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Summary 

 

Rhipicephalus microplus is a tick with a one-host life cycle which takes place on cattle. It has 

three life stages during the host phase. Tropical and sub-tropical regions around the world 

make for an ideal climate for both R. microplus and R. decoloratus ticks. Both tick species are 

well documented as vectors for various tick-borne diseases. Several target site resistance 

markers are known for acaricide resistance in R. microplus and the presence of these markers 

in R. decoloratus is a focus of this study. The dieldrin resistance marker was not observed in 

R. decoloratus nor was the pyrethroid resistance marker in the carboxylesterase gene. The 

octopamine/tyramine receptor showed the presence of 49 different SNPs as compared to with 

the NCBI R. microplus entry (AJ010743.1). Maximum parsimony tree analysis of this gene 

segment which included locally sequenced R. decoloratus and R. microplus tick samples 

showed a mix grouping of both species. This would suggest that there is not a significant 

difference between R. decoloratus and R. microplus for the octopamine/tyramine receptor to 

group them as separate. Analysis of the voltage-gated sodium channel revealed the presence 

of the resistance marker (L64I) in both R. microplus and R. decoloratus ticks of South Africa. 

Rhipicephalus microplus showed allele frequencies of 58.8% homozygous resistant and a 

32.4% homozygous susceptible, while R. decoloratus had a 72% heterozygous frequency. A 

model for the R. microplus carboxylesterase (RmCaE) was constructed using 4B0O as a 

template (32.2% identity). The model was well within the expected quality range for 

carboxylesterase enzymes. Docking of cypermethrin showed that no direct interactions were 

possible between the resistance SNP site and cypermethrin, but the loss of a stabilising 

interaction in the secondary structure could be the main cause behind resistance. A partial 

model for the voltage-gated sodium channel (RmvNaCh) was constructed using 4DXW as a 

template (30% identity). Docking of the different stereoisomers for cypermethrin identified two 

key atoms (C4 and Cl-) of cypermethrin as interacting partners with the SNP site. Cyp5 was 

also identified as the one stereoisomer which didnôt show a difference between WT and 

mutant docked poses and was still capable of interacting with the SNP site. This may show 

cyp5 [(R)-cyano (1S, 3S)] as an important stereoisomer for use on pyrethroid resistance R. 

microplus ticks. Experimental validation of in silico results must be done in future.  
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Chapter 1 

 

Literature review 

 

1.1 Tick evolution and origin 

Ticks are classified under the phylum of Arthropoda (Figure 1.1) and exhibit hematophagous 

behaviour. These arthropods have evolved into more than 15 000 different species consisting 

of approximately 400 genera (Mans et al., 2002). The order Ixodida constitutes three families 

namely the Ixodidae (hard ticks), Argasidae (soft ticks) and Nutalliellidae (monotypic) (Mans 

and Neitz, 2004).  

 

 

Figure 1.1: Taxonomy of ticks from kingdom to genus level. (Adapted from Barker and Murrell, 2004). The 

respective families of Ixodoidea (Ixodidae, Nuttalliellidae and Argasidae), subfamilies and the various genera are 

indicated on the figure.  

 



Ticks are said to have originated from the late Cretaceous period a hundred and twenty million 

years ago (Mans et al., 2002). The fossil records also support the theory that ticks originated 

from the late Cretaceous period, with the earliest tick fossil dating back 90-94 million years 

(Mans et al., 2002). This early fossil was that of an argasid tick (soft tick) known as Carios 

jersey found in New Jersey amber. This evidence not only supports ticks originating from the 

late Cretaceous period, but also implies that speciation into tick families occurred prior to 92 

million years ago (Mans and Neitz, 2004).  Today ticks have evolved into more than 650 

species for the Ixodidae family, a 193 species for Argasidae and a monotypic entry for 

Nuttalliellidae (Sonenshine 1991). Ixodid ticks affecting both veterinary and human health are 

important vectors for tick-borne diseases (Willadsen, 2006). This study focuses mainly on ticks 

of the Rhipicephalus genus and these are discussed in the next sections.  

   

1.2 Rhipicephalus microplus and R. decoloratus - host and life cycle 

Currently the modern day tick generaôs that are considered to have the most harmful impact 

on humans and livestock are: Amblyomma, Rhipicephalus, Ixodes and Dermacentor 

(Fernandes et al., 2012). This study focus on the Rhipicephalus ticks as they are one of the 

most significant ectoparasites in the cattle industry today. Their impact on the cattle health and 

economy occurs through cattle losses, damage to cattle hides (which impact the leather 

industry), reduced meat and milk production and increased veterinary costs due to associated 

parasite transmission (Lees and Bowman, 2007). Rhipicephalus ticks are vectors of Babesia, 

Anaplasma and Borrelia of which both Anaplasma and Babesia are zoonotic (Aubry and 

Geale, 2011; Bock et al., 2004). 

 

Rhipicephalus microplus, the tick of importance to this study, was previously classified as 

Boophilus microplus. Since 2003 the Boophilus genus has been incorporated under the 

Rhipicephalus genus as a sub-genus due to their paraphyletic relationship (Barker and 

Murrell, 2003), implying that the Rhipicephalus genus includes the last common ancestor 

descendants of the previously known genus Boophilus. Rhipicephalus microplus has a one-

host life cycle which takes place on cattle from the genus Bos (Cutulle et al., 2010) (Figure 

1.2). These ticks have been known to parasitize additional hosts such as goats (Nyangiwe and 

Horak, 2007), however cattle still remain their primary hosts. It has three life stages during the 

host phase starting with larvae, followed by nymph and finally the adult stage (Figure 1.2). 

Larvae attach to the cattle host for a three week period depending on seasonality, and 

engorge to nymphs and adults (Bellgard et al., 2012). Engorged ticks detach and lay up to 

5,000 eggs which hatch within 30-40 days and larvae are again deposited into the 

environment to start a new lifecycle (Barker and Walker, 2014). The nymph and larvae can be 
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found all over the host body, but the female adult prefers to latch onto the neck, side, brisket 

and inguinal region (Bruin and Geest, 2009).  

 

 

Figure 1.2: One-host life cycle of Ixodidae ticks with cattle as host. (Figure adapted from Barker and Walker, 

2014). All life stages from the tick will reside on a single host. 

 

Rhipicephalus decoloratus is commonly referred to as the blue tick and was also previously 

classified under the genus Boophilus but has also been re-classified to Rhipicephalus for the 

same reasons previously stated for R. microplus. R. decoloratus is indigenous to Africa and is 

widely spread over the continent (Tønnesen et al., 2004). These ticks parasitize livestock 

animals such as goats, pigs and even sheep, but are found predominantly on cattle 

(Cumming, 1999). R. decoloratus has a one-host life cycle similar to that of R. microplus 

(Figure 1.2), with the exception that  R. decoloratus has a longer life cycle than that of R. 

microplus (Lynen et al., 2008). 

  

1.3 Geographical distribution of R. microplus and R. decoloratus in Africa 

Tropical and sub-tropical regions around the world make for an ideal climate for both R. 

microplus and R. decoloratus ticks (Estrada-Peña et al., 2009). Rhipicephalus microplus is 

predominantly found in South America, Africa, Australia and India (Cutulle et al., 2010) while 

R. decoloratus is wide spread across Africa and is predominantly an African tick (Zajac and 

Conboy, 2012) (Figure 1.3).  

 



        

Figure 1.3: A map of the African countries that are affected by Rhipicephalus microplus and R. 

decoloratus. (Adapted from Madder and Horak, 2010). In figure A, the distribution of R. microplus in Africa is 

shown while figure B indicated the distribution of R. decoloratus. 

