
1320

Molecular biology of tick acetylcholinesterases 

Kevin B. Temeyer1

1Knipling-Bushland U.S. Livestock Insects Research Laboratory, Agricultural Research Service, U.S. 
Department of Agriculture, 2700 Fredericksburg Road, Kerrville, TX 78028

TABLE OF CONTENTS 

1. Abstract
2. Introduction

2.1. Economic and health impacts of ticks
2.2. Acetylcholinesterase as a target for pesticides

3. Tick acetylcholinesterases
3.1. Tick cDNAs encoding AChE
3.2. Expression & biochemical characterization of recombinant tick AChE
3.3. Molecular modeling and tick AChE
3.4. Tick AChE polymorphisms associated with insensitivity to inhibition
3.5. Genomic amplification and functional complementation of tick AChEs 
3.6. Tick AChE and acaricide resistance
3.7. Additional tick AChE genes

4. Non-neuronal cholinergic roles
4.1. Non-neuronal cholinergic control of physiology and metabolism
4.2. Tick salivary AChE: potential immune interaction at the tick host interface

5. Perspectives
5.1. Potential effects of tick salivary AChE on response to tick exposure in vaccinated animals
5.2. Investigation of host-parasite interactions manipulating host response to ticks and pathogens
5.3. Effects of tick cholinergic systems on ability to harbor & vector pathogens
5.4. Tick physiology & metabolic control exerted by cholinergic processes
5.5. Biochemical identity and function of multiple tick AChEs
5.6. Possible use of tick AChEs as tools to investigate cholinergic involvement in vertebrate systems

6. Acknowledgements
7. References

[Frontiers In Bioscience, Landmark, 23, 1320-1337, January 1, 2018]

1. ABSTRACT

Ticks vector many pathogens with major health 
and economic impacts and have developed resistance to 
most acaricides used for tick control. Organophosphate 
(OP) acaricides target acetylcholinesterase (AChE) 
critical to tick central nervous system function. 
Mutations producing tick AChEs resistant to OPs 
were characterized; but tick OP-resistance is not 
fully elucidated, due to remarkable complexity of 
tick cholinergic systems. Three paralogous tick 
AChEs exhibiting differences in primary structure and 
biochemical kinetics are encoded by amplified genes with 
developmentally regulated expression. Gene silencing 
data suggest tick AChEs are functional complements 
in vivo, and transcriptomic and genomic data suggest 
existence of additional tick AChEs. Cholinergic systems 
are crucial in neural transmission and are also regulators 

of vertebrate immune function. Ticks exhibit prolonged 
intimate host contact, suggesting adaptive functions for 
tick cholinergic system complexity. AChE was recently 
reported in tick saliva and a role in manipulation of host 
immune responses was hypothesized. Physiological 
roles and genetic control of multiple tick AChEs requires 
further elucidation and may provide unique opportunities 
to understand and manipulate cholinergic involvement 
in biological systems.

2. INTRODUCTION

2.1. Economic and health impacts of ticks

Ticks are hematophagous arthropod 
ectoparasites, of major economic and health importance 



Molecular biology of tick acetylcholinesterases

1321 © 1996-2018

worldwide because they are agents of vector-borne 
disease for a large variety of human and animal 
pathogens, including bacteria, rickettsia, viruses, and 
protozoa (1-3). In the United States, the most important 
tick impacts to humans are considered to be as vectors 
of Lyme disease and related syndromes (4), and as 
vectors of bovine babesiosis and anaplasmosis (5). 
Bovine babesiosis is a world-wide threat to cattle 
production with annual economic impacts estimated 
at over 3 billion dollars per year in the United States 
(6) and 3.2 billion dollars (5) in Brazil (7, 8), as well 
as major impacts to the economies of many other 
countries (9, 10). Despite efforts to develop vaccines 
or other non-chemical based methods to control ticks 
(11), the use of chemical acaricides is the predominant 
approach implemented in the field (2). Perhaps the 
most successful tick control effort to date is the Cattle 
Fever Tick Eradication Program that succeeded 
in eradicating Boophilus microplus and Boophilus 
annulatus ticks (Rhipicephalus (Boophilus) microplus 
and R. (B.) annulatus) from the United States (12). 
This decades long program, which began in 1906, was 
jointly administered by federal and state governments 
and continues to monitor all incoming cattle through 
inspection, acaricide treatment, and maintenance of an 
importation barrier (border inspection and quarantine 
zone) along the U.S.-Mexico border (5, 13). The 
importation barrier is largely dependent on dip vat 
treatment of incoming cattle in the organophosphate 
acaricide, coumaphos, and the likelihood of continuing 
success of the importation barrier has been questioned 
(6, 13, 14) due to widespread development of resistance 
to essentially all available acaricides (15-18).

2.2. Acetylcholinesterase as a target for 
pesticides

The primary physiological target of 
organophosphate (OP) and carbamate acaricides 
is generally considered to be acetylcholinesterase 
(AChE), the enzyme responsible for degradation of the 
neurotransmitter acetylcholine at neural synapses in 
the central nervous systems of both vertebrates and 
invertebrates (19-21), although there is evidence that 
some OPs and carbamates may exert substantial or 
primary metabolic effects in other pathways (21-23). 
The AChE enzyme in insect and mammalian systems 
exhibits a very high turnover number, being one of the 
fastest enzymes known (24), despite having a catalytic 
triad buried deep within the protein structure (25). A 
number of studies have indicated that the narrow 
opening leading to the catalytic site must be flexible, 
allowing a “breathing” of the enzyme structure (26). 
The relationship between AChE structure and catalytic 
function has been reviewed by Silman & Sussman 
(25). The predominant mechanism of resistance to OP 
pesticides was characterized in spider mites and other 
Acari (reviewed in (27)) and insects (28) as the result 
of one or more mutations in the gene encoding AChE 

producing a structurally altered enzyme insensitive 
to OP inhibition. AChE activity extracted from OP-
resistant ticks was biochemically characterized in the 
1960s-1970s as insensitive to OP inhibition (29-35). 
Later work utilizing chemical bioassays demonstrated 
that OP resistance in ticks also has a metabolic 
component (36, 37).

3. TICK ACETYLCHOLINESTERASES

3.1. Tick cDNAs encoding AChE 

Tick cDNAs presumptively encoding AChEs 
have been reported for a number of tick species, 
however, Rhipicephalus (Boophilus) microplus and 
Ixodes scapularis have perhaps received the most 
study and serve as the best examples. A cDNA 
sequence presumptively encoding AChE in R. (B.) 
microplus was reported in 1998 by Baxter and Barker 
(38), however comparison of cDNA sequences between 
OP-resistant and OP-susceptible strains failed to 
reveal the presence of OP-resistance variations in 
the AChE sequence despite clear evidence of AChE 
activity resistant to inhibition (38-40). An additional 
cDNA sequence putatively encoding a second tick 
AChE was reported by Hernandez et al. (41), and 
subsequently confirmed in additional tick species (42), 
although again, no mutations responsible for OP-
insensitive AChE were found. A third R. (B.) microplus 
cDNA presumptively encoding yet another tick AChE 
(BmAChE3) was reported in 2004 by Temeyer 
et al (43). AChE is a member of a large family of 
structurally related enzymes and the presence of three 
paralogous genes encoding AChE had not previously 
been reported in any organism except nematodes 
(44-48), suggesting the need for confirmation of the 
biochemical identity of the three possible AChEs of R. 
(B.) microplus (43).

3.2. Expression & biochemical characterization of 
recombinant tick AChE

Baculoviral expression of recombinant 
constructs of R. (B.) microplus BmAChE3 demonstrated 
its biochemical identity as an AChE (49). Sequencing 
of cDNAs encoding BmAChE3 in transcripts from OP-
susceptible and OP-resistant strains identified a number 
of sequence polymorphisms presumptively associated 
with resistance. Baculoviral expression demonstrated 
that at least one of these mutations from OP-resistant 
ticks (R86Q) resulted in production of a recombinant 
BmAChE3 that exhibited increased substrate affinity 
and insensitivity to inhibition by paraoxon (50). The 
R86Q mutation was the first mutation identified from 
an ixodid AChE gene biochemically demonstrated 
to result in OP insensitivity. The mutation, which 
replaced an arginine with glutamine at amino acid 
position 86 in BmAChE3, resulted in a 19.2.-fold 
reduction in the rate of paraoxon inhibition. A PCR-
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RFLP assay was developed to identify the presence of 
the R86Q mutation in BmAChE3 which demonstrated 
that although the R86Q mutation was present at 
higher frequency in tick strains characterized as OP-
resistant, it was also found in OP-susceptible strains 
indicating that its presence alone was insufficient to 
produce phenotypic resistance to organophosphate 
acaricides as was also true of several other reported 
polymorphisms in BmAChE3, i.e. I54V, V137I and 
I492M (50-54).

Baculoviral expression of R. (B.) microplus 
recombinant AChEs (rBmAChE1, rBmAChE2, and 
rBmAChE3) allowed biochemical confirmation of 
each of the BmAChEs as AChEs (summary of 
general properties in Table 1), that (i) preferentially 
hydrolyzed acetylthiocholine over butyrylthiocholine, 
(ii) were sensitive to acetylcholinesterase inhibitors 
(eserine and BW284c51), and the organophosphates 
(OPs) malaoxon and paraoxon, (iii) were insensitive 
to inhibition by iso-OMPA, a butyrylcholinesterase 
inhibitor, and (iv) rapidly hydrolyzed acetyl-β-methyl-
thiocholine (55). In addition, recombinant BmAChE3 
and BmAChE1 enzymes encoded by transcripts of 
OP-resistant strains of R. (B.) microplus were shown 
to be insensitive to paraoxon inhibition (52, 55).

