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1. ABSTRACT

Ixodicides resistance of ticks is one of the 
most important problems for the livestock industry 
in tropical and subtropical regions, mainly due to the 
increase in cases of multiple resistance in all families of 
the ixodicides used. Molecular markers such as single 
nucleotide polymorphisms (SNPs) has been proposed 
to identify the resistance to ixodicides in Rhipicephalus 
microplus. Many studies have recently been conducted 

using SNPs and other types of molecular markers to 
determine if they are associated with resistance to 
different products in many parts of the world. Knowing 
these changes at the molecular level, will allow to 
establish mechanisms and control strategies for the 
use of ixodicides. In this review, we will discuss and 
describe the different SNPs and other polymorphisms 
associated with resistance in R. microplus.
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2. INTRODUCTION

Tick resistance to acaricides is one of the 
most important problems facing the livestock industry 
of the tropical and subtropical regions, due to the 
multiple resistances to the ixodicides used today. 
The resistance is like a change in the genetic code 
of an organism in response to selection due to toxic 
substances (1). In some populations this can develop 
quickly, while in others it can be relatively slow (2). 
The emergence of tick populations with this type 
of resistance is an evolutionary adaptation due to 
constant pressure of selection because of the constant 
use of pesticides (3). This resistance is due to the 
genetic variability caused by random mutations or 
genetic rearrangements (4).

Cross resistance is the resistance to different 
acaricides that have similar mechanisms of action 
and it has been reported with two Organophosphate 
(coumaphos and diazinon) and a carbamate (carbaryl) 
in different strains of Rhipicephalus microplus (5, 6). 
Multiple resistances have also been described in 
strains of R. microplus with different ixodicides 
(organochlorates, pyrethroids, organophosphates 
and formamidines) (7). The use of molecular markers 
such as single nucleotide polymorphisms (SNPs) has 
been proposed for the identification of the resistance 
to ixodicides in R. microplus. At the molecular level, 
mutations in the III domain of the 6th segment of the 
voltage dependent sodium channel are associated 
with the resistance to pyrethroids (8).

The molecular aspects of the metabolic 
resistance are not well defined in R. microplus, but 
it has generally been attributed to enzymes such 
as cytochrome P450, esterases and glutathione S 
transferase (9). Studies of bioassays and synergists 
have been done in order to provide evidence regarding 
the mechanisms of resistance to organophosphates 
and carbamates, but have been unsuccessful in the 
identification of specific mechanisms, so it has been 
hypothesized that the resistance to these compounds 
is complex and multigenic (10). Little is known about 
the resistance to amitraz, fipronil and ivermectines. 
Given the importance of the resistance to ixodicides, 
this review aims to discuss the recent advances in the 
knowledge of molecular mechanisms of action that 
confer resistance to different ixodicides used today as 
control methods for R. microplus.

3. ORGANOCHLORATES

3.1 Mechanism of action

Organochlorates were comercialized in 
1945 to control different populations of insects. The 
chemical structure corresponds to that of chlorinated 
hydrocarbons, which are insoluble in water, 

 non-volatile and highly soluble in organic solvents 
(11). Organochlorates include the ethane-derived 
chlorates, cyclodienes and the compounds related 
to hexachlorocyclohexane (HCH). Among the ethane 
chlorates we can find dichlorodiphenyltrichloroethane 
(DDT); the chlorinated derivatives of cyclodienes 
include chlordane, aldrin, dieldrin, endrin, heptachlor, 
and toxaphene; and the HCH-related compounds such 
as lindane (12).

The most widely researched mechanism of 
action for these organochlorates has been the one 
for chlorinated ethanes, mainly for DDT (13). It has 
a toxic effect on the axon´s Na+ channels, causing 
the deactivation or closing of the channel after the 
membrane has been depolarized, leading to a persistent 
leak of Na+ ions through the neural membrane, 
bringing about a negative destabilization after the 
membrane potential, keeping the channels open for a 
longer period of time than normal. The hyperexcitability 
of the nerve results in repetitive charges after only one 
stimulus (14–16). However the cyclodienes and the 
HCH also affect the nervous system, mainly blocking 
the neuromuscular transmission because of the effect 
on the chlorine channels dependent on gamma amino 
butyric acid (GABA) of the nerve membrane (13). This 
interrupts the ion transfer and the nervous impulses 
between the cells (17), causing the insect to respond 
to external stimuli with violent tremors (18).

3.2 Resistance mechanism

The first hints of resistance in R. microplus to 
organochlorates were described in Brazil in the 1950s, 
in the Alegrete strain, and in the 1970s the first cases 
of organophosphate resistance were reported (19). 
For the control of R. microplus in Mexico, aspersion 
baths with organochlorates and organophosphates 
have been performed historically. Nonetheless, in 
1981, resistance to organophosphates in the tick 
(Tuxpan strain) was first reported due to failures in 
control in the Gulf of Mexico, in the region of Tuxpan, 
Veracruz (20). Likewise, another strain (Tempoal) was 
reported multiple resistance to both organochlorates 
and organophosphates, which was distributed widely 
within the Huastecas of the country and Yucatan 
(21–23). Later, different strains of R. microplus were 
reported with multiple resistances to organochlorates, 
organophosphates and other ixodicides in Mexico 
(22). The mechanisms of resistance can occur either 
because the insecticide does not bind to the target 
site or due to an increase of the detoxifying enzymes 
(esterases, oxidases and glutathione S transferases), 
keeping the insecticide from reaching its target site. In 
the case of DDT, its target is the sodium channels of the 
axons and the resistance can emerge due to a change 
in an amino acid of the binding site of the insecticide 
(24). Similarly, the resistance to cyclodienes is due to 
a point mutation in the same gene that codes for the 



phosphonic and phosphortic acid (11). The 
organophosphates have as target site the enzyme 
acetylcholinesterase (AChES), which is a serine 
esterase enzyme (44); that participates in nervous 
impulses at the cholinergic synapses, as it catalyzes 
hydrolysis of the neurotransmitter acetylcholine (45). 
The organophosphates have an analogue conformation 
to that of acetylcholine, and when they bind to AChES 
the enzyme suffers transphosphorilation (46), that 
is to say, there is a phosphorilation of the hydroxyl 
group of a serine in the active site of the enzyme. The 
transphosphorilated AChES enzyme then is inhibited 
and cannot divide the acetylcholine; this causes 
an increment of acetylcholine in the post-synaptic 
membranes, which then leads to the contraction of the 
muscle and paralysis of the tick (4, 22, 47).

The organophosphates can be mixed with 
water, their toxicity varies considerably, but the 
majority is highly toxic for mammals (11), and generally 
has been used to control larvae, flies, ticks and lice in 
livestock, as well as ticks in dogs and cats (48).

4.2 Resistance mechanism

The resistance to organophosphates is due 
mainly to metabolic changes, and it is also associated 
to a change in the conformation of the AChES that 
turns it insensitive to organophosphates (4), such 
mutated forms of AChES have been characterized 
biochemically and show a wide spectrum of sensibility 
among species and between compounds within the 
species (49, 50).

The insensibility of AChES to 
organophosphates has been reported in insects such 
as the migratory locust, flies, mosquitoes and other 
dipterans (45, 49, 51, 52), as well as arachnids such 
as R. microplus and Tetranychus urticae (53, 54). 
Furthermore, an overproduction of carboxyl esterases 
has been reported against the organophosphatesin 
arachnids, mosquitoes, aphids and cockroaches (28). 
In the mosquito, mainly the genus Culex, it has been 
studied that these enzymes are B esterases that have 
an active site with are a serine residue and these catch 
the organophosphates, protecting the AChES (28, 55). 
In the tick R. microplus, it has been reported an over 
expression of esterases when it is the larva stage, and 
an increase in the metabolism of esterases inside the 
layers of tegument in the tick (56). Lastly, it has also 
been reported a reduction of the penetration of the 
organophosphates in the cuticle (57).

4.3 Description of the mutations and  
polymorphisms

The resistance to organophosphates is 
related mainly to mutations in the gene ace that codes 
for the AChES (4, 51, 58, 59), which can be duplicated, 

GABA receptors (25). The arthropods can synthesize 
enzymes that belong to the alfa/beta hydrolase 
superfamily (esterases, oxidases and glutathione S 
transferases) for the detoxifications of xenobiotics, 
which are transcribed by sever multigenes (24, 26).

The first reported resistance to organochlorates 
was in 1947 in Aedes tritaeniorhynchus, Aedes 
solicitans and more than 100 species of mosquitoes 
have been reported resistant, where the majority is 
anophelines (27, 28). This resistance is caused by the 
presence of DDR dehydrochlorinase, which was first 
recognized as a glutathione S transferase in the Musca 
domestica (29, 30). The glutathion S transferases are 
dimeric multifunctional enzymes that play an important 
role in detoxification, catalyze the nucleophilic attack 
of the reduced glutathione (GSH) in the electrophilic 
centers of the lipophilic compounds (31). They are 
also present as groups of genes that have been mixed 
throughout the genome by recombination (32). In R. 
microplus, the mechanisms of resistance that have 
been reported against organochlorates are due mainly 
to mutations in the active cycle of the chlorine channel 
(33) and the sodium channel (34).

3.3 Description of the mutations and  
polymorphisms

Associations between inversion 
polymorphisms and resistance to insecticides such as 
organochlorates, have been described in the mosquito 
Anopheles gambiae. These inversion polymorphisms 
include three on the right side of the chromosome 
(2Rb, 2Rc, and 2Rd) and one (2La) on the left side, 
and these have been associated when there are 
changes in the weather (35, 36). The 2Rb inversion 
has been proven to cause resistance to DDT (37), as 
well as the 2La investment which causes resistance to 
dieldrin (38, 39). Also, cross resistance to cyclodienes 
and DDT, as well as fipronil, has been shown in Blatella 
germanica, Musca domestica and Anopheles gambiae 
(40–42). Brooke et al. (40) found that there are two 
inversion polymorphisms in Anopheles gambiae, 
2La and 2Rb, which confer resistance, the first is 
associated to resistance to dieldrin, and the second 
one to DDT. In R. microplus, two mutations have 
been described in the gene that codes for the chloride 
channels dependent on GABA, at the 868–9 position, 
where a threonine is changed into a lysine in strains 
resistant to dieldrin (33). Castro et al. (43) showed that 
there is double resistant to fipronil and lindane in R. 
microplus in strains from Brazil and Uruguay.

