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Abstract – In this study, we aimed to develop a comprehensive methodology for identifying amino acid polymor-
phisms in acetylcholinesterase transcript 2 (AChE2) in acaricide-resistant Rhipicephalus microplus ticks. This included
assessing AChE2 expression levels through qPCR and conducting 3D modeling to evaluate the interaction between
acaricides and AChE2 using docking techniques. The study produced significant results, demonstrating that acaricide-
resistant R. microplus ticks exhibit significantly higher levels of AChE expression than susceptible reference ticks.
In terms of amino acid sequence, we identified 9 radical amino acid substitutions in AChE2 from acaricide-resistant
ticks, when compared to the gene sequence of the susceptible reference strain. To further understand the implications
of these substitutions, we utilized 3D acaricide-AChE2 docking modeling to examine the interaction between the
acaricide and the AChE2 catalytic site. Our models suggest that these amino acid polymorphisms alter the configura-
tion of the binding pocket, thereby contributing to differences in acaricide interactions and ultimately providing
insights into the acaricide-resistance phenomenon in R. microplus.
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Résumé – Relations entre la résistance aux acaricides et les polymorphismes du gène de l’acétylcholinestérase
chez la tique du bétail Rhipicephalus microplus. Notre étude vise à développer une méthodologie complète pour
identifier les polymorphismes d’acides aminés dans le transcrit 2 de l’acétylcholinestérase (AChE2) chez les tiques
Rhipicephalus microplus résistantes aux acaricides. Cela comprend l’évaluation des niveaux d’expression d’AChE2
via qPCR et la réalisation d’une modélisation 3D pour évaluer l’interaction entre les acaricides et l’AChE2 à l’aide
de techniques d’amarrage moléculaire. L’étude a produit des résultats significatifs, démontrant que les tiques
R. microplus résistantes aux acaricides présentent des niveaux d’expression d’AChE significativement plus élevés
que les tiques sensibles de référence. En termes de séquence d’acides aminés, nous avons identifié 9 substitutions
d’acides aminés dans AChE2 provenant de tiques résistantes aux acaricides par rapport à la séquence génétique de
la souche sensible de référence. Pour mieux comprendre les implications de ces substitutions, nous avons utilisé la
modélisation de l’amarrage acaricide-AChE2 pour examiner l’interaction entre l’acaricide et le site catalytique
AChE2. Nos modèles suggèrent que ces polymorphismes d’acides aminés modifient la configuration de la poche de
liaison, contribuant ainsi aux différences dans les interactions acaricides et fournissant finalement un aperçu du
phénomène de résistance aux acaricides chez R. microplus.

Introduction

Acaricide resistance in the cattle tick Rhipicephalus
microplus (Canestrini, 1887) (Acari: Ixodidae) presents a
persistent and costly challenge in bovine exploitations situated
in tropical and subtropical regions [13]. Controlling cattle ticks

often involves the extensive use of pesticides, leading to
concerns such as environmental and food contamination, as well
as the emergence of pesticide resistance [8]. The development of
pesticide resistance in arthropods is a complex phenomenon
influenced by various factors, including behavioral, biochemi-
cal, and metabolic defensive mechanisms aimed at mitigating
the impact of pesticides on the target organisms [2–5]. Success-
ful control of cattle ticks hinges on timely diagnosis and the
selection of the most efficacious acaricide [8].
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Previous research has established a connection between
pesticide resistance and the activity of xenobiotic-metabolizing
enzymes (XMEs) [2, 5, 6]. These enzymes can be found in
various metazoan organisms, where they serve as an enzymatic
defense mechanism against the potentially toxic effects of
natural xenobiotic compounds [26]. Arthropods, in particular,
possess an efficient assortment of XMEs, including cytochrome
P450 (CYP), carboxylesterases (CE) [26], and other XMEs that
facilitate the conversion of exogenous chemicals into hydrophi-
lic derivatives [26].

Acetylcholinesterase (AChE) is closely related to
carboxylesterases, which are XMEs [16]. AChE is present in a
large range of organisms, including arthropods, where it regu-
lates levels of acetylcholine in muscular tissues [6]. The active
site of AChE can be phosphorylated by organophosphorus
pesticides (OPs), such as the acaricide diazinon [21], leading
to the inactivation of AChE as a desired toxic effect in arthro-
pods [34]. In some cases, arthropods develop a form of pesticide
resistance involving a mutated version of AChE that can resist
phosphorylation at the active site by OP pesticides. This resis-
tance mechanism has been observed in Musca domestica
(Diptera: Muscidae) [20], Culex pipiens (Diptera: Culicidae)
[33], Anopheles albimanus (Diptera: Culicidae) [12], and
Drosophila melanogaster (Diptera: Drosophilidae) [4]. A
different category of acaricide-resistant enzymes known as
cholinesterases and carboxylesterases (CEs) are involved in
sequestering OP pesticides, and increasing the expression of
acetylcholinesterase (AChE) [2, 12, 13]. These closely related
enzymes likely contribute to enhanced detoxification through
ester hydrolyzing activity, as evidenced by their increased
expression [13–15, 18, 19]. Additionally, both enzymes share
an affinity for various synthetic substrates [24]. In cattle ticks,
at least three AChE transcripts have been identified: BmAChE1
[3], BmAChE2 [16], and BmAChE3 [31]. Notably, increased
transcript expression of BmAChE2 has been observed in field-
isolated OP acaricide-resistant ticks from Mexico [11] and
Brazil [5], which suggests a potential role in acaricide resistance.