3.3. Molecular modeling and tick AChE

Production of recombinant tick AChEs 
enables direct screening of natural products (56-58) 
and other compounds to assess inhibitory activity 
for development of new control technology or as 
chemical leads for design of synthetic ligands based 
on structure-activity relationships (15, 59, 60). As 
summarized in Swale et al (60), AChE contains two 
sites for binding by substrates and inhibitors, one at 
the catalytic site (CS) and a peripheral site (PS) near 
the entrance to the catalytic gorge. The CS contains 
the catalytic triad (S200, H440, E327 (Torpedo 
californica numbering)) and W84, which binds to the 
acetylcholine trimethylammonium group. The PS 
(W279, Y70, D72, and Y121 (T. californica numbering)) 
binds substrate and orients it for entry to the catalytic 
gorge. Novel bivalent synthetic carbamates were 

designed to simultaneously occupy the PS and CS 
sites of Anopheles gambiae AChE resulting in up to 
500-fold selectivity for mosquito versus human AChE 
(61). A series of these compounds were screened 
against mammalian and arthropod rAChEs and it was 
demonstrated that these compounds were capable 
of specific inhibition of wild-type and OP-insensitive 
recombinant AChEs of R. (B.) microplus and 
Phlebotomus papatasi (60). Further, it was revealed 
during the course of these studies that recombinant 
BmAChE1 (rBmAChE1) of R. (B.) microplus exhibited 
a unique insensitivity to tacrine, a cholinesterase 
inhibitor, compared to all other species studied, 
suggesting a unique catalytic structure. Molecular 
homology modeling revealed the presence of two 
orthologous substitutions in BmAChE1 compared to 
human AChE at W384/Y337 and T335/W286 (Rm/
human numbering). Molecular modeling suggested 
that the tryptophan residue (W384) in BmAChE1 
resulted in reduced access to the catalytic site that 
could not be resolved by reorientation of the residue’s 
bulky side group. Additional biochemical differences 
unique to the rBmAChE1 enzyme prompted site-
directed mutagenesis to substitute phenylalanine for 
the tryptophan residue at position 384 of BmAChE1 
(W384F). Phenylalanine occupies a smaller space 
than tryptophan and a closer resemblance to tyrosine, 
which is found in most other AChE enzymes, including 
human AChE. The W384F mutant of rBmAChE1 
exhibited significant increases in inhibition by tacrine 
and two bivalent inhibitors, BW284c51 and donepezil. 
Increased potency of tacrine and BW284c51 to the 
W384F mutant rBmAChE1 was consistent with the 
hypothesis that W384 restricted access of large 
ligands to the acyl site but did not restore IC50 values to 
those obtained in other species. This suggested that 
additional orthologous substitutions in conjunction 
with the W384/Y337 (Rm/human numbering) may 
also contribute to constriction of the BmAChE1 
gorge geometry and access to the catalytic site. 
Various rBmAChE1 constructs containing a number 
of additional amino acid substitutions from OP-
resistant strains of R. (B.) microplus were analyzed 
for sensitivity to experimental carbamates. Although 
most of these constructs did not exhibit significant 

Table 1. Physical and biochemical properties of recombinant BmAChE1, BmAChE2, and BmAChE3 of R. 
(B.) microplus

Enzyme Accession1 # amino 
acids

Calculated 
mw2

Calculated 
pI2

AcSCh KM
3 

(μM)
Substrate preference 
(AcSCh/BuSCh)4

Eserine 
sensitivity5 
(nM, IC50)

Malaoxon 
sensitivity5 
(nM, IC50)

BmAChE1 CAA11702 595 65687.66 4.66 4.25 4.2 1 10

BmAChE2 AAC18857 563 62820.34 6.30 52.7 4.3 250 20

BmAChE3 AAP92139 620 69853.97 7.58 90.19 25.6 150 50

1Accession at NCBI (http://www.ncbi.nlm.nih.gov/), 2Calculated molecular mass & pI of entire amino acid sequence (http://web.expasy.org/compute_
pi/), 3The KM is the substrate concentration at which the reaction rate is one-half maximum velocity (55), 4Relative hydrolysis of acetylthiocholine/
butyrylthiocholine (55), 5Concentration of inhibitor reducing reaction rate to 50% maximum velocity (55)

http://www.ncbi.nlm.nih.gov/
http://web.expasy.org/compute_pi/
http://web.expasy.org/compute_pi/
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cross resistance to coumaphos or carbamates, the 
Tuxpan #11 rBmAChE1 exhibited 5-fold resistance 
to carbamate, suggesting that this novel carbamate 
would be subject to potential control failure in the 
field. The Tuxpan #11 construct carried 4 additional 
substitutions, of which two (D188G and E196G) were 
unique. Propoxur (approved by WHO for mosquito 
control) exhibits greater mammalian toxicity than 
exhibited or predicted for the synthetic carbamates, 
suggesting substantially improved safety of the 
novel synthetic carbamates compared to current 
methylcarbamates if used at similar application rates 
with equivalent or better in vivo pesticide activity (60).

Molecular modeling approaches have also 
been used to select candidate derivatives of carvacrol 
and salicylic acid to evaluate efficacy against larval 
R. (B.) microplus (15). Higher acaricidal activity was 
observed for derivatives of carvacrol and salicylic acid 
compared to the parent compounds, providing further 
evidence of the utility of in silico modeling approaches 
for development of efficacious pesticides. In addition, 
in silico structure-activity modeling evaluating shape-
based inhibitor docking has provided major advantages 
in throughput and evaluation of novel structures than 
is possible through physical biochemical approaches 
providing novel leads for chemical synthesis and 
evaluation (62, 63).

3.4. Tick AChE polymorphisms associated with 
insensitivity to inhibition

Multiple single nucleotide polymorphisms 
(SNPs) in each of the three identified BmAChEs have 
been associated with organophosphate resistance by 
cDNA sequencing or mutation-specific genotyping of 
OP-resistant or susceptible strains of R. (B.) microplus 
(Table 2). However, genetic association of these 
polymorphisms does not confirm direct involvement 
in production of altered AChEs that are insensitive 
to inhibition. Some of the resistance-associated 
polymorphisms may reflect a founder effect that persists 
in the genetic lines that gave rise to the phenotypically 
resistant ticks, while others may reflect secondary 
mutations that stabilize the structure of altered, 
inhibition-insensitive enzymes, or reduce fitness 
costs associated with the resistance mutations (64). 
Characterization of SNPs associated with resistance in 
different tick strains may provide new clues related to the 
physiological importance and roles of polymorphisms 
in the multiple tick AChEs. Biochemical confirmation 
of altered sensitivity to inhibition is needed to 
elucidate the specific contributions of such resistance-
associated polymorphisms to the development of 
resistance. As previously mentioned in sections 
3.2. and 3.3., baculoviral expression of BmAChE3 
transcripts containing the R86Q substitution and the 

Table 2. R. (B.) microplus mutations associated with OP-resistance

BmAChE11 BmAChE2 BmAChE3

P157S F9L2 I48L5

D188G1 A26T2 I54V4,5

E195G E75G2 V71A5

E196G1 W114R2 I77M5

Y230C L141F2 S79P5

S282G K208R2 R86Q4,5

V331A1 I210V2 I123M4

T362A V297I3 I492M4

F390S1 P343S2 T548A4

L417P M349V2 T548Y4

Q488R S364T3

I493T M406V2

N566D1 H412Y3

W571R S364T3

W571F M406V2

P590A1 H412Y3

R468K3

K555M2

1rBmAChE1 substitutions present in Tux-11 (OP-insensitive) unmatched in Deutch 5 (OP-sensitive) (60), 2BmAChE2 substitutions associated with 
resistance (60), 3BmAChE2 substitutions associated with resistance (127), 4R86Q mutant exhibits 19.2-fold reduced sensitivity to paraoxon (50, 65) (60), 
5Amino acid substitutions associated with resistance in Indian strains of R. (B.) microplus (128)
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BmAChE1 Tuxpan #11 transcript were each shown 
to produce recombinant AChEs with significantly 
reduced sensitivity to biochemical inhibition by certain 
organophosphate or carbamate inhibitors. The vast 
majority of polymorphisms that have been associated 
with phenotypically resistant tick strains have not been 
biochemically confirmed to result in reduced sensitivity 
to inhibitors, and await biochemical demonstration of 
altered AChE inhibition.

3.5. Genomic amplification and functional comple-
mentation of tick AChEs 

Developmental regulation of BmAChE 
expression as well as amplification of BmAChE1, 
BmAChE2, and BmAChE3 is evident, and multiple 
transcripts are expressed for each of the three 
paralogous AChEs within synganglia from individual 
ticks (14, 52, 54, 65). Genomic segments of BmAChE1 
display the presence or absence of an intron within 
allelic PCR amplicons, suggesting gene duplication 
associated with gain or loss of an intron (14, 52, 65). 
Further, all of the BmAChE genes appear to be present 
in multiple copies within the R. B. microplus genome 
(14, 52, 54, 65, 66). Interestingly, gene silencing of any 
one or of any two of the BmAChEs does not result in 
significant phenotypic effects, but silencing of all three 
BmAChEs resulted in ≥50% mortality of ticks receiving 
dsRNA by microinjection strongly suggesting that the 
BmAChEs functionally complement one another in 
vivo (14, 52, 54, 65, 66).

3.6. Tick AChE and acaricide resistance

Development of phenotypic resistance to OPs 
in ticks is complex and multigenic. A number of point 
mutations in insects result in OP resistance (28), and 
some of the same amino acid substitutions account 
for resistance in spider mites (Acari), including F331W 
(Torpedo californica numbering), G119S, G328A, 
A201S, and A280T (summarized in (27)). Although 
none of these mutations have been reported in ticks 
to date, targeted mutagenesis to produce and express 
rBmAChE1 containing the G119S substitution resulted 
in greater than 1000-fold insensitivity to paraoxon 
compared to the wild type enzyme (unpublished data). 
This very high inhibition insensitivity resulting from an 
SNP indicates that there is no structural peculiarity of 
tick AChE preventing expression of high level inhibitor 
insensitivity. Given that tick resistance to OPs is 
complex and multigenic, it is plausible that individual 
SNPs may be present at low frequency, as might be 
expected if they have an intrinsic fitness cost, yet 
remain undetected by the methods employed thus far. 
It has been estimated that retention of approx. 2.5% 
of normal AChE activity is metabolically sufficient to 
maintain life (67), suggesting that possession and 
low-level expression of a highly resistant AChE allele 
among a background of much more highly expressed, 

but OP-susceptible AChE forms, could result in 
phenotypic resistance. The deleterious effects of high 
fitness cost BmAChE mutations may be mitigated by 
gene duplication and expression of allelic diversity, 
including both OP-resistant and OP-susceptible alleles 
capable of functional complementation (52, 54, 65). 
Gene duplication or increased expression may expand 
the quantity of enzyme being produced, thereby 
requiring a larger number of inhibitor molecules to 
bind to the larger target pool resulting in functional 
phenotypic resistance even without altered enzyme 
kinetics. Similarly, phenotypic resistance may occur 
through increased sequestration of inhibitor molecules 
by binding to scavenger proteins such as additional 
AChEs, butyrylcholinesterase, carboxylesterases, or 
other cellular components (68-70). Gene duplication 
has been reported as a mechanism of OP resistance 
in spider mites (70, 71) and mosquitoes (72, 73) re�-
sulting in expression of functionally complementary 
paralogous AChEs that reduce or eliminate the fitness 
cost associated with the primary resistance mutation 
(71, 74, 75). The presence of multiple paralogous 
tick AChEs, together with gene duplication and 
expression of multiple allelic transcripts from each 
of the paralogous AChEs greatly complicates the 
design of novel inhibitors by target-guided synthesis or 
structure-based drug design (76).

3.7. Additional tick AChE genes

Genomic and transcriptomic studies of 
Dermacentor variabilis, R. (B.) microplus, and Ixodes 
scapularis strongly support the presence of additional 
genes encoding AChE in ticks (43, 66, 77, 78); however, 
biochemical identity has been verified for only a few 
acarine AChEs (55, 79). Cholinesterases belong to a 
very large enzyme family with similar amino acid se-
quences comprising their primary structures (80-82). In 
addition, there are numerous reports that substitution 
of a single amino acid in the primary structure of many 
of these enzymes can result in significant alteration of 
their biochemical properties, perhaps best exemplified 
by certain resistance mutations (69, 82-85). 