4. ORGANOPHOSPHATES

4.1 Mechanism of action

The organophosphate compounds are 
esters, amides and thioles derived from phosphoric, 
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to be the principal mechanism of resistance to 
organophosphates. The mechanism of insensibility 
of AChES to organophosphates was first suggested 
by Lee and Bathman (70), and later reported in the 
Tuxpan strain of R. microplus in Mexico (71). Pruett 
(53) confirmed the mechanism of insensibility of 
AChES in different Mexican strains, including the San 
Roman strain. Later, three cDNAs that code for the 
AChES in R. microplus (BmAChE1, BmAChE2 and 
BmAChE3) were identified (64). Temeyer et al. (72) 
identified multiple mutations in the cDNA sequence 
that codes for BmAChEs in the San Roman strain, 
these are 48L, I54V, R86Q, V137I, I492M and T548A. 
The most common mutation is R86Q, which results in 
the change of a glutamine for an arginine at position 
86 of BmAChEs. Moreover, it has been shown 
that this mutation confers insensibility to paraoxon 
organophosphate (parasympatomimetic); however, 
this mutation was also found in susceptible strains, 
suggesting that the mutation contributes to resistance, 
although it isn’t the only factor that has influence on it. 
Later, in another study, the other five mutations were 
genotyped and their frequence was evaluated, finding 
that these mutations were also in susceptible strains, 
showing that none of the mutations by themselves 
are directly responsible for the insensibility of the 
AChE to organophosphates (73). Temeyer et al. (74) 
analyzed the sequence of the genes AChE1, AChE2 
and AChE3 from susceptible and resistant strains of 
R. microplus, detecting substitutions of amino acids in 
these genes in different strains. Gosh et al. (75) found 
four new substitutions in the amino acids (HQ184947, 
HQ184946, HQ184944, HQ184943) in AChE2 in R. 
microplus line IVRI-III. These substitutions replace a 
valine for an isoleucine in position 297, a serine for a 
threonine in position 364, histidine for a tyrosine in 412 
and a lysine for an arginine in position 468. Recently, 
Singh et al. (76) reported six point mutations in the 
gene AChE3 in strains of R. microplus from the state 
of Punjab in India (I48L, I54V, R86Q, V71A, I77M 
and S79P), in which the first three were previously 
associated to resistance against organophosphates 
in the Mexican San Roman strain (72), and the other 
three were reported for the first time. However, these 
mutations must be evaluated, as Li and Han (5) 
demonstrated that the mechanism of resistance of R. 
microplus San Roman strain has two different forms: 
the insensibility of the AChES and the metabolic 
detoxification due to the increase in cytochrome 
P450. However, different studies have reported that 
certain Mexican strains of R. microplus increase the 
esterases as a resistance mechanism against the 
organophosphates (8, 77–80). Saldivar et al. (81) 
reported resistance to organophosphates through 
the glutathione S transferase mechanism in strains 
of R. microplus. Lastly, cross resistance between 
organophosphates and other acaricides such as 
carbamates, has been reported in different strains of 
R. microplus (5, 82).

as is the case for nematodes and arachnids which 
have multiple loci for ace, but insects only have two 
loci for ace (ace1 and ace2), that can code for two 
different AChES; however, there are some insects and 
arachnids that only have one locus (60, 61). Dipterans 
of the suborder of Cyclorrapha such as Drosophila 
melanogaster, Musca domestica, Lucilia cuprina, 
Bactrocera oleae and Bactrocera dorsalis, only have 
one locus for ace, known as ace2 and all of the 
mutations for resistance against organophosphates 
have been associated to this gene. However, in 
Anopheles gambiae and Culex pipiens it has been 
reported the existence of another ace2 gene that gives 
resistance to the organophosphates (58, 60).

The majority of the mutations align in 
the inlet of the cavity of the active site, mainly the 
oxyanion hole, a pocket in the binding site for acyl 
and the anionic catalytic sites that are critical for the 
catalytic activity of the enzyme (59). These mutations 
alter the hydrolysis of the substrate, decreasing the 
speed of enzymatic deacetylation, as well as the 
stability of the enzyme. Furthermore, each point 
mutation confers resistance to an insecticide but it can 
increase the sensibility to another (51). In Drosophila 
melanogaster five resistance mutations have been 
reported against organophosphates (F115S, I199V, 
I119Y, G303A and F368Y), causing a substitution in 
amino acids that alters the conformation of AChES 
(46). Similarly, in Musca domestica there are five 
described mutations (V180L, G262V, F327Y and 
G365A), which are alone or in combination, and 
these confer different spectrums of resistance 
(45). In Bactrocera oleae a point mutation (G488S) 
has been reported to be associated to increased 
resistance to organophosphates (62). However, in 
Chilo supressalis five mutations have been reported, 
A314S, H668P, E101D, F402V and R667Q (63). 
Nonetheless, point mutations are not a synonym 
for resistance since in some insects and arthropods 
(Aphis gossypii, Nephotettix cincticeps, R. microplus) 
mutations have been found in both susceptible strains 
and resistant strains (5, 64, 65). However, resistance 
of insects to the organophosphates are not only 
due to the insensibility of the AChES, but also other 
mechanisms such as an increase in detoxification 
due to the increase in esterases and the glutathione S 
transferase, as it has been reported for L. migratoria 
manilensis and Culex tritaeniorhynchus (66, 67). 
In arachnids, the insensibility of AChES has been 
described mainly for Tetranychus urticae, which has 
only one gene (Tuace) similar to ace1 in insects, in 
which have been detected five point mutations confer 
resistance to organophosphates (G119S, A201S, 
T280A, G328A and F331W) (68, 69).

In R. microplus the insensibility to AChE 
and the metabolic detoxification by the non specific 
carboxyl esterases (CaE) have been considered 
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Pyrethroids can penetrate the insect´s 
organism through the tegument and spread throughout 
the whole organism in solution or diluted in lipid particles. 
Its penetration will depend on the characteristics of 
the insecticide such as the formulation, physical and 
chemical properties, and the nature of the solvent 
(84, 85). Pyrethroids have two types of effects on 
insects: an initial sudden effect of abatement known 
as Knockdown (Kd), loss of movement and a lethal 
subsequent effect (94).

5.2 Resistance mechanism

In R. microplus two mechanisms of resistance 
to pyrethroids have been described: the increase 
in the metabolic activity mediated by enzymes that 
include mainly esterases, and the insensibility at the 
target site (sodium channel) (78, 95–97). However, the 
most common mechanism seen in populations of ticks 
with resistance to pyrethroids in the field are mutations 
present in the gene for the sodium channel (8).

Voltage dependent sodium channels are 
the target site for pyrethroids and the resistance to 
these products is associated to mutations that cause 
insensibility to these compounds. The Knockdown 
resistance (Kdr) to DDT and pyrethrines was first 
identified in the domestic fly (89, 98–100) and has 
been widely studied at the molecular level in numerous 
insects that are resistant to pyrethroids (99, 100).

5.3 Description of the mutations and 
polymorphisms

Mutations at the sodium channel have been 
reported for Blatella germanica, Myzus persicae, Plutella 
xylostella, Anopheles gambiae, Haematobia irritans (99, 
101, 102). The most common cause for resistance is 
the presence of point mutations at the target site of the 
pyrethroids and they have been reported for several 
populations of insects (103). In insects and arthropods 
a mechanism has been discovered that confers them 
resistance to pyrethroids and DDT, which is denominated 
“Knockdown resistance”, and this type of resistance 
causes a reduction in the sensibility to these compounds 
because of the mutations present at the target site of the 
sodium channels (89, 98, 99, 102, 104).

One of the peculiarities that this type of 
resistance presents is that it limits the effectiveness of 
all pyrethroids and DDT, which is of great importance 
out in the field due to the fact that once it is detected, it 
is difficult to keep using these compounds as chemical 
control methods against insects (99, 104). Knockdown 
resistance has been widely researched, and since 
1951 it has been identified and characterized in the 
domestic fly, but in recent years a few mutations have 
been identified in the genes for the sodium channels 
which are responsible for resistance in insects (99).

5. PYRETHROIDS

5.1 Mechanism of action

Among the neurotoxins that alter the 
properties of the sodium channels are the pyrethrins, 
which are natural insecticides derived from the plant 
Chrysanthemum cinerariafolium, which possesses 
an excellent ability to cause sudden death in insects 
and low toxicity in mammals, has been very useful 
in products such as ectoparasiticides; however, the 
discovery of other products similar to pyrethrins have 
replaced them, such as is the case for synthetic 
pyrethroids, which are synthetic analogues to 
pyrethrins, that have the advantage of possessing 
molecules which are more stable in sunlight, dissolve 
better in water and have a residual effect greater that 
pyrethrins (83–86).

Pyrethroids are chlorinated or brominated 
halogenated esters of one of the isomeric forms of 
chrysanthemic acid and a molecule of synthetic alcohol. 
The structure may vary because they possess numerous 
asymmetric carbon atoms, but the characteristic that 
gives them the insecticide activity and toxicity consists 
of isomers of 1RαS and generally the more toxic ones 
are 3-cis in comparison to the 3-trans (87).

Pyrethroids can be classified as type I 
and II, depending on the presence or absence of a 
cyano group at the alcohol part. These two types of 
pyrethroids have a neurophysiologic mode of action 
and different target sites (88).

The type I pyrethroids act upon the peripheric 
nerves, causing repetitive discharges in the nervous 
fibers. This induction of multiple spikes are the result of 
the prolongued entrance of sodium ions; however, this 
depolarization of the membrane blocks the conduction 
of the nervous impulse (85, 89). In the case of type 
II pyrethroids act at the central level and delay the 
closing of the sodium channels (inactivation) for a more 
prolongued period of time than the type I. This delay in 
the closing of the channel causes depolarization of the 
membrane potential, blocking the conduction of the 
nervous impulse (88, 89).

In studies performed to discover the way in 
which pyrethroids act, it has been reported that these 
bind to the alfa subunits of the sodium channels and 
present a greater affinity for the opened state of the 
channel to become fixed and act (90, 91). Once the 
pyrethroids bind to the receptor site of the channel, 
they stabilize the open state (90), causing a delay in 
the closing of the channel after the nervous impulse 
has passed; this prolongued entry of sodium into the 
internal part causes repetitive discharges in the nerves 
and hyperexcitibility, causing paralisis and death in the 
insects (83, 89, 90, 92, 93).
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of vertebrates and invertebrates. One of the findings 
from these studies has been that one amino acid 
affects the selectivity to the toxicity of pyrethroids, 
and vertebrates are less sensitive to pyrethroids. This 
in part is due to the fact that vertebrates possess a 
residue, which confers resistance to acaricides in 
insects. The study performed to find this difference 
in the amino acid consisted in comparing sequences 
of sodium channels of mammals and insects, and 
the results showed that the sites L1014 and T929 are 
highly conserved sites, but they are not associated 
to the selectivity to the pyrethroids. Nonetheless, at 
position 918 of the channels of mammals, if a methione 
replaces a leucine, there is an increase of 100 times 
more sensibility to pyrethroids. These results show 
the importance this amino acid has at that position for 
selectivity, and for a strong interaction to be made with 
the pyrethroid molecule (83, 115).

In arthropods, the resistance to pyrethroids is 
associated to mutations in the domains I, II, III, and IV 
of genes for the voltage dependent sodium channel. In 
R. microplus, known mutations that confer resistance 
are in domain II (C190A) in populations from Australia, 
Africa and South America, and a mutation in domain 
III (T2134A) that only occurs in Mexico and the United 
States (U.S.) (116). In field strains of R. microplus 
from the U.S. and Mexico, SNPs were detected and 
associated to resistance to pyrethroids in domain III 
(T2134A); a SNP C190A in the domain II of strains from 
the U.S. and a new SNP was detected in domain II 
(T170C) in both strains, which correlates to resistance 
in other insects (116). In addition, Hernandez et al. 
(97) in a study of a pyrethroid-resistant strain of R. 
microplus coatzacoalcos (CZ), identified by PCR 
assays a mutant allele G→A substitution at nucleotide 
1120 either on individual tick larvae or hemolymph 
from adults.

6. AMITRAZ

6.1. Mechanism of action

The amidines (amitraz) belong to the group 
of the formamidines, which have a vast biologic 
activity as a bactericide and antiparasitic activity 
against helminths, they also possess activity against 
fitophagous and/or parasitic mites and ticks from 
cattle (117). One of the main advantages of this 
group is the low toxicity when it is used at adequate 
concentrations for insects such as bees and spiders, 
birds, fish and mammals (118, 119). Amitraz is one of 
the most important acaricides for the control of the tick 
R. microplus, and it was introduced to Australia in the 
1970s (120).