 

In the Soutpansberg region of the Limpopo province in South Africa, R. microplus tick species 

have been found to displace R. decoloratus whenever the two species of ticks co-inhabit a 

particular region as show by routine tick collections at dip tank stations in the area over a 3 

year period (Tønnesen et al., 2004). This phenomenon was also seen to a lesser extent on 

commercial farms in the same area. Although these farms were still dominated by R. 

decoloratus by the end of the survey, the numbers of R. microplus ticks did increase 

(Tønnesen et al., 2004). Similar cases have been recorded in Tanzania (Lynen et al., 2008).  

 

1.4 R. microplus and R. decoloratus as vectors of tick-borne diseases 

 

R. microplus is well documented as a vector for various tick-borne diseases. It is able to 

transmit Anaplasma spp, Babesia spp and Borrelia spp, which are the causative agents for 

Anaplasmosis, Babesiosis and Borreliosis, respectively. Anaplasmosis and Babesiosis greatly 

affect cattle in Africa (Nyangiwe and Horak, 2007) often causing fatalities. Of greatest concern, 

is the transmission of Babesia bovis  by R. microplus resulting in an intra-erythrocytic parasite 

ending in red blood cell lysis, severe anaemia and death (Chauvin et al., 2009). Transmission 

of B. bovis parasites can occur trans-ovarial (from the female tick to her eggs) and 

transmission from one cattle host to another  (Bock et al., 2004). R. decoloratus primarily 

transmits Babesia bigemina and is not a vector for B. bovis, (R. microplus is known to transmit 

both B. bigemina and B. bovis). B. bigemina is often considered less of a threat than B. bovis 

due to a higher severity in acutely affected cattle (Bock et al., 2004). 
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1.4.1 Anaplasmosis 

 

Anaplasmosis, commonly referred to as gall sickness is caused by an intra-erythrocytic 

rickettsia bacteria transmitted by ticks, affecting various ruminants ranging from cattle to 

African antelopes (Aubry and Geale, 2011). Bovine anaplasmosis is caused by Anaplasma 

marginale which is classified under the family of Anaplasmataceae and ordered under 

Rickettsiales (de la Fuente et al., 2002). Multiple strains exist for A. marginale and many 

isolates have been documented around the world (Aubry and Geale, 2011). There are distinct 

characteristics which differentiate the strains from one another, such as morphology, 

antigenicity and vectors (de la Fuente et al., 2001; Kocan et al., 2003).  

 

Treatment of Anaplasmosis is through antibiotics, predominantly oxytetracycline (OTC) and 

chlortertracycline (CTC), both of which has been approved by the food and drug administration 

(Aubry and Geale, 2011; de la Fuente et al., 2002; Kocan et al., 2003). An urea derivative, 

imidocarb, is also used to treat Anaplasmosis, but due to the severe side-effects it is not 

commonly used (Aubry and Geale, 2011). These treatment options often do not clear 

infections and hence chronic infection with the bacterium is often observed throughout the life 

span of the animal. Preventative forms of disease control include strategies for tick control 

(see following sections) and the use of an inactivated and live attenuated vaccines. The 

inactivated vaccine was used in the USA until 1999 and was shown to display strain variation, 

reducing efficacy (Kocan et al., 2003). Live attenuated vaccines involve the use of 

pathogenically inactive strains of A. marginale as well as the closely related A. centrale. The 

later species are used in the African, Australian, Israeli and Latin American vaccines (Aubry 

and Geale, 2011). A concern with this vaccine (as does for all live attenuated vaccines) is the 

possibility of reverting back to a virulent state. Cross-protection of this vaccine has also been 

demonstrated to be low in some countries and has affected the popularity of these live 

attenuated vaccines (Aubry and Geale, 2011). Therefore vaccine protection for anaplasmosis 

is not always effective and other control strategies are needed to prevent the spread of tick-

borne disease. With the increase in acaricide resistance (later in chapter) it is clear that vector 

control strategies require more research. 

 

  



1.4.2 Babesiosis: 

 

Babesiosis arrive form infection by an intra-erythrocytic apicomplexan parasite of the species 

Babesia transmitted by an Ixodid tick. Babesiosis is ranked as the second most common 

blood-borne infection amongst free living animals today (Homer et al., 2000; Hunfeld, 

Hildebrandt, and Gray, 2008). This infection impacts heavily on the cattle industry and more 

than 50% of the worldôs cattle are at risk of contracting Babesiosis (Bock et al., 2004). Three 

key species of great veterinary importance are Babesia bovis, B. bigemina and B. divergens 

(Gohil et al., 2013). These apicomplexans differ from others such as Plasmodium spp. through 

not requiring an exo-erythrocytic stage (Gohil et al., 2013). This implies invasion of the host 

erythrocytes and the completion of asexual stages with in erythrocytes. After rupture of the 

host erythrocytes the parasites invade new cells or get taken up by feeding ticks (Mosqueda 

and Cantó, 2012). The rupture of erythrocytes accounts for most of the clinically observed 

symptoms such as anaemia. Jaundice and haemoglobinuria (in cases with severe haemolytic 

anaemia) may also develop (Gohil et al., 2013).  

 

B. bovis are known for altering the structure and function of erythrocytes (Cooke et al., 2005; 

Gohil et al., 2010). As with malaria (Plasmodium spp.) a cerebral stage exists. This is due to 

the accumulation of parasites in the microvasculature of various organs, when this occurs in 

the brain then cerebral Babesiosis is achieved. For these reasons B. bovis has been linked to  

clinically severe cases (Gohil et al., 2013 and 2010). Overall, control of babesiosis focuses on 

three key aspects: vector control, anti-babesial drugs and vaccines. Vector control will be 

discussed in later sections. Anti-babesial agents currently consist of antiprotozoals, 

diminazene aceturate and imidocarb dipropionate (Bock et al., 2004). Due to contamination of 

meat and dairy products the use of imidocarb dipropionate has been withdrawn in the majority 

of European countries and therefore new agents are required in the field (Mosqueda and 

Cantó, 2012). A live attenuated vaccine exists for B. bovis and has shown to reduce parasitic 

load but not clear infection (Gohil et al., 2013). These vaccines are regarded as highly 

effective, however some drawbacks remain. Primarily the reversion to virulence is not 

understood at this stage. Contamination with other blood-borne pathogens may also occur 

with the live attenuated vaccine. This is due to the fact that the vaccine is reared in 

splenectomised calves (Gohil et al., 2013; Mosqueda and Cantó, 2012). Vaccine efficacy 

therefore still remains a concern and control of tick-borne diseases involves the use of vector 

control programs such as acaricide usage.  
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1.5 Control strategies 

Control strategies of tick populations share a basis with other pest control strategies as well as 

pathogen control. These control measures for ticks generally involve three different strategies: 

biological, vaccinations and chemical. These are discussed below. 

 

1.5.1 Biological control 

 

Entomopathogenic fungi 

 

Biological control strategies may involve the use of entomopathogenic fungi specific for ticks 

or mites. There are 58 species of fungi that affect approximately 73 different species of Acari 

(Chandler et al., 2000). The best described fungal species in the control of Acari are 

Metharihizium anisopliae sensu lata and Beauveria bassiana (Fernandes et al., 2012). The 

general ascribed mechanism of action for entomopathogenic fungi against ticks is fungal 

penetration of the tick cuticle followed by rapid proliferation and the production of mycotoxins 

that affect tick fecundity (Arruda et al., 2005; Kirkland et al., 2004). High genetic variation 

among these species of fungi leads to multiple virulent isolates with differing degrees of 

virulence. The most virulent isolates are generally selected for and used in studies to 

determine the viability of fungi as a biological control measure. Genetic manipulation is 

currently being evaluated as a means to increase fungal virulence factors (Fernandes et al., 

2012).  