As can be seen in Figure 1, biochemically 
characterized tick AChEs (BmAChE1, BmAChE2, 
and BmAChE3) are represented in only 3 branches of 
the Ixodes scapularis AChE phylogram (66), leaving 
representatives from several putative branches to be 
biochemically identified and characterized. Some of 
the branches may be unique to I. scapularis and may 
be absent in ticks that exhibit high host specificity such 
as R. (B.) microplus which completes its development 
from larval stage to engorged adult on a single host; 
however, incomplete genomic data available for R. (B.) 
microplus strongly indicates the presence of multiple 
transcript sequences that are tentatively identified as 
AChEs by BLAST searches of available databases 
(77). The physiological roles and genetic control of the 
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Figure 1. Phylogram of Ixodes scapularis putative AChEs. An unrooted phylogram demonstrating diversity of selected amino acid sequences putatively 
identified as AChEs of Ixodes scapularis was constructed using MUSCLE multiple sequence alignment (129). Ixodes scapularis amino acid sequences 
putatively annotated as AChEs in GenBank (National Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov) were retrieved and duplicate 
sequences eliminated. Putative Iscap AChE sequences ≥300 amino acids were subjected to BLASTp searches against the GenBank database, eliminating 
any that indicated highest sequence identity to non-cholinesterases, and retaining only those Iscap sequences putatively identified by BLASTp results 
as tentative AChEs. Protein sequences (≥300 amino acids) of Ixodes scapularis putative AChEs were used together with BmAChE1, BmAChE2, and 
BmAChE3 of Rhipicephalus microplus (boxed, included in the analysis as reference points) to infer an evolutionary history (unrooted phylogram) using 
the Neighbor-Joining method (130). The optimal tree with the sum of branch length = 20.97993606 is shown. The percentage of replicate trees in which 
the associated taxa clustered together in the bootstrap test (10000 replicates) are shown next to the branches (131). The tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed 
using the Poisson correction method (132) and are in the units of the number of amino acid substitutions per site. The analysis involved 50 amino acid 
sequences. All positions containing gaps and missing data were eliminated. There were a total of 65 positions in the final dataset. Evolutionary analyses 
were conducted in MEGA7 (133).
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multiple AChEs in ticks remain open questions, but 
may provide unique opportunities to further elucidate 
cholinergic involvement in multiple important biological 
systems.

4. NON-NEURONAL CHOLINERGIC ROLES

4.1. Non-neuronal cholinergic control of physiolo-
gy and metabolism

Acetylcholine (AcCh) is an ancient molecule 
involved in cholinergic signaling and physiological 
control throughout the animal kingdom, and has also 
been found in plants, algae, protozoa, fungi and bacteria 
(86-88), suggesting that it has been present from the 
beginning of life (89, 90). In addition to the classical 
function of AChE hydrolyzing the neurotransmitter 
acetylcholine at neural and neuromuscular synapses, 
AChE and its variant forms have been proposed to 
function in a number of physiological interactions and 
processes in an autocrine or paracrine-like manner. 
Non-neuronal acetylcholine (AcCh) regulates basic cell 
functions, including differentiation, migration, ciliary 
activity, signaling, immune function, angiogenesis, 
secretion, cell proliferation, cytoskeletal organization 
and apoptosis (82). Some of these interactions 
appear to be mediated by the peripheral binding site 
of AChE. The adhesion-mediating Leu-Arg-Glu (LRE) 
motif is present in neuroligins, neurotactin, glutactin 
as well as mammalian AChEs and invertebrate 
AChE2. Enrichment of this motif and its structural 
positioning suggests that it functions in cell adhesion 
at the neuromuscular junction and in maintenance 
of cytoskeletal integrity (91). Indeed, octopus AChE 
has been proposed to play an important role in arm 
regeneration (92). Complete or partial cholinergic 
systems, including AcCh synthesis (choline 
acyltransferase), hydrolysis (AChE), and muscarinic 
and nicotinic AcCh receptors (mAcChR and nAcChR), 
are expressed in most types of human cells (93, 
94). Activated lymphocytes, dendritic cells, macro�-
phages, mast cells and other immune cells produce 
and release AcCh (94, 95). Cholinergic systems exert 
significant control over a wide variety of metabolic, 
cellular, and tissue physiological functions, including 
neural function, cellular proliferation, apoptosis, and 
tumorigenesis (96, 97). Many, if not all of these multi-
tissue effects are mediated through the differential 
activation of a variety of muscarinic and nicotinic 
acetylcholine receptors and subsequent effects exerted 
through the balance of activation of the multiplicity of 
different muscarinic and nicotinic receptors. In general, 
muscarinic receptors are members of the G-protein 
family coupled to second messenger transduction 
processes (metabotropic) and are considered to exert 
pro-inflammatory effects while nicotinic receptors 
exert their predominantly anti-inflammatory effects 
through ionotropic processes, with multiple receptor 
subtypes within each group (94). Different receptors 

exhibit differential sensitivity to various OPs and/or 
acetylcholine concentrations and selective changes 
in activation of receptor subsets may alter expression 
or sensitivity of cells and other receptors, producing a 
wide variety of inter-related cascade reactions (21). In 
addition, cholinergic regulation of invertebrate immune 
function in Mollusca was found to be similar to that 
occurring in mammals (98). MicroRNA manipulation 
of the invertebrate cholinergic function was implicated 
in altered expression of tumor necrosis factor-like pro-
teins and bacteriostatic activity of oyster haemocytes 
during bacterial infection, suggesting potential 
manipulation of cholinergic involvement in pathogen 
infection of invertebrates (99). Further, AChE exhibits 
deoxyribonuclease activity as a mechanism in the 
induction of apoptosis (100). Although the functional 
roles performed by tick AChEs in addition to hydrolysis 
of AcCh at neural synapses remain to be elucidated, 
the large number of putative tick AChEs represented in 
the phylogram (Figure 1) may serve similar functions to 
those described above in tick development, physiology 
and metabolism, with either functional separation in 
different AChEs, or functional redundancy.

4.2. Tick salivary AChE: potential immune interac-
tion at the tick host interface

Increased understanding of the molecular 
interactions between tick vectors, their vertebrate 
hosts and the pathogens that they transmit is critical to 
development of effective measures for control of tick-
borne diseases (9, 101). Parasites have been selected 
through coevolution with their hosts to successfully 
manipulate host immune systems, thereby promoting 
parasite survival (102). Ticks and some other Acari 
exhibit prolonged and intimate contact with their hosts 
(103, 104), suggesting a potential adaptive function for 
such unusual complexity in their cholinergic systems 
(105). AChE has recently been reported to be present in 
tick saliva (105-107) and a potential role in manipulation 
of the host immune response was hypothesized (105). 
AChE has also been reported in the saliva of the bed 
bug, Cimex lectularius (108). One plausible function 
of AChE in tick saliva would be to reduce the local 
tissue concentration of acetylcholine (89) altering the 
balance between activation of muscarinic and nicotinic 
acetylcholine receptors, resulting in principal activation 
of muscarinic receptors, which have been shown to be 
sensitive to much lower concentrations of AcCh than 
nicotinic receptors (21). Indeed, cholinergic activation 
of muscarinic receptors in the microvasculature of the 
mouse results in production of nitric oxide, producing 
vasodilation (109) and thereby would promote tick 
blood feeding. In addition, recent studies indicate 
cholinergic involvement of nicotinic AcChRs in 
modulation of inflammatory processes and nociception 
(acute and chronic pain) in mice (110, 111), which are 
also likely to be directly affected by alteration of tissue 
concentrations of AcCh. Tick saliva is complex in 
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composition and known to modulate inflammatory and 
local host immune responses as well as to facilitate 
pathogen transmission and establishment within the 
host, but the specific salivary factors responsible have 
not been fully elucidated (104, 112-114). 

There has been mounting evidence in recent 
years for a significant cholinergic role in activation and 
regulation of vertebrate immune functions, including 
immune cell proliferation, production of cytokines, 
and T helper cell differentiation and presentation of 
antigens (115). The cholinergic system modulates 
inflammation, acting on both the innate and adaptive 
immune systems (116, 117). Activated immune 
cells increase acetylcholine synthesis and secretion 
(118), and activation of CD4+ or CD8+ T cells alters 
their expression of specific acetylcholine receptor 
subsets toward specific developmental lineages 
(119). Similarly, macrophages, microglia and B cells 
also alter their expression of specific subsets of 
acetylcholine receptors (120-122). Acetylcholine has 
been demonstrated to decrease production of pro-
inflammatory cytokines by activated macrophages 
(123). Cholinergic stimulation of muscarinic or nicotinic 
receptor activation is able to mediate either pro or anti-
inflammatory effects and the balance affects every 
aspect of immune function (94, 115-117, 124). 

Based on the reported cholinergic involvement 
in every aspect of vertebrate immune function, 
secretion of AChE in tick saliva would be expected 
to exert profound effects on innate and adaptive 
immune response of the host to tissue damage at the 
tick attachment site and the presence of tick salivary 
antigens. The skin is one of the primary protective 
barriers and immune sentinel cells residing in the skin 
(dendritic cells) mediate immune responses resulting 
from wound, tissue damage, pathogen invasion or other 
insult. The dendritic cells respond to tissue or epithelial 
cell insult by production of cytokines, interferons, 
chemokines, tumor necrosis factors and other immune 
mediators based on the type and magnitude of alarm 
signal they detect, and they recruit and interact directly 
with other immune cells to regulate and direct the innate 
and acquired immune responses (125, 126). In the case 
of R. (B.) microplus, the BmAChE1 present in the tick 
saliva (105, 107) has a much higher affinity for AcCh 
than the mammalian AChE (105) which should result in 
localized depletion of AcCh in host tissues near the tick 
attachment site, altering homeostatic balance of AcCh 
receptor stimulation resulting in vasodilation, alteration 
of immune cell function and directed progression of 
immune cell developmental lineages. The ensuing host 
inflammatory and immune response to tick attachment 
and feeding would be further modulated by interaction 
with the other complex pharmacologically-active 
components of tick saliva (104). Figure 2 summarizes 
some of the additional functions that tick AChEs may 
perform to partially account for the unusual complexity 
of tick cholinergic systems. 

5. PERSPECTIVES

A critical regulatory role for cholinergic 
involvement in a wide variety of physiological and 
developmental processes, as well as a characterized 
role in neural and neuromuscular transmission, is 
supported by a substantial body of literature. A brief 
list of hypothetical predictions that are based on a 
potentially transformative role for tick AChEs in host-
ectoparasite interactions is presented below. Results 
from the suggested lines of work would expand our 
understanding of tick physiology and host-vector-
parasite relationships.

5.1. Potential effects of tick salivary AChE on 
response to tick exposure in vaccinated animals

Tick salivary AChE likely alters the balance 
between activation of specific nicotinic and muscarinic 
AcCh receptors in sentinel immune cells responding to 
tissue injury or presence of foreign antigens thereby 
changing direction or magnitude of subsequent 
immune response. Recombinant BmAChE1 produced 
in enzymatically active and inactive forms could be 
utilized in experiments challenging the responses of 
vaccinated animals to subsequent antigen exposure in 
the presence or absence of enzymatically active tick 
AChE. Evidence supporting modulation of immune 
response in vaccinated animals would suggest the 
need to include epitopes directing the production of 
tick AChE-neutralizing antibodies in anti-tick vaccines. 