Octopamine acts exciting the neurons in the 
abdominal ganglion of larvae, the activity of these 
neurons is related to the increase in motor activity 

Two putative genes have been identified 
in Drosophila melanogaster, DSC1 and Para (105). 
Primers have been made for the gene “Para” which 
codes for the sodium channels in order to isolate 
segments of genes for the sodium channel of other 
species of insects (99). In the fly Haematobia irritans, 
two mutations have been reported in the channel, 
which have been denominated as: Kdr, which causes 
a substitution of a leucine to a phenylalanine at the 
amino acid residue 1014 (L1014F) and super-kdr, 
which causes a substitution of a methionine to a 
threonine at the residue 918 (M918T), and the role that 
these substitutions play in the resistance to pyrethroids 
(101, 106).

The mutations M918T and L1014F reported 
for the domestic fly have been found next to a third site 
(T929) in a wide range of insects (101). The L1014F 
mutation has been found in the domain II of segment 6 
(DIIS6), and M918T is found in the loop that connects 
segment 4 (S4) and segment 5 (S5). It is important 
to mention that the mutation known as super-kdr has 
not been identified in the absence of mutation L1014F 
(99, 106). Mutation L1014F has been identified and 
reported in other species, such as Anopheles gambiae, 
Blatella germanica, Culex pipiens, Musca domestica, 
Leptinotarsa decemlineata, Myzus persicae, Plutella 
xylostella (102, 106–110). Also, when the mutations 
present in DIIS6 of the sodium channel are analyzed it 
is possible to observe a reduction in the sensibility to 
pyrethroids (78, 101, 102, 110–112). In addition, a kdr 
mutation has been reported in the sodium channel of 
the German cockroach in the domain III of segment 6, 
a substitution of phenylalanine to isoleucine at residue 
1519. This mutation has also been identified in the tick 
that infects cattle, R. microplus, conferring it resistance 
to pyrethroids (90, 99, 104).

The site F1519 in the sequence for the sodium 
channel of insects is important for the binding of the 
pyrethroids, as it is in this position that an aromatic 
residue of phenylalanine, tryptophane or tyrosine (F, W 
or Y) is necessary for the pyrethroids to act, however 
when there is a mutation at this site the insects become 
less sensitive towards acaricides (90).

In numerous sodium channels of insects 
the L993F mutation present in the IIS6 domain is 
also associated with the binding of the pyrethroids. 
The specific amino acid residues involved shape 
the receptor site of the pyrethroids in the sodium 
channels of insects (90, 113). The inactivation of 
the sodium channel is also affected when there 
is a substitution of the phenylalanine for several 
hydrophilic residues (114).

At present, some in vitro expression studies 
have been performed using cloned genes and 
mutagenesis of the site directly in the sodium channels 
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the first proposals that was established in reference 
to the existence of resistant strains was that these 
developed due to the existence of point mutations, 
but a series of molecular studies among resistant and 
non resistant R. microplus did not show convincing 
evidence to establish that this resistance to amidines 
was caused by point mutations in the gene that codes 
for octopamine (129). Recent studies have identified 
receptors bound to G protein, more specifically the 
β-adrenergic receptor for octopamine (Rmβ AORs). 
Interestingly, polymorphisms have been found in this 
gene in a certain population of resistant R. microplus 
denominated I61F (130). Additionally, the presence 
of a non synonymous SNP was reported on the first 
membrane domain of RmβAORs, and this SNP has 
been proposed as a marker to detect resistant R. 
microplus. The amino acid isoleucine in the codon 
where the SNP is found is highly conserved in βAORs, 
which suggests that the presence of this amino acid is 
of relevant importance for the structure and function of 
βAOR (130).

7. MACROCYCLIC LACTONES

7.1 Mechanism of action

Glutamate dependent chloride channels 
are the target site for macrocyclic lactones such as 
ivermectins, milbemycin and moxidectin (131). The 
mechanism of action for ivermectins has been studied 
in nematodes and arthropods, focusing on the α 
subunit of the selective chloride channels, which act 
as agonists (83, 131).

In ticks, the mechanism of action of 
macrocyclic lactones is possible due to the interaction 
and high affinity for the glutamate or gamma amino 
acid receptors present in muscle and nerve cells that 
control the entry of ions into the chloride channels 
(132, 133), giving way to an irreversible increase of the 
membrane´s conductance, which leads to muscular 
paralisis and subsequently death (134).

7.2 Resistance mechanism

At present, several states of Mexico use 
MLs (ivermectin, doramectin, and moxidectin) as 
a control method for NGI and ticks. Recently, two 
long-action MLs were introduced (ivermectin 3.1.5% 
and moxidectin 10%). When these are inoculated 
in bovines, they remain more than 70 days in the 
bloodstream, skin and hair, exposing the parasites to 
therapeutic and subtherapeutic doses for a prolonged 
period of time (133).

Resistance against macrocyclic lactones was 
first described in the state of Rio Grande do Sul, Brazil, 
at the beginning of the 21st century. Cross resistance to 
doramectin, ivermectin and moxidectin in R. microplus 

(121). Amitraz is an antagonist of octopamine, and it 
competes for the binding to the receptor of octopamine 
(ROA), causing uncoordinated motor activity or 
hyperexcitability in the larvae using sublethal doses 
that cause paralisis and death of the larvae. The 
hyperexcitability prevents the tick from anchoring to its 
host and so it prevents the tick from biting the host in 
order to feed off its blood. Amitraz is metabolized into 
N2-(2,4-dimethylphenyl)-N1-methyformamidine (DPMF) 
and other polar metabolites such as 2,4-dimethylaniline 
in the larvae of the tick R. microplus (119). Previous 
studies have shown that amitraz and DPMF act upon 
the ROA, increasing the levels of cAMP through the 
activation of cyclase adenylate (122).

6.2 Resistance mechanism

As it was previously mentioned, the 
mechanisms of resistance to ixodicides are common 
and they occur in response to a survival mechanism 
of ticks in order to detoxify, inactivate and/or kidnap 
the ixodicides. These mechanisms of resistance are 
subject to the inactivation of metabolizing enzymes, 
among which is found the receptor for octopamine. The 
first cases of resistance to amitraz were reported in 
Australia (120). In Mexico, the use of amitraz emerged 
as an ixodicide option due to the presence of ticks 
resistant to organophosphates (20, 21, 123). However, 
three years later, the first case of ticks resistant to 
amitraz was reported at the Emiliano Zapata Ranch in 
the state of Tabasco, Mexico (124). In other countries 
like Colombia, Brazil, Australia and South Africa, there 
have also been reported strains resistant to amitraz 
(101, 125, 126).

Different studies have proposed that the 
resistance to amitraz developed because it is used 
as a prophylactic or repellent, preventing the tick from 
infecting treated animals, although this resistance has 
also been suggested to be due to an inherent recessive 
mode for the development of amitraz (127). On the 
other hand, the octopamine receptor has been widely 
studied as a pharmacological target of the group of 
formamidines, of which amidine or amitraz are a part 
of octopamine, which is a biogenic amine that acts as a 
neurotransmitter and it is found in the central nervous 
system and the periphery of ticks, interacting with 
receptors that are bound to the G protein, that transmit 
signals via second messengers (121).

6.3 Description of the mutations and 
polymorphisms

In the genome of some insects such as ticks, 
the gene for octopamine is a member of a superfamily 
of genes that code for proteins with membrane 
domains. In mammals, the gene for octopamine is not 
present, which is why this protein is a pharmaceutical 
target to be used as an ixodicide (121, 128). One of 
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9. CONCLUSIONS

Two main mechanisms of ixodicides 
resistance in R. microplus have been described: 
1) the increase of metabolic activity mediated by 
enzymes that mainly comprise the esterases and 2) 
the insensitivity of the site of action. The insensitivity 
in the binding site of the enzymes is the most common 
ixodicide resistance mechanism and principally it is 
caused by the presence of point mutations. In order for 
these mutations to be favorably selected, it is important 
that amino acid substitution decreases binding with 
ixodicide, without causing loss of primary site-of-action 
function. Thus, amino acid substitutions are limited 
and identical mutations are associated with ixodicide 
resistance in other insects.

10. ACKNOWLEDGMENT

We would like to show our gratitude to PhD 
Rodrigo Rosario Cruz who invited us to do this paper 
review and gave us his sopport.

11. REFERENCES

1. R. Z. Abbas, M. A. Zaman, D. D. Colwell, J. 
Gilleard and Z. Iqbal: Acaricide resistance 
in cattle ticks and approaches to its 
management: the state of play. Vet Parasitol, 
203(1), 6–20 (2014)
DOI: 10.1016/j.vetpar.2014.03.006

2. J. A. Bisset: Uso correcto de insecticidas: 
control de la resistencia. Rev Cubana Med 
Trop, 54, 202–219 (2002)

3. S. R. Palumbi: Humans as the world’s 
greatest evolutionary force. Science; 
293(5536), 1786–1790 (2001)
DOI: 10.1007/978-0-387-73412-5_2
DOI: 10.1126/science.293.5536.1786

4. L. de Oliveira Souza Higa, M. Garcia, J. 
Barros, W. Koller and R. Andreotti: Acaricide 
Resistance Status of the Rhipicephalus 
microplus in Brazil: A Literature Overview. 
Med chem, 5, 326–333 (2015)

5. F. Li and Z. Han: Mutations in 
acetylcholinesterase associated with 
insecticide resistance in the cotton aphid, 
Aphis gossypii Glover. Insect Biochem Mol 
Biol, 34, 397–405 (2004)
DOI: 10.1016/j.ibmb.2004.02.001

6. I. Pérez-González, M. Prado-Ochoa, M. 
Muñoz-Guzmán, V. Vázquez-Valadez, 
A. Velázquez-Sánchez, B. Avila-Suárez, 
C. Cuenca-Verde, E. Angeles and 

was first reported in Brazil by Martins and Furlong (135). 
Later, Klafke et al. reported phenotypic resistance against 
ivermectine in Sau Paulo, Brazil (136, 137). Similarly, 
other authors have found ivermectine resistence in 
Uruguay (138), Colombia (139) and India (140). In 
Mexico, Perez-Cogollo et al. (141), reported resistance 
against ivermectin for the first time in field strains in the 
state of Yucatan. Another mechanism involves the ATP-
binding cassette transporter efflux pump is a defense 
mechanism against ivermectin in R. microplus (142, 
143). However, the molecular mechanisms of resistance 
are not yet clear or characterized.

7.3 Description of the mutations and 
polymorphisms

There have been reports about the resistance 
to macrocyclic lactones in Blatella germanica, Plutella 
xylostella and Leptinotarsa decentineata, which is due 
to an increase in the oxidative metabolism of citocromo 
P450, conjugated by glutation S tranferasa and 
esterases (10). In Mexico, a resistant and susceptible 
strain of R. microplus to ivermectin presented a 
substitution at position 546 and 575 in the nucleotide 
sequence of the glutamate-gated chloride channels 
reported in GenBank (Mozo strain) (144).

8. FIPRONIL

8.1 Mechanism of action

Fipronil is a phenylpyrazolic insecticide 
used mainly for the control of plagues in agriculture 
(145), and it is also used for tick control (R. microplus) 
since the 1990s. Fipronil acts as an inhibitor of 
the chloride ion channels that are regulated by the 
GABA neurotransmitter, which participates in the 
transmission of signals in the central nervous system 
of insects (146–149). Aditionally, fipronil and its 
metabolite, fipronil sulfone, block two types of ionic 
chloride channels that activate glutamate in insects 
(150, 151).

8.2 Resistance mechanism

In Brazil and Uruguay reports have been 
shown of strains resistant to fipronil shortly after its 
introduction (152–154). In Mexico, the first report of 
resistant strains to fipronil was in Tamaulipas in 2013 
(155). Additionally, cross resistance has been reported 
when using fipronil and lindane, which are believed to 
have the same target site, so there have been reports 
of cases of cross resistance when using either of these 
two insecticides (43). Furthermore, there are reports 
of cross resistance with cyclodienes (115, 156). Until 
today, there have been no reports that show the 
mechanism of action by which this resistance to fipronil 
develops. This can be due to the fact that this acaricide 
is relatively new.