 

A number of advantages associated with the use of fungi as a tick control measure include the 

use of species-specific treatments that reduce off target effects lower environmental toxicity 

and protection against acaricide resistant ticks (Fernandez-Salas et al., 2012). Difficulties with 

the use of fungi in a control strategy is that fungi are highly dependent on the tick host 

preferences, life cycle and susceptibility to fungal infections (Fernandez-Salas et al., 2012). 

Therefore, any change in tick behaviour could affect the efficacy of fungal control strategies. 

Part and parcel to changes in behaviour, changes in the environment (which can be linked to 

behavioural changes) such as high temperature, ultraviolet radiation exposure and desiccation 

could adversely affect the fungal control measure. Ticks are hardy organisms and can 

withstand changes in the environment where the fungi may prove to temperamental 

(Fernandez-Salas et al., 2012). Aqueous suspensions of fungi showed very little promise in 

field treatment and studies show that higher fungal concentrations are required for efficacy in 

the field, compared to laboratory testing (Fernandez-Salas et al., 2012).  



 

Despite the current obstacles, major advances are being made in the field and a lot of focus is 

given to increase the cuticle adhesion of these fungal suspensions. The use of oil and 

polymerized cellulose gel has substantially improved the adhesion of fungal colonies to the 

tick cuticle (Fernandez-Salas et al., 2012). The oil/polymerized cellulose gel suspensions have 

been effective in field treatments of Rhipicephalus microplus, Rhipicephalus appendiculatus, 

Rhipicephalus sanguineus, Amblyoma variegatum and Ancentor nitens (Fernandez-Salas et 

al., 2012). 

 

Genetics and breeding of tick resistant cattle 

 

The variability of cattle responses to disease can be ascribed to genetic variations that occur 

within different breeds and sub-populations of cattle (Morris, 2007). With regard to external 

parasites, Bos indicus breeds seem to have natural resistance to tick infestation when using 

tick count (TC) to assess phenotypic resistance (Morris, 2007). Single generation breeding 

experiments illustrated heritability for tick-infestation resistance and that there is a correlation 

between 65 single-locus disorders of which 34 have been identified at DNA level with 

causative mutations (Morris, 2007).   

 

Comparative gene expression profiles between Bos taurus and B. indicus from skin biopsies 

taken was evaluated for the tick attachment site (R. microplus) and tick-free sites (Piper et al., 

2008).  The expression levels were assessed through RT-PCR of 44 genes involved in key 

immune responsive genes, structural genes and other genes indicated in literature to 

contribute resistance (Piper et al., 2008). From the expression profile it was observed that Bos 

taurus exhibited a strong innate inflammatory response at the attachment site, which would 

suggest a non-directed pathological response (ineffective inflammation). B. indicus on the 

other hand displayed no differential gene expression (for inflammatory markers) between 

attachment and tick-free sites and the expression levels where not higher than those for B. 

taurus (Piper et al., 2008). Therefore an inflammatory response was not noted for B. indicus at 

the attachment site as was seen in B. taurus. 

 

Cross-breeds between the two cattle breeds (F2 generation of a B. taurus x B. indicus 

crosses) were also assessed for differentially expressed genes from skin biopsies (Araújo et 

al., 2014).  Results indicated a significant role for lipid metabolism in the control of innate 

immunity and inflammation in resistant animals (Araújo et al., 2014). Susceptible cattle were 

found to initiate a pro-inflammatory response, which did not seem to aid the tick resistance 

response (Araújo et al., 2014). Further investigation of the tick attachment site in susceptible 
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and resistant cattle breeds using microarrays and histology of skin biopsies, yielded a 

consensus with regards to inflammatory responses in susceptible cattle. Resistant Brahman 

(Bos indicus) breeds didnôt show an up-regulation of inflammatory or immune response genes 

but rather the up-regulation of extracellular matrix constituents such as apolipoprotein D (Piper 

et al., 2010).  

 

Different allotypes present in IgG2 for susceptible and resistant cattle breeds yielded 

interesting sets of haplotypes (Carvalho et al., 2011). The motivation for investigating 

haplotypes within this gene is due to the fact that ticks produce IgG binding proteins (IGBP) in 

their salivary glands which bind antibodies neutralising them.  In 2011, Carvalho and 

colleagues compared IgG haplotypes of B. taurus indicus (resistant) and B. taurus taurus 

(susceptible) cattle and generated thirteen haplotypes for IgG2 (Carvalho et al., 2011). 

Susceptible cattle displayed 5 of the haplotypes and resistant breeds only 3, while the rest of 

the haplotypes where shared for all breeds. These haplotypes arise from SNPs found within 

the heavy chain of IgG2. Furthermore modelling data illustrated difference in the hinge regions 

where the distribution of polar and non-polar amino acids conferred differences in shape. An 

association between the genotypes of the constant region of IgG2 was found for tick resistant 

cattle (based on tick infestation numbers. The tick infestation here was from R. microplus ticks 

and showed that IgG2 allotypes played a role in controlling tick infestation (Carvalho et al., 

2011).  

 

1.5.2 Vaccines 

The first cattle tick vaccine was developed in 1994 and marketed in Australia. This vaccine 

included a single antigen Bm86, which is a midgut GPI-anchored protein of R. microplus 

(Guerrero, Miller, Pérez, and León, 2012). This vaccine was sold under two different 

trademarks, TickGard® in Australia and Gavac® in Brazil. The sale of the TickGard® vaccine 

has been discontinued in the past few years, but Gavac® is still being sold in the South 

Americas (de la Fuente et al., 2007). Vaccinations with this Bm86-based vaccine has received 

great success in countries with vaccine susceptible ticks, where up to a 80% reduction was 

observed (Odongo et al., 2007). There is a lot of motivation for vaccine development against 

cattle ticks in industry as a $2 billion (USD) loss is reported annually in Brazil and a $170 

million (AUD) lost in Australia (Bellgard et al., 2012; Odongo et al., 2007). A successful 

vaccine will form part of an integrated tick control strategy where they will reduce the use of  

acaricides, reducing selection pressure and increasing the longevity of acaricides (Guerrero et 

al., 2012).   



1.5.3 Chemical control 

 

Chemical control strategies involve the use of acaricides as plunge, sprays or pour-on and are 

the standard control measure for ticks to date. The chemical composition of these acaricide 

products generally contain a single class of pesticide or various combinations of pesticides, 

with the addition of synergistic compounds to decrease metabolic detoxification and improve 

acaricide potency (van Leeuwen et al., 2006).  

 

In the absence of an effective control measure for ticks (either be it through the use of an 

effective vaccine or other methods as discussed previously), acaricide usage still remains the 

only reliable control measure (Ghosh et al., 2007). Monitoring and screening of resistance 

markers and resistance diagnostics forms a crucial part of acaricide control programs. The 

early detection of resistance may results in withdrawal of the current acaricide in a specific 

area and introduction of a new acaricide to which the ticks are not resistant (Ghosh et al., 

2007). Replacement of current acaricides by new acaricides still result in the step wise 

procurement of resistance, this will require further advances to be made in the field and the 

production of new acaricides (Rodriguez-Vivas et al., 2011). Continues surveys of acaricide 

resistance in field populations are therefore an import process in tick control strategy 

programs. 

 

1.6 Classification of acaricides and their respective modes of action 

 

The different types of acaricides and their targets will be discussed in this section with some of 

the major pathophysiological implications highlighted. The resistance mechanism for each 

class will be discussed in a section 1.7. 