The objective of this study was to establish a methodology
for assessing the expression levels of XMEs in acaricide-
resistant R. microplus ticks, recognizing the significance of
XMEs in acaricide resistance.

Materials and methods

Ethics

The study was conducted according to the guidelines of the
Declaration of Helsinki and supervised by the Experimental
Animals Handling Ethics Committee of the Instituto Nacional
de Investigaciones Forestales Agricolas y Pecuarias. The study
design and experimental protocols were performed according to
Mexican standard NOM-062 ZOO-1999 for animal care and
use, and the technical specifications for the production, care
and use of laboratory animals used can be found at https://
fmvz.unam.mx/fmvz/principal/archivos/062ZOO.PDF.

Ticks

For baseline levels of cholinesterase and carboxylesterase
gene expression, an acaricide-susceptible reference strain

(SUS) that has been maintained without exposure to any
acaricides since 2008 was utilized. In addition, a multiple resis-
tance reference strain that has been cultured for multiple gener-
ations has served as the resistance reference in bioassays
conducted as part of the Mexican Federal Government’s acari-
cide resistance monitoring program [25]. The field isolates of
cattle ticks were collected from cattle ranches located in the
southeastern Mexican state of Tabasco as part of the compul-
sory inspection of cattle for the acaricide resistance monitoring
program. All tick specimens were subsequently maintained at
the Department of Ectoparasites and Diptera of the National
Service for Agro-Alimentary Public Health, Safety and Quality
(SENASICA) under the supervision of the Secretariat of
Agriculture and Rural Development (SADER) in Mexico.
The susceptible and acaricide-resistant reference strains, as well
as the tick field isolates utilized in this study, were obtained by
infesting cattle with 2 � 104 10–15-day-old larvae. Engorged
females were collected 21 days after infestation and placed in
Petri dishes, with each strain represented by groups of ten ticks,
for subsequent oviposition. The Petri dishes were then incu-
bated at a temperature of 28 �C and 80% relative humidity until
complete oviposition, following established protocols [7]. The
tick egg masses were subsequently collected, weighed, and
divided into 200 mg vials. These vials were kept at a tempera-
ture of 28 �C and 80% relative humidity until eclosion.
Meanwhile, the 10-day-old larvae were frozen at �80 �C and
stored for future use.

Larval package test bioassay

The toxicological profiles of the reference strains and
isolates were assessed for their resistance to organophosphate
acaricides using bioassays at the Laboratory of the Ectoparasites
and Dipteran Department of the National Animal Health
Verification Services Center (SENASICA-SADER) [30]. The
larval test employed in this study involved exposing tick larvae
to filter papers impregnated with acaricides at predetermined
concentrations capable of causing 99% mortality in susceptible
tick populations (LD99) after 24 hr [25]. Four replicates were
used for each reference tick strain and isolate tested, with tri-
chloroethylene-diluted acaricides administered at the following
concentrations: chlorpyrifos 0.2%, coumaphos 0.2%, and diazi-
non 0.08%. To impregnate the filter papers, a 63 cm2 piece of
Whatman 1 filter paper was treated with one milliliter of each
acaricide dilution. Once the trichloroethylene evaporated, the
treated filter papers were sealed on three sides with clips, and
one hundred 10-day-old larvae were introduced through the
open side, which was then sealed with another clip. After incu-
bating for 24 hr at 28 �C and 92% relative humidity, live and
dead larvae were counted [25]. The mortality rate for each tick
group under each acaricide concentration was recorded as data,
as shown in Table 1.

Relative quantification of cholinesterase
expression

Each sample of R. microplus ticks was frozen at �80 �C
and subsequently finely ground using a ceramic mortar. Total
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RNA was isolated using an RNAqueous�-4PCR Kit (Ambion,
Austin, TX, USA), following the manufacturer’s instructions.
The isolated RNA was then transcribed into cDNA using
random decamer primers according to the instructions of a
High-capacity cDNA Reverse Transcription Kit, a commer-
cially available kit from Applied Biosystems.