SNPs and other polymorhisms associated with resistance

72 © 1996-2018

https://doi.org/10.1016/j.vetpar.2014.03.006
https://doi.org/10.1007/978-0-387-73412-5_2
https://doi.org/10.1126/science.293.5536.1786
https://doi.org/10.1016/j.ibmb.2004.02.001


14. R. O’brien and F. Matsumura: DDT: A new 
hypothesis of its mode of action. Science, 
146(3644), 657–658 (1964)
DOI: 10.1126/science.146.3644.657

15. F. Matsumura and R. O’Brien: Insecticide 
Mode of Action, Absorption and Binding 
of DDT by Central Nervous System of 
American Cockroach. J Agric Food Chem, 
14(1), 36–39 (1966)
DOI: 10.1021/jf60143a011

16. G. Holan: New halocyclopropane 
insecticides and the mode of action of DDT. 
Nature, 221(5185), 1025–1029 (1969)
DOI: 10.1038/2211025a0

17. J. R. Bloomquist and D. M. Soderlund: 
Neurotoxic insecticides inhibit GABA-
dependent chloride uptake by mouse brain 
vesicles. Biochem Biophys Res Commun, 
133(1), 37–43 (1985)
DOI: 10.1016/0006-291X(85)91838-8

18. M. E. Eldefrawi and A. T. Eldefrawi: 
Insecticide actions on GABA receptors and 
voltage-dependent chloride channels. In: 
Insecticide Action. Springer, 1–11 (1989)
DOI: 10.1007/978-1-4684-1324-3_1

19. N. A. Farías: Situación de la resistencia 
de la garrapata Boophilus microplus en la 
región sur de Río Grande del Sur de Brasil. 
En: Memorias de IV Seminario Internacional 
de Parasitología Animal. Puerto Vallarta, 
Jalisco, México. (1999)

20. J. Aguirre, Sobrino, L., Santamaria, M., 
Aburto, S., Roman, E., Hernandez,M.,Orti
z,M.,Ortiz,Y.A.: Resistencia de garrapatas 
en México. En: Seminario Internacional de 
Parasitologia Animal,. Ed A. H. Memorias 
(ed. Cavazzani, Garcia, Z., Cuernavaca, 
Morelos, México. (1986)

21. S. H. Fragoso and C. N. Soberanes: 
Control de la resistencia a los ixodicidas a 
la luz de los conocimientos actuales. En: 
Memorias de XXV Congreso Nacional de 
Buiatria. Asociación Mexicana de Médicos 
especialistas en Bovinos, A.C., Veracruz, 
Veracruz, México. (2001)

22. M. Alonso-Díaz, R. Rodríguez-Vivas, H. 
Fragoso-Sánchez and R. Rosario-Cruz: 
Resistencia de la garrapata Boophilus 
microplus a los ixodicidas. Arch Med Vet, 
38(2), 105–113 (2006)
DOI: 10.4067/S0301-732X2006000200003

F. Alba-Hurtado: Effect of new ethyl and 
methyl carbamates on Rhipicephalus 
microplus larvae and adult ticks resistant 
to conventional ixodicides. Vet Parasitol, 
199(3), 235–241 (2014)
DOI: 10.1016/j.vetpar.2013.07.042

7. L. Foil, P. Coleman, M. Eisler, H. Fragoso-
Sanchez, Z. Garcia-Vazquez, F. Guerrero, N. 
Jonsson, I. Langstaff, A. Li and N. Machila: 
Factors that influence the prevalence of 
acaricide resistance and tick-borne diseases. 
Vet Parasitol, 125(1), 163–181 (2004)
DOI: 10.1016/j.vetpar.2004.05.012

8. R. Rosario-Cruz, F. D. Guerrero, R. J. 
Miller, R. Rodriguez-Vivas, D. Dominguez-
Garcia, A. J. Cornel, R. Hernandez-
Ortiz and J. E. George: Roles played by 
esterase activity and by a sodium channel 
mutation involved in pyrethroid resistance 
in populations of Boophilus microplus 
(Acari: Ixodidae) collected from Yucatan, 
Mexico. J Med Entomol, 42(6), 1020–1025 
(2005)
DOI: 10.1093/jmedent/42.6.1020
DOI: 10.1603/0022-2585(2005)042[1020:RP
BEAA]2.0.CO;2

9. M. I. Bellgard, P. M. Moolhuijzen, F. D. 
Guerrero, D. Schibeci, M. Rodriguez-Valle, D. 
G. Peterson, S. E. Dowd, R. Barrero, A. Hunter 
and R. J. Miller: CattleTickBase: an integrated 
Internet-based bioinformatics resource for 
Rhipicephalus (Boophilus) microplus.  Int. J. 
Parasitol, 42(2), 161–169 (2012)
DOI: 10.1016/j.ijpara.2011.11.006

10. F. D. Guerrero, L. Lovis and J. R. Martins: 
Acaricide resistance mechanisms in 
Rhipicephalus (Boophilus) microplus. Rev 
Bras Parasitol Vet, 21(1), 1–6 (2012)
DOI: 10.1590/S1984-29612012000100002

11. J. Ramírez and M. Lacasaña: Plaguicidas: 
clasificación, uso, toxicología y medición 
de la exposición. Arch Prev Riesgos Labor, 
4(2), 67–75 (2001)

12. N. De Fernicola: Toxicología de los 
insecticidas organoclorados. Bol of Sanit 
Panam, 98(1), 10–19 (1985)

13. J. R. Coats: Mechanisms of toxic action 
and structure-activity relationships for 
organochlorine and synthetic pyrethroid 
insecticides. Environ Health Perspect, 87, 
255–262 (1990)
DOI: 10.1289/ehp.9087255

SNPs and other polymorhisms associated with resistance

73 © 1996-2018

https://doi.org/10.1126/science.146.3644.657
https://doi.org/10.1021/jf60143a011
https://doi.org/10.1038/2211025a0
https://doi.org/10.1016/0006-291X(85)91838-8
https://doi.org/10.1007/978-1-4684-1324-3_1
https://doi.org/10.4067/S0301-732X2006000200003
https://doi.org/10.1016/j.vetpar.2013.07.042
https://doi.org/10.1016/j.vetpar.2004.05.012
https://doi.org/10.1093/jmedent/42.6.1020
https://doi.org/10.1603/0022-2585(2005)042[1020:RPBEAA]2.0.CO;2
https://doi.org/10.1603/0022-2585(2005)042[1020:RPBEAA]2.0.CO;2
https://doi.org/10.1016/j.ijpara.2011.11.006
https://doi.org/10.1590/S1984-29612012000100002
https://doi.org/10.1289/ehp.9087255


32. Z.H. Zhou and M. Syvanen: A complex 
glutathione transferase gene family in the 
housefly Musca domestica. Mol Genet 
Genom, 256(2), 187–194 (1997)
DOI: 10.1007/s004380050560

33. M. Hope, M. Menzies and D. Kemp: 
Identification of a dieldrin resistance-
associated mutation in Rhipicephalus 
(Boophilus) microplus (Acari: Ixodidae). J 
Econ Entomol, 103(4), 1355–1359 (2010)
DOI: 10.1603/EC09267

34. J. Nolan, W. J. Roulston and R. Harry 
Wharton: Resistance to synthetic pyrethroids 
in a DDT-resistant strain of Boophilus 
microplus. Pestic Sci, 8(5), 484–486 (1977)
DOI: 10.1002/ps.2780080508

35. M. Coluzzi, A. Sabatini, V. Petrarca and M. 
Di Deco: Chromosomal differentiation and 
adaptation to human environments in the 
Anopheles gambiae complex. Trans R Soc 
Trop Med Hyg, 73(5), 483–497 (1979)
DOI: 10.1016/0035-9203(79)90036-1

36. M. Coluzzi, V. Petrarca and M. A. di Deco: 
Chromosomal inversion intergradation and 
incipient speciation in Anopheles gambiae. 
Ital J Zool, 52(1–2), 45–63 (1985)

37. W. Nigatu, C. Curtis and M. Lulu: Test for 
association of DDT resistance with inversion 
polymorphism in Anopheles arabiensis from 
Ethiopia. J Am Mosq Control Assoc, 11(2 Pt 
1), 238–240 (1995)

38. L. Zheng, M. Q. Benedict, A. J. Cornel, F. 
H. Collins and F. C. Kafatos: An integrated 
genetic map of the African human malaria 
vector mosquito, Anopheles gambiae. 
Genetics, 143(2), 941–952 (1996)

39. R. Hunt: Location of genes on chromosome 
arms in the Anopheles gambiae group of 
species and their correlation to linkage data 
for other anopheline mosquitoes. Med Vet 
Entomol, 1(1), 81–88 (1987)
DOI: 10.1111/j.1365-2915.1987.tb00326.x

40. B. Brooke, R. Hunt and M. Coetzee: 
Resistance to dieldrin+ fipronil assorts with 
chromosome inversion 2La in the malaria 
vector Anopheles gambiae. Med Vet 
Entomol, 14(2), 190–194 (2000)
DOI: 10.1046/j.1365-2915.2000.00222.x

41. J. G. Scott, D. G. Cochran and B. D. 
Siegfried: Insecticide toxicity, synergism, 

23. R. Rodriguez-Vivas, M. Alonso-Díaz, F. 
Rodríguez-Arevalo, H. Fragoso-Sanchez, 
V. Santamaria and R. Rosario-Cruz: 
Prevalence and potential risk factors for 
organophosphate and pyrethroid resistance 
in Boophilus microplus ticks on cattle 
ranches from the State of Yucatan, Mexico. 
Vet Parasitol, 3(136), 335–342 (2006)
DOI: 10.1016/j.vetpar.2005.05.069

24. A. E. Flores, M. H. Badii and G. Ponce: 
Resistencia a insecticidas en insectos 
vectores de enfermedades con énfasis en 
mosquitos. Rev Fac Salud Publ Nutric, 2(4), 
1–8 (2001)

25. R. H. Ffrench-Constant, N. Anthony, K. 
Aronstein, T. Rocheleau and G. Stilwell: 
Cyclodiene insecticide resistance: from 
molecular to population genetics. Annu Rev 
Entomol, 45(1), 449–466 (2000)
DOI: 10.1146/annurev.ento.45.1.449

26. M. Cygler, J. D. Schrag, J. L. Sussman, M. 
Harel, I. Silman, M. K. Gentry and B. P. Doctor: 
Relationship between sequence conservation 
and three-dimensional structure in a large 
family of esterases, lipases, and related 
proteins. Protein Sci, 2(3), 366–382 (1993)
DOI: 10.1002/pro.5560020309

27. R. Kalra, A. Perry and J. Miles: Studies on 
the mechanism of DDT-resistance in Culex 
pipiens fatigans.  Bull World Health Organ, 
37(4), 651–656 (1967)

28. J. Hemingway, N. J. Hawkes, L. McCarroll 
and H. Ranson: The molecular basis of 
insecticide resistance in mosquitoes. Insect 
Biochem Mol Biol, 34(7), 653–665 (2004)
DOI: 10.1016/j.ibmb.2004.03.018

29. J. Sternburg, C. W. Kearns and H. Moorefield: 
Resistance to DDT, DDT-dehydrochlorinase, 
an enzyme found in DDT-resistant flies. 
Journal of Agricultural and Food Chemistry, 
2(22), 1125–1130 (1954)
DOI: 10.1021/jf60042a008

30. A. Clark and N. Shamaan: Evidence that 
DDT-dehydrochlorinase from the house fly is 
a glutathione S-transferase. Pestic Biochem 
Physiol, 22(3), 249–261 (1984)
DOI: 10.1016/0048-3575(84)90018-X