 

1.6.1 Pyrethroids and the voltage-gated sodium channel 

 

The voltage-gated sodium channel in arthropods is encoded for by the para sodium gene, and 

forms the main target of pyrethroids (Perry et al., 2011). The R. microplus sodium channel has 

high similarity to that of mammalian cells, in particular the Ŭ-subunit (Dong, 2007). The Ŭ-

subunit would refer to the large pore-forming unit of the channel that is accompanied by 

smaller ɓ-subunits (Figure 1.4) Mammalian cells have multiple genes encoding their sodium 

channels, while insects generally have only one gene (Dong, 2007). Voltage-gated ion 

channels can be found in a wide variety of tissues, however they form an integral part of nerve 

synapses and are involved in the generation of action potentials (Payandeh et al., 2012). The 

voltage-gated sodium channel is organized into 4 domains (Figure 1.4) of which all four 
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domains contain segments 1 to 6 (S1-S6) which correspond to trans-membrane spanning Ŭ-

helices (Leeuwen et al., 2010). Trans-membrane spanning segments 5 and 6 form the central 

pore of the channel while segment 4 (which contains many positively charged residues) acts 

as a voltage sensor. The voltage sensor constantly gauges the current of the membrane and 

upon appropriate stimulus the sensor turns from its horizontal position to a vertical position, 

this triggers hinge mechanisms in the protein loops mediating the opening of the channel pore 

(Payandeh et al., 2011). 

 

 

Figure 1.4: Voltage-gated sodium channel topology. (Adapted from Leeuwen et al., 2010). The channel is 

comprised of four domains each with six transmembrane spanning segments (numbered 1-6). Outer segments 

(1-3), voltage sensor (4) and pore forming segments (5-6) are indicated for each domain. The amino (-NH2) and 

carboxyl (COOH) ends are shown. 

 

Synthetic pyrethroids (SPs) have been artificially reconstructed based on extracts from 

Chrysanthemum cinerariaefolium flowers known as Pyrethrins (Anadon et al., 2009). 

Pyrethrins are divided into two classes. The first class has an alpha-cyano group deficit while 

the 2nd class possess a phenylbenzyl alcohol (Figure 1.5). The 2nd class of pyrethroids cause 

rapid or aperiodic discharge of neurons (Anadon et al., 2009), which proves lethal to insects. 

This effect is achieved through the prolonged opening of the sodium channel causing 

hyperpolarization which triggers the rapid discharge of neurons. The 2nd class of pyrethroids 

also exhibit a much greater toxic effect than the 1st class. Deltamethrin is a common example 

of an SP used to control ticks and the mode of action as understood at this time, entails 

binding of deltamethrin to the active state of the sodium channels (open conformation of the 

channel) and thereby preventing deactivation of the channel (Anadon et al., 2009; Lees and 

Bowman, 2007).  

 



 

Figure 1.5: Class I and II synthetic pyrethroids. The alpha cyano group on class II pyrethroids is a key 

differentiating component (green box) while the carboxylester bonds are found in both classes (Black boxes). 

(Anadon et al., 2009) 

 

SPs are often combined with synergistic compounds such as piperonyl butoxide (PPB), and 

other acaricides such as formamidines and organophosphates (Anadon et al., 2009; Dong, 

2007). Synergistic compounds (such as PPB) increase the acaricidal activity of pyrethroids 

making them increasingly more toxic. The metabolism of mammals and invertebrates differs 

remarkably; insects generally have great difficulty in detoxifying SPs, while mammals on the 

other hand have a high metabolic detoxification rate for SPs (Dong, 2007). The ability of 

mammals to detoxify pyrethroids makes this acaricide of great commercial value seen as the 

risk of harming cattle or people is significantly decreased.  

 

1.6.2 Organophosphates and acetylcholinesterase 

 

Organophosphates (OPs) have been well documented as irreversible inhibitors of 

acetylcholinesterase (Lockridge and Schopfer, 2010). Acetylcholinesterase (AChE) enzymes 

are responsible for breaking down the neurotransmitter acetylcholine (ACh) in the 

neuromuscular junction as well as in the central nervous system (CNS) (Pundir and Chauhan, 

2012). AChE is predominantly found in the neuromuscular junctions and cholinergic synapses 

of the CNS were hydrolysis of ACh into choline and acetic acid takes place  (Pundir and 

Chauhan, 2012). AChE is therefore involved in terminating the transmission of a nerve signal 

after signal transmission to the postsynaptic membrane (Pundir and Chauhan, 2012). These 

enzymes form a class of exceptionally fast hydrolases, capable of hydrolysing roughly 25 000 

molecules per second (Pundir and Chauhan, 2012). Like all members of the esterase protein 

family AChE have a catalytic triad with histidine, serine and aspartic acid residues (Wheelock 

et al., 2005). The serine residue of AChE facilitates nucleophilic attack ending in hydrolytic 

cleavage of ACh. Traditionally it was understood that OPs bind to histidine residues, however, 

labelling studies later confirmed that serine was the binding site for OPs. Further binding 

studies subsequently evaluated various protein/enzyme targets such as acetylcholinesterase, 

trypsin, butyrylcholinesterase and ali-esterase (Lockridge and Schopfer, 2010). For these 
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enzymes the label binding studies showed serine as the binding site of OPs and not histidine. 

From this data a consensus sequence was constructed (GXSXG) with serine in the active site 

as the drug target of OPs (Lockridge and Schopfer, 2010). The irreversible binding of OPs to 

the serine residue (Figure 1.6) results in neural inhibition of acetylcholinesterase in the 

cholinergic nervous system. Literature also indicates that in the absence of a serine residue in 

the active site, the OPs will bind to tyrosine or lysine (active site) in a covalent manner 

(Lockridge and Schopfer, 2010).  

 

 

Figure 1.6: Structure and mode of action of organophosphates. (Adapted from Wheelock et al., 2005). In 

figure A the general structure of an organophosphate is shown. R1, R2 and R3 represent phosphodiester bonds 

with other chemical attachments. Figure B shows the irreversible binding of organophosphates to the serine 

residue in the catalytic site of an esterase enzyme.  

 

1.6.3 Formamidines and the octopamine receptor 

 

The octopamine receptor is a G protein-coupled receptor which is analogous to the dopamine 

receptor found in vertebrates. They form part of a complex system in ticks known as the 

octopaminergic system (Lees and Bowman, 2007). This receptor has seven trans-membrane 

spanning domains, which binds to octopamine (extracellular neurotransmitter) and initiate 

signalling via a G-protein that mediates intracellular signalling through adenylate cyclase 

(Figure 1.7) (Prullage et al., 2011).  

 

 



 

Figure 1.7: Octopamine receptor and the effect of amitraz binding. Octopamine receptor signalling is 

induced by the binding of octopamine (OA) or amitraz. Through G-protein coupled, cAMP signalling is initiated 

and in the event of amitraz binding the signalling continues, leading to neuroexcitation. (Adapted from Casida and 

Durkin, 2013). 

 

The octopaminergic system is found in a large variety of tissue types in invertebrates and 

comprised of three components: alpha-adrenergic, beta-adrenergic and octopaminergic 

receptors (Prullage et al., 2011). In ticks, these receptors have been associated with 

regulating egg production in females and to stimulate the production of an egg wax-like layer 

that is used for coating the eggs (Lees and Bowman, 2007). Octopamine receptors are 

currently suspected of being the target protein for most formamidines, but this remains to be 

validated.  

 

Amitraz (Figure 1.8) is the most commonly used formamidine in tick control programs. This 

formamidine is more cost effective when compared to other endectocides and acarine growth 

regulators (Jonsson and Hope, 2007). The mechanism of amitraz is not entirely understood, 

however, several targets have been proposed. The most important target for the drug is the 

neuronal octopamine receptor(s), but there is no direct mode of action for amitraz on the 

octopamine receptor as of yet (Jonsson and Hope, 2007). Formamidines is suspected to 

cause neuronal over-excitation in invertebrates ending in death (Lees and Bowman, 2007). 