TaqMan� probes for acetylcholinesterase transcript 2
(AChE2) were synthesized, and real-time PCR was conducted
following the methods outlined in [9, 11]. Real-time PCR
was performed with a fluorogenic 5’ nuclease assay (TaqMan�

system) on an ABI Prism 7300 Sequence Detector (Applied
Biosystems, Foster City, CA, USA). The gene-specific
PCR primers for AChE2 and the TaqMan� probe labeled with
6-carboxyfluorescein (FAM)/MGB were as follows: AChE2For
50-GGCACTGAAATGGATCCAGGAA-30, AChE2Rev 50-CG
TGACTTCACCAGGGTTACC-30, and the AChE2 TaqMan�

probe 50-CCAAATGCAGCAATGTT-30. The R. microplus
eukaryotic endogenous control, 18S rRNA (VIC�/MGB�;
Applied Biosystems), was used as previously reported [9, 11].
The TaqMan� probes were designed using the reported DNA
sequences for BmAChE2 (GenBank accessions AJ278345.1,
AJ278344.1, AJ278343.1, AJ278342.1, OR378375.1, and
OR378376.1). Real-time PCR analysis was conducted twice
in independent experiments, each with four replicates.

The AChE2 gene expression of each strain and field isolate
was measured using 7300 SDS Software v1.2.2 (Applied
Biosystems). The expression levels of CYP, CE, and AChE2
in the different samples were quantified using theDDCtmethod,
with 18S ribosomal RNA expression levels serving as the inter-
nal control for normalization. The susceptible strain was consid-
ered to have a baseline level of AChE2 expression and was
assigned a relative value of 1 expression unit (1 REU), following
the instructions provided in the ABI Prism 7300 Sequence
Detector real-time thermal cycler manufacturer’s manual
(Applied Biosystems) available at https://assets.thermofisher.
com/TFS-Assets/LSG/manuals/cms_042380.pdf.

Statistical analysis

The means of the relative AChE2 gene expression in REU
were statistically analyzed using an unpaired Student’s t-test
conducted with GraphPad Software (GraphPad Software, Inc.,
La Jolla, CA, USA), which is available online at https://www.
graphpad.com/quickcalcs/ttest1.cfm.

Rhipicephalus microplus acetylcholinesterase
amino acid sequences

All sequences analyzed in this study were obtained from the
NCBI and originated from diverse sources and geographical
locations. The AChE2 amino acid sequences derived from the
ticks used in the toxicological bioassay were previously submit-
ted to GenBank with the following identifiers: susceptible for
AAC18857.1, isolate C1 for OR378375.1, and isolate C2 for
OR378376.1.

Phylogenetic analysis of acetylcholinesterase 2

The amino acid sequences KT215342.1, CAB93509.1,
OR378375.1, OR378376.1, and AAC18857.1 were retrieved
from the GenBank database (www.ncbi.nlm.nih.gov) for phylo-
genetic analysis. The Clustal Omega algorithm was employed
for sequence alignment, and the analysis was conducted online
at https://www.ebi.ac.uk/Tools/msa/clustalo/ [23].

Acetylcholinesterase 3D modeling

The UniProt amino acid sequences Q9NFK3,
A0A0M4JB02, and O61864, along with their respective Alpha-
fold 3D models in PDB files, were downloaded from https://
www.uniprot.org [32] and https://alphafold.com [17]. For
proteins without available 3D models, the corresponding Fasta
amino acid sequences were submitted to https://robetta.
bakerlab.org [1]. The complementary GenBank amino acid
sequences KT215342.1, CAB93509.1, OR378375.1,
OR378376.1, and AAC18857.1 were obtained from www.
ncbi.nlm.nih.gov for phylogenetic analysis and construction of
the unavailable 3D models. A 3D model of the oxidized acari-
cide ligand diazoxon was downloaded from https://pubchem.
ncbi.nlm.nih.gov. Protein 3D modeling was performed using
the Mol* online algorithm [29] available at https://molstar.org.
Ligand docking, identification of the ligand-binding site, and
3D modeling of the ligand-binding site were performed using
the CB-Dock online algorithm [22] at http://clab.labshare.cn/
cb-dock/php/index.php.

Results

Acaricide bioassays

The mortality rate of tick larvae exposed to standard concen-
trations of the acaricides chlorpyrifos, coumaphos, and diazinon
was determined to be 100% compared to that of the susceptible
reference tick strain. As expected, the resistant reference strain
displayed complete resistance with 0% mortality when exposed
to all the chemical formulations. Isolates C1 and C2 demon-
strated 0%mortality from the acaricide diazinon, although isolate
C1 only exhibited partial resistance against chlorpyrifos. How-
ever, both isolates exhibited 100% mortality when exposed to
coumaphos. Additional details and data can be found in Table 1.