31. J. Hemingway and H. Ranson: Insecticide 
resistance in insect vectors of human disease. 
Annu Rev Entomol, 45(1), 371–391 (2000)
DOI: 10.1146/annurev.ento.45.1.371

SNPs and other polymorhisms associated with resistance

74 © 1996-2018

https://doi.org/10.1007/s004380050560
https://doi.org/10.1603/EC09267
https://doi.org/10.1002/ps.2780080508
https://doi.org/10.1016/0035-9203(79)90036-1
https://doi.org/10.1111/j.1365-2915.1987.tb00326.x
https://doi.org/10.1046/j.1365-2915.2000.00222.x
https://doi.org/10.1016/j.vetpar.2005.05.069
https://doi.org/10.1146/annurev.ento.45.1.449
https://doi.org/10.1002/pro.5560020309
https://doi.org/10.1016/j.ibmb.2004.03.018
https://doi.org/10.1021/jf60042a008
https://doi.org/10.1016/0048-3575(84)90018-X
https://doi.org/10.1146/annurev.ento.45.1.371


50. E. D. Rivera: Mecanismos moleculares y 
bioquímicos de resistencia a acaricidas 
en la garrapata común de los bovinos 
Rhipicephalus microplus. Rev Colomb 
Cienc Anim, 5(1), 72–81 (2012)

51. D. Fournier: Mutations of acetylcholinesterase 
which confer insecticide resistance in insect 
populations. Chem Biol Interact, 157, 257–
261 (2005)
DOI: 10.1016/j.cbi.2005.10.040

52. D. Fournier and A. Mutero: Modification of 
acetylcholinesterase as a mechanism of 
resistance to insecticides. Comp Biochem 
Physiol C Pharmacol Toxicol Endocrinol, 
108(1), 19–31 (1994)
DOI: 10.1016/1367-8280(94)90084-1

53. J. Pruett Jr: Comparative inhibition kinetics 
for acetylcholinesterases extracted 
from organophosphate resistant and 
susceptible Boophilus microplus (acari: 
ixodidae). J Econ Entomol, 95, 1239–1244 
(2002)
DOI: 10.1603/0022-0493-95.6.1239

54. S. Attia, K. L. Grissa, G. Lognay, E. Bitume, 
T. Hance and A. C. Mailleux: A review of the 
major biological approaches to control the 
worldwide pest Tetranychus urticae (Acari: 
Tetranychidae) with special reference to 
natural pesticides. J Pest Sci, 86(3), 361–
386 (2013)
DOI: 10.1007/s10340-013-0503-0

55. S. H. P. Karunaratne, K. Jayawardena, 
J. Hemingway and A. J. Ketterman: 
Characterization of a B-type esterase 
involved in insecticide resistance from the 
mosquito Culex quinquefasciatus. Biochem 
J, 294(2), 575–579 (1993)
DOI: 10.1042/bj2940575

56. M. Villarino, S. Waghela and G. Wagner: 
Histochemical localization of esterases 
in the integument of the female Boophilus 
microplus (Acari: Ixodidae) tick. J Med 
Entomol, 38(6), 780–782 (2001)
DOI: 10.1603/0022-2585-38.6.780

57. F. Villatte, P. Ziliani, V. Marcel, P. Menozzi 
and D. Fournier: A high number of mutations 
in insect acetylcholinesterase may provide 
insecticide resistance. Pestic Biochem 
Physiol, 67(2), 95–102 (2000)
DOI: 10.1006/pest.2000.2478

58. Y. H. Kim and S. H. Lee: Which 
acetylcholinesterase functions as the main 

and resistance in the German cockroach 
(Dictyoptera: Blattellidae). J Econ Entomol, 
83(5), 1698–1703 (1990)
DOI: 10.1093/jee/83.5.1698

42. J. Bloomquist: Cyclodiene resistance 
at the insect GABA receptor/chloride 
channel complex confers broad cross 
resistance to convulsants and experimental 
phenylpyrazole insecticides. Arch Insect 
Biochem Physiol, 26(1), 69–79 (1994)
DOI: 10.1002/arch.940260106

43. E. C. Janer, G. Klafke, M. Capurro and T. 
Schumaker: Cross-resistance between 
fipronil and lindane in Rhipicephalus 
(Boophilus) microplus. Vet Parasitol, 210, 
77–83 (2015)
DOI: 10.1016/j.vetpar.2015.03.011

44. D. L. Ollis, E. Cheah, M. Cygler, B. Dijkstra, 
F. Frolow, S. M. Franken, M. Harel, S. J. 
Remington, I. Silman and J. Schrag: The α/β 
hydrolase fold. Protein Eng, 5(3), 197–211 
(1992)
DOI: 10.1093/protein/5.3.197

45. S. B. Walsh, T. A. Dolden, G. D. Moores, 
M. Kristensen, T. Lewis, L. Alan and 
M. S. Williamson: Identification and 
characterization of mutations in housefly 
(Musca domestica) acetylcholinesterase 
involved in insecticide resistance. Biochem 
J, 359(1), 175–181 (2001)
DOI: 10.1042/bj3590175
DOI: 10.1042/0264-6021:3590175

46. A. Mutero, M. Pralavorio, J.-M. Bride 
and D. Fournier: Resistance-associated 
point mutations in insecticide-insensitive 
acetylcholinesterase. Proc Natl Acad Sci, 
91(13), 5922–5926 (1994)
DOI: 10.1073/pnas.91.13.5922

47. M. Taylor: Recent developments in 
ectoparasiticides. Vet J, 161(3), 253–268 
(2001)
DOI: 10.1053/tvjl.2000.0549

48. J. M. Macdonald: Flea control: An overview 
of treatment concepts for North America. Vet 
Dermatol, 6(3), 121–130 (1995)
DOI: 10.1111/j.1365-3164.1995.tb00055.x

49. X. Zhou and Y. Xia: Cloning of an 
acetylcholinesterase gene in Locusta 
migratoria manilensis related to 
organophosphate insecticide resistance. 
Pestic Biochem Physiol, 93(2), 77–84 (2009)
DOI: 10.1016/j.pestbp.2008.11.007

SNPs and other polymorhisms associated with resistance

75 © 1996-2018

https://doi.org/10.1016/j.cbi.2005.10.040
https://doi.org/10.1016/1367-8280(94)90084-1
https://doi.org/10.1603/0022-0493-95.6.1239
https://doi.org/10.1007/s10340-013-0503-0
https://doi.org/10.1042/bj2940575
https://doi.org/10.1603/0022-2585-38.6.780
https://doi.org/10.1006/pest.2000.2478
https://doi.org/10.1093/jee/83.5.1698
https://doi.org/10.1002/arch.940260106
https://doi.org/10.1016/j.vetpar.2015.03.011
https://doi.org/10.1093/protein/5.3.197
https://doi.org/10.1042/bj3590175
https://doi.org/10.1042/0264-6021:3590175
https://doi.org/10.1073/pnas.91.13.5922
https://doi.org/10.1053/tvjl.2000.0549
https://doi.org/10.1111/j.1365-3164.1995.tb00055.x
https://doi.org/10.1016/j.pestbp.2008.11.007


66. S. Karunaratne and J. Hemingway: 
Insecticide resistance spectra and 
resistance mechanisms in populations of 
Japanese encephalitis vector mosquitoes, 
Culex tritaeniorhynchus and Cx. gelidus, in 
Sri Lanka. Med Vet Entomol, 14(4), 430–436 
(2000)
DOI: 10.1046/j.1365-2915.2000.00252.x

67. K. Zhu, T. Xuan, X. Liu, Y. Guo and E. 
Ma: ML Yang and JZ Zhang. Mechanisms 
of organophosphate resistance in a field 
population of oriental migratory locust, 
Locusta migratoria manilensis (Meyen). Arch 
Insect Biochem Physiol, 71(1), 3–15 (2009)
DOI: 10.1002/arch.20254

68. D. H. Kwon, J. Y. Choi, Y. H. Je and S. H. Lee: 
The overexpression of acetylcholinesterase 
compensates for the reduced catalytic 
activity caused by resistance-conferring 
mutations in Tetranychus urticae. Insect 
Biochem Mol Biol, 42(3), 212–219 (2012)
DOI: 10.1016/j.ibmb.2011.12.003

69. A. Ilias, J. Vontas and A. Tsagkarakou: 
Global distribution and origin of target 
site insecticide resistance mutations in 
Tetranychus urticae. Insect Biochem Mol 
Biol, 48, 17–28 (2014)
DOI: 10.1016/j.ibmb.2014.02.006

70. R. Lee and P. Batham: The activity 
and organophosphate inhibition of 
cholinesterases from susceptible and 
resistant ticks (Acari). Entomol Exp Appl, 
9(1), 13–24 (1966)
DOI: 10.1111/j.1570-7458.1966.tb00974.x

71. F. Wright and E. Ahrens: Cholinesterase 
insensitivity: a mechanism of resistance 
in Mexican strains of Boophilus microplus 
(Acari: Ixodidae) against coumaphos. J Med 
Entomol, 25(4), 234–239 (1988)
DOI: 10.1093/jmedent/25.4.234

72. K. B. Temeyer, J. H. Pruett, P. U. Olafson 
and A. C. Chen: R86Q, a mutation in 
BmAChE3 yielding a Rhipicephalus 
microplus organophosphate-insensitive 
acetylcholinesterase. J Med Entomol, 44(6), 
1013–1018 (2007)
DOI: 10.1093/jmedent/44.6.1013
DOI: 10.1603/0022-2585(2007)44[1013:RA
MIBY]2.0.CO;2

73. K. B. Temeyer, P. U. Olafson and R. J. 
Miller: Genotyping mutations in BmAChE3: 
a survey of organophosphate-resistant 

catalytic enzyme in the Class Insecta? Insect 
Biochem Mol Biol, 43(1), 47–53 (2013)
DOI: 10.1016/j.ibmb.2012.11.004

59. S. H. Lee, Y. H. Kim, D. H. Kwon, D. J. Cha 
and J. H. Kim: Mutation and duplication 
of arthropod acetylcholinesterase: 
Implications for pesticide resistance and 
tolerance. Pestic Biochem Physiol, 120, 
118–124 (2015)
DOI: 10.1016/j.pestbp.2014.11.004

60. M. Weill, P. Fort, A. Berthomieu, M. P. 
Dubois, N. Pasteur and M. Raymond: A novel 
acetylcholinesterase gene in mosquitoes 
codes for the insecticide target and is non–
homologous to the ace gene Drosophila. 
Proc R Soc Lond B Biol Sc, 269(1504), 
2007–2016 (2002)
DOI: 10.1098/rspb.2002.2122

61. M. Grbić, T. Van Leeuwen, R. M. Clark, 
S. Rombauts, P. Rouzé, V. Grbić, E. J. 
Osborne, W. Dermauw, P. C. T. Ngoc and F. 
Ortego: The genome of Tetranychus urticae 
reveals herbivorous pest adaptations. 
Nature, 479(7374), 487–492 (2011)
DOI: 10.1038/nature10640

62. J. G. Vontas, M. Hejazi, N. J. Hawkes, N. 
Cosmidis, M. Loukas and J. Hemingway: 
Resistance-associated point mutations 
of organophosphate insensitive 
acetylcholinesterase, in the olive fruit fly 
Bactrocera oleae. Insect Mol Biol, 11(4), 
329–336 (2002)
DOI: 10.1046/j.1365-2583.2002.00343.x

63. C. Chang, X. Cheng, X. Y. Huang and 
S. M. Dai: Amino acid substitutions of 
acetylcholinesterase associated with 
carbofuran resistance in Chilo suppressalis. 
Pest Manag Sc, 70(12), 1930–1935 (2014)
DOI: 10.1002/ps.3770