 

 

 

Figure 1.8: Structure of amitraz, the most commonly used formamidine for tick control. 
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1.6.4 Cyclodienes and the gamma-aminobutyric acid gated chloride channel 

 

The gamma-aminobutyric acid (GABA)-gated chloride channel is an example of a ligand-gated 

chloride channel (Bloomquist, 2003). It plays a vital role in the neuromuscular junction of the 

central nervous system (Lees and Bowman, 2007). This membrane channel consists of five 

protein chains that are arrange as a pentameric channel with four trans-membrane spanning 

Ŭ-helices and 5 large extracellular ligand binding domains (Hope and Menzies, 2010). This 

gated channel facilitates the exchange of chloride ions in the cells of both insects and 

mammals, and is involved in hyperpolarisation of nerve membranes. Gated channels, like the 

GABA-gated chloride channel, require neurotransmitters to bind to the channel in order for 

them to open. Through hyperpolarisation of nerve membranes these channels play a role in 

the inhibition of membrane depolarization at the neuromuscular junction (Beugnet and Franc, 

2012). This means that a stronger depolarization signal from sodium channel influx would be 

required to overcome the inhibition an generate an action potential (Lees and Bowman, 2007). 

This inhibitory effect by the GABA-chloride channel prevents unintentional generation of action 

potentials and is a necessary component of regulated nerve cell physiology (Beugnet and 

Franc, 2012). 

 

Cyclodienes are known to target the GABA-gated chloride channel by stabilizing the inactive 

state of the channel. The impact of cyclodienes on the nervous system is marked by 

hyperexcitation and convulsion (rapid discharge of neurons) (Bloomquist, 2003). Figure 1.9 

illustrates how GABA antagonistic acaricides like cyclodienes inactivate the channel and 

prevent the influx of chloride ions in the cell, causing uncontrolled membrane depolarization 

through influx of sodium ions (Beugnet and Franc, 2012).  

  



 

Figure 1.9: GABA-gated chloride channels (or receptor) and the effect of cyclodienes on chloride ion 

transport. (Adapted from Beugnet and Franc, 2012). Antagonistic acaricides prevents GABA (square) from 

binding to the ligand-binding extracellular domain of the GABA receptor. This prevents the opening of the channel 

and the influx of chloride (Cl-) ions into the cell. Sodium ions however continue to still pass through the voltage-

gated sodium channel and generate an action potential leading to hyperpolarization instead of depolarization 

(fatal). 

 

Cyclodienes are a class of organochlorine molecules that are highly reactive dienes. The basic 

structure consists of a hexa-chloro-cyclo-pentadiene (Figure 1.10).  

 

 

Figure 1.10: Structure of hexachlorocyclopentadiene (left) and commercial dieldrin (right).  

 

The mode of action for cyclodienes is to stabilize the inactive state of GABA-gated chloride 

channels and therefore cyclodienes are classified as GABA antagonists (Bloomquist, 2003). 

Stabilization of inactive states of the channels finally results in hyperexcitation and convulsion 

(Bloomquist, 2003). In 2003, French-Constant et al. provided the first insight into the molecular 

mechanism of cyclodiene, showing that an alanine residue at position 302 in the GABA-gated 

chloride channel was responsible for dieldrin resistance (Ffrench-Constant et al., 2003). 

 

  

O Cl
Cl

Cl

Cl

Cl
Cl

ClCl

Cl

Cl Cl

Cl



17 
 

1.6.5 Phenylpyrazoles 

 

Fipronil is a common example of a phenylpyrazoles (Figure 1.11), which target both the 

GABA-and glutamate-gated chloride channels. Like cyclodienes they are antagonists and 

block the neurotransmitters from binding to the channel receptors. This prevents the opening 

of these ligand-gated chloride channels and allow for the accumulation of sodium ions in the 

cell and membrane hyperpolarization (Beugnet and Franc, 2012).  

 

 

Figure 1.11: Structure of fipronil a common phenylpyrazole. 

 

1.6.6 Macrocyclic lactones 

 

Avermectins (Figure 1.12) are the most popular macrocyclic lactones (ML) used in acaricide 

treatment and have been suggested to also target the GABA/glutamate-gated chloride 

channels, however the mechanism of MLs differ from the GABA/glutamate antagonists. MLs 

cause tremors that result in ataxia and a comatose-like state (Bloomquist, 2003). Avermectins 

achieve this by acting as GABA/glutamate agonists and result in irreversible activation of 

these channels (Beugnet and Franc, 2012). Permanent activation of these chloride channels 

result in constant action potential inhibition (Raymond and Sattelle, 2002). The action potential 

now requires much more sodium ions in the depolarization step to overcome this form of 

hyperpolarization. 

 



 

Figure 1.12: Chemical structure of avermectin. (Taken from ChEML library, CHEMBL267790) 

 

1.7 Acaricide resistance 

 

The current mechanisms of acaricide resistance may be characterised into three mechanisms, 

penetration resistance, metabolic resistance and target site/mutation resistance (Guerrero et 

al., 2012). Table 1.1 contains a detailed summary of the various different resistance 

mechanism encountered in R. microplus tick strains around the world (end of this section). 

 

Penetration resistance mechanisms are involved in reducing the passage of acaricides into 

the tick body from the surrounding environment. This mechanism has been studied in a wide 

range of different arthropods but the last recorded study of penetration resistance in R. 

microplus ticks was done in 1983 and no new information is available (Guerrero et al., 2012). 

The penetration resistance study illustrated that cuticle protein increase (thickening of the 

cuticle) had a resistant phenotype for R. microplus. Metabolic resistance and target 

site/mutation resistance are exceedingly more complex and will be expanded on in the 

following sections. 

 

1.7.1 Metabolic resistance 

 

Metabolic resistance entails the detoxification and sequestration of toxic compounds (Montella 

et al., 2012). There are three general phases of metabolic detoxification for 

compounds/acaricides/toxins (Pohl et al., 2012). Phase I, involves oxidation, reduction and/or 

hydrolytic cleavage (Perry et al., 2011).The hydrolysis component of phase I is performed by 

the cytochrome P450 and carboxylesterase family of enzymes. Phase II detoxification entails 

the conjugation of a specific metabolite to the acaricide in an attempt to make the molecule 

more water soluble and/or less toxic. Uridine 5'-triphospho-glucuronosyltransferase (UTP)-

glycosyltransferase and glutathione-S-transferase are involved for phase II metabolism (Pohl 

et al., 2012). Phase III metabolism has been extensively studied in cancer drug resistance and 

involves transport proteins that reduce the cellular concentration of a particular drug/toxin by 
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pumping the molecule out of the cell against the concentration gradient. One example is the 

ATP-binding cassette (ABC) transporter that significantly affects the role of absorption, 

distribution and excretion of toxic compounds (Leslie et al., 2005). Most often these three 

phases of metabolism work together in the detoxification of compounds (Montella et al., 2012). 

 

Synergists are used in metabolic resistance studies in order to gain insight into the various 

molecular mechanisms. Synergists such as piperonyl butoxide (PBO), diethylmaleate (DEM) 

and triphenyl phosphate (TPP) are used as competitive inhibitors to study the roles of 

cytochrome P450, glutathione-S-transferase and carboxylesterase, respectively (Guerrero et 

al., 2012). These inhibitors when used in combination with a particular acaricide on a resistant 

strain, can elucidate whether or not metabolic resistance is involved (see specific examples in 

next section). Also synergistic studies may show the particular metabolic enzyme responsible 

for the resistance mechanism. However evidence exist that illustrate a lack of specificity of 

these inhibitors and metabolic resistance as such is not fully understood (Guerrero et al., 

2012). Therefore metabolic resistance studies done in the past may not always be accurate. 

