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Abstract

Background Haemaphysalis doenitziis a parasite mainly found on the body surface of birds that is capable of trans-
mitting rickettsiae and borrelia, which can cause serious zoonotic diseases. Chemical acaricides are controversial
because they pollute the environment and predispose ticks to resistance. In contrast, plant essential oils (EOs) are
favored for their effective acaricide properties and environmental friendliness.

Methods The constituents of Origanum onites and Ocimum gratissimum EOs were profiled using gas chromatography-
mass spectrometry(GC-MS). Acaricidal activities were evaluated by immersing unfed nymphs and adults of H. doenitzi

in serial solutions for 5 min andmonitoring mortality after 24 h. Enzyme activities (Na*/K*-ATPase, GST, CarE, AChE) and tran-
script levels of HDABCE 1, HDCYP450aand HD-GSTa were quantified in homogenates of treated survivors. Homology models
of the three target proteins weregenerated and docked with carvacrol and eugenol to predict binding sites and affinities.

Results GC-MS analysis showed 93.3% of carvacrol in O. onites EO and 66.68% of eugenol in O. gratissimum EQ.
Immersion test showed that O. onites EO had significant acaricidal activity against nymphs and adults, with median
lethal concentration (LCy) values of 14.694 mg/ml and 24.357 mg/ml, respectively. Ocimum gratissimum EO showed
significant acaricidal activity against nymphs and adults, with LCq, values of 9379 mg/ml and 18.299 mg/ml, respec-
tively. Carvacrol also showed significant acaricidal activity against unfed nymphs and adults. Repellency tests showed
that O. onites EO had more significant repellent activity against nymphs than DEET, with median effective concentra-
tion (ECsy) values of 2.162 mg/ml and 7.039 mg/m|, respectively. To explore the molecular mechanisms of O. onites EO
and carvacrol on ticks, we investigated the enzyme activity and gene expression of ATP-binding cassette transporter,
cytochrome P450, and glutathione S-transferase. Finally, molecular docking was used to verify the enzyme effects.

Conclusions The results of this study provide important insight into the toxicity mechanisms of ticks, and indicate
that carvacrol and O. onites EO can be used as alternatives to chemically synthesized acaricides.
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Background

Ticks, the second most important blood-feeding arthro-
pod after mosquitoes, are involved in the transmission
of a wide range of pathogens that pose a serious threat
to human and animal health [1, 2]. Ticks also cause eco-
nomic losses of up to billions of dollars to the global meat
industry by parasitizing livestock such as free-range cat-
tle and sheep [3]. Haemaphysalis doenitzi is a tick species
in the Ixodidae family that can harm animals and humans
[4, 5].1t is widely distributed in Southeast Asia, includ-
ing southern and northern China, India, Laos, Malaysia,
Myanmar, the Philippines, Singapore, Sri Lanka, Thai-
land, and Vietnam [6]. It is widely distributed in vari-
ous towns on Chongming Island, China, where it infests
humans and predominantly parasitizes the body surfaces
of small mammals [7]. It has been found that H. doenitzi
is severely harmful to endangered wild birds [8, 9].

The ecological impact of ticks on the environment is
often underestimated. Many species are affected, with
wildlife such as birds, deer, and rabbits dying from blood-
sucking [10, 11]. Chemical control is widely used in pest
control because of its mature technology, large-scale
production, rapid results, and market competitiveness
[12]. However, ticks have gradually developed resist-
ance to chemical acaricides due to long-term exposure.
Therefore, the extraction and isolation of new active
ingredients from plants has become a key pathway for
the development of novel tick control agents [13, 14].
Oregano and basil belong to the Lamiaceae family and
are widely used edible herbs worldwide for their excel-
lent antioxidant and antimicrobial properties in food and
medicine [15, 16]. Phenolic compounds from oregano
also possess antioxidant and antiviral activity [17]. Ori-
ganum onites essential oil (EO) and its constituents have
been found to have significant toxic effects on Thaume-
topoea wilkinsoni larvae [18]. Origanum onites also has
a significant repellency to the lone star tick [19]. Previ-
ous studies have found that Ocimum gratissimum and the
main constituent, eugenol, have attraction and toxicity to
Apolygus lucorum [20]. Ocimum gratissimum EO has a
complex composition with synergistic effects between its
main constituents. Therefore, the development of a wide
range of plant EOs will not only be effective in controlling
tick-borne pests, but will also provide a scientific basis
for large-scale ecological conservation and contribute to
a wider discussion on environmental protection [21].

Plant EOs are excellent pesticides and are not only
effective in minimizing risks to livestock and human
health but also have significant economic value from a
crop production perspective [22, 23]. This study aimed
to investigate the chemical composition, insecticidal
potential, and repellency of EOs from the leaves of O.
onites and O. gratissimum, using H. doenitzi as a tick pest

Page 2 of 15

model. In addition, ATP-binding cassette (ABC) trans-
porter proteins and glutathione S-transferases (GST)
promote toxin excretion, cytochrome P450 (CYP450)
and carboxylesterases (CarE) oxidize and hydrolyze
insecticides, and acetylcholinesterase (AchE) regulates
neural signaling [24, 25]. These mechanisms fuel tick
resistance to chemical acaricides, and a deeper under-
standing of them is essential for developing new control
strategies. Molecular docking analysis of the major com-
pounds in these two EOs with these key enzymes was
also performed to reveal their binding modes. From an
environmental conservation perspective, these research
results provide strong support for the development of
green and environmentally friendly tick control methods
that can help reduce the use of chemical insecticides and
pollution, while maintaining the balance and diversity of
ecosystems.

Methods

Essential oils and tick rearing

The EOs were obtained from Ji'an Huaxin Natural Essen-
tial Oils Mall (https://jian016646.11467.com/). Origanum
onites and O. gratissimum EQOs are produced in south-
western China, and the EO is extracted from the leaves
by steam distillation. The fresh leaves are cleaned and
placed in a distillation pot and submerged in water. Heat-
ing produces vapors, and the mixture cools and flows
into the receiver, where the EOs are layered with mois-
ture. The oils are then separated with a dispensing fun-
nel, collected and stored in a dark glass bottle, and sealed
and kept from light and heat. This extraction method is
low-cost, simple, and easy to optimize. The equipment is
simple and does not require complex chemical treatment,
which reduces production costs. Optimizing the distilla-
tion temperature and time also improves extraction effi-
ciency and EO quality. Carvacrol (99%; batch number
C804847), a solid, was purchased from Shanghai MACK-
LIN Biochemical Technology Co., Ltd. (Shanghai, China).
DEET mosquito repellent (99.3%) was purchased from
Wuhan Weishi Bo Environmental Protection Technology
Co.

Adequate numbers of adult ticks were collected from
sheep in Cangxi County, Sichuan Province, and brought
back to the laboratory. Ticks were identified using a
Motic SMZ-140 series stereomicroscope (Xiamen,
China). Ticks were placed in cloth bags over rabbit ears
for blood-feeding, following the Animal Ethical Code
(approval number 2023LLSC040). Engorged female ticks
were kept in an incubator at 26+ 1 °C with a 6 h light/18 h
dark cycle and humidity above 80% to lay eggs. After
hatching, larvae were fed on rabbits for 3 to 5 days, then
incubated for 12-15 days to molt into nymphs. Nymphs
were fed again for 3—6 days, collected, and incubated for


https://jian016646.11467.com/

Zhang et al. Parasites & Vectors (2025) 18:401

13-17 days to molt into adults. These nymphs and adults
were used for experiments.

Determination of the EO composition by gas
chromatography-mass spectrometry (GC-MS)

GC-MS analysis was performed using an Agilent 5975 C
gas spectrometer with an Agilent HP-5 capillary column
(30 mx0.25 mmx0.25 pm film thickness). Helium was
used as the carrier gas at a flow rate of 1 ml/min. The split
ratio was 10:1, and the injection volume was 1.0 pl. The
injector temperature was 250 °C. The heating program
was as follows: 80 °C for 2 min, then 150 °C at 4 °C/min,
200 °C at 3 °C/min, and finally 260 °C at 10 °C/min for
15 min.

The mass spectrometry conditions included electron
ionization (EI) as the ionization mode, electron energy
of 70 eV, ion source temperature of 230 °C, interface
temperature of 260 °C, and quadrupole temperature of
150 °C. Tuning was standard, scanning was a full scan,
and the quality range was 50-550 amu. Origanum onites
EO was diluted to specific concentrations and analyzed
under the same experimental conditions, recording the
retention time of each peak. The major constituents of
the EOs were determined by comparing the mass spec-
tra and retention indices (RI) with data from the National
Institute of Standards and Technology (NIST) database
or data provided in the literature.