64. G. D. Baxter and S. C. Barker: 
Acetylcholinesterase cDNA of the cattle tick, 
Boophilus microplus: characterisation and 
role in organophosphate resistance. Insect 
Biochem Mol Biol, 28(8), 581–589 (1998)
DOI: 10.1016/S0965-1748(98)00034-4

65. T. Tomita, O. Hidoh and Y. Kono: 
Absence of protein polymorphism 
attributable to insecticide-insensitivity of 
acetylcholinesterase in the green rice 
leafhopper, Nephotettix cincticeps. Insect 
Biochem Mol Biol, 30(4), 325–333 (2000)
DOI: 10.1016/S0965-1748(00)00006-0

SNPs and other polymorhisms associated with resistance

76 © 1996-2018

https://doi.org/10.1046/j.1365-2915.2000.00252.x
https://doi.org/10.1002/arch.20254
https://doi.org/10.1016/j.ibmb.2011.12.003
https://doi.org/10.1016/j.ibmb.2014.02.006
https://doi.org/10.1111/j.1570-7458.1966.tb00974.x
https://doi.org/10.1093/jmedent/25.4.234
https://doi.org/10.1093/jmedent/44.6.1013
https://doi.org/10.1603/0022-2585(2007)44[1013:RAMIBY]2.0.CO;2
https://doi.org/10.1603/0022-2585(2007)44[1013:RAMIBY]2.0.CO;2
https://doi.org/10.1016/j.ibmb.2012.11.004
https://doi.org/10.1016/j.pestbp.2014.11.004
https://doi.org/10.1098/rspb.2002.2122
https://doi.org/10.1038/nature10640
https://doi.org/10.1046/j.1365-2583.2002.00343.x
https://doi.org/10.1002/ps.3770
https://doi.org/10.1016/S0965-1748(98)00034-4
https://doi.org/10.1016/S0965-1748(00)00006-0


81. L. Saldivar, F. Guerrero, R. Miller, K. 
Bendele, C. Gondro and K. Brayton: 
Microarray analysis of acaricide-inducible 
gene expression in the southern cattle tick, 
Rhipicephalus (Boophilus) microplus. Insect 
Mol Biol, 17(6), 597–606 (2008)
DOI: 10.1111/j.1365-2583.2008.00831.x

82. R. Shaw: Culture of an organophosphorus-
resistant strain of Boophilus microplus (Can.) 
and an assessment of its resistance spectrum. 
Bull Entomol Res, 56(03), 389–405 (1966)
DOI: 10.1017/S0007485300056480

83. R. Adams: Veterinary pharmacology and 
therapeutics. In: Iowa State University 
Press/Ames,500. (1999)

84. J. Miyamoto: Degradation, metabolism and 
toxicity of synthetic pyrethroids. Environ 
Health Perspect, 14, 15–28 (1976)
DOI: 10.1289/ehp.761415

85. J. E. Casida: Pyrethrum flowers and 
pyrethroid insecticides. Environ Health 
Perspect, 34, 189–202 (1980)
DOI: 10.1289/ehp.8034189

86. V. Raymond-Delpech, K. Matsuda, B. M. 
Sattelle, J. J. Rauh and D. B. Sattelle: Ion 
channels: molecular targets of neuroactive 
insecticides. Invert Neurosci, 5(3–4), 119–
133 (2005)
DOI: 10.1007/s10158-005-0004-9

87. H. P. Vijverberg and J. vanden Bercken: 
Neurotoxicological effects and the mode of 
action of pyrethroid insecticides. Crit Rev 
Toxicol, 21(2), 105–126 (1990)
DOI: 10.3109/10408449009089875

88. D. M. Soderlund and J. R. Bloomquist: 
Neurotoxic actions of pyrethroid insecticides. 
Annu Rev Entomol, 34(1), 77–96 (1989)
DOI: 10.1146/annurev.en.34.010189.000453
DOI: 10.1146/annurev.ento.34.1.77

89. T. J. Shafer, D. A. Meyer and K. M. Crofton: 
Developmental neurotoxicity of pyrethroid 
insecticides: critical review and future 
research needs. Environ Health Perspect, 
123–136 (2005)

90. J. Tan, Z. Liu, R. Wang, Z. Y. Huang, A. C. 
Chen, M. Gurevitz and K. Dong: Identification 
of Amino Acid Residues in the Insect Sodium 
Channel Critical for Pyrethroid Binding. Mol 
Pharmacol, 67(2), 513–522 (2005)
DOI: 10.1124/mol.104.006205

and-susceptible strains of Rhipicephalus 
(Boophilus) microplus. J Med Entomol, 
46(6), 1355–1360 (2009)
DOI: 10.1603/033.046.0614

74. K. B. Temeyer, P. U. Olafson, D. K. Brake, 
A. P. Tuckow, A. Y. Li and A. A. P. de León: 
Acetylcholinesterase of Rhipicephalus 
(Boophilus) microplus and Phlebotomus 
papatasi: Gene identification, expression, 
and biochemical properties of recombinant 
proteins. Pestic Biochem Physiol, 106(3), 
118–123 (2013)
DOI: 10.1016/j.pestbp.2013.01.005

75. S. Ghosh, R. Kumar, G. Nagar, S. Kumar, 
A. K. Sharma, A. Srivastava, S. Kumar, K. 
A. Kumar and B. Saravanan: Survey of 
acaricides resistance status of Rhipicephalus 
(Boophilus) microplus collected from selected 
places of Bihar, an eastern state of India. 
Ticks Tick Borne Dis, 6(5), 668–675 (2015)
DOI: 10.1016/j.ttbdis.2015.05.013

76. N. K. Singh, H. Singh, N. K. Singh and 
S. S. Rath: Multiple mutations in the 
acetylcholinesterase 3 gene associated with 
organophosphate resistance in Rhipicephalus 
(Boophilus) microplus ticks from Punjab, 
India. Vet Parasitol, 216, 108–117 (2016)
DOI: 10.1016/j.vetpar.2015.12.004

77. D. Bull and E. H. Ahrens: Metabolism of 
coumaphos in susceptible and resistant strains 
of Boophilus microplus (Acari: Ixodidae). J 
Med Entomol, 25(2), 94–98 (1988)
DOI: 10.1093/jmedent/25.2.94

78. R. Jamroz, F. Guerrero, J. Pruett, D. Oehler 
and R. Miller: Molecular and biochemical 
survey of acaricide resistance mechanisms 
in larvae from Mexican strains of the 
southern cattle tick, Boophilus microplus. J 
Insect Physiol, 46(5), 685–695 (2000)
DOI: 10.1016/S0022-1910(99)00157-2

79. M. A. Villarino, S. D. Waghela and G. 
G. Wagner: Biochemical detection of 
esterases in the adult female integument 
of organophosphate-resistant Boophilus 
microplus (Acari: Ixodidae). J Med Entomol, 
40(1), 52–57 (2003)
DOI: 10.1603/0022-2585-40.1.52

80. R. A. E. S. Andreotti: Situação atual 
da resistência do carrapato-do-boi 
Rhipicephalus (Boophilus) microplus aos 
acaricidas no Brasil. Embrapa Gado de 
Corte, Campo Grande MS, 1–36 (2010)

SNPs and other polymorhisms associated with resistance

77 © 1996-2018

https://doi.org/10.1111/j.1365-2583.2008.00831.x
https://doi.org/10.1017/S0007485300056480
https://doi.org/10.1289/ehp.761415
https://doi.org/10.1289/ehp.8034189
https://doi.org/10.1007/s10158-005-0004-9
https://doi.org/10.3109/10408449009089875
https://doi.org/10.1146/annurev.en.34.010189.000453
https://doi.org/10.1146/annurev.ento.34.1.77
https://doi.org/10.1124/mol.104.006205
https://doi.org/10.1603/033.046.0614
https://doi.org/10.1016/j.pestbp.2013.01.005
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/jmedent/25.2.94
https://doi.org/10.1016/S0022-1910(99)00157-2
https://doi.org/10.1603/0022-2585-40.1.52


100. D. M. Soderlund: Pyrethroids, knockdown 
resistance and sodium channels. Pest 
Manag Sc, 64(6), 610–616 (2008)
DOI: 10.1002/ps.1574

101. F. D. Guerrero, S. E. Kunz and D. Kammlah: 
Screening of Haematobia irritans (Diptera: 
Muscidae) populations for pyrethroid 
resistance-associated sodium channel 
gene mutations by using a polymerase 
chain reaction assay. J Med Entomol, 
35(5), 710–715 (1998)
DOI: 10.1093/jmedent/35.5.710

102. Z. Liu, S. M. Valles and K. Dong: Novel point 
mutations in the German cockroach para 
sodium channel gene are associated with 
knockdown resistance (kdr) to pyrethroid 
insecticides. Insect Biochem Mol Biol, 
30(10), 991–997 (2000)
DOI: 10.1016/S0965-1748(00)00074-6

103. F. D. Guerrero and J. H. Pruett: Status and 
future prospects for molecular diagnosis of 
Acaricide resistance in Boophilus microplus 
Trends in entomology 3, 97–103 (2003)

104. K. Dong: Insect sodium channels and 
insecticide resistance. Invert Neurosci, 
7(1), 17–30 (2007)
DOI: 10.1007/s10158-006-0036-9

105. L. Salkoff, A. Butler, A. Wei, N. Scavarda, 
K. Giffen, C. Ifune, R. Goodman and 
G. Mandel: Genomic organization 
and deduced amino acid sequence 
of a putative sodium channel gene in 
Drosophila. Science, 237(4816), 744–749  
(1987)
DOI: 10.1126/science.2441469

106. C. S. Wondji, W. Priyanka De Silva, 
J. Hemingway, H. Ranson and S. 
Parakrama Karunaratne: Characterization 
of knockdown resistance in DDT-and 
pyrethroid-resistant Culex quinquefasciatus 
populations from Sri Lanka. Trop Med Int 
Health, 13(4), 548–555 (2008)
DOI: 10.1111/j.1365-3156.2008.02033.x

107. M. Miyazaki, K. Ohyama, D. Y. Dunlap and 
F. Matsumura: Cloning and sequencing of 
the para-type sodium channel gene from 
susceptible and kdr-resistant German 
cockroaches (Blattella germanica) and 
house fly (Musca domestica). Mol Genet 
Genom, 252(1–2), 61–68 (1996)
DOI: 10.1007/BF02173205
DOI: 10.1007/s004389670007

91. A. O. O’Reilly, P. S. Bhupinder, M. S. 
Williamson, L. M. Field, B. A. Wallace and T. 
G. E. Davies: Modelling insecticide-binding 
sites in the voltage-gated sodium channel. 
Biochem J, 396(2), 255–263 (2006)
DOI: 10.1042/BJ20051925

92. J. R. Bloomquist: Ion channels as targets 
for insecticides. Annu Rev Entomol, 41, 
163–190 (1996)
DOI: 10.1146/annurev.en.41.010196.001115
DOI: 10.1146/annurev.ento.41.1.163

93. C. Pasay, L. Arlian, M. Morgan, D. 
Vyszenski-Moher, A. Rose, D. Holt, S. 
Walton and J. McCarthy: High-resolution 
melt analysis for the detection of a mutation 
associated with permethrin resistance in 
a population of scabies mites. Med Vet 
Entomol, 22(1), 82–88 (2008)
DOI: 10.1111/j.1365-2915.2008.00716.x

94. T. Miller: Mechanisms of resistance to 
pyrethroid insecticides. Parasitol Today, 
4(7), 8–12 (1988)
DOI: 10.1016/0169-4758(88)90080-4