Acetylcholinesterase 2 expression

The difference in AChE2 expression between the means of
each isolate and resistant strain of ticks and the susceptible

Table 1. Acaricide bioassay data of different tick field isolates.
Larvae from different strains and isolates were bioassayed by a larval
package test under standard concentrations of the acaricides diazinon
coumaphos and chlorpyrifos. The data are presented as the mortality
rate (%) under a standard acaricide concentration.

Organophosphate

Tick sample Chlorpyrifos Coumaphos Diazinon

Susceptible 100 100 100
Resistant 0 0 0
Isolate C1 62.93 100 0
Isolate C2 42.1 100 0
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strain was statistically significant, which was considered the
baseline expression level of 1 REU. Isolates C1 and C2 exhib-
ited significant overexpression levels of AChE2, ranging from
8.52 (t = 10.875, df = 6) for isolate C1 to 79.59 (t = 10.477,
df = 6) for isolate C2. The AChE2 expression level in the resis-
tant reference strain was determined to be 13.07 REU
(t = 10.875, df = 6). Additional details and data can be found
in Table 2.

Phylogenetic analysis of acetylcholinesterase 2

The Clustal Omega multiple sequence alignment algorithm
was utilized to construct a phylogenetic tree using the
Neighbor-joining method without distance corrections. The
resulting phylogeny revealed distinct regions in which AChE2
sequences are sorted, notably, that the susceptible strain, as well
as isolates C1 and C2 from Mexico, formed a distinct clade.
Additionally, orthologous AChE2 sequences obtained from
ticks in Australia and India were observed to cluster separately
in their own distinctive clades. For a visual representation, refer
to Figure 1.

3D modeling and AChE2-acaricide docking

The docking 3D model of AChE2 sequences revealed sig-
nificant differences at the ligand-binding site when the metabol-
ically oxidized form of diazinon, known as diazoxon, was used
to model amino acid level interactions with the acaricide via the
CB-Dock algorithm (Table 3 and Fig. 2). In the case of suscep-
tible AChE2, diazoxon interacted with the ligand-binding site
through hydrogen bonds with amino acids D478 and G477,
which are located near H476, an essential component of the
AChE2 catalytic triad. On the other hand, Isolate C1 AChE2
interacted with amino acids L480 and H476, and Isolate C2
AChE2 uniquely interacted with diazoxon directly via an ionic
bond with amino acid H476. Additionally, the acaricide inter-
acted via hydrogen bonds with R110 and N359. These findings
indicate that all three analyzed AChE2 polymorphisms include
a distinct set of amino acids that interact with the acaricide at
the ligand-binding site.

Discussion

Pesticide resistance in arthropods is often determined by a
genetic mechanism that may involve the collaboration of one

or more genes to achieve resistance. The phenotypes resulting
from these genes could include changes in the pesticide target
site [6] or an increase in enzymatic detoxification [28]. To
investigate this further, our study focused on analyzing the
AChE2 amino acid sequences and expression levels in different
tick isolates with varying resistance levels. The results of our
study revealed variations in both the amino acid sequences
and expression patterns of AChE2 between reference strains
and isolates with different toxicology profiles. These findings
suggested that these variations are responsible for the varying
levels of acaricide resistance found in ticks. The sequence
polymorphisms and expression profile of AChE2 in acaricide-
resistant ticks are consistent with the idea of an altered active
site of the target protein, as well as the enzymatic detoxification
hypotheses. It is possible that the amino acid polymorphisms in
R. microplus AChE2 may bind to, sequester, and enzymatically
neutralize acaricides [2, 5, 14, 15, 17–19]. Previous studies
have shown increased expression of AChE2 in OP acaricide-
resistant reference strains [11] and field isolates [5]. However,
isolate C2 exhibited an unprecedented level of expression, as
shown in Table 2. The overexpression of AChE2 aligns with
the hypothesis of OP acaricide sequestration, where excessive
enzyme expression ensures sufficient active enzymes for the
regulation of acetylcholine nerve impulses even after exposure
to OP acaricides, preventing paralysis and death in resistant
ticks. This specific transcript is also expressed primarily in
the synganglion, the target organ of diazinon [3]. Other studies
have also reported an increase in AChE2 in a Brazilian field iso-
late resistant to diazinon [5]. These findings suggest that the
transcript level of this gene could serve as a discriminative mar-
ker between susceptible and OP-resistant ticks. Furthermore,
the observation of an 80-fold increase in AChE expression in
tick isolate C2 suggested that this specific transcript may be
associated with an enzyme involved in the sequestration of
organophosphates rather than metabolizing them. It has previ-
ously been reported that field isolates exhibiting resistance to
pyrethroids also display susceptibility to organophosphates
(OPs), such as coumaphos and chlorpyrifos, with some isolates

Table 2. Relative quantification of acetylcholinesterase transcript 2
(AChE2) expression levels in ticks. Tick larvae from different strains
and isolates subjected to RNA extraction and qPCR, and the results
were subsequently converted to REU and compared against those of
the susceptible strain, which was considered 1 REU.