Nymph and adult immersion test

The acaricidal activity of EOs and carvacrol was assessed
by nymph and adult immersion tests [26, 27]. The two
EOs and carvacrol were tested at six concentration gra-
dients of 100, 50, 25, 12.5, 6.25, and 3.125 mg/ml. The
procedure was as follows: First, 10 unfed nymphs or 10
unfed adults were immersed in various concentrations of
O. onites EO or carvacrol solution for 5 min, then dried
on filter paper, and incubated for 24 h in an incubator. At
the end of the incubation, the number of tick deaths was
observed and counted using a stereoscopic microscope.
Mortality was subsequently calculated for unfed nymphs
and adults. Experiments were performed in triplicate for
each treatment. To configure 2% Tween 80 solvent, 2 ml
of Tween 80 and 98 ml of doubly distilled water (ddH,O)
were used; the treatment group was doubly diluted with
2% Tween 80. The control group was 2% Tween 80.

Nymph repellency tests

The repellency of O. onites EO and DEET was assessed by
nymph repellency tests [28, 29]. The DEET was tested at
five concentration gradients of 40, 20, 10, 5, and 2.5 mg/
cm? The O. onites EO was tested at five concentration
gradients of 10, 5, 2.5, 1.25, and 0.625 mg/cm? Whatman
no. 4 filter paper was cut into a 7xX4 cm rectangle, and
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a 1x4 cm horizontal line was drawn at each end; these
areas were the untreated area, and the center 5x4 cm
was the experimental area. Then, 165 ul 2% Tween 80 of
the plant EO solution was dropped on the experimental
area, allowing it to spread evenly, following by drying
for 3 min. Ten unfed ticks were placed in the untreated
area at the lower end of the filter paper. The position of
the tick was observed after 5 min. If the tick remained in
the untreated area or fell off without crossing the experi-
mental area, the drug was considered to have an avoid-
ance effect. The test was repeated three times. Repellency
(%) =number of repellent/totals X 100%.

Gene cloning

The ABC transporter detoxification gene from ticks was
cloned. This gene is a candidate for metabolic resist-
ance in ticks, and its expression levels indicate whether
reagents are involved in tick resistance detoxification
mechanisms. Primers for this gene were designed using
Primer 5.0 software (forward primer: 5'-ATGAGTTCA
CAGGACAAGCTAACG-3’; reverse primer: 5-TCA
ATCTTCAAGGAAAAAGAAGTTTC-3") and used for
polymerase chain reaction (PCR) amplification.

The median lethal concentration (LCs;) of O. onites EO
and carvacrol was used as treatment, and 2% Tween 80
was used as solvent control. DNA was extracted from
adult ticks that survived the 24 h immersion test. The
PCR reaction conditions were as follows: 94 °C for 5 min,
followed by 30 cycles of 94 °C for 30 s, 59.5 °C for 30 s,
and 72 °C for 1 min, with a final extension at 72 °C for
10 min. The PCR products were detected by 1% agarose
gel electrophoresis and sequenced. The sequence was
deposited in GenBank (National Center for Biotech-
nology Information [NCBI]) under accession number
XOD50192. The ABC transporter protein sequence was
aligned with homologous sequences in GenBank and
analyzed for physicochemical parameters, and a phyloge-
netic tree was constructed using the maximum likelihood
method and MEGA11 software.

RNA extraction and quantitative real-time PCR (qPCR)

In this experiment, 30 unfed adult ticks were treated with
LCy, concentrations of O. onites EO and carvacrol. After
24 h, surviving ticks were frozen in liquid nitrogen. RNA
was extracted using the TransZol Up Plus RNA kit, and
complementary DNA (cDNA) was synthesized from 4 pg
of RNA using the TransScript’" one-step genomic DNA
(gDNA) removal and cDNA synthesis kit. The cDNA was
then diluted 10-fold and stored at —20 °C.

Primers for the ABC transporter gene were designed
based on conserved regions. The GST gene (HD-GSTa)
and CYP450 gene (HD-CYP450a) from H. doenitzi were
cloned previously, and qPCR primers were designed
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based on these studies [5]. The primers were used to
amplify cDNA by PCR, and the products were visualized
on 1.5% agarose gel. After sequencing, the B-actin gene
was chosen as an internal control. qPCR was performed
using TranScript® Green qPCR SuperMix (TransGen
Biotech) with the following conditions: 45 °C for 5 min,
94 °C for 30 s, followed by 45 cycles of 94 °C for 5 s, 60 °C
for 15 s, and 72 °C for 10 s. The relative expression levels
of HDABCEI, HD-GS1a, and HD-CYP450a genes were
determined using the 2724¢* method (Table S1).

Enzyme assays

The virulence toxin response of H. doenitzi was studied
using ATPase and GST enzymes. Unfed adults (20 per
group) were treated with LC,, concentrations of O. onites
EO and carvacrol after 24 h, then immersed in liquid
nitrogen. Frozen ticks were placed in 1.5 ml pre-cooled
centrifuge tubes, and 300 ul of pre-cooled phosphate
bufter (PBS, pH 7.4, containing 1 mM phenylmethylsulfo-
nyl fluoride [PMSF]) was added, followed by homogeni-
zation with 2 mm-diameter stainless-steel beads at —4 °C
for 180 s at 30 Hz. After centrifugation at 10,000xg for
10 min at 4 °C, the supernatant was filtered and placed
on ice. Each group weighed 20 mg, and each treatment
was repeated three times; 2% Tween 80 was used as a
control. ATPase activity was measured using a Na*/K*-
ATPase enzyme activity assay kit (Solarbio, BC0065). The
enzyme activity was determined by measuring inorganic
phosphorus production, with one unit defined as the
amount of Na*/K*-ATPase that hydrolyzes ATP to pro-
duce 1 pM of inorganic phosphorus per gram of tissue
per hour. Absorbance values were measured at OD [opti-
cal density] 660 after 10 min, and the activity was calcu-
lated as follows: Na*/K*-ATPase (U/g prot)=7.5X(A
treated group — A control group) /(A standard group — A
blank group)/Sample massx Dilution ratio. GST activ-
ity was measured using a GST activity assay kit (Solar-
bio, BC0355). AchE activity of homogenates (20 pl)
was determined using an AchE assay kit (Solarbio, Bei-
jing, China, BC2025), and CarE activity of homogenates
(10 ul) was measured using a CarE assay kit (Solarbio,
Beijing, China, BC0845). GST, CarE, and AchE enzyme

Table 1 Four main chemical compositions of O. onites oil
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activity was calculated based on methods described in
previous studies [11].

Molecular docking

To study the interaction of carvacrol and eugenol with
ATP transporters (ATPase), GST, and CYP450, we used
the SWISS-MODEL website for protein homology mod-
eling and obtained the three-dimensional structure of
carvacrol and eugenol from the PubChem database.
Molecular docking simulations were performed using
AutoDockTools 1.5.7, and ligand—protein binding results
were presented using PyMOL software.

Statistical analyses

The data were analyzed using PoloPlus 1.0, IBM SPSS
Statistics 24.0, JMP 14, and GraphPad Prism 8.0.2 soft-
ware. Specific methods included analysis of variance
(ANOVA). In addition, the regression equations were
calculated in Excel. The level of significance was set at
P<0.05.

Results

EO constituents

The EO of O. onites was intensively analyzed for its chem-
ical composition by the GC-MS technique, and four
major compounds were identified along with their rela-
tive content (Table 1). The results showed that carvacrol
was significantly dominant among these compounds,
with relative content of 93.3%, and was the major com-
ponent in the EO. It was followed by limonene, with rela-
tive content of 4.26%. 2-(1,1-Dimethyl ethyl) had relative
content of 2.16%, whereas 5-methyl-2,4-diisopropylphe-
nol had the lowest content of 0.1%. For O. gratissimum
EO, GC-MS also showed relative percentages of six main
compounds (Table 2). Among them, eugenol ranked
first, with relative content of 66.68%. Caryophyllene was
the second-largest constituent, with relative content of
13.94%. 1,4,7-Cycloundecatriene,1,5,9,9-tetramethyl-
,Z,7,7 had relative content of 4.31%. The relative content
of naphthalene,1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-
methylethyl)-,(1S-cis) was 1.10%, and the relative content

EO Extract part No. RT (min) Constituent Rla Rib Area (%)
O. onites Dry leaf 1 5.19 Limonene 1050 1048 426

2 12.53 Carvacrol 1262 1262 933

3 19 Phenol,2-(1,1-dimethyl ethyl) 1554 1557 2.16

4 5858 5-Methyl-2,4-diisopropylphenol 1512 1510 0.1

Total 99.82

RT retention time, Rla retention index calculated by linear interpolation relative to retention times of a standard mixture of n-alkanes (C7-C40) using an HP-5MS
column, RIb retention index from literature. Area (%): percentage of the chemical compound
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of caryophyllene oxide was 1.14%. The relative content of
2-butenedioic acid(E)-,bis(2-ethylhexyl) ester was 4.50%.