95. J. Nolan: Mechanisms of resistance 
to chemicals in arthropod parasites of 
veterinary importance. Vet Parasitol, 18(2), 
155–166 (1985)
DOI: 10.1016/0304-4017(85)90064-0

96. R. J. Miller, R. B. Davey and J. E. George: 
Characterization of pyrethroid resistance 
and susceptibility to coumaphos in Mexican 
Boophilus microplus (Acari: Ixodidae). J 
Med Entomol, 36(5), 533–538 (1999)
DOI: 10.1093/jmedent/36.5.533

97. R. Hernandez, F. Guerrero, J. George and 
G. Wagner: Allele frequency and gene 
expression of a putative carboxylesterase-
encoding gene in a pyrethroid resistant 
strain of the tick Boophilus microplus. 
Insect Biochem Mol Biol, 32(9), 1009–1016 
(2002)
DOI: 10.1016/S0965-1748(02)00037-1

98. W. G. Brogdon and J. C. McAllister: 
Insecticide resistance and vector control. 
Emerg Infect Dis, 4(4), 605–613 (1998)
DOI: 10.3201/eid0404.980410

99. D. Soderlund and D. Knipple: The 
molecular biology of knockdown resistance 
to pyrethroid insecticides. Insect Biochem 
Mol Biol, 33(6), 563–577 (2003)
DOI: 10.1016/S0965-1748(03)00023-7

SNPs and other polymorhisms associated with resistance

78 © 1996-2018

https://doi.org/10.1002/ps.1574
https://doi.org/10.1093/jmedent/35.5.710
https://doi.org/10.1016/S0965-1748(00)00074-6
https://doi.org/10.1007/s10158-006-0036-9
https://doi.org/10.1126/science.2441469
https://doi.org/10.1111/j.1365-3156.2008.02033.x
https://doi.org/10.1007/BF02173205
https://doi.org/10.1007/s004389670007
https://doi.org/10.1042/BJ20051925
https://doi.org/10.1146/annurev.en.41.010196.001115
https://doi.org/10.1146/annurev.ento.41.1.163
https://doi.org/10.1111/j.1365-2915.2008.00716.x
https://doi.org/10.1016/0169-4758(88)90080-4
https://doi.org/10.1016/0304-4017(85)90064-0
https://doi.org/10.1093/jmedent/36.5.533
https://doi.org/10.1016/S0965-1748(02)00037-1
https://doi.org/10.3201/eid0404.980410
https://doi.org/10.1016/S0965-1748(03)00023-7


115. C. Bass, I. Schroeder, A. Turberg, L. M. 
Field and M. S. Williamson: Identification 
of mutations associated with pyrethroid 
resistance in the para-type sodium channel 
of the cat flea, Ctenocephalides felis. Insect 
Biochem Mol Biol, 34(12), 1305–1313 (2004)
DOI: 10.1016/j.ibmb.2004.09.002

116. N. E. Stone, P. U. Olafson, R. B. Davey, G. 
Buckmeier, D. Bodine, L. C. Sidak-Loftis, 
J. R. Giles, R. Duhaime, R. J. Miller, J. 
Mosqueda, G. A. Scoles, D. M. Wagner 
and J. D. Busch: Multiple mutations in the 
para-sodium channel gene are associated 
with pyrethroid resistance in Rhipicephalus 
microplus from the United States and Mexico. 
Parasit Vectors, 7(1), 456, 1–14 (2014)
DOI: 10.1186/s13071-014-0456-z
DOI: 10.1186/PREACCEPT-94951207135 
40941

117. R. Hollingworth: Chemistry, biological 
activity, and uses of formamidine pesticides. 
Environ Health Perspect, 14, 57–69 (1976)
DOI: 10.1289/ehp.761457

118. K. M. Chang and C. O. Knowles: 
Formamidine acaricides. Toxicity and 
metabolism studies with twospotted spider 
mites, Tetranychus urticae Koch. J Agricul 
Food Chem, 25(3), 493–501 (1977)
DOI: 10.1021/jf60211a024

119. C. Schuntner and P. Thompson: Metabolism 
of (14C) amitraz in larvae of Boophilus 
microplus. Aust J Biol Sci, 31(2), 141–148 
(1978)
DOI: 10.1071/BI9780141

120. J. Nolan: Current developments in 
resistance to amidine and pyrethroid 
tickicides in Australia. In: Tick biology and 
control: proceedings of an International 
Conference January 27–29, 1981/
edited by GB Whitehead and JD Gibson. 
Grahamstown, South Africa: Tick Research 
Unit, Rhodes University. (1981)

121. P. D. Evans and J. D. Gee: Action of 
formamidine pesticides on octopamine 
receptors. Nature, 287(5777), 60–62 (1980)

122. T. Kita, T. Hayashi, T. Ohtani, H. Takao, 
H. Takasu, G. Liu, H. Ohta, F. Ozoe and 
Y. Ozoe: Amitraz and its metabolite 
differentially activate alpha- and beta-
adrenergic-like octopamine receptors. Pest 
Manag Sci , 73: 984–990 (2016)
DOI: 10.1002/ 4412

108. K. Dong: A single amino acid change 
in the para sodium channel protein is 
associated with knockdown-resistance 
(kdr) to pyrethroid insecticides in German 
cockroach. Insect Biochem Mol Biol, 27(2), 
93–100 (1997)
DOI: 10.1016/S0965-1748(96)00082-3

109. D. Martinez-Torres, F. Chandre, M. 
Williamson, F. Darriet, J. B. Berge, A. L. 
Devonshire, P. Guillet, N. Pasteur and 
D. Pauron: Molecular characterization of 
pyrethroid knockdown resistance (kdr) 
in the major malaria vector Anopheles 
gambiae ss. Insect Mol Biol, 7(2), 179–184 
(1998)
DOI: 10.1046/j.1365-2583.1998.72062.x

110. S. H. Lee, K.-S. Yoon, M. S. Williamson, 
S. J. Goodson, M. Takano-Lee, J. D. 
Edman, A. L. Devonshire and J. M. Clark: 
Molecular analysis of kdr-like resistance in 
permethrin-resistant strains of head lice, 
Pediculus capitis. Pestic Biochem Physiol, 
66(2), 130–143 (2000)
DOI: 10.1006/pest.1999.2460

111. R. C. Jamroz, F. D. Guerrero, D. M. 
Kammlah and S. E. Kunz: Role of the kdr 
and super-kdr sodium channel mutations 
in pyrethroid resistance: correlation of 
allelic frequency to resistance level in wild 
and laboratory populations of horn flies 
(Haematobia irritans). Insect Biochem Mol 
Biol, 28(12), 1031–1037 (1998)
DOI: 10.1016/S0965-1748(98)00094-0

112. T. H. Schuler, D. Martinez-Torres, A. J. 
Thompson, I. Denholm, A. L. Devonshire, I. 
R. Duce and M. S. Williamson: Toxicological, 
electrophysiological, and molecular 
characterisation of knockdown resistance to 
pyrethroid insecticides in the diamondback 
moth, Plutella xylostella (L.). Pestic Biochem 
Physiol, 59(3), 169–182 (1998)
DOI: 10.1006/pest.1998.2320

113. W. A. Catterall, J. Striessnig, T. P. Snutch 
and E. Perez-Reyes: International Union of 
Pharmacology. XL. Compendium of voltage-
gated ion channels: calcium channels. 
Pharmacol Rev, 55(4), 579–581 (2003)
DOI: 10.1124/pr.55.4.5
DOI: 10.1124/pr.55.4.8
DOI: 10.1124/pr.55.4.7

114. H. Y. Frank and W. A. Catterall: Overview of 
the voltage-gated sodium channel family. 
Genome Biol, 4(3), 1–7 (2003)

SNPs and other polymorhisms associated with resistance

79 © 1996-2018

https://doi.org/10.1016/j.ibmb.2004.09.002
https://doi.org/10.1186/s13071-014-0456-z
https://doi.org/10.1186/PREACCEPT-9495120713540941
https://doi.org/10.1186/PREACCEPT-9495120713540941
https://doi.org/10.1289/ehp.761457
https://doi.org/10.1021/jf60211a024
https://doi.org/10.1071/BI9780141
http://doi.org/10.1002/ 4412
https://doi.org/10.1016/S0965-1748(96)00082-3
https://doi.org/10.1046/j.1365-2583.1998.72062.x
https://doi.org/10.1006/pest.1999.2460
https://doi.org/10.1016/S0965-1748(98)00094-0
https://doi.org/10.1006/pest.1998.2320
https://doi.org/10.1124/pr.55.4.5
https://doi.org/10.1124/pr.55.4.8
https://doi.org/10.1124/pr.55.4.7


131. S. G. Forrester, R. K. Prichard and R. N. 
Beech: A glutamate-gated chloride channel 
subunit from Haemonchus contortus: 
Expression in a mammalian cell line, ligand 
binding, and modulation of anthelmintic 
binding by glutamate. Biochem Pharmacol, 
63(6), 1061–1068 (2002)
DOI: 10.1016/S0006-2952(02)00852-3

132. D. F. Cully, D. K. Vassilatis, K. K. Liu, P. S. 
Paress, L. Van der Ploeg, J. M. Schaeffer 
and J. P. Arena: Cloning of an avermectin-
sensitive glutamate-gated chloride channel 
from Caenorhabditis elegans. Nature, 
371(6499), 707–711 (1994)
DOI: 10.1038/371707a0

133. R. Rodríguez-Vivas, R. Arieta-Román, 
L. Perez-Cogollo, J. Rosado-Aguilar, G. 
Ramírez-Cruz and G. Basto-Estrella: Uso 
de lactonas macrocíclicas para el control 
de la garrapata Rhipicephalus (Boophilus) 
microplus en el ganado bovino. Arch Med 
Vet, 42(3), 115–123 (2010)
DOI: 10.4067/S0301-732X2010000300002

134. S. G. Forrester, F. F. Hamdan, R. K. Prichard, 
and R. N. Beech: Cloning, Sequencing, 
and Developmental Expression Levels of a 
Novel Glutamate-Gated Chloride Channel 
Homologue in the Parasitic Nematode 
Haemonchus contortus. Biochem Biophys 
Res Commun, 254(3), 529–534 (1999)
DOI: 10.1006/bbrc.1998.0106

135. J. Martins and J. Furlong: Avermectin 
resistance of the cattle tick Boophilus 
microplus in Brazil. Vet Rec, 149(2), 64–69 
(2001)

136. G. M. Klafke, G. A. Sabatini, A. Thais, J. 
R. Martins, D. H. Kemp, R. J. Miller and 
T. T. Schumaker: Larval immersion tests 
with ivermectin in populations of the cattle 
tick Rhipicephalus (Boophilus) microplus 
(Acari: Ixodidae) from State of Sao Paulo, 
Brazil. Vet Parasitol, 142(3), 386–390 
(2006)
DOI: 10.1016/j.vetpar.2006.07.001

137. G. M. Klafke, T. A. de Albuquerque, R. J. 
Miller and T. T. Schumaker: Selection of an 
ivermectin-resistant strain of Rhipicephalus 
microplus (Acari: Ixodidae) in Brazil. Vet 
Parasitol, 168(1), 97–104 (2010)
DOI: 10.1016/j.vetpar.2009.10.003

138. E. Castro-Janer, L. Rifran, P. Gonzalez, C. 
Niell, J. Piaggio, A. Gil and T. T. Schumaker: 

123. H. Fragoso, N. Soberanes, M. Ortiz, M. 
Santamaría and A. Ortiz: Epidemiologia 
de la resistencia a ixodicidas piretroides 
en garrapatas Boophilus microplus 
en la Republica Mexicana. Seminario 
Internacional de Parasitología Animal-
Resistencia y Control en Garrapatas 
y Moscas de Importancia Veterinaria. 
Acapulco, Guerrero, México, 45–57. (1995)