Tick sample AChE2 REU

Susceptible 1 ± 0.3
Resistant 13.07 ± 3.49**
Isolate C1 8.52 ± 1.35*
Isolate C2 79.59 ± 15*

*p < 0.0001; **p < 0.0005.

Figure 1. Phylogenetic analysis of AChE2 amino acid sequences
from R. microplus reported in GenBank. The protein amino acid
sequences were submitted online to multiple sequence alignment via
the Clustal Omega algorithm at https://www.ebi.ac.uk/Tools/msa/
clustalo/, and the results were analyzed via phylogenetic comparison
via the neighbor-joining method without distance corrections.
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Table 3. Amino acids at the binding pocket and type of bonds involved. Different polymorphisms of AChE2 result in different amino acid
compositions in the binding pocket, which in turn results indifferent types of bonds with diazoxon ligand.

Strain/Isolate Binding pocket Hydrogen bonds Hydrophobic bonds Ionic bonds

Susceptible F107, S108, W114, G150, E154 L161,
W229, N359, I360,T363, R366,
H476, D478, G477

E154-G150 W114-L-161 E154-Diazoxon
R366-F107 W114-W229
N359-T363 I159-L161
T363-I360 F107-T363
H476-N359 W114-Diazoxon
G150-E154 I360-Diazoxon
N-Diazoxon W229-Diazoxon

T363-Diazoxon
F107-Diazoxon

C1 V106, F107, S108, P109, R110, G149,
G150, E154, G155, I159, L161,
W229, N359, I360, T363 H476,
L480

H476-E356 W229-Diazoxon G154-Diazoxon
H476-N359 I360-Diazoxon R110-Diazoxon
T363-I360 T363-Diazoxon
N359-T363 P109-Diazoxon
T364-I360 L161-Diazoxon
Y362-S358 I159-Diazoxon
L361-G357
Y355-S368
G357-L361
S358-Y362
I360-T364
N359-Diazoxon

C2 V106, F107, S108, P109, R110, Y117,
G149, G150, E154, G155, I159,
L161, W229, N359, I360, T363,
H476, G477, L480

H476-N359 F107-T363 H476-Diazoxon
N359-T363 I159-L161 N359-Diazoxon
I360-T363 F107-Diazoxon R110-Diazoxon
Y362-S358 W229-Diazoxon
G357-L361 V106-Diazoxon
H476-E356 L161-Diazoxon
F472-S368 I159-Diazoxon
N355-S358 R110-Diazoxon
D359-Diazoxon T363-Diazoxon
R110-Diazoxon

Figure 2. AChE2 ligand-binding site interaction with the oxidized acaricide diazoxon. Diazinon is metabolically oxidized by tick enzymes,
enhancing its toxic effect on AChE2 which interacts with the acaricide at the ligand-binding site via hydrogen bonds. (A) Diazoxon
highlighted in yellow, which interacts by means of hydrogen bonds with amino acids D478 and G477 in close proximity to H476, an important
component of the AChE2 catalytic triad. (B) Isolate C1 AChE2 interacts with L480 and H476. (C) Isolate C2 AChE2 interacts directly with
diazoxon via ionic bonds; additionally, the acaricide also interacts via hydrogen bonds with R110 and N359.
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demonstrating moderate resistance to diazinon with AChE2
subexpression [9]. In this particular scenario, the main selection
pressure was toward pyrethroid molecules, and it appears that
AChE2 overexpression is not the predominant defense mecha-
nism responsible for the observed moderate diazinon resistance.
To gain a deeper understanding, further studies focusing on
field isolates with different acaricide levels of selection pressure
are needed. These studies should aim to determine whether
there are alternative first-response mechanisms apart from
AChE2 or if a multifactorial response is involved, indicating
that AChE2 overexpression is not the sole mechanism or could
develop later under increased selection pressure. To further
understand this phenomenon, it would be beneficial to conduct
additional studies on isolates exhibiting similar expression
levels. These studies could help determine whether these high
levels of expression are achieved through gene duplication,
similar to what has been observed in C. quinquefasciatus
mosquitoes [27]. However, based on our experience, this type
of acaricide resistance in R. microplus is believed to be
influenced by various factors. An increase in AChE may be
one contributing factor among others within a complex scenario
observed under field conditions [10].