Nymph and adult immersion test

The acaricidal activity of O. onites EO, O. gratissimum
EO, and carvacrol was characterized against H. doen-
itzi, both nymphs and adults (Table 3). The results
showed that O. omites EO had significant acaricidal
activity against H. doenitzi nymphs and adults, with
LC,, values of 14.694 mg/ml and 24.357 mg/ml, and

Table 2 Six main chemical compositions of O. gratissimum oil
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90% lethal concentration (LC,,) values of 51.668 mg/ml
and 57.052 mg/ml, respectively. Ocimum gratissimum
EO had significant acaricidal activity against H. doen-
itzi nymphs and adults, with LC;, values of 9.379 mg/ml
and 18.299 mg/ml, and LCy, values of 25.710 mg/ml and
47.164 mg/ml, respectively. Carvacrol showed signifi-
cant acaricidal activity against H. doenitzi nymphs and
adults with LCy, values of 16.509 mg/ml and 9.690 mg/
ml, and LCy, values of 51.540 mg/ml and 17.053 mg/ml,
respectively.

EO Extract part No. RT (min) Constituent Rla Rlb Area (%)
O. gratissimum Dry leaf 1 8.059 Eugenol 1388 1392 66.68

2 8.307 Caryophyllene 1453 1446 13.94

3 8.450 1,4,7,-Cycloundecatriene,1,5,9,9-tetramethyl-,2,2,Z 1527 1519 431

4 8.653 Naphthalene,1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1- 1523 1520 1.10

methylethyl)-,(15-cis)

5 8.998 Caryophyllene oxide 1498 1507 1.14

6 11.962 2-Butenedioic acid(E)-,bis(2-ethylhexyl) ester 2262 2224 450

Total 91.67

RT retention time, Rla retention index calculated by linear interpolation relative to retention times of a standard mixture of n-alkanes (C7-C40) using an HP-5MS
column, RIb retention index from literature. Area (%): percentage of the chemical compound

Table 3 Toxicity of essential oils from O. onites and O. gratissimum EOs against H. doenitzi nymphs and adults

Stage Treatment n df  Regressioneq.(Y=) LCs,(95% Cl) LCqp (95% CI) X Slope +SE

Unfed nymphs  O. onites 180 5  0.0091x+0.2391 14694 (11.550-18.556)  51.668° (37.460-84.386)  87.843 2.347+0.307
O. gratissimum 180 5 0.0078x+0.393 9.379° (7.457-11.535) 25.710° (19.723-38.654) 94.579 2926+0411
Carvacrol 180 5 0.0097x+0.1912 16.509% (12.943-21.099)  51.540P (37.257-85.512) 97.292 2.592+0.326

Unfed adults O. onites 180 5 0.0112x+0.0425 24357°(18669-32.611)  57.052°(40.778-104.481)  132.361  3.467+0.442
O. gratissimum 180 5 0.0101x+0.1566 18.299° (15.006-22.314)  47.164° (36.477-68.985) 110899  3.117+0.393
Carvacrol 180 5 0.0083x+0.3786 9.690° (8.228-11.289) 17.053" (14.244-22.605) 144689  2.592+0326

LC lethal concentration (mg/ml), Cl confidence interval, df degree of freedom. In each stage, the data followed by different letters of each column are significantly

different at P<0.05; x* =chi-square value; SE standard error
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Fig. 1 Mortality of O. onites EO against unfed nymph and adult H. doenitzi (columns with different letters are significantly different at P<0.05).
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The mortality of nymphs and adults gradually increased
with increasing concentrations of EOs and carvacrol
(Figs. 1, 2, 3). Origanum onites EO was less toxic to unfed
nymphs than to O. gratissimum EO (P<0.05; Table 3).
Origanum onites EO was less toxic than carvacrol to
unfed adults H. doenitzi (P <0.05).

Repellency toxicity

The median effective concentration (ECy;) values of O.
onites EO and DEET were 2.162 mg/cm? and 2.46 mg/
cm?, and 90% effective concentration (EC,,) values were
2.162 mg/cm? and 2.46 mg/cm? in the repellent tests

120
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wod 2 2 b

T
80 c
60

Mortality (%)

40 d
0 [ ]

T T T T T T
100 50 25 125 6.25 3.125

Concentration (mg/ml)
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with the unfed nymphs, respectively (Table 4). The above
EC;, and ECy, values were calculated as the repellency
rate of ticks 5 min after exposure. In the repellency test,
both DEET at 40 mg/cm? and O. onites EO at 10 mg/
cm? resulted in more than 80% repellency of nymph
ticks. The O. onites EO repellency effect was significantly
higher than DEET. The repellency of nymphs gradually
increased with increasing concentrations of O. onites EO
and DEET (Fig. 4).
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Fig. 2 Mortality of O. gratissimum EO against unfed nymph and adult H. doenitzi (columns with different letters are significantly different at P<0.05).
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Fig. 3 Mortality of carvacrol against unfed nymph and adult H. doenitzi (columns with different letters are significantly different at P<0.05).

Table 4 Repellent activity of essential oils from O. onites EO against unfed H. doenitzi nymphs

Stage Treatment n df Regression eq. (Y=) ECs, (95% CI) ECqq (95% ClI) X Slope +SE
Unfed nymphs O. onites 150 4 0.0592x+0.2972 2.162%(1.587-2.888) 20.928(11.934-56.600) 276.520 1.300+0.084
DEET 150 4 0.041x+0.45 7.039° (5.020-9.328) 73.405¢ (42.846-189.829) 236472 1.259+£0.084

EC effective concentration (mg/cm?), C/ confidence interval, df degrees of freedom. In each stage, the data followed by different letters of each column are significantly

different at P<0.05; x*>=Chi-square value
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Fig. 4 Repellency of O. onites EO against unfed nymph and adult H. doenitzi (columns with different letters are significantly different at < 0.05).
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Fig. 5 A The amino acid sequences of HDABCET in H. doenitzi; B the predicted tertiary structures of HDABCET; C phylogenetic tree of HDABCET
and their homologous ATP-binding cassette transporter protein subfamily E
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Gene cloning and sequence identification of HDABCE1

The successful clone of the ABC transporter gene was
named HDABCE]I. The ¢cDNA sequence of HDABCE]I
contains an open reading frame (ORF) of 1806 base
pairs, which may encode 601 amino acids and con-
tains Fe—S and AAA+ ATPase domains (Fig. 5A). The
sequence is stored in the NCBI database under acces-
sion number XOD50192.1. HDABCEI has a predicted
molecular weight of 67.59 kDa and an isoelectric point
of 8.28. No signal peptide was predicted in HDABCEI,
suggesting that it is a cytoplasmic ABC transporter
protein. The predicted tertiary structures were calcu-
lated using the SWISS-MODEL (Fig. 5B). Phylogenetic
analysis showed that HDABCEI clustered with ABC
subfamily E member 1 genes in different species, and
the results confirmed the high homology of family E in
ABC (Fig. 5C).

Expression profiles of HDABCE1, HD-GSTa, and HD-CYP450a
genes

The relative expression levels of three related detoxifi-
cation enzyme genes in ticks treated with O. onites EO
(LC50=24.357 mg/ml) and carvacrol (LC;;=9.690 mg/
ml) for 24 h were determined as follows (Fig. 6). The
results of PCR analysis showed a significant decrease
in the expression of the HDABCEI gene in O. onites
EO- and carvacrol-treated adults compared to the
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control treatment (2% Tween 80). The HD-GSTa gene
was highly expressed in O. onites EO- and carvacrol-
treated adults, with relative expression of 2.13 and
2.24-fold higher than that of the control. The inconsist-
ent expression levels of the HD-CYP450a gene in ticks
after treatment with O. onites EO and carvacrol may
be attributed to the complex composition of the EO,
which could involve antagonistic interactions among its
components.