124. N. Soberanes, M. V. Santamaría, H. S. 
Fragosos and Z. V. García: First case 
reported of amitraz resistance in the cattle 
tick Boophilus microplus in México. Téc 
Pecu Méx, 40, 81–92 (2002)

125. E. Benavides, J. L. Rodríguez and 
A. Romero: Isolation and partial 
characterization of the Montecitos strain 
of Boophilus microplus (Canestrini, 1877) 
multiresistant to different acaricides. Ann 
New York Acad. Sci, 916(1), 668–671 
(2000)
DOI: 10.1111/j.1749-6632.2000.tb05358.x

126. R. J. Miller, R. B. Davey and J. E. George: 
Modification of the food and agriculture 
organization larval packet test to measure 
amitraz-susceptibility against Ixodidae. J 
Med Entomol, 39(4), 645–651 (2002)
DOI: 10.1603/0022-2585-39.4.645

127. N. Jonsson and M. Hope: Progress in the 
epidemiology and diagnosis of amitraz 
resistance in the cattle tick Boophilus 
microplus. Vet Parasitol, 146(3), 193–198 
(2007)
DOI: 10.1016/j.vetpar.2007.03.006

128. P. D. Evans and S. Robb: Octopamine 
receptor subtypes and their modes of 
action. Neurochem Res, 18(8), 869–874 
(1993)
DOI: 10.1007/BF00998270

129. G. D. Baxter and S. C. Barker: Isolation of 
a cDNA for an octopamine-like, G-protein 
coupled receptor from the cattle tick, 
Boophilus microplus. Insect Biochem Mol 
Biol, 29(5), 461–467 (1999)
DOI: 10.1016/S0965-1748(99)00023-5

130. S. W. Corley, E. K. Piper and N. N. Jonsson: 
Generation of full-length cDNAs for eight 
putative GPCnR from the cattle tick, R. 
microplus using a targeted degenerate 
PCR and sequencing strategy. PLoS One, 
7(3), e32480 (2012)
DOI: 10.1371/journal.pone.0032480

SNPs and other polymorhisms associated with resistance

80 © 1996-2018

https://doi.org/10.1016/S0006-2952(02)00852-3
https://doi.org/10.1038/371707a0
https://doi.org/10.4067/S0301-732X2010000300002
https://doi.org/10.1006/bbrc.1998.0106
https://doi.org/10.1016/j.vetpar.2006.07.001
https://doi.org/10.1016/j.vetpar.2009.10.003
https://doi.org/10.1111/j.1749-6632.2000.tb05358.x
https://doi.org/10.1603/0022-2585-39.4.645
https://doi.org/10.1016/j.vetpar.2007.03.006
https://doi.org/10.1007/BF00998270
https://doi.org/10.1016/S0965-1748(99)00023-5
https://doi.org/10.1371/journal.pone.0032480


and foliar broadspectrum insecticide. In: 
In: Proceedings, Brighton Crop Protection 
Conference: Pests and Diseases. British 
Crop Protection Council, Farnham, UK. 
(1992)

146. J. J. Rauh, S. C. Lummis and D. B. 
Sattelle: Pharmacological and biochemical 
properties of insect GABA receptors. 
Trends Pharmacol Sci, 11(8), 325–329 
(1990)
DOI: 10.1016/0165-6147(90)90236-2

147. L. M. Cole, R. A. Nicholson and J. E. Casida: 
Action of phenylpyrazole insecticides at 
the GABA-gated chloride channel. Pestic 
Biochem Physiol, 46(1), 47–54 (1993)
DOI: 10.1006/pest.1993.1035

148. E. W. Durham, M. E. Scharf and B. D. 
Siegfried: Toxicity and neurophysiological 
effects of fipronil and its oxidative sulfone 
metabolite on European corn borer larvae 
(Lepidoptera: Crambidae). Pestic Biochem 
Physiol, 71(2), 97–106 (2001)
DOI: 10.1006/pest.2001.2564

149. J. R. Bloomquist: Chloride channels as 
tools for developing selective insecticides. 
Arch Insect Biochem Physiol, 54(4), 145–
156 (2003)
DOI: 10.1002/arch.10112

150. X. Zhao, J. Z. Yeh, V. L. Salgado and T. 
Narahashi: Sulfone metabolite of fipronil 
blocks γ-aminobutyric acid-and glutamate-
activated chloride channels in mammalian 
and insect neurons. J Pharmacol Exp Ther, 
314(1), 363–373 (2005)
DOI: 10.1124/jpet.104.077891

151. T. Narahashi, X. Zhao, T. Ikeda, K. 
Nagata and J. Yeh: Differential actions 
of insecticides on target sites: basis for 
selective toxicity. Hum Exp Toxicol, 26(4), 
361–366 (2007)
DOI: 10.1177/0960327106078408

152. E. Castro-Janer, J. Martins, M. Mendes, A. 
Namindome, G. Klafke and T. Schumaker: 
Diagnoses of fipronil resistance in Brazilian 
cattle ticks (Rhipicephalus (Boophilus) 
microplus) using in vitro larval bioassays. 
Vet Parasitol, 173(3), 300–306 (2010)
DOI: 10.1016/j.vetpar.2010.06.036

153. E. Castro-Janer, L. Rifran, P. Gonzalez, C. 
Niell, J. Piaggio, A. Gil and T. Schumaker: 
Determination of the susceptibility of 

Determination of the susceptibility of 
Rhipicephalus (Boophilus) microplus 
(Acari: Ixodidae) to ivermectin and fipronil 
by Larval Immersion Test (LIT) in Uruguay. 
Vet Parasitol, 178(1–2), 148–155 (2011)
DOI: 10.1016/j.vetpar.2010.12.035

139. D. Villar, D. Gutiérrez, P. D., A. R. Durán, 
A. G. Orjuela, N. Martínez and G. J.J.C.: 
Resistencia in vitro a acaricidas tópicos de 
poblaciones de garrapatas Riphicephalus 
(Boophilus) microplus provenientes de 
cuatro departamentos de Colombia. CES 
Medicina Veterinaria y Zootecnia, 11(3), 
58–70 (2016)

140. N. K. Singh, H. Singh, Jyoti, M. Prerna 
and S. S. Rath: First report of ivermectin 
resistance in field populations of 
Rhipicephalus (Boophilus) microplus 
(Acari: Ixodidae) in Punjab districts of India. 
Vet Parasitol, 214(1–2), 192–194 (2015)
DOI: 10.1016/j.vetpar.2015.09.014

141. L. Perez-Cogollo, R. Rodriguez-Vivas, G. 
Ramirez-Cruz and R. Miller: First report 
of the cattle tick Rhipicephalus microplus 
resistant to ivermectin in Mexico. Vet 
Parasitol, 168(1), 165–169 (2010)

DOI: 10.1016/j.vetpar.2009.10.021

142. P. C. Pohl, D. D. Carvalho, S. Daffre, I. 
da Silva Vaz Jr and A. Masuda: In vitro 
establishment of ivermectin-resistant 
Rhipicephalus microplus cell line and the 
contribution of ABC transporters on the 
resistance mechanism. Vet Parasitol, 
204(3), 316–322 (2014)
DOI: 10.1016/j.vetpar.2014.05.042

143. P. C. Pohl, G. M. Klafke, J. R. Júnior, 
J. R. Martins, I. da Silva Vaz Jr and A. 
Masuda: ABC transporters as a multidrug 
detoxification mechanism in Rhipicephalus 
(Boophilus) microplus. J Parasitol Res, 
111(6), 2345–2351 (2012)
DOI: 10.1007/s00436-012-3089-1

144. G. Aguilar-Tipacamú, J. Mosqueda-Gualito, 
G. J. Cantó-Alarcón, G. M. Klafke, F. 
Arellano-Carvajal, M. Alonso-Díaz and R. I. 
Rodríguez-Vivas: Identification of mutations 
in the glutamate-dependent chlorine channel 
in Rhipicephalus microplus resistant and 
susceptible to ivermectin. Quehacer 
Científico en Chiapas, 11(2), 20–26 (2016)

145. F. Colliot, K. A. Kukorowski, D. W. Hawkins 
and D. A. Roberts: Fipronil: a new soil 

SNPs and other polymorhisms associated with resistance

81 © 1996-2018

https://doi.org/10.1016/0165-6147(90)90236-2
https://doi.org/10.1006/pest.1993.1035
https://doi.org/10.1006/pest.2001.2564
https://doi.org/10.1002/arch.10112
https://doi.org/10.1124/jpet.104.077891
https://doi.org/10.1177/0960327106078408
https://doi.org/10.1016/j.vetpar.2010.06.036
https://doi.org/10.1016/j.vetpar.2010.12.035
https://doi.org/10.1016/j.vetpar.2015.09.014
https://doi.org/10.1016/j.vetpar.2009.10.021
https://doi.org/10.1016/j.vetpar.2014.05.042
https://doi.org/10.1007/s00436-012-3089-1


Rhipicephalus (Boophilus) microplus 
(Acari: Ixodidae) to ivermectin and fipronil 
by Larval Immersion Test (LIT) in Uruguay. 
Vet Parasitol, 178(1), 148–155 (2011)
DOI: 10.1016/j.vetpar.2010.12.035

154. J. Reck, G. M. Klafke, A. Webster, B. 
Dall’Agnol, R. Scheffer, U. A. Souza, V. 
B. Corassini, R. Vargas, J. S. dos Santos 
and J. R. de Souza Martins: First report 
of fluazuron resistance in Rhipicephalus 
microplus: a field tick population resistant 
to six classes of acaricides. Vet Parasitol, 
201(1), 128–136 (2014)
DOI: 10.1016/j.vetpar.2014.01.012

155. R. J. Miller, C. Almazán, M. Ortíz-Estrada, 
R. B. Davey, J. E. George and A. P. De 
León: First report of fipronil resistance 
in Rhipicephalus (Boophilus) microplus 
of Mexico. Vet Parasitol, 191(1), 97–101 
(2013)
DOI: 10.1016/j.vetpar.2012.08.011

156. G. L. Holbrook, J. Roebuck, C. B. Moore, 
M. G. Waldvogel and C. Schal: Origin 
and extent of resistance to fipronil in the 
German cockroach, Blattella germanica 
(L.) (Dictyoptera: Blattellidae). J Econ 
Entomol, 96(5), 1548–1558 (2003)
DOI: 10.1093/jee/96.5.1548

Abbreviations: R. microplus, Rhipicephalus 
microplus; GABA, gamma amino butyric acid; 
SNPs, single nucleotide polymorphisms; AChES, 
enzyme acetylcholinesterase; Kdr, Knockdown 
resistance; RmβAORs, β-adrenergic receptor for 
octopamine; MLs, Macrocyclic lactones.

Key Words: SNP´s, Polymorphisms, Ticks, R. 
microplus, Resistance, Review

Send correspondence to: Gabriela Aguilar, 
Cuerpo Académico Salud Animal y Microbiología 
Ambiental, Licenciatura en Medicina Veterinaria 
y Zootecnia, Facultad de Ciencias Naturales, 
Universidad Autonoma de Querétaro. Av. de las 
Ciencias s/n Juriquilla, Delegacion Santa Rosa 
Jauregui, Queretaro, Mexico. ZIP Code 76230, 
Tel: 52-014421921200, Fax: +52 (01) 442 234 29 
58, E-mail: gabtipaca@yahoo.com.mx

SNPs and other polymorhisms associated with resistance

82 © 1996-2018

https://doi.org/10.1016/j.vetpar.2010.12.035
https://doi.org/10.1016/j.vetpar.2014.01.012
https://doi.org/10.1016/j.vetpar.2012.08.011
https://doi.org/10.1093/jee/96.5.1548