5.2. Investigation of host-parasite interactions ma-
nipulating host response to ticks and pathogens

Tick salivary assisted transmission (SAT) of 
pathogens has been widely demonstrated, but the 
salivary components responsible for this phenomenon 
have not previously been identified. This paper lightly 
reviews a substantial body of literature providing 
support for the hypothesis that tick salivary AChE has 
broad effects on host innate and acquired immune 
responses, with effects on vasodilation, inflammatory 
processes, and differential activation of muscarinic 
and nicotinic AcCh receptors in immune sentinel cells 
that initiate and direct subsequent systemic immune 
responses. As noted in section 5.1., production of 
rBmAChE1 in enzymatically active and inactive 
forms could be utilized in experiments challenging 
the responses of animals or animal cells to pathogen 
exposure in the presence of either form to investigate 
the effect on responses affecting pathogen survival 
and establishment. 

5.3. Effects of tick cholinergic systems on ability 
to harbor and vector pathogens

Extensive cholinergic regulatory systems 
within the tick may reduce deleterious effects of 
pathogen presence within the ticks, possibly reducing 
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virulence effects within the tick either altering the tick 
response to pathogen presence by controlling tissue 
damaging inflammatory processes within the ticks, 
or by reducing production or release of toxins by the 
pathogens. 

5.4. Tick physiology and metabolic control exert-
ed by cholinergic processes

Investigations designed to study the 
regulation of potential autocrine & paracrine function 
of AcCh on physiological and developmental pathways 
within ticks should be undertaken to further elucidate 
metabolic and developmental control pathways. 
Information obtained through such studies would be 
expected to identify targets for potential development 
of new acaricides, vaccines or other novel tick control 
technologies. 

5.5. Biochemical identity and function of multiple 
tick AChEs

Biochemically confirmed tick or other 
acarine AChEs map in only a few of the branches of 
a phylogram listing Ixodes scapularis presumptively 
identified AChE sequences, leaving many branches 

to be biochemically characterized and studied for 
developmental and tissue-specific expression. 
Identification of specific tick AChEs demonstrated to 
perform critical or unique essential functions could 
enable design of ligands or other effector molecules 
that specifically target these activities producing highly 
targeted and novel tick control technology.

5.6. Tick AChEs as tools to investigate cholinergic 
involvement in vertebrate systems

As noted in section 4, there is a substantial 
body of evidence demonstrating cholinergic 
involvement in a variety of mammalian and other 
vertebrate systems. Among such systems are many 
autoimmune dysfunctions and inflammatory syndromes 
that may benefit from cholinergic manipulation, 
e.g., by development and administration of drugs 
targeting specific components of cholinergic systems. 
Examples of known cholinergic involvement that 
have benefited somewhat by development of specific 
cholinergic drugs are Alzheimer’s disease and asthma. 
Cholinergic components derived from ticks could be 
developed and utilized for in vitro or in vivo studies to 
model cholinergic roles in vertebrate systems. A more 
complete understanding of cholinergic roles in cellular 

Figure 2. A Ven diagram was constructed illustrating proposed roles of AChE in saliva, nervous system, and possibly gut of ticks and their presumptive 
interactions between host animals, ticks, and vectored pathogens.
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and developmental physiology could lead to improved 
treatment or control of malfunctions of metabolic and 
genetic disorders.

6. ACKNOWLEDGEMENTS

The author wishes to thank Dr. Rodrigo 
Rosario-Cruz for the invitation to review this important 
subject, the reviewers for helpful and constructive 
comments, and Dr. Pia Olafson for help in constructing 
the final form of the manuscript. The author further 
provides acknowledgement to the U.S. government 
and the Agricultural Research Service of the U.S. 
Department of Agriculture that provided funding and 
support resources. The U.S. Department of Agriculture 
is an equal opportunity employer and provider.

7. REFERENCES

1.	 S Ghosh, P Azhahianambi and MP Yadav: 
Upcoming and future strategies of tick 
control: a review. J Vector Borne Dis 44, 79-
89 (2007)

2.	 HV Manjunathachar, BC Saravanan, M 
Kesavan, K Karthik, P Rathod, M Gopi, P 
Tamilmahan and BL Balaraju: Economic 
importance of ticks and their effective 
control strategies. Asian Pac J Trop Dis 4, 
S770-S779 (2014)

	 DOI: 10.1016/S2222-1808(14)60725-8

3.	 S Moutailler, C Valiente Moro, E Vaumourin, 
L Michelet, FH Tran, E Devillers, JF Cosson, 
P Gasqui, VT Van, P Mavingui, G Vourc’h 
and M Vayssier-Taussat: Co-infection of 
ticks: the rule rather than the exception. 
PLoS Negl Trop Dis 10, e0004539 (2016)

	 DOI: 10.1371/journal.pntd.0004539

4.	 ER Adrion, J Aucott, KW Lemke and JP 
Weiner: Health care costs, utilization and 
patterns of care following Lyme disease. 
PLoS One 10, e0116767 (2015)

	 DOI: 10.1371/journal.pone.0116767

5.	 USDA-APHIS: Tick disease information - 
Cattle Fever. In: viewed Sept. 8, 2016. (2015) 
doi:https://www.aphis.usda.gov/aphis/
ourfocus/animalhealth/animal-disease-
information/cattle-disease-information/sa_
ticks/ct_tick_disease_information

6.	 AA Perez de Leon, JM Pound, G Schuster, 
FD Guerrero, RB Davey, RJ Miller, KH 
Lohmeyer, DG Hewitt, JA Ortega, TA 
Campbell, AE Racelis, JA Goolsby, P 
Holman, M Messenger, D Ellis, R Duhaime, 
L Soliz, AY Li, PL Phillips, KB Temeyer, P 

Teel, SK Wikel, DM Kammlah, GG Wagner, 
KP Varner and DK Brake: Shift in rules of 
engagement for eradication of cattle fever 
ticks in the United States. 55th Annu Meeting 
Am Assoc Vet Parasitol. Atlanta, GA (2010)

7.	 L Grisi, RC Leite, JR Martins, AT Barros, 
R Andreotti, PH Cancado, AA Leon, JB 
Pereira and HS Villela: Reassessment of the 
potential economic impact of cattle parasites 
in Brazil. Rev Bras Parasitol Vet 23, 150-6 
(2014)

	 DOI: 10.1590/S1984-29612014042

8.	 OS Higa, MV Garcia, JC Barroa, WW Koller 
and R Andreotti: Acaricide resistance status 
of the Rhipicephalus microplus in Brazil: a 
literature overview. Med Chem 5, 326-333 
(2015)

9.	 MD Esteve-Gassent, I Castro-Arellano, TP 
Feria-Arroyo, R Patino, AY Li, RF Medina, 
AA Perez de Leon and RI Rodriguez-
Vivas: Translating ecology, physiology, 
biochemistry, and population genetics 
research to meet the challenge of tick and 
tick-borne diseases in North America. Arch 
Insect Biochem Physiol 92, 38-64 (2016)

	 DOI: 10.1002/arch.21327

10.	 P Vudriko, J Okwee-Acai, DS Tayebwa, J 
Byaruhanga, S Kakooza, E Wampande, 
R Omara, JB Muhindo, R Tweyongyere, 
DO Owiny, T Hatta, N Tsuji, R Umemiya-
Shirafuji, X Xuan, M Kanameda, K Fujisaki 
and H Suzuki: Emergence of multi-
acaricide resistant Rhipicephalus ticks and 
its implication on chemical tick control in 
Uganda. Parasit Vectors 9, 4 (2016)

	 DOI: 10.1186/s13071-015-1278-3

11.	 AE Lew-Tabor and M Rodriguez Valle: A 
review of reverse vaccinology approaches 
for the development of vaccines against 
ticks and tick borne diseases. Ticks Tick 
Borne Dis 7, 573-85 (2016)

	 DOI: 10.1016/j.ttbdis.2015.12.012

12.	 OH Graham and JL Hourrigan: Eradication 
programs for the arthropod parasites of 
livestock. J Med Entomol 13, 629-58 (1977)

	 DOI: 10.1093/jmedent/13.6.629

13.	 KB Temeyer, JM Pound, JA Miller, AC Chen, 
JH Pruett, FD Guerrero, RB Davey, PM 
Untalan, KH Lohmeyer, AY Li, RJ Miller and 
JE George: Organophosphate resistance 
in Mexican strains of Boophilus microplus: 
A major threat to the U.S. cattle industry. 

https://doi.org/10.1016/S2222-1808%2814%2960725-8
https://doi.org/10.1371/journal.pntd.0004539
https://doi.org/10.1371/journal.pone.0116767
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/sa_ticks/ct_tick_disease_information
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/sa_ticks/ct_tick_disease_information
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/sa_ticks/ct_tick_disease_information
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/animal-disease-information/cattle-disease-information/sa_ticks/ct_tick_disease_information
https://doi.org/10.1590/S1984-29612014042
https://doi.org/10.1002/arch.21327
https://doi.org/10.1186/s13071-015-1278-3
https://doi.org/10.1016/j.ttbdis.2015.12.012
https://doi.org/10.1093/jmedent/13.6.629


Molecular biology of tick acetylcholinesterases

1330 © 1996-2018

SAAS Bull Biochem Biotechnol 17, 43-51 
(2004)

14.	 KB Temeyer, AC Chen, RB Davey, FD 
Guerrero, JM Howell, DM Kammlah, AY 
Li, KH Lohmeyer, PU Olafson, AA Perez 
de Leon, PL Phillips, JM Pound and JB 
Welch: Novel approaches for control of 
Rhipicephalus (Boophilus) microplus. Tec 
Pecu Mex 3 (Suppl. 1), 25-40 (2012)

15.	 RL Concepcion, IV Froylan, IP Herminia, 
MA Norberto, JS Hector and GC Yeniel: In 
vitro assessment of the acaricidal activity of 
computer-selected analogues of carvacrol 
and salicylic acid on Rhipicephalus 
(Boophilus) microplus. Exp Appl Acarol 61, 
251-7 (2013)

	 DOI: 10.1007/s10493-013-9688-4

16.	 GM Klafke, TT Torres, J Reck and JR 
Martins: Multi-resistance to acaricides and 
the integrated control of cattle ticks in Brazil 
(La multiresistencia a los acaricides y el 
control integral de garrapatas en Brasil). 
In: Memorias III Simposia Internacional de 
Resistencia a los pesticidas en artropodos: 
El control integral de garrapatas y moscas 
del ganado y la mitigacion de la resistencia 
a los pesticidas. Ed DI Dominguez Garcia, 
R Rosario Cruz & M Ortiz Estrada. Ixtapa, 
Zihuatenejo, Mexico (2013)