Still this method remains the standard for examining metabolic acaricide resistance in ticks.  

 

Pyrethroids and metabolic resistance 

 

Studies done on the Santa Luiza pyrethroid resistant strain of ticks using synergists, excluded 

metabolic resistance for this particular resistant tick strain. This is due to the absence of 

significant synergism with pyrethroids (Li et al., 2008). In contrast, the Coatzacoalcos tick 

strain in Mexico showed significant metabolic resistance towards pyrethroids based on PBO 

and TPP synergistic studies (Guerrero et al., 2012). It was found that the Coatzacoalcos R. 

microplus strain also up-regulated the expression of one particular carboxylesterase (CzEst9), 

that could be linked to increased permethrin hydrolysis (Jamroz et al., 2000). Baffi et al., also 

established in 2007 that the carboxylesterase enzymes play a crucial role in pyrethroid 

resistance for the Matto Grosso strain of ticks in Brazil (Alves et al., 2007). Cytochrome P450 

and glutathione-S-transferase detoxifying enzymes have not been linked to pyrethroid 

resistance through the use of synergists studies (Bellgard et al., 2012). Pyrethroid molecules 

as seen previously (Figure 5) contain a carboxylester bond which are susceptible to hydrolysis 

by carboxylesterase enzymes, explaining their involvement in resistance (Montella et al., 

2012).  

 

  



Organophosphates and metabolic resistance 

 

Synergist studies performed in 2003 on a range of organophosphate resistant R. microplus 

tick strains from Mexico, showed no significant toxic effect in the presence of synergists 

(Guerrero et al., 2003). From these findings it can be inferred that target site resistance is the 

leading mechanism of resistance for these particular strains (Guerrero et al., 2012). This study 

was done for the Tuxpan, Tuxtla, San Roman and Caporal strains of Mexico (Guerrero et al., 

2003). However, research done on Brazilian strains showed increased amounts of 

acetylcholinesterase production that resulted in resistance towards organophosphates (Baffi, 

et al., , 2008).  

 

Four coumphos resistant tick strains (Pesqueria, Tuxpan, Caporal and San Roman) were 

characterised as having a cytochrome P450-mediated resistance mechanism through PBO 

synergist studies (Liet et al., 2003). Diazinon resistant San Roman and Tuxpan tick strains 

(Mexico) showed no significant involvement of cytochrome P450 in resistance. Coumaphos 

resistant San Roman ticks however, did display an increase in cytochrome P450 transcripts 

indicating that this enzyme is involved in coumphos resistance for the San Roman R. 

microplus tick (Guerrero et al., 2007). Glutathione S-transferase has also been implicated as a 

mechanism of resistance for the San Alfonso ticks strain of Mexico towards coumphos 

(Saldivar et al., 2008). Overall, from the above it must be noted that the mechanism underlying 

resistance vary within a single tick species from various geographical areas. 

 

Metabolic resistance to other acaricide classes 

 

Metabolic resistance to amitraz has been documented for the Pesqueria R. microplus strain 

from Mexico, and shown to be mediated by glutathione-S-transferase as the resistance to 

amitraz displayed synergism with diethyl maleate (DEM). With regards to fipronil resistance in 

R. microplus, no metabolic resistance mechanisms have been described, and only target site 

resistance has been reported (Guerrero et al., 2012). Metabolic resistance against ivermectin 

(a macrocylic lactone) has been reported for the Jaguar stain of R. microplus in Brazil (Pohl et 

al., 2012). Resistance to macrocylic lactones have been reported elsewhere, but studies that 

provide insight into the mechanism of resistance have only been launched recently (Guerrero 

et al., 2012). The Jaguar tick strain from Brazil is a multi-acaricide resistance tick population. 

In addition to ivermectin resistance these ticks are also resistant to synthetic pyrethroids, 

organophosphates and amitraz (Pohl et al., 2012). An ATP-binding cassette (ABC) transporter 

protein involved in the Phase III metabolic resistance towards macrocylic lactones in the 

Jaguar strain has been suggested as a target (Pohl et al., 2011). ABC transporter proteins are 
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non-specific protein pumps that pump toxins out of the cell against the concentration gradient, 

effectively reducing cellular toxicity (Pohl et al., 2011). Ivermectin resistance in Mexico has 

been confirmed however, the mechanism of resistance is not clear at this stage (Fernández-

salas et al., 2012).  

 

1.7.2 Target site resistance 

 

Target site resistance results from single nucleotide polymorphisms (SNPs) that occur in the 

genomes of resistant organisms. These SNPs translate into amino acid changes of target 

proteins resulting in target site insensitivity and reduced efficacy of the drug/pesticide 

(Guerrero et al., 2012). 

 

Pyrethroids and target site resistance 

 

Pyrethroid resistance for R. microplus ticks generally involves target site mutations in the 

voltage-gated sodium channel. There are three published mutations in this channel that have 

been shown to convey resistance towards synthetic pyrethroids. Two of these mutations were 

discovered in Australia and the third mutation in Mexico. The two mutations discovered in 

Australia both occur in domain II of the protein within the linking region between segments 4 

and 5 (Figure 1.13). The first mutation discovered in Australia is a nucleotide substitution at 

position 190 (CĄA) that results in a leucine to isoleucine amino acid change (Morgan et al., 

2009). The second mutation reported for the voltage-gated sodium channel in Australia was at 

nucleotide position 214 (GĄT) and results in a glycine to valine amino acid change (Jonsson 

et al., 2010).  

 

Researchers have established a relationship between these two mutations suggesting that 

pyrethroid resistance can result from both mutations present (most resistant form) or having 

either one mutation (less resistant) (Jonsson et al., 2010). As previously mentioned, a third 

mutation occurs in the voltage-gated sodium channel that has been linked to pyrethroid 

resistance. This mutation occurs in domain III segment 6 and constitutes an amino acid 

change from phenylalanine to isoleucine (F1550I) (Guerrero, et al., 2001) (Figure 1.13).   

 



 

Figure 1.13: Illustration of the voltage gated sodium channel with documented resistance SNPs for 

various different arthropods. (Adapted from van Leeuwen et al., 2010). Known resistance SNPs which occur in 

the voltage gated sodium channel for different arthropods, this illustrates the resistant hotspot for pyrethroid 

resistance. The F712I SNP is also found in Tetranychus urticae. 

 

Pyrethroid resistance as previously mentioned can be attributed to metabolic resistance, 

particularly to carboxylesterases. Where target site resistance and metabolic resistance occur 

within the same tick, the major resistance component is still the target site resistance 

(Guerrero et al., 2012). A documented resistance mutation in the carboxylesterase enzyme for 

R. microplus has been recorded by Hernandez et al., in the Coatzacoalcos tick strain of 

Mexico (Hernandez et al., 2000). A slight increase in pyrethroid metabolism was observed 

from a base pair substitution in the carboxylesterase Est9 at base pair 1120, resulting in a 

substitution from aspartic acid to asparagine (Ruben Hernandez et al., 2000). 