Enzyme activity

The changes in Na'/K*-ATPase, GST, AchE, and CarE
activity were characterized after treatment of adults with
O. onites EO and carvacrol at LCy, (Fig. 7). The results
showed that O. omites EO and carvacrol significantly
inhibited ATPase activity (P<0.05). The O. onites EO
significantly inhibited the activity of GST (P<0.05), but
carvacrol had no significant effect on the activity of GST.
Origanum onites EO and carvacrol significantly inhibited
AchE activity (P <0.05). Origanum onites EO significantly
increased CarE activity (P<0.05), whereas carvacrol
had no significant effect on CarE activity. The differen-
tial effects of EO and carvacrol on GST and CarE activ-
ity may be influenced by other components in EO. The
results showed that O. onites EO could affect the normal
physiological and biochemical metabolism of ticks more
significantly than carvacrol, leading to changes in the
activity of different enzymes.

ABC transporter protein Glutathione S-transferase Cytochrome P450
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Fig. 6 Effects of O.onites EO and carvacrol on HDABCET (ABC transporter), HD-GSTa (glutathione S-transferase), and HD-CYP450a (cytochrome P450)
expression in unfed adult H. doenitzi (columns with different letters are significantly different at P<0.05).



Zhang et al. Parasites & Vectors (2025) 18:401 Page 9 of 15

The activity of ATPase The activity of GST
80 1.5
—_ a
2 1 a
2. 60— > T a
20 S 1.0+ =
= S b
A& 40- b 20 T
> T =
+<F c ; 0.5+
< 20- T &
+C€
7z
0 T | | 0.0 | I |
\@\ O ée\ &o\ O <&
S @ & S & &
0 Q
The activity of AchE The activity of CarE
500 200
a &
=7 T = 1504 b b
< by =
= 300 T b0 =
é é 100 -
E 200 =
< 100 ©
0 | 1 | 0 I 1 1
60\ O éo\ 6°\ O éo\
S @& Ay
o'o‘{\ C)‘) 5 W\ I

Fig. 7 Effects of O. onites EO and carvacrol on ATPase, GST, CarE, and AchE of unfed adult H. doenitzi (columns with different letters are significantly
different at P<0.05)

Molecular docking ATPase, CYP450, and GST were —3.65 kcal/mol,
The results of molecular docking experiments (Table 5)  —2.66 kcal/mol, and —2.45 kcal/mol, respectively. The
showed that the binding energies of carvacrol with binding energies of eugenol with ATPase, CYP450,
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Table 5 Affinity of carvacrol and eugenol docking with three
receptor protein molecules

Molecules Carvacrol affinity (kcal/mol) Eugenol
affinity (kcal/
mol)

ATPase —3.65 =215

CYP450 —2.66 -1.59

GST —245 -1.57

and GST were —2.15 kcal/mol, —1.59 kcal/mol, and
—1.57 kcal/mol, respectively. Carvacrol showed the
strongest binding affinity for ATPase, with the lowest
value of all interactions tested. This finding aligns with
the enzyme activity assays and qPCR results. The visu-
alization results in Fig. 8 show that carvacrol forms three
hydrogen bonds with Ser-90 of CYP450, which indicates
strong binding, while eugenol forms one hydrogen bond
with Ser-247 of ATPase and one hydrogen bond with
Arg-115 of GST, which also indicates stable binding. Due
to their molecular structures, carvacrol and eugenol can-
not form hydrogen bonds with tick ATPase and GST, nor
can eugenol form hydrogen bonds with tick CYP450.
However, both compounds occupy the active sites of

A) Carvacrol ATPase

B Carvacrol GST
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these enzymes through a combination of hydrogen bonds
and hydrophobic interactions, thereby exerting their
effects. Overall, the two compounds showed good bind-
ing ability to the three target proteins.

Discussion

Plant EOs, as a new type of tick repellent and acaricide,
can reduce environmental pollution and the problem of
tick resistance, but their field of application is still lim-
ited by challenges such as compositional variability, high
volatility, high dosage requirements, and environmental
instability, so in-depth studies are needed [30, 31]. This
study integrates EOs, key genes, and enzymatic indica-
tors, which provides a new perspective for elucidating
the overall detoxification mechanism of ticks to plant-
derived toxicants, and establishes the theoretical and tar-
get framework for the development of green acaricides
and delayed resistance.

Plant EOs have production potential and human health
benefits due to their biological activity and pharmaco-
logical effects, and have significant acaricidal activity
against ticks [32]. We examined the main constituents
of O. onites and O. gratissimum EQOs. The main compo-
nent of O. onites EO is carvacrol, constituting 93.3%. In

(C) Carvacrol- CYP450

Fig. 8 Selected complexes between molecules and EO components. A: Carvacrol-ATPase; B: Carvacrol-GST; C: Carvacrol-CYP450; D:

Eugenol-ATPase; E: Eugenol-GST; F: Eugenol-CYP450
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O. gratissimum EO, the primary constituents are euge-
nol (66.68%) and caryophyllene (13.94%). The EO of O.
gratissimum has a complex composition, but the main
component is eugenol, which can be mass-produced at
low cost by hydrodistillation [33]. This study evaluated
the acaricidal activity of O. omites EO, O. gratissimum
EO, and carvacrol against nymph and adult ticks. Pre-
vious studies have also shown that O. gratissimum EO
has significant acaricidal activity against Rhipicephalus
microplus [34]. The lethal effect of O. gratissimum EO on
unfed ticks was significantly better than that of O. onites
EO and carvacrol. The acaricidal activity of O. onites EO
against H. doenitzi is reported here for the first time. The
lethal effect of O. onites EO on unfed nymphs was sig-
nificantly better than that on adults. Curiously, the lethal
effect of carvacrol on unfed adults was significantly bet-
ter than that on the nymphs, probably due to physiologi-
cal differences between nymphs and adults.

In a previous study, O. onites, Origanum majorana, and
Origanum minutiflorum exhibited good acaricidal and
repellent effects against Rhipicephalus annulatus larvae,
killing 50% of tick larvae (LCs,) at doses of 22.99, 25.08,
and 27.06 pl/ml, respectively, with O. onites EO showing
the highest repellent effect [35]. Similarly, this experi-
ment confirmed that O. onites and DEET have equally
potent repellent activity. The ECy, values of O. onites EO
and DEET were 2.162 mg/cm? and 2.46 mg/cm?, respec-
tively. Although O. gratissimum is attractive to insects,
it is a complex oil with comparable acaricidal activity to
O. onites. In contrast, O. onites EO is superior in many
respects: lower cost, easier extraction of key components,
significant acaricidal activity, and repellency. Therefore,
O. onites EO is not only more valuable but also a more
efficient use of plant resources. Based on these advan-
tages, we carried out an in-depth study of O. onites EO.
Carvacrol has been shown to significantly interfere with
the olfactory perception process of insects and to have
a repellent effect [36]. The LC;, of carvacrol for unfed
adults was 9.690 mg/ml, which was higher than the LCy,
of O. onites EO for unfed adults of 16.509 mg/mL. This
may be due to the interaction between carvacrol and
other components in the EO, and there may be a mutual
inhibitory effect [37]. Carvacrol, as a natural insecti-
cide of plant origin, has antibacterial, antioxidant, anti-
inflammatory, and other biological activity [38, 39]. Its
acaricidal efficacy has been validated in a variety of stud-
ies, and it especially excels in tick control [40, 41]. There-
fore, the present study provides an in-depth investigation
of the mechanism of acaricidal activity of O. onites EO
and carvacrol against ticks.

In this paper, the LCj, values for O. onites EO and car-
vacrol were selected for study to provide insights into
the acaricidal activity of these two substances on adult
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H. doenitzi and their potential mechanisms. Concentra-
tion is a key factor in the use of EOs and their major com-
ponents for tick control, as high concentrations can be
harmful to non-target organisms [42, 43]. Understand-
ing the toxin mechanism when the LCg, is applied can
help to develop more economical and environmentally
friendly plant-based acaricides, while the LC;, serves as a
standardized index to ensure the comparability of results
from different studies and facilitates the integration and
analysis of scientific literature [44].

HDABCEI was identified in H. doenitzi and is part of
the ABC transporter superfamily. These proteins are
common in eukaryotes and use ATP energy to trans-
port substances across membranes against a concentra-
tion gradient [45]. ABCEs help regulate gene expression,
immune responses, and detoxification to keep cells sta-
ble [46]. They also reduce exposure to toxins, including
pesticides, playing a key role in cellular and organismal
toxicity [47]. The HDABCEI gene expression was higher
in O. onites EO than in controls but lower in carvacrol.
In O. onites EO-treated adults, increased Na*/Kt-ATPase
expression helps maintain the Nat and K* balance, which
is vital for physiological processes like action potentials
[48]. Carvacrol and O. onites EO decreased the expres-
sion of ABC transporter genes, matching earlier findings
[49]. The results of enzyme activity assays showed that
O. onites EO and carvacrol were able to inhibit ATPase
activity, which may interfere with the ionic homeostasis
of the cell, thus affecting the physiological function of the
cell and the stress response [50]. Cinnamon EO affects
energy metabolism by inhibiting adenosine triphosphate
(ATP) levels and ATPase activity [51]. In insects, silenc-
ing the ABCC2 gene resulted in increased larval mortal-
ity [52]. These findings suggest that inhibition of ATPase
activity is important in tick toxicology studies and can be
a potential target for the development of novel acaricides.

