced mortality of 100% for the second 
and the third instar larvae of Helicoverpa armigera 
(Hübner) (Lepidoptera: Noctuidae) (Boulamtat et al., 
2020). M. pulegium and its primary monoterpenes 
exhibited a superior insecticidal activity compared to 
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the chemical pesticide against Culex pipiens after 24 
and 48 h of treatment (Ramzi et al., 2022). Moullamri 
et al., (2024) also showed that M. pulegium EO con-
tact toxicity against Plodia interpunctella (Lepidop-
tera: Pyralidae).

Several studies have documented the insecticidal 
effects of the plant extracts from Artemisia species 
against stored-product insects. The EOs of three Arte‑
misia species (A. absinthium, A. santonicum, and A. 
spicigera) and their main components, 1,8-cineole, 
and terpinen-4-ol, can control Sitophilus granarius 
(L.) (Kordali et  al., 2006). The aerial parts of A. 
lavandulaefolia and A. sieversiana showed contact 
toxicity against Sitophilus zeamais Motsch adults (Liu 
et al., 2010). Another study found that A. arborescens 
EO exhibited efficacy against the stored-grain pest 
Rhyzopertha dominica (Bouzenna & Krichen, 2013). 
The EO of A. rupestris aerial parts has an insecticidal 
effect against the booklice Liposcelis bostrychophila 
(Liu et al., 2013). The EO of A. camphorata was the 
most active in the screening bioassay against  Aedes 
aegypti  L. and presented LC50 and LC95 of 64.95 
and 74.18 μg/mL, respectively (Seixas et  al., 2023). 
In addition, few studies demonstrated the insecticidal 
activity of Artemisia species against the lepidopteran 
insects. The toxicity of A. annua L. crude leaf extract 
against Pieris rapae L. (Lepidoptera: Pieridae) was 
observed (Hasheminia et al., 2011).

Various studies have demonstrated that plant 
phenolic metabolites negatively affect insect feed-
ing behavior, growth, development, and reproduc-
tion, and they may have lethal effects on specific 
insects. Ferulic acid, the most abundant phenolic 
compound from A. camphorata ME decreased adult 
emergence, delayed the developmental period and 
reduced the nutritional indices of Spodoptera litura 
(Fabricius) larvae (Punia et  al., 2022). The various 
concentrations of purified phenolic compounds like 
chlorogenic acid affected the larval growth, survival, 
adult emergence, pupal weight, and different dietary 
indices of S. litura (Fab.) (Gautam et al., 2021). The 
lethal effect of chlorogenic acid on Mythimna sepa‑
rata (Walker) (Lepidoptera: Noctuidae) and that a 
sublethal concentration harmed larval growth and 
development (Lin et al., 2022).

The results indicated that larvae treatment with 
M. pulegium EO and A. camphorata ME elevated 
MFO, CarEs, and GST enzyme activities com-
pared with the control group. Plant extracts enter 

the tissues and organs of target insects and affect 
the activity of various detoxifying enzymes to cope 
with xenobiotic compounds. The lethal effects of 
secondary plant metabolites on insects are related 
to the induction or inhibition of detoxification 
enzymes (Gong et al., 2021). Shojaei et al., (2017) 
showed higher GST activity in Tribolium confusum 
adults treated with three different concentrations 
(160.0, 178.4, and 199.2 µL/L air) of A. dracun‑
culus EO. M. pulegium EO with LC50 value (7.939 
µL/ mL) increased the GST activity of T. castaneum 
but decreased the general esterase (Heydarzade 
et  al., 2019). Also, CarEs and MFO dramatically 
increased in T. castaneum larvae when exposed to 
A. vulgaris EO at 5% concentration (LC50) (Gao 
et  al., 2020). Moreover, after applying A. annua 
extract on Glyphodes pyloalis, the activity of detox-
ifying enzymes increased significantly after 48 h of 
treatment with LC10, LC30, and LC50 values, which 
were estimated at 12.82%, 20.6%, and 27.35%, 
respectively (Afraze & Sendi, 2021). In contrast, 
higher concentrations of A. maritima EO (8 and 6 
mg/L) in Callosobruchus maculatus showed signifi-
cant inhibition of the GST activity (7.14 and 5.61 
nmol/min/mL, respectively) (Chauhan et al., 2022).

The principal activities of insect hemocytes 
include coagulation, phagocytosis, encapsulation, 
detoxification, and the storage and distribution 
of nutritional substances. Knowledge of normal 
hemocytes of an insect is necessary to physiolo-
gists, toxicologists, and biochemists, as alterations 
in structure, types, and numbers of cells reflect 
changes in physiological and biochemical processes 
(Eldesouky et al., 2018; Ghoneim et al., 2015). The 
findings on hemocyte counts and surface areas were 
consistent with those made by Khamis et al., (2016), 
who found that hexane apricot kernel extract dra-
matically reduced the various hemocyte counts of 
the fourth-instar larvae of S. littoralis at LC25 and 
LC50 values after 72 h of exposure. Furthermore, 
the fourth-instar larvae of S. littoralis treated with 
LC10 of castor and camphor oils showed that both 
oils reduced all types of hemocytes except plasmat-
ocytes, which were reduced only by castor oil (Ali 
& Ibrahim, 2018). The hemocyte count in Galleria 
mellonella (Lepidoptera: Pyralidae) showed a statis-
tically significant decrease across all given doses of 
the A. annua extract when compared to the control 
groups (Öztürk & Kaya, 2024).
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Conclusions

The findings of the present study revealed that 
M. pulegium EO and A. camphorata ME toxic-
ity against S. littoralis could be associated with its 
content in bioactive molecules such as phenolic and 
flavonoid compounds, which elevated the activities 
of MFO, CarEs, and GST enzymes in the treated 
larvae. Furthermore, tested compounds significantly 
decreased the different hemocyte counts of S. litto‑
ralis but significantly increased the hemocyte sur-
face areas except for the insecticide novaluron the 
surface areas decreased. M. pulegium EO and A. 
camphorata ME may be recommended as an effi-
cient source of promising phytochemicals com-
pounds exhibiting high insecticidal activity for pest 
management.
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