 

Organophosphate and target site resistance 

Organophosphates, as previously mentioned are known to target the acetylcholinesterase and 

carboxylesterase enzyme families. Currently there remains a lot of uncertainty about the 

identity of transcripts that encode for acetylcholinesterase and how exactly these transcripts 

pertain to resistance (Guerrero et al., 2012). Temeyer et al., reported in 2010 the presence of 

acetylcholinesterase (AChE)-based target site resistance mechanism in two resistant R. 

microplus tick strains from Mexico, each with a mutation profile. The San Roman strain 

showed two different mutation profiles in the BmAChE1 gene, with five amino acid 

substitutions that each differ from the susceptible strain. The Tuxpan strain is highly resistant 
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towards organophosphate and showed four amino acid substitutions that was not found in the 

susceptible Dutch strain. There are however three AChE genes in R. microplus and it is clear 

that multiple mutations may be linked to resistance and that these mutations may differ in a 

single strain (Nardi et al., 2009). 

 

Amitraz and target site resistance 

Chen et al., published 37 nucleotide polymorphisms (SNPs) in the octopamine receptor of 

Santa Luiza, Gonzales and an Australian reference strain (Chen et al., 2007). Only nine of 

these substitutions resulted in amino acid changes, of which two could not be linked to 

geographical polymorphisms. These two amino acid changes are at position 8 (threonine to 

phenylalanine) and at position 22 (leucine to serine) (Chen et al., 2007). It must be noted that 

amitraz resistance is believed to be multi-gene based and to display a recessive inheritance 

pattern and thus the above mentioned mutations needs to be validated (Fragoso-Sanchez et 

al., 2011). 

 

Fipronil, dieldrin and macrocylic lactone target site resistance 

Target site resistance against dieldrin has been detected by Michelle Hope and Menzies in 

Australia, and they described a double base pair substitution at nucleotide positions 868 to 

869 in R. microplus (Hope and Menzies, 2010). This mutation results in a single amino acid 

change from threonine to leucine, a hydrophilic-hydrophobic substitution in the trans-

membrane region 2. Potential cross-resistance (explained below) may arise from this mutation 

against other acaricides which also target the GABA-gated chloride channel, such as fipronil. 

Although fipronil resistance in R. microplus has been documented, there is a lack of 

understanding with regards to the mechanism at this stage (Guerrero et al., 2012).  

 

Target site resistance mechanisms have not been uncovered for macrocyclic lactones (MLs) 

as of yet. However, since fipronil dieldrin and MLs target both the GABA- and glutamate-gated 

channels, target site resistance could occur in anyone or both of these channels (Guerrero et 

al., 2012). Cross-resistance may also exist for these three acaricides, i.e. when a target site 

resistance mechanism against one particular acaricide also provides resistance against 

another class of acaricide (Alves et al., 2007). 

 

 

 

 



An overview on acaricide resistance 

 

Figure 1.14 summarise the three resistance mechanisms as found in R. microplus, starting 

with the thickened cuticle of the tick. This thick cuticle reduces the uptake of acaricides and 

reduces the effective concentration of the acaricide dosing regimen. Target site resistance in 

neural membrane channels can cause insensitivity towards acaricides. Metabolic resistance 

taking place inside cells occur via three phases (as previously mentioned). Up regulation of 

these metabolic detoxifying enzymes as well as the neural membrane proteins convey 

acaricide resistance (Guerrero et al., 2012; Pohl et al., 2011).  

 

 

Figure 1.14: Summary of acaricide resistance mechanisms and the three levels at which resistance may 

occur. Penetration resistance (cuticle) can occur by the thickening of the tick cuticle preventing acaricide 

absorption. Three phases of metabolic resistance (in green) can occur. Phase I: metabolic enzymes involved in 

compound hydrolysis. Phase II: enzymes involved in compound sequestration. Phase III: Efflux pump and 

membrane transporter proteins which reduce cellular concentrations of drug compounds. Target site resistance 

(Yellow) shows interaction of ligands with their target site, polymorphism in this region may reduce binding affinity 

and cause resistance. 
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It is noteworthy that not all of the resistance mechanisms towards a particular acaricide are the 

same, and many differences are known amongst strains. The Coatzacoalcos strain (Table 1.1) 

is the most important example here, were the major resistance mechanism for pyrethroids is a 

carboxylesterase response as opposed to target site resistance occurring in the voltage-gated 

sodium channel as for other strains (Hernandez et al., 2000). 

  



Table 1.1: List of all the relevant R. microplus tick strains, their country of origin, class of resistance and 

the mechanism of resistance involved.  The table does not host the complete history of each strain nor does it 

contain all known strains of R. microplus. 

Tick strain and reference Country Resistant to Mechanism 

Gonzalez Mexico Susceptible n/a 

Tuxpan (Guerrero et al., 2002) Mexico OP Target site resistnace [AChE] and 
upregulated Est10 

Coatzacoalcos (Guerrero et al., 2001) Mexico SP + OP Up regulated Est9 and cytochrome P450 

Corrales (Guerrero et al., 2012) Mexico SP Target site resistance (sodium channel 
domain II leu Ą Ile) 

San Felipe (Li et al., 2008) Mexico SP Target site resistance (sodium channel 
domain II leu Ą Ile) 

Pesqueria (Guerrero et al., 2012) Mexico OP + A Glutathione-s-transferase 

Tuxtla (Guerrero et al., 2012) Mexico OP Target site resistance [AChE], up 
regulated Est and cytochrome P450 

Caporal (Li et al., 2008) Mexico OP Target site resistance [AChE] and 
cytochrome P450 

San Roman (Li et al., 2008) Mexico OP Target site resistance [AChE] and 
cytochrome P450 

San Alfonso (Fragoso-Sanchez et al., 2011) Mexico OP + SP + A Glutathione-s-transferase 

Canestrini (Miller et al., 1999) Mexico SP Target site resistance (sodium channel 
domain III Phe Ą Ile) 

Santa Luiza (Li et al., 2008) Brazil SP + A + ML Target site resistance (sodium channel 
domain II leu Ą Ile) and target site 
resistance (amitraz), ML undetermined 

Uberlandia (Baffi et al., 2007) Brazil OP + ML Up regulated AchE, ML undetermined 

MuÑoz (Guerrero et al., 2007) Brazil Susceptible n/a 

Matto Grosso Brazil SP +ML Up regulated Est9, ML undetermined 

Jaguar (Pohl et al., 2011) Brazil SP + OP + ML + A ABC 

G Goya (Guerrero et al., 2012) Argentina OP Target site resistance [AChE] 

Lab strain (Morgan et al., 2009) Australia SP Target site resistance (sodium channel 
domain II leu Ą Ile) 

Lab strain (Jonnson et al., 2010) Australia SP Target site resistance (sodium channel 
domain II Gly Ą Val) 

Mozzo (Baffi et al., 2007) Uruguay F n/a 

Deutch lab strain USA Susceptible n/a 

OP: organophosphate, SP: synthetic pyrethroid, A: amitraz, ML: macrocyclic lactone, F: fipronil  

Est: esterase, AChE: acetylcholinesterase resistance, ABC: ABC transporter resistance. 

 

Table 1.1 lists some of the resistant tick strains that have been compiled from various different 

sources around the world. It is important to note that the majority of research that has been 

conducted over years and in countries that are most affected by acaricide resistance and R. 

microplus infestation. Countries such as Mexico and Brazil have conducted a lot of research 

and the data listed in the table is therefore not representative of a global view of R. microplus 

acaricide resistance; however, resistance can and does occur elsewhere in the world. 

 

What is interesting to note from table 1.1 is that various resistance mechanisms can be 

observed for the same class of acaricides. For example the Coatzacoalcos strain of R. 

microplus resistance mechanism compared to that of other pyrethroid resistant samples. Also 

the three different target site resistance mutation that can occur in the voltage-gated sodium 

channel, the domain II leucine to isoleucine mutation has been documented elsewhere in the 
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world but the other two mutations that occur has only been documented in specific regions of 

Mexico and Australia. This implies that there are four resistance mechanisms towards 

pyrethroids: the three mutations in the voltage-gated sodium channel as well as the mutation 

of in the carboxylesterase, which is always concurrent with an up-regulation of the enzyme 

(Hernandez et al., 2002). 