ABC transporters and GST collaborate in the detoxi-
fication process of arthropods. GST increases the water
solubility of exogenous compounds during phase II
metabolism, while ABC transporters expel these prod-
ucts from the cell in phase III [53]. GST is a common
enzyme in aerobic organisms, involved in detoxification,
intracellular transport, hormone synthesis, and anti-oxi-
dative stress [54]. It was found that the expression of HD-
GSTa gene was significantly increased after treatment
with the LC;, O. onites EO and carvacrol. Haemaphysalis
longicornis treated with LC;, cyhalothrin was also found
to have significantly increased expression of the HrG-
STml gene in the tick’s midgut, ovaries, salivary glands,
and Malpighian tubule [55]. Origanum onites EO was
found to significantly inhibit the GST enzyme activity of
H. doenitzi, while carvacrol had no significant effect on
the tick. The same trend was observed for GST enzyme
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activity in oregano EO-treated Agrotis ipsilon [56]. GST
is critical for tick resistance to acaricides, aiding in detox-
ification and reducing intracellular toxin accumulation,
and investigating its mechanisms can help improve the
efficiency of plant resource utilization in tick control.

In addition to GST and ABC transporters, CYP450 is
also key in tick detoxification [57]. CYP450, a phase I
detoxification enzyme, is the first line of defense against
O. onites EO. These enzymes make exogenous substances
more polar through oxidation and other reactions, which
aids in their excretion [58]. The expression of the HD-
CYP450a gene was significantly increased and decreased
after treatment with LC;, O. onites EO and carvacrol,
respectively. This may indicate that O. onites EO has a
complex composition and that there may be antagonism
between carvacrol and other components [59]. Previous
studies demonstrated insecticide-mediated upregula-
tion of the CYP450 gene in Tribolium castaneum [60].
CYP450 CYP9A14 and CYP6AEII transcripts were sig-
nificantly upregulated in Helicoverpa armigera following
different insecticide treatments [61]. CYP450 is impor-
tant in the acaricidal mechanism of plant EOs, and its
complex interactions with EO components provide new
ideas for tick control and prevention, helping to optimize
formulations and improve the efficiency of plant resource
use [62]. In addition, AchE activity was found to be sig-
nificantly inhibited after treatment with LC;, O. onites
EO and carvacrol. Carvacrol significantly inhibits AChE
activity, interferes with neurotransmission, and exerts
acaricidal effects in H. longicornis [63]. It was found that
CarE activity was significantly increased after O. onites
EO treatment, suggesting that CarE enhances detoxifi-
cation efficacy through enhanced drug metabolism [64].
These results suggest that O. onites EO and carvacrol may
regulate the detoxification mechanism of ticks by affect-
ing the activity of these key enzymes, thereby influencing
their tolerance to toxins.

The molecular docking results validated ABC trans-
porters, GST, and CYP450 as potential targets, and also
revealed subtle differences in the interactions between
the two monomers and the protein. Carvacrol mol-
ecules lack the nitrogen and oxygen heteroatoms nec-
essary for forming hydrogen bonds. Consequently,
they primarily rely on hydrophobic stacking and van
der Waals forces to maintain binding within the active
pockets of ABC transporters and GST [65]. These mol-
ecules are unable to form classical hydrogen bonds.
This is consistent with the observed phenomenon of
GST gene upregulation without changes in enzyme
activity, suggesting that transcriptional induction pre-
cedes functional compensation, and is also consistent
with reports in H. longicornis [63]. However, carvacrol

Page 12 of 15

has the lowest binding free energy (—3.65 kcal/mol) for
ABC transporters, indicating its strongest overall affin-
ity; at the same time, it can form three hydrogen bonds
with Ser-90 within the substrate channel of CYP450.
In comparison, although eugenol possesses hydroxyl
hydrogen bonding ability, because of its large molecular
size and insufficient hydrophobic surface area, its bind-
ing energy is higher than that of carvacrol on all three
proteins, indicating overall weaker affinity. These differ-
ences explain the high efficacy of carvacrol and provide
a basis for the design of targeted plant-based acaricides.
Carvacrol as an insecticide has been shown in several
studies to exert its effects by inhibiting AchE activity
and disrupting the integrity of cell membranes [66, 67].
In addition, carvacrol has been widely investigated for
use in food preservation, antimicrobial, antiparasitic,
and anti-inflammatory applications, demonstrating its
multifunctional application potential [68, 69]. These
results suggest that O. onites and O. gratissimum EOs
have great potential for practical application as plant-
derived pesticides for pest control. A limitation of this
study is that other components in EOs may also play a
role in the acaricidal effect; thus, their specific mecha-
nisms and contributions require further investigation.

Conclusions

In this study, O. onites EO, O. gratissimum EO, and
carvacrol showed high acaricidal activity against H.
doenitzi. Origanum onites EO and DEET showed high
repellent activity against ticks. ABC transporter, GST,
and CYP450 are involved in the toxin mechanism of
H. doenitzi. Molecular docking studies further verified
that carvacrol and eugenol regulate these three pro-
teins for tick control. These findings provide a frame-
work for elucidating the biochemical defense network
of the bloodsucking tick and inform the development of
pest management strategies focused on detoxification
and metabolism-related enzymes. Future studies could
explore the nano-encapsulation or microemulsion
of carvacrol for extended hold, reduced toxicity, and
semi-field validation in naturally tick-infested livestock.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-025-07031-3.

[ Supplementary material 1. }

Acknowledgments
Not applicable.

Author contributions
Songbo Zhang: Writing—original draft, Writing—review & editing, Visualiza-
tion, Validation, Supervision, Software, Resources, Project administration,


https://doi.org/10.1186/s13071-025-07031-3
https://doi.org/10.1186/s13071-025-07031-3

Zhang et al. Parasites & Vectors (2025) 18:401

Methodology, Investigation. Zhihua Gao: Formal analysis, Software, Inves-
tigation. Han Wang: Methodology, Software. Data Curation. Jingyao Gao:
Methodology. Feidi Guo: Visualization. Runying Wang: Supervision. Weijia Xing:
Software. Jianing Liu: Investigation. Xinyu Zhang: Data Curation. Xiaolong
Yang: Conceptualization, Funding acquisition, Project administration, Supervi-
sion, Writing—review & editing. All authors read and approved the final
manuscript.

Funding

This work was supported by the Natural Science Foundation of Hebei Province
(C2023205011), the Foundation of Hebei Normal University (L2023B56), and
the National Natural Science Foundation of China (31472050).

Data availability
Data supporting the main conclusions of this study are included in the
manuscript.

Declarations

Ethics approval and consent to participate
All applicable international, national, and institutional guidelines for the care
and use of animals were followed.

Competing interests
The authors declare no competing interests.

Consent for publication
Not applicable.

Author details

"Hebei Key Laboratory of Animal Physiology, Biochemistry and Molecular
Biology, Hebei Collaborative Innovation Center for Eco-Environment, Ministry
of Education Key Laboratory of Molecular and Cellular Biology, College of Life
Sciences, Hebei Normal University, Shijiazhuang 050024, China.

Received: 8 June 2025 Accepted: 27 August 2025
Published online: 08 October 2025

References

1. Wang J, Gao L, Aksoy S. Microbiota in disease-transmitting vec-
tors. Nat Rev Microbiol. 2023;21:604-18. https://doi.org/10.1038/
$41579-023-00901-6.

2. Steen CJ, Carbonaro PA, Schwartz RA. Arthropods in dermatology. J Am
Acad Dermatol. 2004;50:819-44. https://doi.org/10.1016/jjaad.2003.12.
019.

3. Angus BM.The history of the cattle tick Boophilus microplus in Australia
and achievements in its control. Int J Parasitol. 1996;26:1341-55. https://
doi.org/10.1016/50020-7519(96)00112-9.

4. Chitimia-Dobler L, Barboutis C, Bounas A, Kassara C, Mans BJ, Saratsis
A. Discovery of a novel mediterranean Haemaphysalis (Ornithophysalis)
doenitzi group tick species infesting Falco eleonorae on Antikythira Island,
Greece. Parasitology. 2024;151:933-45. https://doi.org/10.1017/5S0031
182024000866.