17.	 AA Perez de Leon, RI Rodriguez-Vivas, FD 
Guerrero, Z Garcia Vazquez, KB Temeyer, 
DI Dominguez Garcia, AY Li, N Soberanes 
Cespedes, RJ Miller and R Rosario Cruz: 
Acaricide resistance in Rhipicephalus 
(Boophilus) microplus: Impact on agro-
biosecurity and cattle trade between Mexico 
and the United States of America (La 
resistencia de Rhipicephalus (Boophilus) 
microplus a los acaricidas: Impacto en la 
bioseguridad agropecuaria y comercio de 
ganado bovino entre México y los Estados 
Unidos de América). In: Memorias III 
Simposio Internacional de Resistencia a los 
pesticidas en artropódos: El control integral 
de garrapatas y moscas del ganado y la 
mitigacion de la resistencia a los pesticidas. 
Ed DI Dominguez Garcia, R Rosario Cruz 
& M Ortiz Estrada. Ixtapa, Zihuatenejo, 
Mexico (2013)

18.	 RI Rodriguez-Vivas, JE Hodgkinson and AJ 
Trees: Acaricide resistance in Rhipicephalus 
(Boophilus) microplus - current status and 
mechanisms of resistance. Rev Mex Cienc 
Pecu 3, 9-24 (2012)

19.	 JE Casida and KA Durkin: Neuroactive 
insecticides: targets, selectivity, resistance, 
and secondary effects. Annu Rev Entomol 
58, 99-117 (2013)

	 DOI: 10.1146/annurev-ento-120811-153645

20.	 FD Guerrero, AA Perez de Leon, RI 
Rodriguez-Vivas, N Jonsson, RJ Miller 
and R Andreotti: Acaricide research and 
development, resistance and resistance 
monitoring In: Biology of Ticks. Ed DE 
Sonenshine & RM Roe. Oxford University 
Press, New York, NY (2014)

21.	 CN Pope: Organophosphorus pesticides: 
do they all have the same mechanism of 
toxicity? J Toxicol Environ Health B Crit Rev 
2, 161-81 (1999)

	 DOI: 10.1080/109374099281205

22.	 IE Perez-Gonzalez, MG Prado-Ochoa, 
MA Munoz-Guzman, VH Vazquez-
Valadez, AM Velazquez-Sanchez, BL 
Avila-Suarez, C Cuenca-Verde, E Angeles 
and F Alba-Hurtado: Effect of new ethyl 
and methyl carbamates on Rhipicephalus 
microplus larvae and adult ticks resistant to 
conventional ixodicides. Vet Parasitol 199, 
235-41 (2014)

	 DOI: 10.1016/j.vetpar.2013.07.042

23.	 MG Prado-Ochoa, P Ramirez-Noguera, 
R Diaz-Torres, GI Garrido-Farina, VH 
Vazquez-Valadez, AM Velazquez-Sanchez, 
MA Munoz-Guzman, E Angeles and F Alba-
Hurtado: The action of two ethyl carbamates 
on acetylcholinesterase and reproductive 
organs of Rhipicephalus microplus. Vet 
Parasitol 199, 215-24 (2014)

	 DOI: 10.1016/j.vetpar.2013.10.028

24.	 TL Rosenberry: Acetylcholinesterase. Adv 
Enzymol Relat Areas Mol Biol 43, 103-218 
(1975)

	 DOI: 10.1002/9780470122884.ch3

25.	 I Silman and JL Sussman: Acetylcholinesterase: 
how is structure related to function? Chem Biol 
Interact 175, 3-10 (2008)

	 DOI: 10.1016/j.cbi.2008.05.035

26.	 T Shen, K Tai, RH Henchman and JA 
McCammon: Molecular dynamics of 
acetylcholinesterase. Acc Chem Res 35, 
332-40 (2002)

	 DOI: 10.1021/ar010025i

27.	 T Van Leeuwen, J Vontas, A Tsagkarakou, W 
Dermauw and L Tirry: Acaricide resistance 

https://doi.org/10.1007/s10493-013-9688-4
https://doi.org/10.1146/annurev-ento-120811-153645
https://doi.org/10.1080/109374099281205
https://doi.org/10.1016/j.vetpar.2013.07.042
https://doi.org/10.1016/j.vetpar.2013.10.028
https://doi.org/10.1002/9780470122884.ch3


Molecular biology of tick acetylcholinesterases

1331 © 1996-2018

mechanisms in the two-spotted spider mite 
Tetranychus urticae and other important 
Acari: a review. Insect Biochem Mol Biol 40, 
563-72 (2010)

	 DOI: 10.1016/j.ibmb.2010.05.008

28.	 JG Oakeshott, C Claudianos, PM Campbell, 
RD Newcomb and RJ Russell: Biochemical 
genetics and genomics of insect esterases. 
In: Comprehensive Molecular Insect 
Science. Ed LI Gilbert, K Iatrou & SS Gill. 
Elsevier, Amsterdam (2005)

	 DOI: 10.1016/B0-44-451924-6/00073-9

29.	 RM Lee and P Batham: The activity 
and organophosphate inhibition of 
cholinesterases from susceptible and 
resistant ticks (Acari). Entomol Exp Appl 9, 
13-24 (1966)

	 DOI: 10.1111/j.1570-7458.1966.tb00974.x

30.	 J Nolan and HJ Schnitzerling: 
Characterization of acetylcholinesterases of 
acaricide-resistant and susceptible strains 
of the cattle tick Boophilus microplus (Can.): 
I. Extraction of the critical component and 
comparison with enzyme from other sources. 
Pest Biochem Physiol 5, 178-188 (1975)

	 DOI: 10.1016/0048-3575(75)90073-5

31.	 J Nolan and HJ Schnitzerling: 
Characterization of acetylcholinesterases of 
acaricide resistant and susceptible strains 
of the cattle tick Boophilus microplus (Can.): 
II. The substrate specificity and catalytic 
efficiency of the critical enzyme component. 
Pest Biochem Physiol 6, 142-147 (1976)

	 DOI: 10.1016/0048-3575(76)90033-X

32.	 J Nolan, HJ Schnitzerling and CA Schuntner: 
Multiple forms of acetylcholinesterase from 
resistant and susceptible strains of the 
cattle tick, Boophilus microplus (Can.). Pest 
Biochem Physiol 2, 85-94 (1972)

	 DOI: 10.1016/0048-3575(72)90010-7

33.	 WJ Roulston, HJ Schnitzerling and 
CA Schuntner: Acetylcholinesterase 
insensitivity in the Biarra strain of the 
cattle tick Boophilus microplus, as a cause 
of resistance to organophosphorus and 
carbamate acaricides. Aust J Biol Sci 21, 
759-67 (1968)

	 DOI: 10.1071/BI9680759	

34.	 CA Schuntner, WJ Roulston and HJ 
Schnitzerling: Mechanism of resistance to 
organophosphorus acaricides in a strain of 
the cattle tick Boophilus microplus. Aust J 
Biol Sci 21, 97-109 (1968)

35.	 BF Stone, J Nolan and CA Schuntner: 
Biochemical genetics of resistance to 
organophosphorus acaricides in three 
strains of the cattle tick, Boophilus microplus. 
Aust J Biol Sci 29, 265-79 (1976)

	 DOI: 10.1071/BI9760265

36.	 AY Li, RB Davey, RJ Miller and JE George: 
Resistance to coumaphos and diazinon in 
Boophilus microplus (Acari: Ixodidae) and 
evidence for the involvement of an oxidative 
detoxification mechanism. J Med Entomol 
40, 482-90 (2003)

	 DOI: 10.1603/0022-2585-40.4.482

37.	 AY Li, JH Pruett, RB Davey and JE 
George: Toxicological and biochemical 
characterization of coumaphos resistance 
in the San Roman strain of Boophilus 
microplus (Acari: Ixodidae). Pest Biochem 
Physiol 81, 145-153 (2005)

	 DOI: 10.1016/j.pestbp.2004.12.002

38.	 GD Baxter and SC Barker: 
Acetylcholinesterase cDNA of the cattle tick, 
Boophilus microplus: characterisation and 
role in organophosphate resistance. Insect 
Biochem Mol Biol 28, 581-9 (1998)

	 DOI: 10.1016/S0965-1748(98)00034-4

39.	 FC Wright and EH Ahrens: Cholinesterase 
insensitivity: a mechanism of resistance 
in Mexican strains of Boophilus microplus 
(Acari: Ixodidae) against coumaphos. J Med 
Entomol 25, 234-9 (1988)

	 DOI: 10.1093/jmedent/25.4.234

40.	 GD Baxter, P Green, M Stuttgen and 
SC Barker: Detecting resistance to 
organophosphates and carbamates in 
the cattle tick Boophilus microplus, with a 
propoxur-based biochemical test. Exp Appl 
Acarol 23, 907-14 (1999)

	 DOI: 10.1023/A:1006364816302

41.	 R Hernandez, H He, AC Chen, GW 
Ivie, JE George and GG Wagner: 
Cloning and sequencing of a putative 
acetylcholinesterase cDNA from Boophilus 
microplus (Acari: Ixodidae). J Med Entomol 
36, 764-70 (1999)

	 DOI: 10.1093/jmedent/36.6.764

42.	 GD Baxter and SC Barker: Analysis of the 
sequence and expression of a second 
putative acetylcholinesterase cDNA 
from organophosphate-susceptible and 
organophosphate-resistant cattle ticks. 
Insect Biochem Mol Biol 32, 815-20 (2002)

	 DOI: 10.1016/S0965-1748(01)00168-0

https://doi.org/10.1016/B0-44-451924-6/00073-9
https://doi.org/10.1111/j.1570-7458.1966.tb00974.x
https://doi.org/10.1016/0048-3575%2875%2990073-5
https://doi.org/10.1016/0048-3575%2876%2990033-X
https://doi.org/10.1016/0048-3575%2872%2990010-7
https://doi.org/10.1071/BI9680759
https://doi.org/10.1071/BI9760265
https://doi.org/10.1603/0022-2585-40.4.482
https://doi.org/10.1016/j.pestbp.2004.12.002
https://doi.org/10.1016/S0965-1748%2898%2900034-4
https://doi.org/10.1093/jmedent/25.4.234
https://doi.org/10.1023/A:1006364816302
https://doi.org/10.1093/jmedent/36.6.764
https://doi.org/10.1016/S0965-1748%2801%2900168-0


Molecular biology of tick acetylcholinesterases

1332 © 1996-2018

43.	 KB Temeyer, RB Davey and AC Chen: 
Identification of a third Boophilus microplus 
(Acari: Ixodidae) cDNA presumptively 
encoding an acetylcholinesterase. J Med 
Entomol 41, 259-68 (2004)

	 DOI: 10.1603/0022-2585-41.3.259

44.	 M Grauso, E Culetto, D Combes, Y Fedon, 
JP Toutant and M Arpagaus: Existence 
of four acetylcholinesterase genes in the 
nematodes Caenorhabditis elegans and 
Caenorhabditis briggsae. FEBS Lett 424, 
279-84 (1998)

	 DOI: 10.1016/S0014-5793(98)00191-4

45.	 CD Johnson and RL Russell: Multiple 
molecular forms of acetylcholinesterase in 
the nematode Caenorhabditis elegans. J 
Neurochem 41, 30-46 (1983)

	 DOI: 10.1111/j.1471-4159.1983.tb11811.x

46.	 D. Kolson and RL Russell: A novel class of 
acetylcholinesterase, revealed by mutations, 
in the nematode Caenorhabditis elegans. J 
Neurogenet 2, 93-110 (1985)