Diazoxon is a metabolically oxidized form of diazinon that
undergoes biotransformation primarily at the nervous tissue
level. This biotransformation enhances the toxic effect of the
acaricide on AChE2, as reported by Lazarević-Pašti et al.
[21]. Therefore, in our study, we used diazoxon for ligand
docking assessment via 3D modeling analysis to evaluate
how AChE2 amino acid polymorphisms affect ligand binding
sites. Interestingly, the amount of interacting amino acids
showed notable changes in all cases, except for H476, as
depicted in Figure 2. This particular amino acid, along with
S230 and E356, forms the catalytic triad within the catalytic site
of all acetylcholinesterases enzymes. This triad is crucial for the
hydrolysis of acetylcholine, which regulates the tick’s nervous
impulse muscle, as described by Hernandez et al. [16]. Our
findings suggest a correlation between acaricide resistance
and specific amino acid substitutions at the AChE2 catalytic
site. Different amino acid polymorphisms result in varying
levels of interaction between the acaricide and the catalytic
triad. Through our analysis, we observed several amino acid
substitutions (as shown in Table 3) in the AChE2 amino acid
sequence of ticks with different levels of acaricide resistance.
These substitutions inevitably impact the configuration of
amino acids at the catalytic site of the enzyme, as depicted in
Figure 2. Organophosphorus acaricides exert their toxic effects
on ticks through the irreversible phosphorylation of S230 at the
catalytic triad. However, prior to this phosphorylation, E356
and H476 play crucial roles by coordinating a nucleophilic
attack on the phosphate within the acaricide, as described by
Hernandez et al. [16]. Based on our data, we propose a scenario
in which amino acid reconfiguration at the catalytic site leads to
distinct ligand binding interactions specifically around H476,
when the identified polymorphisms are modeled through
docking analysis. This altered amino acid configuration results
in a change in the level of interaction within the catalytic triad
in the presence of the acaricide, ultimately rendering the
AChE2 polymorphisms resistant to phosphorylation. This
phenomenon is illustrated in Figure 2.

Our study revealed a significant level of polymorphism in
the AChE2 gene of R. microplus ticks, particularly in acari-
cide-resistant individuals. Notably, we consistently identified
three amino acid substitution polymorphisms (D299, I398,
and F546) that contribute to a reconfiguration of the active site.
This reconfiguration alters the level of interaction between the
acaricide and the catalytic triad of amino acids in ticks, which
exhibit high levels of acaricide resistance. These findings hold
potential implications for the development of a molecular test
for acaricide resistance using AChE2 qPCR or SNTP analysis.

Funding

This research was funded by the INIFAP project (SIGI number
1237511601).

Conflict of interest

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential con-
flict of interest.

References

1. Baek M, DiMaio F, Anishchenko I, Dauparas J, Ovchinnikov S, Lee GR,
Wang J, Cong Q, Kinch LN, Schaeffer RD, Millán C, Park H, Adams C,
Glassman CR, DeGiovanni A, Pereira JH, Rodrigues AV, van Dijk AA,
Ebrecht AC, Opperman DJ, Sagmeister T, Buhlheller C, Pavkov-Keller
T, Rathinaswamy MK, Dalwadi U, Yip CK, Burke JE, Garcia KC,
Grishin NV, Adams PD, Read RJ, Baker D. 2021. Accurate prediction of
protein structures and interactions using a three-track neural network.
Science, 373, 871–876.

2. Baffi MA, de Souza GRL, de Sousa CS, Ceron CR, Bonetti AM. 2008.
Esterase enzymes involved in pyrethroid and organophosphate resistance
in a Brazilian population of Riphicephallus (Boophilus) microplus [sic]
(Acari, Ixodidae). Molecular and Biochemical Parasitology, 160, 70–73.

3. Baxter GD, Barker SC. 2002. Analysis of the sequence and expression of
a second putative acetylcholinesterase cDNA from organophosphate-
susceptible and organophosphate- resistant cattle ticks. Insect Biochem-
istry and Molecular Biology, 32, 815–820.

4. Boublik Y, Saint-Aguet P, Lougarre A, Arnaud M, Villatte F, Estrada-
Mondaca S, Fournier D. 2002. Acetylcholinesterase engineering for
detection of insecticide residues. Protein Engineering, 15, 43–50.

5. Brito LG, de Oliveira Nery L, da Silva Barbieri F, Huacca MEF, Dos
Santos Pereira S, da Silva RR, de Freitas Fernanades CC, de Sena
Oliveira MC. 2017. Molecular quantitative assay for esterase-mediated
organophosphate resistance in Rhipicephalus microplus. Ticks and Tick-
Borne Diseases, 8, 725–732.

6. Bull DL, Ahrens EH. 1988. Metabolism of coumaphos in susceptible
and resistant strains of Boophilus microplus (Acari: Ixodidae). Journal of
Medical Entomology, 25, 94–98.