5. Zhang SB, Gao ZH, Wang YK, et al. The evaluation of cystatin protein vac-
cines based on the stress response of ticks triggered by low-temperature
and toxin stress in Haemaphysalis doenitzi. Pest Manag Sci. 2024;80:3957-
66. https://doi.org/10.1002/ps.8099.

6. Hoogstraal H, Wassef HY. The haemaphysalis ticks (Ixodoidea: Ixodidae)
of birds. 3. H. (Ornithophysalis) subgen. n.: definition, species, hosts, and
distribution in the Oriental, Palearctic, Malagasy, and Ethiopian faunal
regions. J Parasitol. 1973,;59:1099-117. https://doi.org/10.2307/3278650.

7. FeiS, ZhaoH,Yin J, et al. Molecular identification and genetic charac-
terization of public health threatening ticks - Chongming Island, China,
2021-2022. China CDC Wkly. 2023;5:815-21. https://doi.org/10.46234/
ccdcw2023.156.

8. SaitoY, Hoogstraal H, Wassef HY. The Haemaphysalis ticks (Ixodoidea:
Ixodidae) of birds. 4. H. (Ornithophysalis) phasiana sp. n. from Japan. J
Parasitol. 1974,60:198-208. https://doi.org/10.2307/3278700.

9.

20.

21

22

23.

24.

25.

26.

Page 13 of 15

Kim H, Chong S, Choi C, Nam H, Chae H, Klein T, et al. Tick surveillance,
including new records for three Haemaphysalis species (Acari: Ixodidae)
collected from migratory birds during 2009 on Hong Island (Hong-do),
Republic of Korea. Syst Appl Acarol. 2016;211:596-606. https://doi.org/10.
11158/5aa.21.54.

. Martin M, Cecilie D, Petter W, Morten T, Barbara Z. Patterns of cattle and

sheep losses related to large carnivores and other causes in the outfields
of Norway. Biol Conserv. 2025;305:111107. https://doi.org/10.1016/j.
biocon.2025.111107.

. Zhang S, Gao Z, Dong K, et al. Functional analysis of novel cystatins from

Haemaphysalis doenitzi and evaluation of their roles in cypermethrin
and A-cyhalothrin resistance. Pestic Biochem Physiol. 2024;204:106075.
https://doi.org/10.1016/j.pestbp.2024.106075.

. Zhang D, Xiao Y, Xu P, Yang X, Wu Q, Wu K. Insecticide resistance monitor-

ing for the invasive populations of fall armyworm, Spodoptera frugiperda
in China. J Integr Agric. 2021;20:783-91. https://doi.org/10.1016/52095-
3119(20)63392-5.

. Seo SM, Jung CS, Kang J, et al. Larvicidal and acetylcholinesterase inhibi-

tory activities of apiaceae plant essential oils and their constituents
against Aedes albopictus and formulation development. J Agric Food
Chem. 2015,63:9977-86. https://doi.org/10.1021/acs jafc.5b03586.

. Gao Z,Bai L, Xu X, et al. The contact toxicity and toxic mechanism of

essential oils from Pimenta racemosa and Eugenia caryophyllata against
Haemaphysalis longicornis (Acari: Ixodidae). Pestic Biochem Physiol.
2024;203:105992. https://doi.org/10.1016/j.pestbp.2024.105992.

. HaoY, Guo X, Yang R, et al. Unraveling the biosynthesis of carvacrol in

different tissues of Origanum vulgare. Int J Mol Sci. 2022;23:13231. https://
doi.org/10.3390/jms232113231.

. Rizzi L, Rafig M, Cabrol M, et al. Effect of intercropping apple trees with

basil (Ocimum basilicum) or French marigold (Tagetes patula) on the rosy
apple aphid regulation (Dysaphis plantaginea) and the abundance of its
natural enemies. Pest Manag Sci. 2025;81:1373-83. https://doi.org/10.
1002/ps.8538.

. Zhang XL, Guo YS, Wang CH, et al. Phenolic compounds from Origa-

num vulgare and their antioxidant and antiviral activities. Food Chem.
2014;152:300-6. https://doi.org/10.1016/j.foodchem.2013.11.153.

. Cetin H, Erler F, Yanikoglu A. A comparative evaluation of Origanum onites

essential oil and its four major components as larvicides against the pine
processionary moth, Thaumetopoea wilkinsoni Tams. Pest Manag Sci.
2007,63:830-3. https://doi.org/10.1002/ps.1401.

. Carroll JF, Demirci B, Kramer M, et al. Repellency of the Origanum onites

L. essential oil and constituents to the lone star tick and yellow fever
mosquito. Nat Prod Res. 2017;31:2192-7. https://doi.org/10.1080/14786
419.2017.1280485.

Lun X, Jin M, Chen Z, et al. Flowering Ocimum gratissimum intercropped
in tea plantations attracts and reduces Apolygus lucorum populations.
Pest Manag Sci. 2024;80:4841-52. https://doi.org/10.1002/ps.8120.
Karen M, Monica P. Oil and gas development and its effect on bird
diversity in the high plains of Colorado (2003-2018). Biol Conserv.
2021;263:109358. https://doi.org/10.1016/j.biocon.2021.109358.

Euijin Y, JooHeon C, Heelin K, Young H. Comparison of the toxicity and
potential ecological risks of various pesticides for nurses of honey bee
(Apis mellifera. L). Environ Chem Ecotoxicol. 2025;7:791-801. https://doi.
org/10.1016/j.enceco.2025.04.008.

Guo F, Zhao R, LiT,Wu S, Jiang S, Tian H, et al. Toxicity and oviposition-
deterrent effects of ten plant essential oils on Bactrocera dorsalis Hendel
adults. J Mt Agric Biol. 2020;39:63-6.

Abdullah S, Yadav CL, Vatsya S. Esterase profile of Rhipicephalus (Boo-
philus) microplus populations collected from Northern India exhibiting
varied susceptibility to deltamethrin. Exp Appl Acarol. 2012;58:315-25.
https://doi.org/10.1007/510493-012-9584-3.

Ruiz-May E, Alvarez-Sanchez ME, Aguilar-Tipacamu G, et al. Comparative
proteome analysis of the midgut of Rhipicephalus microplus (Acari: Ixodi-
dae) strains with contrasting resistance to ivermectin reveals the activa-
tion of proteins involved in the detoxification metabolism. J Proteomics.
2022;263:104618. https://doi.org/10.1016/jjprot.2022.104618.

Gonzaga BCF, de Moraes NR, Gomes GW, et al. Combination of syn-
thetic acaricides with (E)-cinnamaldehyde to control Rhipicephalus
microplus. Exp Appl Acarol. 2022;88:191-207. https://doi.org/10.1007/
$10493-022-00743-6.


https://doi.org/10.1038/s41579-023-00901-6
https://doi.org/10.1038/s41579-023-00901-6
https://doi.org/10.1016/j.jaad.2003.12.019
https://doi.org/10.1016/j.jaad.2003.12.019
https://doi.org/10.1016/s0020-7519(96)00112-9
https://doi.org/10.1016/s0020-7519(96)00112-9
https://doi.org/10.1017/S0031182024000866
https://doi.org/10.1017/S0031182024000866
https://doi.org/10.1002/ps.8099
https://doi.org/10.2307/3278650
https://doi.org/10.46234/ccdcw2023.156
https://doi.org/10.46234/ccdcw2023.156
https://doi.org/10.2307/3278700
https://doi.org/10.11158/saa.21.5.4
https://doi.org/10.11158/saa.21.5.4
https://doi.org/10.1016/j.biocon.2025.111107
https://doi.org/10.1016/j.biocon.2025.111107
https://doi.org/10.1016/j.pestbp.2024.106075
https://doi.org/10.1016/S2095-3119(20)63392-5
https://doi.org/10.1016/S2095-3119(20)63392-5
https://doi.org/10.1021/acs.jafc.5b03586
https://doi.org/10.1016/j.pestbp.2024.105992
https://doi.org/10.3390/ijms232113231
https://doi.org/10.3390/ijms232113231
https://doi.org/10.1002/ps.8538
https://doi.org/10.1002/ps.8538
https://doi.org/10.1016/j.foodchem.2013.11.153
https://doi.org/10.1002/ps.1401
https://doi.org/10.1080/14786419.2017.1280485
https://doi.org/10.1080/14786419.2017.1280485
https://doi.org/10.1002/ps.8120
https://doi.org/10.1016/j.biocon.2021.109358
https://doi.org/10.1016/j.enceco.2025.04.008
https://doi.org/10.1016/j.enceco.2025.04.008
https://doi.org/10.1007/s10493-012-9584-3
https://doi.org/10.1016/j.jprot.2022.104618
https://doi.org/10.1007/s10493-022-00743-6
https://doi.org/10.1007/s10493-022-00743-6

Zhang et al. Parasites & Vectors

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2025) 18:401

Maciel WG, Lopes WD, Cruz BC, et al. Ten years later: evaluation of the
effectiveness of 12.5% amitraz against a field population of Rhipicephalus
(Boophilus) microplus using field studies, artificial infestation (Stall tests)
and adult immersion tests. Vet Parasitol. 2015;214:233-41. https://doi.org/
10.1016/j.vetpar.2015.10.024.