	 DOI: 10.3109/01677068509100145

47.	 D Combes, Y Fedon, M Grauso, JP Toutant 
and M Arpagaus: Four genes encode 
acetylcholinesterases in the nematodes 
Caenorhabditis elegans and Caenorhabditis 
briggsae. cDNA sequences, genomic 
structures, mutations and in vivo expression. 
J Mol Biol 300, 727-42 (2000)

	 DOI: 10.1006/jmbi.2000.3917

48.	 AS Hussein, AM Smith, MR Chacon and ME 
Selkirk: Determinants of substrate specificity 
of a second non-neuronal secreted 
acetylcholinesterase from the parasitic 
nematode Nippostrongylus brasiliensis. Eur 
J Biochem 267, 2276-82 (2000)

	 DOI: 10.1046/j.1432-1327.2000.01232.x

49.	 KB Temeyer, JH Pruett, PM Untalan and AC 
Chen: Baculovirus expression of BmAChE3, 
a cDNA encoding an acetylcholinesterase 
of Boophilus microplus (Acari: Ixodidae). J 
Med Entomol 43, 707-12 (2006)

	 DOI: 10.1093/jmedent/43.4.707

50.	 KB Temeyer, JH Pruett, PU Olafson and AC 
Chen: R86Q, a mutation in BmAChE3 yielding 
a Rhipicephalus microplus organophosphate-
insensitive acetylcholinesterase. J Med 
Entomol 44, 1013-8 (2007)

	 DOI: 10.1093/jmedent/44.6.1013

51.	 KB Temeyer, PU Olafson and RJ Miller: 
Genotyping mutations in BmAChE3: A 

survey of organophosphate-resistant 
and -susceptible strains of Rhipicephalus 
(Boophilus) microplus. J Med Entomol 46, 
1355-60 (2009)

	 DOI: 10.1603/033.046.0614

52.	 KB Temeyer, PU Olafson and JH 
Pruett: Sequence polymorphism in 
acetylcholinesterase transcripts and 
genotyping survey of BmAchE1 in laboratory 
and Mexican strains of Rhipicephalus 
(Boophilus) microplus. J Med Entomol 49, 
555-62 (2012)

	 DOI: 10.1603/ME11215

53.	 KB Temeyer, JH Pruett, PU Olafson and 
AC Chen: Characterization of multiple 
acetylcholinesterases and relationship 
to organophosphate resistance in the 
southern cattle tick, Rhipicephalus 
(Boophilus) microplus. In: 22nd International 
Conference of the World Association for the 
Advancement of Veterinary Parasitology. 
Brazil (2009)

54.	 KB Temeyer, MA Tijerina, RB Davey and PU 
Olafson: Genetic factors potentially reducing 
fitness cost of organophosphate-insensitive 
acetylcholinesterase(s) in Rhipicephalus 
(Boophilus) microplus. Zoosymposia 6, 260-
266 (2011)

55.	 KB Temeyer, JH Pruett and PU Olafson: 
Baculovirus expression, biochemical 
characterization and organophosphate 
sensitivity of rBmAChE1, rBmAChE2, and 
rBmAChE3 of Rhipicephalus (Boophilus) 
microplus. Vet Parasitol 172, 114-21 (2010)

	 DOI: 10.1016/j.vetpar.2010.04.016

56.	 LM Costa-Júnior, RJ Miller, PB Alves, 
AF Blank, AY Li and AA Pérez de León: 
Acaricidal efficacies of Lippia gracilis 
essential oil and its phytochemicals 
against organophosphate-resistant and 
susceptible strains of Rhipicephalus 
(Boophilus) microplus. Vet Parasitol 228, 
60-64 (2016)

	 DOI: 10.1016/j.vetpar.2016.05.028

57.	 PK Mukherjee, V Kumar, M Mal and PJ 
Houghton: Acetylcholinesterase inhibitors 
from plants. Phytomedicine 14, 289-300 
(2007)

	 DOI: 10.1016/j.phymed.2007.02.002

58.	 ZD Yang, DZ Duan, WW Xue, XJ Yao and 
S Li: Steroidal alkaloids from Holarrhena 
antidysenterica as acetylcholinesterase 
inhibitors and the investigation for structure-

https://doi.org/10.1603/0022-2585-41.3.259
https://doi.org/10.1016/S0014-5793%2898%2900191-4
https://doi.org/10.1111/j.1471-4159.1983.tb11811.x
https://doi.org/10.3109/01677068509100145
https://doi.org/10.1006/jmbi.2000.3917
https://doi.org/10.1046/j.1432-1327.2000.01232.x
https://doi.org/10.1093/jmedent/43.4.707
https://doi.org/10.1093/jmedent/44.6.1013
https://doi.org/10.1603/033.046.0614
https://doi.org/10.1603/ME11215
https://doi.org/10.1016/j.vetpar.2010.04.016
https://doi.org/10.1016/j.vetpar.2016.05.028
https://doi.org/10.1016/j.phymed.2007.02.002


Molecular biology of tick acetylcholinesterases

1333 © 1996-2018

activity relationships. Life Sci 90, 929-33 
(2012)

	 DOI: 10.1016/j.lfs.2012.04.017

59.	 MH Medema and MA Fischbach: 
Computational approaches to natural 
product discovery. Nat Chem Biol 11, 639-
48 (2015)

	 DOI: 10.1038/nchembio.1884

60.	 DR Swale, F Tong, KB Temeyer, A Li, PC 
Lam, MM Totrov, PR Carlier, AA Perez de 
Leon and JR Bloomquist: Inhibitor profile 
of bis(n)-tacrines and N-methylcarbamates 
on acetylcholinesterase from Rhipicephalus 
(Boophilus) microplus and Phlebotomus 
papatasi. Pestic Biochem Physiol 106 (2013)

	 DOI: 10.1016/j.pestbp.2013.03.005

61.	 JA Hartsel, DM Wong, JM Mutunga, M 
Ma, TD Anderson, A Wysinski, R Islam, 
EA Wong, SL Paulson, J Li, PC Lam, MM 
Totrov, JR Bloomquist and PR Carlier: 
Re-engineering aryl methylcarbamates 
to confer high selectivity for inhibition 
of Anopheles gambiae versus human 
acetylcholinesterase. Bioorg Med Chem Lett 
22, 4593-8 (2012)

	 DOI: 10.1016/j.bmcl.2012.05.103

62.	 Y Chen, ZL Liu, TM Fu, W Li, XL Xu and HP 
Sun: Discovery of new acetylcholinesterase 
inhibitors with small core structures through 
shape-based virtual screening. Bioorg Med 
Chem Lett 25, 3442-6 (2015)

	 DOI: 10.1016/j.bmcl.2015.07.026

63.	 S Lee and MG Barron: Development of 
3D-QSAR Model for acetylcholinesterase 
inhibitors using a combination of fingerprint, 
molecular docking, and structure-based 
pharmacophore approaches. Toxicol Sci 
148, 60-70 (2015)

	 DOI: 10.1093/toxsci/kfv160

64.	 A Gupta and C Adami: Strong selection 
significantly increases epistatic interactions 
in the long-term evolution of a protein. PLoS 
Genet 12, e1005960 (2016)

	 DOI: 10.1371/journal.pgen.1005960

65.	 KB Temeyer, PU Olafson, DK Brake, AP 
Tuckow, AY Li and AA Perez de Leon: 
Acetylcholinesterase of Rhipicephalus 
(Boophilus) microplus and Phlebotomus 
papatasi: Gene identification, expression, and 
biochemical properties of recombinant proteins. 
Pest Biochem Physiol 106, 118-123 (2013)

	 DOI: 10.1016/j.pestbp.2013.01.005

66.	 KB Temeyer, AP Tuckow, DK Brake, AY Li and 
AA Perez de Leon: Acetylcholinesterases 
of blood-feeding flies and ticks. Chem Biol 
Interact 203, 319-22 (2013)

	 DOI: 10.1016/j.cbi.2012.09.010

67.	 HR Smissaert, FM el Hamid and WP Overmeer: 
The minimum acetylcholinesterase (AChE) 
fraction compatible with life derived by aid 
of a simple model explaining the degree 
of dominance of resistance to inhibitors in 
AChE “mutants”. Biochem Pharmacol 24, 
1043-7 (1975)

	 DOI: 10.1016/0006-2952(75)90443-8

68.	 A Charpentier and D Fournier: Levels of 
total acetylcholinesterase in Drosophila 
melanogaster in relation to insecticide 
resistance. Pest Biochem Physiol 70, 100-
107 (2001)

	 DOI: 10.1006/pest.2001.2549

69.	 RH ffrench-Constant: Insecticide resistance 
comes of age. Genome Biol 15, 106 (2014)

	 DOI: 10.1186/gb4162

70.	 DH Kwon, JM Clark and SH Lee: Extensive 
gene duplication of acetylcholinesterase 
associated with organophosphate resistance 
in the two-spotted spider mite. Insect Mol 
Biol 19, 195-204 (2010)

	 DOI: 10.1111/j.1365-2583.2009.00958.x

71.	 DH Kwon, JY Choi, YH Je and SH Lee: 
The overexpression of acetylcholinesterase 
compensates for the reduced catalytic 
activity caused by resistance-conferring 
mutations in Tetranychus urticae. Insect 
Biochem Mol Biol 42, 212-9 (2012)

	 DOI: 10.1016/j.ibmb.2011.12.003

72.	 H Alout, P Labbe, A Berthomieu, N Pasteur 
and M Weill: Multiple duplications of the 
rare ace-1 mutation F290V in Culex pipiens 
natural populations. Insect Biochem Mol Biol 
39, 884-91 (2009)

	 DOI: 10.1016/j.ibmb.2009.10.005

73.	 P Labbe, A Berthomieu, C Berticat, H 
Alout, M Raymond, T Lenormand and 
M Weill: Independent duplications of the 
acetylcholinesterase gene conferring 
insecticide resistance in the mosquito Culex 
pipiens. Mol Biol Evol 24, 1056-67 (2007)

	 DOI: 10.1093/molbev/msm025

74.	 H Alout, P Labbe, N Pasteur and M Weill: High 
incidence of ace-1 duplicated haplotypes 
in resistant Culex pipiens mosquitoes from 

https://doi.org/10.1016/j.lfs.2012.04.017
https://doi.org/10.1038/nchembio.1884
https://doi.org/10.1016/j.pestbp.2013.03.005
https://doi.org/10.1016/j.bmcl.2012.05.103
https://doi.org/10.1016/j.bmcl.2015.07.026
https://doi.org/10.1093/toxsci/kfv160
https://doi.org/10.1371/journal.pgen.1005960
https://doi.org/10.1016/j.pestbp.2013.01.005
https://doi.org/10.1016/j.cbi.2012.09.010
https://doi.org/10.1016/0006-2952%2875%2990443-8
https://doi.org/10.1006/pest.2001.2549
https://doi.org/10.1186/gb4162
https://doi.org/10.1111/j.1365-2583.2009.00958.x
https://doi.org/10.1016/j.ibmb.2011.12.003
https://doi.org/10.1016/j.ibmb.2009.10.005
https://doi.org/10.1093/molbev/msm025