7. Cossío-Bayúgar R, Martínez-Ibañez F, Aguilar-Díaz H, Miranda-
Miranda E. 2018. Pyrethroid acaricide resistance is proportional to P-
450 cytochrome oxidase expression in the cattle tick Rhipicephalus
microplus. BioMed Research International, 2018, 8292465.

8. Cossio-Bayugar R, Miranda-Miranda E, Aguilar Díaz H, Reynaud E.
2021. Type of resistance, in The entomological guide to Rhipicephalus,
Kumar S, Cossio-Bayugar R, Sharma AK, Miranda EM, Chaubey AK,
Editors. Nova Scientific Publishers: New York, NY. p. 147–176.

9. Cossio-Bayugar R, Miranda-Miranda E, Ortiz-Najera A, Neri-Orantes S.
2008. Boophilus microplus pyrethroid resistance associated to increased
levels of monooxygenase enzymatic activity in field isolated Mexican
ticks. Journal of Biological Sciences, 8, 404–409.

10. Cossio-Bayugar R, Miranda-Miranda E, Ortiz-Najera A, Neri-Orantes S,
Olvera-Valencia F. 2008. Cytochrome P-450 monooxygenase gene
expression supports a multifactorial origin for acaricide resistance in
Ripicephalus microplus. Research Journal of Parasitology, 3, 59–66.

6 R. Cossio-Bayugar et al.: Parasite 2024, 31, 3



11. Cossio-Bayugar R, Miranda-Miranda E, Portilla-Salgado D, Osorio-
Miranda J. 2009. Quantitative PCR detection of cholinesterase and
carboxylesterase expression levels in acaricide resistant Rhipicephalus
(Boophilus) microplus. Journal of Entomology, 6, 117–123.

12. Dzul FA, Patricia Penilla R, Rodríguez AD. 2007. Susceptibility and
insecticide resistance mechanisms in Anopheles albimanus from the
southern Yucatan Peninsula, Mexico. Salud Publica de Mexico, 49, 302–
311.

13. George JE, Pound JM, Davey RB. 2004. Chemical control of ticks on
cattle and the resistance of these parasites to acaricides. Parasitology,
129(Suppl), S353–366.

14. Hemingway J, Karunaratne SH. 1998. Mosquito carboxylesterases: a
review of the molecular biology and biochemistry of a major insecticide
resistance mechanism. Medical and Veterinary Entomology, 12, 1–12.

15. Hemingway J, Hawkes NJ, McCarroll L, Ranson H. 2004. The
molecular basis of insecticide resistance in mosquitoes. Insect Biochem-
istry and Molecular Biology, 34, 653–665.

16. Hernandez R, He H, Chen AC, Ivie GW, George JE, Wagner GG. 1999.
Cloning and sequencing of a putative acetylcholinesterase cDNA from
Boophilus microplus (Acari: Ixodidae). Journal of Medical Entomology,
36, 764–770.

17. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, Bridgland A,
Meyer C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes B, Nikolov
S, Jain R, Adler J, Back T, Petersen S, Reiman D, Clancy E, Zielinski M,
Steinegger M, Pacholska M, Berghammer T, Bodenstein S, Silver D,
Vinyals O, Senior AW, Kavukcuoglu K, Kohli P, Hassabis D. 2021.
Highly accurate protein structure prediction with AlphaFold. Nature,
596, 583–589.

18. Karunaratne SHPP, Silva WAPPD, Weeraratne TC, Surendran SN.
2018. Insecticide resistance in mosquitoes: development, mechanisms
and monitoring. Ceylon Journal of Science, 47, 299–309.

19. Karunaratne SHPP. 1998. Insecticide resistance in insects. Ceylon
Journal of Science (Biological Sciences), 25, 72–99.

20. Kim C-S, Kim W-T, Boo K-S, Kim S-I. 2003. Cloning, mutagenesis,
and expression of the acetylcholinesterase gene from a strain of Musca
domestica; the change from a drug-resistant to a sensitive enzyme.
Molecules and Cells, 15, 208–215.

21. Lazarević-Pašti T, Čolović M, Savić J, Momić T, Vasić V. 2011.
Oxidation of diazinon and malathion by myeloperoxidase. Pesticide
Biochemistry and Physiology, 100, 140–144.

22. Liu Y, Grimm M, Dai W-T, Hou M-C, Xiao Z-X, Cao Y. 2020. CB-
Dock: a web server for cavity detection-guided protein-ligand blind
docking. Acta Pharmacologica Sinica, 41, 138–144.

23. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O,
Madhusoodanan N, Kolesnikov A, Lopez R. 2022. Search and sequence
analysis tools services from EMBL-EBI in 2022. Nucleic Acids
Research, 50, W276–W279.