Carroll JF, Cantrell CL, Klun JA, Kramer M. Repellency of two terpenoid
compounds isolated from Callicarpa americana (Lamiaceae) against
Ixodes scapularis and Amblyomma americanum ticks. Exp Appl Acarol.
2007;41:215-24. https://doi.org/10.1007/510493-007-9057-2.

Meng H, Li AY, Costa Junior LM, Castro-Arellano |, Liu J. Evaluation of
DEET and eight essential oils for repellency against nymphs of the lone
star tick, Amblyomma americanum (Acari: Ixodidae). Exp Appl Acarol.
2016;68:241-9. https://doi.org/10.1007/510493-015-9994-0.

QiaoY,Yu Z, Bai L, et al. Chemical composition of essential oils from
Thymus mongolicus, Cinnamomum verum, and Origanum vulgare and
their acaricidal effects on Haemaphysalis longicornis (Acari: Ixodidae).
Ecotoxicol Environ Saf. 2021,224:112672. https://doi.org/10.1016/j.ecoenv.
2021.112672.

Yeom HJ, Jung CS, Kang J, et al. Insecticidal and acetylcholine esterase
inhibition activity of Asteraceae plant essential oils and their constituents
against adults of the German cockroach (Blattella germanica). J Agric
Food Chem. 2015;63:2241-8. https://doi.org/10.1021/jf505927n.
Sharifi-Rad M, Berkay Yilmaz Y, Antika G, et al. Phytochemical constituents,
biological activities, and health-promoting effects of the genus Origa-
num. Phytother Res. 2021;35:95-121. https://doi.org/10.1002/ptr.6785.
Saran P, Damor H, Lal M, Sarkar R, Kalariya K, Suthar M. Identification of
suitable chemotype of Ocimum gratissimum L. for cost effective eugenol
production. Ind Crops Prod. 2023;191:0926-6690. https://doi.org/10.
1016/j.indcrop.2022.115890.

Silva Lima A, Milhomem MN, Santos Monteiro O, et al. Seasonal analysis
and acaricidal activity of the thymol-type essential oil of Ocimum
gratissimum and its major constituents against Rhipicephalus microplus
(Acari: Ixodidae). Parasitol Res. 2018;117:59-65. https://doi.org/10.1007/
500436-017-5662-0.

Aboelhadid SM, Abdel-Tawab H, Mahran HA, et al. Synergistic larvicidal
and repellent effects of essential oils of three Origanum species on Rhipi-
cephalus annulatus tick. Exp Appl Acarol. 2022;87:273-87. https://doi.org/
10.1007/510493-022-00737-4.

Liggri PGV, Tsitsanou KE, Stamati ECV, et al. The structure of AgamOBP5

in complex with the natural insect repellents Carvacrol and Thymol:
crystallographic, fluorescence and thermodynamic binding studies. Int J
Biol Macromol. 2023;237:124009. https://doi.org/10.1016/}.ijbiomac.2023.
124009.

Veljovic K, Tesevic V, Mitrovic H, Stankovic M. Essential oil of origanum
minutiflorum exhibits anti-inflammatory and antioxidative effects in
human bronchial cells and antimicrobial activity on lung pathogens.

J Herbal Med. 2023;39:100651. https://doi.org/10.1016/j.hermed.2023.
100651.

Somensi N, Rabelo TK, Guimaraes AG, et al. Carvacrol suppresses
LPS-induced pro-inflammatory activation in RAW 264.7 macrophages
through ERK1/2 and NF-kB pathway. Int Immunopharmacol.
2019;75:105743. https://doi.org/10.1016/j.intimp.2019.105743.

Maczka W, Twardawska M, Grabarczyk M, Wiriska K. Carvacrol-a

natural phenolic compound with antimicrobial properties. Antibiotics.
2023;12:824. https://doi.org/10.3390/antibiotics12050824.

Tabari MA, Youssefi MR, Maggi F, Benelli G. Toxic and repellent activity of
selected monoterpenoids (thymol, carvacrol and linalool) against the cas-
tor bean tick, Ixodes ricinus (Acari: Ixodidae). Vet Parasitol. 2017,245:86-91.
https://doi.org/10.1016/j.vetpar.2017.08.012.

Anjos OO, Gomes MN, Tavares CP, et al. Polymeric films of corn starch
enhance the lethal effects of thymol and carvacrol terpenes upon Rhipi-
cephalus microplus ticks. Vet Parasitol. 2024,327:110149. https://doi.org/
10.1016/j.vetpar.2024.110149.

Pazinato R, Volpato A, Baldissera MD, et al. In vitro effect of seven essential
oils on the reproduction of the cattle tick Rhipicephalus microplus. J Adv
Res. 2016;7:1029-34. https://doi.org/10.1016/jjare.2016.05.003.

Gao Z,Yu Z,QiaoY, et al. Chemical profiles and enzyme-targeting acari-
cidal properties of essential oils from Syzygium aromaticum, llex chinensis
and Citrus limon against Haemaphysalis longicornis (Acari: Ixodidae). Ind
Crops Prod. 2022;188:115697. https://doi.org/10.1016/j.indcrop.2022.
115697.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 14 of 15

Aboelhadid SM, Abdel-Baki AS, Ibrahium SM, et al. The efficacy of essen-
tial oil components with ivermectin against Rhipicephalus annulatus: an
in-vitro study. Vet Parasitol. 2024;332:110335. https://doi.org/10.1016/].
vetpar.2024.110335.

Rempel S, Stanek WK, Slotboom DJ. ECF-type ATP-binding cassette trans-
porters. Annu Rev Biochem. 2019;88:551-76. https://doi.org/10.1146/
annurev-biochem-013118-111705.

Lu H, Xu'Y, Cui F. Phylogenetic analysis of the ATP-binding cassette
transporter family in three mosquito species. Pestic Biochem Physiol.
2016;132:118-24. https://doi.org/10.1016/}.pestbp.2015.11.006.

Amezian D, Nauen R, Van Leeuwen T. The role of ATP-binding cassette
transporters in arthropod pesticide toxicity and resistance. Curr Opin
Insect Sci. 2024;63:101200. https://doi.org/10.1016/}.cois.2024.101200.
Nwanade CF,Wang M, Yu Z, Liu J. Biochemical and molecular mecha-
nisms involved in the response of Haemaphysalis longicornis (acari:
ixodidae) to Cinnamomum cassia essential oil and its major constituent. J
Pest Sci. 2024;97:99-111. https://doi.org/10.1007/510340-023-01602-y.
Yuan YH, Lin XN, Xu XM, Liu LX, Li XJ, Liu YG. Antifungal mechanism of
rose, mustard, and their blended essential oils against Cladosporium
allicinum isolated from Xinjiang naan and its storage application. J Appl
Microbiol. 2024;135:Ixae010. https://doi.org/10.1093/jambio/Ixae010.
Tomsuk O, Kuete V, Sivas H, Kirkcioglu M. Effects of essential oil of
Origanum onites and its major component carvacrol on the expression
of toxicity pathway genes in HepG2 cells. BMC Complement Med Ther.
2024;24:265. https://doi.org/10.1186/512906-024-04571-6.

Zhang Z, Zhao'Y, Chen X, et al. Effects of cinnamon essential oil on the
physiological metabolism of Salmonella enteritidis. Front Microbiol.
2022;13:1035894. https://doi.org/10.3389/fmicb.2022.1035894.

XiaoY, Liu K, Zhang D, et al. Resistance to Bacillus thuringiensis mediated
by an ABC transporter mutation increases susceptibility to toxins from
other bacteria in an invasive insect. PLoS Pathog. 2016;12:21005450.
https://doi.org/10.1371/journal.ppat.1005450.

Yao PH, Mobarak SH, Yang MF, Hu CX. Differential detoxification enzyme
profiles in C-corn strain and R-rice strain of Spodoptera frugiperda by com-
parative genomic analysis: insights into host adaptation. BMC Genomics.
2025;26:14. https://doi.org/10.1186/512864-024-11185-2.