Molecular biology of tick acetylcholinesterases

1334 © 1996-2018

Algeria. Insect Biochem Mol Biol 41, 29-35 
(2011)

	 DOI: 10.1016/j.ibmb.2010.09.009

75.	 SH Lee and DH Kwon: Gene duplication in 
insecticide resistance. In: Gene Duplication. 
Ed F Friedberg. InTech, (2011)

76.	 I Silman and JL Sussman: 
Acetylcholinesterase: ‘classical’ and ‘non-
classical’ functions and pharmacology. Curr 
Opin Pharmacol 5, 293-302 (2005)

	 DOI: 10.1016/j.coph.2005.01.014

77.	 MI Bellgard, PM Moolhuijzen, FD Guerrero, 
D Schibeci, M Rodriguez-Valle, DG 
Peterson, SE Dowd, R Barrero, A Hunter, RJ 
Miller and AE Lew-Tabor: CattleTickBase: 
an integrated Internet-based bioinformatics 
resource for Rhipicephalus (Boophilus) 
microplus. Int J Parasitol 42, 161-9 (2012)

	 DOI: 10.1016/j.ijpara.2011.11.006

78.	 BW Bissinger, KV Donohue, SM Khalil, 
CM Grozinger, D. Sonenshine, J Zhu and 
RM Roe: Synganglion transcriptome and 
developmental global gene expression in 
adult females of the American dog tick, 
Dermacentor variabilis (Acari: Ixodidae). 
Insect Mol Biol 20, 465-91 (2011)

	 DOI: 10.1111/j.1365-2583.2011.01086.x

79.	 X Meng, C Li, C Xiu, J Zhang, J Li, L 
Huang, Y Zhang and Z Liu: Identification 
and biochemical properties of two new 
acetylcholinesterases in the pond wolf 
spider (Pardosa pseudoannulata). PLoS 
One 11, e0158011 (2016)

	 DOI: 10.1371/journal.pone.0158011

80.	 X Cousin, T Hotelier, K Giles, JP Toutant and 
A Chatonnet: aCHEdb: the database system 
for ESTHER, the alpha/beta fold family 
of proteins and the Cholinesterase gene 
server. Nucleic Acids Res 26, 226-8 (1998)

	 DOI: 10.1093/nar/26.1.226

81.	 N Lenfant, T Hotelier, Y Bourne, P Marchot 
and A Chatonnet: Tracking the origin 
and divergence of cholinesterases and 
neuroligins: the evolution of synaptic 
proteins. J Mol Neurosci 53, 362-9 (2014)

	 DOI: 10.1007/s12031-013-0194-2

82.	 P Taylor, A De Jaco, D Comoletti, M Miller 
and S Camp: Cholinesterase confabs and 
cousins: approaching forty years. Chem Biol 
Interact 203, 10-3 (2013)

	 DOI: 10.1016/j.cbi.2012.10.004

83.	 C Claudianos, RJ Russell and JG 
Oakeshott: The same amino acid 
substitution in orthologous esterases 
confers organophosphate resistance on the 
house fly and a blowfly. Insect Biochem Mol 
Biol 29, 675-86 (1999)

	 DOI: 10.1016/S0965-1748(99)00035-1

84.	 RD Newcomb, PM Campbell, DL Ollis, E 
Cheah, RJ Russell and JG Oakeshott: A 
single amino acid substitution converts a 
carboxylesterase to an organophosphorus 
hydrolase and confers insecticide resistance 
on a blowfly. Proc Natl Acad Sci U S A 94, 
7464-8 (1997)

	 DOI: 10.1073/pnas.94.14.7464

85.	 PM Campbell, RD Newcomb, RJ Russell 
and JG Oakeshott: Two different amino acid 
substitutions in the ali-esterase, E3, confer 
alternative types of organophosphorus 
insecticide resistance in the sheep blowfly, 
Lucilia cuprina. Insect Biochem Mol Biol 28, 
139-150 (1998)

	 DOI: 10.1016/S0965-1748(97)00109-4

86.	 Y Sagane, T Nakagawa, K Yamamoto, S 
Michikawa, S Oguri and YS Momonoki: 
Molecular characterization of maize 
acetylcholinesterase: a novel enzyme family 
in the plant kingdom. Plant Physiol 138, 
1359-71 (2005)

	 DOI: 10.1104/pp.105.062927

87.	 T Yamada, T Fujii, T Kanai, T Amo, T 
Imanaka, H Nishimasu, T Wakagi, H Shoun, 
M Kamekura, Y Kamagata, T Kato and K 
Kawashima: Expression of acetylcholine 
(ACh) and ACh-synthesizing activity in 
Archaea. Life Sci 77, 1935-44 (2005)

	 DOI: 10.1016/j.lfs.2005.01.026

88.	 K Yamamoto and YS Momonoki: Tissue 
localization of maize acetylcholinesterase 
associated with heat tolerance in plants. 
Plant Signal Behav 7, 301-5 (2012)

	 DOI: 10.4161/psb.19007

89.	 Y Horiuchi, R Kimura, N Kato, T Fujii, M Seki, T 
Endo, T Kato and K Kawashima: Evolutional 
study on acetylcholine expression. Life Sci 
72, 1745-56 (2003)

	 DOI: 10.1016/S0024-3205(02)02478-5

90.	 I Wessler, H Kilbinger, F Bittinger and CJ 
Kirkpatrick: The biological role of non-
neuronal acetylcholine in plants and 
humans. Jpn J Pharmacol 85, 2-10 (2001)

	 DOI: 10.1254/jjp.85.2

https://doi.org/10.1016/j.ibmb.2010.09.009
https://doi.org/10.1016/j.coph.2005.01.014
https://doi.org/10.1016/j.ijpara.2011.11.006
https://doi.org/10.1111/j.1365-2583.2011.01086.x
https://doi.org/10.1371/journal.pone.0158011
https://doi.org/10.1093/nar/26.1.226
https://doi.org/10.1007/s12031-013-0194-2
https://doi.org/10.1016/j.cbi.2012.10.004
https://doi.org/10.1016/S0965-1748%2899%2900035-1
https://doi.org/10.1073/pnas.94.14.7464
https://doi.org/10.1016/S0965-1748%2897%2900109-4
https://doi.org/10.1104/pp.105.062927
https://doi.org/10.1016/j.lfs.2005.01.026
https://doi.org/10.4161/psb.19007
https://doi.org/10.1016/S0024-3205%2802%2902478-5
https://doi.org/10.1254/jjp.85.2


Molecular biology of tick acetylcholinesterases

1335 © 1996-2018

91.	 G Johnson and SW Moore: The Leu-Arg-
Glu (LRE) adhesion motif in proteins of 
the neuromuscular junction with special 
reference to proteins of the carboxylesterase/
cholinesterase family. Comp Biochem 
Physiol Part D Genomics Proteomics 8, 
231-43 (2013)

	 DOI: 10.1016/j.cbd.2013.06.001

92.	 SM Fossati, F Carella, G De Vico, F 
Benfenati and L Zullo: Octopus arm 
regeneration: Role of acetylcholinesterase 
during morphological modification. J Exp 
Mar Biol Ecol 447, 93-99 (2013)

	 DOI: 10.1016/j.jembe.2013.02.015

93.	 K Racke, UR Juergens and S Matthiesen: 
Control by cholinergic mechanisms. Eur J 
Pharmacol 533, 57-68 (2006)

	 DOI: 10.1016/j.ejphar.2005.12.050

94.	 J Beckmann and KS Lips: The non-neuronal 
cholinergic system in health and disease. 
Pharmacology 92, 286-302 (2013)

	 DOI: 10.1159/000355835

95.	 T Fujii and K Kawashima: An independent 
non-neuronal cholinergic system in 
lymphocytes. Jpn J Pharmacol 85, 11-5 
(2001)

	 DOI: 10.1254/jjp.85.11

96.	 FJ Campoy, CJ Vidal, E Munoz-Delgado, 
MF Montenegro, J Cabezas-Herrera and 
S Nieto-Ceron: Cholinergic system and cell 
proliferation. Chem Biol Interact 259 (Pt B), 
257-265 (2016)

97.	 H Soreq: Checks and balances on cholinergic 
signaling in brain and body function. Trends 
Neurosci 38, 448-58 (2015)

	 DOI: 10.1016/j.tins.2015.05.007

98.	 X Shi, Z Zhou, L Wang, F Yue, M Wang, C 
Yang and L Song: The immunomodulation 
of acetylcholinesterase in zhikong scallop 
Chlamys farreri. PLoS One 7, e30828 (2012)

	 DOI: 10.1371/journal.pone.0030828

99.	 H Chen, Z Zhou, L Wang, H Wang, R Liu, H 
Zhang and L Song: An invertebrate-specific 
miRNA targeted the ancient cholinergic 
neuroendocrine system of oyster. Open Biol 
6, 160059 (2016)

	 DOI: 10.1098/rsob.160059

100.	A Du, J Xie, K Guo, L Yang, Y Wan, Q OuYang, 
X Zhang, X Niu, L Lu, J Wu and X Zhang: A 
novel role for synaptic acetylcholinesterase 

as an apoptotic deoxyribonuclease. Cell 
Discov 1, 15002 (2015)

	 DOI: 10.1038/celldisc.2015.2

101.	J de la Fuente, M Villar, A Cabezas-Cruz, A 
Estrada-Pena, N Ayllon and P Alberdi: Tick-host-
pathogen interactions: conflict and cooperation. 
PLoS Pathog 12, e1005488 (2016)

	 DOI: 10.1371/journal.ppat.1005488

102.	SA Adamo: Parasites: evolution’s 
neurobiologists. J Exp Biol 216, 3-10 (2013)

	 DOI: 10.1242/jeb.073601

103.	G Chen, MS Severo, M Sohail, OS 
Sakhon, SK Wikel, M Kotsyfakis and JH 
Pedra: Ixodes scapularis saliva mitigates 
inflammatory cytokine secretion during 
Anaplasma phagocytophilum stimulation of 
immune cells. Parasit Vectors 5, 229 (2012)

	 DOI: 10.1186/1756-3305-5-229

104.	MA McDowell: Vector-transmitted disease 
vaccines: targeting salivary proteins in 
transmission (SPIT). Trends Parasitol 31, 
363-72 (2015)

	 DOI: 10.1016/j.pt.2015.04.011

105.	KB Temeyer and AP Tuckow: Tick salivary 
cholinesterase: a probable immunomodulator 
of host-parasite interactions. J Med Entomol 
53, 500-504 (2016)

	 DOI: 10.1093/jme/tjv252

106.	LA Lewis, ZM Radulovic, TK Kim, LM Porter 
and A Mulenga: Identification of 24h Ixodes 
scapularis immunogenic tick saliva proteins. 
Ticks Tick Borne Dis 6, 424-34 (2015)

	 DOI: 10.1016/j.ttbdis.2015.03.012

107.	L Tirloni, J Reck, RM Terra, JR Martins, A 
Mulenga, NE Sherman, JW Fox, JR Yates, 
3rd, C Termignoni, AF Pinto and S Vaz Ida, Jr.: 
Proteomic analysis of cattle tick Rhipicephalus 
(Boophilus) microplus saliva: a comparison 
between partially and fully engorged females. 
PLoS One 9, e94831 (2014)