24. Manchenko GP. 2003. Handbook of detection of enzymes on elec-
trophoretic gels, 2nd edn. Boca Raton: CRC Press LLC.

25. Martinez Ibañez F, Cossio-Bayugar R, Miranda-Miranda E, Jasso-
Villazul CE. 2021. Reference tick strains as an important biological
material for resistance characterization, The entomological guide to
Rhipicephalus, Kumar S, Cossio-Bayugar R, Sharma AK, Miranda EM,
Chaubey AK, Editors. Nova Scientific Publishers: New York, NY. p.
177–200.

26. Parkinson A. 1996. Biotranformation of Xenobiotics, Casarett and
Doull’s toxicology: The basic science of poisons, 5th edn., Casarett LJ,
Klaassen CD, Amdur MO, Doull J, Editors. McGraw-Hill Medical: New
York, NY. p. 113–196.

27. Paton MG, Karunaratne SH, Giakoumaki E, Roberts N, Hemingway J.
2000. Quantitative analysis of gene amplification in insecticide-resistant
Culex mosquitoes. Biochemical Journal, 346(Pt 1), 17–24.

28. Penilla RP, Rodríguez AD, Hemingway J, Trejo A, López AD,
Rodríguez MH. 2007. Cytochrome P450-based resistance mechanism
and pyrethroid resistance in the field Anopheles albimanus resistance
management trial. Pesticide Biochemistry and Physiology, 89, 111–117.

29. Sehnal D, Bittrich S, Deshpande M, Svobodová R, Berka K, Bazgier V,
Velankar S, Burley SK, Koča J, Rose AS. 2021. Mol* Viewer: modern
web app for 3D visualization and analysis of large biomolecular
structures. Nucleic Acids Research, 49, W431–W437.

30. Stone BF, Haydock KP. 1962. A method for measuring the acaricide-
susceptibility of the cattle tick Boophilus microplus (Can.). Bulletin of
Entomological Research, 53, 563–578.

31. Temeyer KB, Pruett JH, Untalan PM, Chen AC. 2006. Baculovirus
expression of BmAChE3, a cDNA encoding an acetylcholinesterase of
Boophilus microplus (Acari: Ixodidae). Journal of Medical Entomology,
43, 707–712.

32. UniProt Consortium. 2023. UniProt: the Universal Protein Knowledgebase
in 2023. Nucleic Acids Research, 51, D523–D531.

33. Weill M, Fort P, Berthomieu A, Dubois MP, Pasteur N, Raymond M.
2002. A novel acetylcholinesterase gene in mosquitoes codes for the
insecticide target and is non-homologous to the ace gene in Drosophila.
Proceedings of the Royal Society of London B, 269, 2007–2016.

34. Wright FC, Ahrens EH. 1988. Cholinesterase insensitivity: a mechanism
of resistance in Mexican strains of Boophilus microplus (Acari:
Ixodidae) against coumaphos. Journal of Medical Entomology, 25,
234–239.

Cite this article as: Cossio-Bayugar R, Martinez-Ibañez F, Aguilar-Diaz H & Miranda-Miranda E. 2024. Relationship between acaricide resistance and
acetylcholinesterase gene polymorphisms in the cattle tick Rhipicephalus microplus. Parasite 31, 3.

An international open-access, peer-reviewed, online journal publishing high quality papers
on all aspects of human and animal parasitology

Reviews, articles and short notes may be submitted. Fields include, but are not limited to: general, medical and veterinary parasitology;
morphology, including ultrastructure; parasite systematics, including entomology, acarology, helminthology and protistology, andmolecular
analyses; molecular biology and biochemistry; immunology of parasitic diseases; host-parasite relationships; ecology and life history of
parasites; epidemiology; therapeutics; new diagnostic tools.
All papers in Parasite are published in English. Manuscripts should have a broad interest and must not have been published or submitted
elsewhere. No limit is imposed on the length of manuscripts.

Parasite (open-access) continues Parasite (print and online editions, 1994-2012) and Annales de Parasitologie Humaine et Comparée
(1923-1993) and is the official journal of the Société Française de Parasitologie.

Editor-in-Chief: Submit your manuscript at
Jean-Lou Justine, Paris http://parasite.edmgr.com/

R. Cossio-Bayugar et al.: Parasite 2024, 31, 3 7

http://parasite.edmgr.com/

	Introduction
	Materials and methods
	Ethics
	Ticks
	Larval package test bioassay
	Relative quantification of cholinesterase expression
	Statistical analysis
	Rhipicephalus microplus acetylcholinesterase amino acid sequences
	Phylogenetic analysis of acetylcholinesterase 2
	Acetylcholinesterase 3D modeling

	Results
	Acaricide bioassays
	Acetylcholinesterase 2 expression
	Phylogenetic analysis of acetylcholinesterase 2
	3D modeling and AChE2-acaricide docking

	Discussion
	Funding
	Conflict of interest
	References