Enayati AA, Ranson H, Hemingway J. Insect glutathione transferases and
insecticide resistance. Insect Mol Biol. 2005;14:3-8. https://doi.org/10.
1111/j.1365-2583.2004.00529.x.

Zhao M, Gao Z, Ji X, et al. The diverse functions of Mu-class Glutathione
S-transferase HrGSTm1 during the development of Hyalomma rufipes with
a focus on the detoxification metabolism of cyhalothrin. Parasit Vectors.
2024;17:1. https://doi.org/10.1186/513071-023-06084-6.

Ahmed FS, Helmy WS, Alfuhaid NA, Moustafa MAM. Target enzymes of
origanum majorana and rosmarinus officinalis essential oils in black cut-
worm (agrotis ipsilon). In vitro and in silico studies. Insects. 2024;15:483.
https://doi.org/10.3390/insects15070483.

Le Gall VL, Klafke GM, Torres TT. Detoxification mechanisms involved in
ivermectin resistance in the cattle tick, Rhipicephalus (Boophilus) micro-
plus. Sci Rep. 2018;8:12401. https://doi.org/10.1038/541598-018-30907-7.
Nauen R, Bass C, Feyereisen R, Vontas J. The role of cytochrome P450s

in insect toxicology and resistance. Annu Rev Entomol. 2022,67:105-24.
https://doi.org/10.1146/annurev-ento-070621-061328.

Ibrahim H, Nchiozem-Ngnitedem VA, Dandurand LM, Popova I. Naturally-
occurring nematicides of plant origin: two decades of novel chemistries.
Pest Manag Sci. 2025;81:540-71. https://doi.org/10.1002/ps.8504.

Liang X, Xiao D, He Y, Yao J, Zhu G, Zhu KY. Insecticide-mediated up-
regulation of cytochrome P450 genes in the red flour beetle (Tribolium
castaneum). Int J Mol Sci. 2015;16:2078-98. https://doi.org/10.3390/ijms 1
6012078.

Wu P, Huang Y, Zheng J, Zhang Y, Qiu L. Regulation of CncC in insecticide-
induced expression of cytochrome P450 CYP9A14 and CYP6AETT in
Helicoverpa armigera. Pestic Biochem Physiol. 2023;197:105707. https://
doi.org/10.1016/j.pestbp.2023.105707.

ZhaoY,Wu Z,LiJ, QiY, Zhang X, Shen C.The key role of cytochrome
P450s in the biosynthesis of plant derived natural products. Plant Physiol
Biochem. 2025;222:109695. https://doi.org/10.1016/j.plaphy.2025.109695.
Lee NH, Lee S, Chung N, Lee HS. Haemaphysalis longicornis and carvacrol
as acaricide: efficacy and mechanism of action. Molecules. 2025;30:1518.
https://doi.org/10.3390/molecules30071518.


https://doi.org/10.1016/j.vetpar.2015.10.024
https://doi.org/10.1016/j.vetpar.2015.10.024
https://doi.org/10.1007/s10493-007-9057-2
https://doi.org/10.1007/s10493-015-9994-0
https://doi.org/10.1016/j.ecoenv.2021.112672
https://doi.org/10.1016/j.ecoenv.2021.112672
https://doi.org/10.1021/jf505927n
https://doi.org/10.1002/ptr.6785
https://doi.org/10.1016/j.indcrop.2022.115890
https://doi.org/10.1016/j.indcrop.2022.115890
https://doi.org/10.1007/s00436-017-5662-0
https://doi.org/10.1007/s00436-017-5662-0
https://doi.org/10.1007/s10493-022-00737-4
https://doi.org/10.1007/s10493-022-00737-4
https://doi.org/10.1016/j.ijbiomac.2023.124009
https://doi.org/10.1016/j.ijbiomac.2023.124009
https://doi.org/10.1016/j.hermed.2023.100651
https://doi.org/10.1016/j.hermed.2023.100651
https://doi.org/10.1016/j.intimp.2019.105743
https://doi.org/10.3390/antibiotics12050824
https://doi.org/10.1016/j.vetpar.2017.08.012
https://doi.org/10.1016/j.vetpar.2024.110149
https://doi.org/10.1016/j.vetpar.2024.110149
https://doi.org/10.1016/j.jare.2016.05.003
https://doi.org/10.1016/j.indcrop.2022.115697
https://doi.org/10.1016/j.indcrop.2022.115697
https://doi.org/10.1016/j.vetpar.2024.110335
https://doi.org/10.1016/j.vetpar.2024.110335
https://doi.org/10.1146/annurev-biochem-013118-111705
https://doi.org/10.1146/annurev-biochem-013118-111705
https://doi.org/10.1016/j.pestbp.2015.11.006
https://doi.org/10.1016/j.cois.2024.101200
https://doi.org/10.1007/s10340-023-01602-y
https://doi.org/10.1093/jambio/lxae010
https://doi.org/10.1186/s12906-024-04571-6
https://doi.org/10.3389/fmicb.2022.1035894
https://doi.org/10.1371/journal.ppat.1005450
https://doi.org/10.1186/s12864-024-11185-2
https://doi.org/10.1111/j.1365-2583.2004.00529.x
https://doi.org/10.1111/j.1365-2583.2004.00529.x
https://doi.org/10.1186/s13071-023-06084-6
https://doi.org/10.3390/insects15070483
https://doi.org/10.1038/s41598-018-30907-7
https://doi.org/10.1146/annurev-ento-070621-061328
https://doi.org/10.1002/ps.8504
https://doi.org/10.3390/ijms16012078
https://doi.org/10.3390/ijms16012078
https://doi.org/10.1016/j.pestbp.2023.105707
https://doi.org/10.1016/j.pestbp.2023.105707
https://doi.org/10.1016/j.plaphy.2025.109695
https://doi.org/10.3390/molecules30071518

Zhang et al. Parasites & Vectors (2025) 18:401 Page 15 of 15

64. Feng X, Li M, Liu N. Carboxylesterase genes in pyrethroid resistant house
flies, Musca domestica Insect. Biochem Mol Biol. 2018;92:30-9. https://
doi.org/10.1016/j.ibmb.2017.11.007.

65. Niu X, LiuY, Zhao R, et al. Mechanisms for translating chiral enantiomers
separation research into macroscopic visualization. Adv Colloid Interface
Sci. 2025;335:103342. https://doi.org/10.1016/j.cis.2024.103342.

66. Pastor J, Garcia M, Steinbauer S, et al. Combinations of ascaridole, carvac-
rol, and caryophyllene oxide against Leishmania. Acta Trop. 2015;145:31—
8. https://doi.org/10.1016/j.actatropica.2015.02.002.

67. Tong F, Gross AD, Dolan MC, Coats JR. The phenolic monoterpenoid
carvacrol inhibits the binding of nicotine to the housefly nicotinic ace-
tylcholine receptor. Pest Manag Sci. 2013;69:775-80. https://doi.org/10.
1002/ps.3443.

68. Rice PJ, Coats JR. Insecticidal properties of several monoterpenoids to the
house fly (Diptera: Muscidae), red flour beetle (Coleoptera: Tenebrioni-
dae), and southern corn rootworm (Coleoptera: Chrysomelidae). J Econ
Entomol. 1994,87:1172-9. https://doi.org/10.1093/jee/87.5.1172.

69. Baser KH. Biological and pharmacological activities of carvacrol and
carvacrol bearing essential oils. Curr Pharm Des. 2008;14:3106-19. https://
doi.org/10.2174/138161208786404227.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.ibmb.2017.11.007
https://doi.org/10.1016/j.ibmb.2017.11.007
https://doi.org/10.1016/j.cis.2024.103342
https://doi.org/10.1016/j.actatropica.2015.02.002
https://doi.org/10.1002/ps.3443
https://doi.org/10.1002/ps.3443
https://doi.org/10.1093/jee/87.5.1172
https://doi.org/10.2174/138161208786404227
https://doi.org/10.2174/138161208786404227

	Acaricidal bioactivity and molecular target analysis of Origanum onites and Ocimum gratissimum essential oils against Haemaphysalis doenitzi ticks
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Essential oils and tick rearing
	Determination of the EO composition by gas chromatography–mass spectrometry (GC–MS)
	Nymph and adult immersion test
	Nymph repellency tests
	Gene cloning
	RNA extraction and quantitative real-time PCR (qPCR)
	Enzyme assays
	Molecular docking
	Statistical analyses

	Results
	EO constituents
	Nymph and adult immersion test
	Repellency toxicity
	Gene cloning and sequence identification of HDABCE1
	Expression profiles of HDABCE1, HD-GSTa, and HD-CYP450a genes
	Enzyme activity
	Molecular docking

	Discussion
	Conclusions
	Acknowledgments
	References