	 DOI: 10.1371/journal.pone.0094831

108.	JM Ribeiro, TC Assumpcao and IM 
Francischetti: An insight into the sialomes of 
bloodsucking Heteroptera. Psyche, 470436 
(2012)

	 DOI: 10.1155/2012/470436

109.	E Hamel: Cholinergic modulation of the 
cortical microvascular bed. Prog Brain Res 
145, 171-8 (2004)

	 DOI: 10.1016/S0079-6123(03)45012-7

https://doi.org/10.1016/j.cbd.2013.06.001
https://doi.org/10.1016/j.jembe.2013.02.015
https://doi.org/10.1016/j.ejphar.2005.12.050
https://doi.org/10.1159/000355835
https://doi.org/10.1254/jjp.85.11
https://doi.org/10.1016/j.tins.2015.05.007
https://doi.org/10.1371/journal.pone.0030828
https://doi.org/10.1098/rsob.160059
https://doi.org/10.1038/celldisc.2015.2
https://doi.org/10.1371/journal.ppat.1005488
https://doi.org/10.1242/jeb.073601
https://doi.org/10.1186/1756-3305-5-229
https://doi.org/10.1016/j.pt.2015.04.011
https://doi.org/10.1093/jme/tjv252
https://doi.org/10.1016/j.ttbdis.2015.03.012
https://doi.org/10.1371/journal.pone.0094831
https://doi.org/10.1155/2012/470436
https://doi.org/10.1016/S0079-6123%2803%2945012-7


Molecular biology of tick acetylcholinesterases

1336 © 1996-2018

110.	K Freitas, FI Carroll and MI Damaj: The 
antinociceptive effects of nicotinic receptors 
alpha7-positive allosteric modulators in 
murine acute and tonic pain models. J 
Pharmacol Exp Ther 344, 264-75 (2013)

	 DOI: 10.1124/jpet.112.197871

111.	K Freitas, S Ghosh, F Ivy Carroll, AH Lichtman 
and M Imad Damaj: Effects of alpha-7 
positive allosteric modulators in murine 
inflammatory and chronic neuropathic pain 
models. Neuropharmacology 65, 156-64 
(2013)

	 DOI: 10.1016/j.neuropharm.2012.08.022

112.	J Chmelar, J Kotal, S Karim, P Kopacek, IM 
Francischetti, JH Pedra and M Kotsyfakis: 
Sialomes and mialomes: A systems-biology 
view of tick tissues and tick-host interactions. 
Trends Parasitol 32, 242-54 (2016)

	 DOI: 10.1016/j.pt.2015.10.002

113.	NA Steen, SC Barker and PF Alewood: 
Proteins in the saliva of the Ixodida (ticks): 
pharmacological features and biological 
significance. Toxicon 47, 1-20 (2006)

	 DOI: 10.1016/j.toxicon.2005.09.010

114.	WA Carvalho, AM Franzin, AR Abatepaulo, 
CJ de Oliveira, DD More, JS da Silva, 
BR Ferreira and IK de Miranda Santos: 
Modulation of cutaneous inflammation 
induced by ticks in contrasting phenotypes 
of infestation in bovines. Vet Parasitol 167, 
260-73 (2010)

	 DOI: 10.1016/j.vetpar.2009.09.028

115.	E Nizri and T Brenner: Modulation of 
inflammatory pathways by the immune 
cholinergic system. Amino Acids 45, 73-85 
(2013)

	 DOI: 10.1007/s00726-011-1192-8

116.	K Kawashima, T Fujii, Y Moriwaki and H 
Misawa: Critical roles of acetylcholine and 
the muscarinic and nicotinic acetylcholine 
receptors in the regulation of immune 
function. Life Sci 91, 1027-32 (2012)

	 DOI: 10.1016/j.lfs.2012.05.006

117.	K Kawashima, T Fujii, Y Moriwaki, H Misawa 
and K Horiguchi: Reconciling neuronally 
and nonneuronally derived acetylcholine in 
the regulation of immune function. Ann N Y 
Acad Sci 1261, 7-17 (2012)

	 DOI: 10.1111/j.1749-6632.2012.06516.x

118.	T Fujii, T Tsuchiya, S Yamada, K Fujimoto, 
T Suzuki, T Kasahara and K Kawashima: 

Localization and synthesis of acetylcholine 
in human leukemic T cell lines. J Neurosci 
Res 44, 66-72 (1996)

	 DOI: 10.1002/(SICI)1097-4547(19960401)44:1 
<66::AID-JNR9>3.0.CO;2-G

119.	J Qian, V Galitovskiy, AI Chernyavsky, S 
Marchenko and SA Grando: Plasticity of the 
murine spleen T-cell cholinergic receptors 
and their role in in vitro differentiation of naive 
CD4 T cells toward the Th1, Th2 and Th17 
lineages. Genes Immun 12, 222-30 (2011)

	 DOI: 10.1038/gene.2010.72

120.	RD Shytle, T Mori, K Townsend, M 
Vendrame, N Sun, J Zeng, J Ehrhart, AA 
Silver, PR Sanberg and J Tan: Cholinergic 
modulation of microglial activation by alpha 
7 nicotinic receptors. J Neurochem 89, 337-
43 (2004)

	 DOI: 10.1046/j.1471-4159.2004.02347.x

121.	MV Skok, R Grailhe, F Agenes and JP 
Changeux: The role of nicotinic receptors in 
B-lymphocyte development and activation. 
Life Sci 80, 2334-6 (2007)

	 DOI: 10.1016/j.lfs.2007.02.005

122.	H Wang, M Yu, M Ochani, CA Amella, 
M Tanovic, S Susarla, JH Li, H Wang, H 
Yang, L Ulloa, Y Al-Abed, CJ Czura and 
KJ Tracey: Nicotinic acetylcholine receptor 
alpha-7 subunit is an essential regulator of 
inflammation. Nature 421, 384-8 (2003)

	 DOI: 10.1038/nature01339

123.	LV Borovikova, S Ivanova, M Zhang, H 
Yang, GI Botchkina, LR Watkins, H Wang, N 
Abumrad, JW Eaton and KJ Tracey: Vagus 
nerve stimulation attenuates the systemic 
inflammatory response to endotoxin. Nature 
405, 458-62 (2000)

	 DOI: 10.1038/35013070

124.	R Zdanowski, M Krzyzowska, D Ujazdowska, 
A Lewicka and S Lewicki: Role of alpha-7 
nicotinic receptor in the immune system and 
intracellular signaling pathways. Cent Eur J 
Immunol 40, 373-9 (2015)

	 DOI: 10.5114/ceji.2015.54602

125.	K Ramirez, DA Witherden and WL Havran: 
All hands on DE(T)C: Epithelial-resident γδ 
T cells respond to tissue injury. Cell Immunol 
296, 57-61 (2015)

	 DOI: 10.1016/j.cellimm.2015.04.003

126.	DA Witherden, K Ramirez and WL Havran: 
Multiple receptor-ligand interactions direct 

https://doi.org/10.1124/jpet.112.197871
https://doi.org/10.1016/j.neuropharm.2012.08.022
https://doi.org/10.1016/j.pt.2015.10.002
https://doi.org/10.1016/j.toxicon.2005.09.010
https://doi.org/10.1016/j.vetpar.2009.09.028
https://doi.org/10.1007/s00726-011-1192-8
https://doi.org/10.1016/j.lfs.2012.05.006
https://doi.org/10.1111/j.1749-6632.2012.06516.x
https://doi.org/10.1002/%28SICI%291097-4547%2819960401%2944:1%3C66::AID-JNR9%3E3.0.CO;2-G
https://doi.org/10.1002/%28SICI%291097-4547%2819960401%2944:1%3C66::AID-JNR9%3E3.0.CO;2-G
https://doi.org/10.1038/gene.2010.72
https://doi.org/10.1046/j.1471-4159.2004.02347.x
https://doi.org/10.1016/j.lfs.2007.02.005
https://doi.org/10.1038/nature01339
https://doi.org/10.1038/35013070
https://doi.org/10.5114/ceji.2015.54602
https://doi.org/10.1016/j.cellimm.2015.04.003


Molecular biology of tick acetylcholinesterases

1337 © 1996-2018

tissue-resident γδ T Cell Activation. Front 
Immunol 5, 602 (2014)

	 DOI: 10.3389/fimmu.2014.00602

127.	S Ghosh, R Kumar, G Nagar, S Kumar, 
AK Sharma, A Srivastava, S Kumar, KG 
Ajith Kumar and BC Saravanan: Survey of 
acaricides resistance status of Rhipiciphalus 
(Boophilus) microplus collected from 
selected places of Bihar, an eastern state of 
India. Ticks Tick Borne Dis 6, 668-75 (2015)

	 DOI: 10.1016/j.ttbdis.2015.05.013

128.	Jyoti, NK Singh, H Singh, NK Singh 
and SS Rath: Multiple mutations in the 
acetylcholinesterase 3 gene associated with 
organophosphate resistance in Rhipicephalus 
(Boophilus) microplus ticks from Punjab, India. 
Vet Parasitol 216, 108-17 (2016)

	 DOI: 10.1016/j.vetpar.2015.12.004

129.	RC Edgar: MUSCLE: multiple sequence 
alignment with high accuracy and high 
throughput. Nucleic Acids Res 32, 1792-7.

	 DOI: 10.1093/nar/gkh340

130.	N Saitou and M Nei: The neighbor-joining 
method: a new method for reconstructing 
phylogenetic trees. Mol Biol Evol 4, 406-25 
(1987)

131.	J Felsenstein: Confidence limits on 
phylogenies: An approach using the 
bootstrap. Evolution 39, 783-791 (1985)

	 DOI: 10.1111/j.1558-5646.1985.tb00420.x

132.	E Zuckerkandl and L Pauling: Evolutionary 
divergence and convergence in proteins. 
In: Evolving Genes and Proteins. Academic 
Press, New York (1965)

	 DOI: 10.1016/B978-1-4832-2734-4.50017-6

133.	S Kumar, G Stecher and K Tamura: MEGA7: 
Molecular evolutionary genetics analysis 
version 7.0. for bigger datasets. Mol Biol 
Evol 33, 1870-4 (2016) 

	 DOI: 10.1093/molbev/msw054

Key Wods: Acetylcholine, Acetylcholinesterase, 
Arthropod vectors, Cholinesterase, Tick Saliva, 
Host-parasite interface, Immune modulation, 
Review

Send correspondence to:  Kevin B. Temeyer, 
Knipling-Bushland U.S. Livestock Insects 
Research Laboratory, Agricultural Research 
Service, U.S. Department of Agriculture, 2700 
Fredericksburg Road, Kerrville, TX 78028, Tel.: 
830-792-0332, Fax: 830-792-0314, E-mail: kevin.
temeyer@ars.usda.gov

https://doi.org/10.3389/fimmu.2014.00602
https://doi.org/10.1016/j.ttbdis.2015.05.013
https://doi.org/10.1016/j.vetpar.2015.12.004
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/B978-1-4832-2734-4.50017-6
https://doi.org/10.1093/molbev/msw054