 

It is evident that acaricide resistance mechanisms are complex and may have a multi-factorial 

basis. The resistance mechanisms that have been resolved for R. microplus ticks to date may 

not be the only mechanism involved in acaricide resistance. As was previously discussed, 

acaricide resistance could result from a three pronged mechanism: penetration resistance, 

metabolic and target site resistance. Differences may also exist with regards to different 

regions around the world and establishment of these resistance markers need to be confirmed 

all over. 

 

1.8 Final remarks 

 

Acaricide resistance (target site) markers for R. microplus and R. decoloratus are only now 

being assessed in South Africa. As we can see from table 1.1 the presence of resistance 

mechanisms towards a particular acaricide may differ and understanding which mechanism 

play a role in South African tick populations are vital to design new therapies for resistant ticks. 

Also the presence of these resistance markers in R. decoloratus has not yet been 

documented. It is therefore important to assess the presence of these markers in R. 

decoloratus to determine if the same resistance mechanisms are shared for both species of 

tick. 

 

  



1.9 Research questions and aims 

 

This study is divided into two parts. Firstly, investigating the presence of documented acaricide 

resistance SNPs for R. microplus in R. decoloratus ticks of South African tick populations 

(Chapter 2). Secondly, the study focuses on elucidating potential mechanism in R. microplus 

using known mutations and targets (chapters 2 and 3). 

 

Specific aims are to: 

 

1) Do R. microplus resistant SNPs occur in R. decoloratus tick populations of South Africa, 

and if so how do they compare with R. microplus from South African populations. 

2) How do R. microplus resistant SNPs bring about resistance? 
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Chapter 2 

 

Screening of potential acaricide resistance-associated SNP markers in R. 

decoloratus and the evaluation of a pyrethroid-metabolising 

carboxylesterase for R. microplus 

 

Literature review 

 

2.1 Screening of potential resistant SNPs in R. decoloratus 

 

Acaricide resistance diagnostics may be assessed at various different levels. Phenotypic 

assessments of acaricide resistance in ticks generally involve a way of direct and indirect 

application of the acaricide to the tick. Several well developed assays exist for this 

assessment. The first would be the larval tarsal test (LTT); this type of bioassay is performed 

by placing eggs into chambers which have been pre-treated with a particular acaricide. The 

chambers are sealed and the eggs incubated until hatching, after which egg hatching and 

larvae survival is assessed and quantified (Lovis et al., 2011). From this type of assay one can 

calculate the LC50 and determine if the organisms are resistant to a particular acaricide. The 

second test is the well-known larval packet test (LPT) where a particular acaricide is applied to 

filter paper and used to surround the hatched larvae like a packet (Haydock and Stone, 1962). 

From this bioassay the LC50 may also be calculated and phenotypic resistance can be 

determined for the larvae based on larvae that survive the threshold field concentration. 

Thirdly, adult immersion tests (AIT) are used, whereby adult ticks are immersed in acaricide 

solutions for a couple of minutes, dried and placed in a chamber to assess survival. For AIT, 

engorged females are often used and egg laying as well as survival of the female is 

considered in the calculations (Cutullé et al., 2012). In the Shaw larvae immersion test (SLIT), 

the larvae are placed in filter paper or a piece of cloth which is then dipped into the acaricide 

and incubated. For SLIT egg hatching as well as general survival of larvae is assessed (Klafke 

et al., 2006). Bioassays of this nature are time consuming, and may require between 2-6 

weeks to be completed, especially those involving larvae hatching from eggs (Cutullé et al., 

2012). These bioassays play an integral role in acaricide resistance diagnostics and when 

combined with synergist compounds may be used to assess metabolic resistance to 

acaricides (Chapter 1).  

 

In order to validate target site resistance markers (i.e. single nucleotide polymorphisms, 

SNPs), the availability of known targets are essential. If there is evidence that the acaricide 
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binds or interact with a particular protein, these proteins can be genotyped. Additional data 

acquired from bioassays that confirm resistance are essential to correlate with validated 

genomic SNP markers which can then be used in diagnostic tests. In R. microplus, PCR and 

sequencing of acaricide resistance-associated genes is routinely used as a diagnostic tool, as 

well as allele specific PCR and restriction enzyme digestion techniques (Guerrero et al., 

2012).  

 

2.2 Enzyme kinetics of pyrethroid metabolizing carboxylesterase for R. microplus 

 

As explained previously in Chapter 1, the suspected mechanism of pyrethroid resistance 

conveyed by carboxylesterase (Est9), is that of increased pyrethroid metabolism (Hernandez 

et al., 2002). The assessment of pyrethroid hydrolysis through means of an assay is therefore 

paramount to establishing the resistance mechanism as well as quantifying resistance at a 

molecular level. Pyrethroid hydrolysis detection can be accurately quantified using gas 

chromatography mass spectroscopy (GC-MS) (Shan and Hammock, 2001). UV spectroscopy 

was also attempted, but a strong background signal was produced making it hard to discern 

between the non-hydrolysed compound and the metabolites produced (appendix A1). In order 

to assess the hydrolysis of pyrethroids by R. microplus carboxylesterase enzymes, the assay 

had to meet the following criteria: the assay must be sensitive, time dependant (kinetics), 

temperature controllable and cost effective (GC-MS is expensive). One such assay was 

developed specifically for the assessment of pyrethroids by Prof. Bruce Hammock from the 

UCLA Davis campus in USA (Shan and Hammock, 2001). Here they developed fluorescent 

analogues for cypermethrin and other pyrethroids.  

 

The use of these analogues by outside the tick field is well described. In the case of Coppin et 

al., (2012), they evaluated the evolvability of a particular esterase in Lucilia cuprina (sheep 

blowfly) in response to pyrethroid hydrolysis. The particular esterase (E3) they investigated 

was randomly mutated at different regions and these variants were all recombinantly 

expressed (Coppin et al., 2012). Different stereoisomers of cypermethrin analogous, 

fenvalerate and deltamethrin (appendix A2), were then used in a kinetics assay in order to 

determine the rate of hydrolysis for each variant. Form this data the authors were then able to 

predict which variants might lead to a pyrethroid-metabolising resistant variant. Evaluation of 

pyrethroid hydrolysis by human liver carboxylesterase was also done using these fluorescent 

analogous (Nishi et al., 2006). Here the authors recombinantly expressed two naturally 

occurring variants of liver carboxylesterase (hCE-1 and hCE-2). Again, different stereoisomers 

were assessed for different pyrethroids and the authors were able to quantify the rate of 



pyrethroid hydrolysis and study which variant hydrolysed the fastest. The original study on the 

use of these fluorescent analogues (Shan and Hammock, 2001) also compared two 

carboxylesterase variants from Heliothis virescens. One of the variants had known resistance 

for pyrethroids and the other was a susceptible variant. The resistant variant had more than 

five times the rate of hydrolysis for cypermethrin than the susceptible variant  This data was 

confirmed using GC-MS and thus proving the use of these analogous for the assessment of 

pyrethroid hydrolysis by esterase enzymes (Shan and Hammock, 2001). 

 

2.3 Research questions and aims 

 

The main research question addressed in this chapter is whether or not R. microplus 

resistance associated markers are present in South African R. decoloratus tick populations as 

the resistance status for R. microplus in South Africa is knonw (Reinecke, 2013). 

 

Specific aims are to: 

1) Evaluating whether the published SNPs in R. microplus are present in R. decoloratus 

ticks in South African populations, and  

2) To develop an enzyme kinetic platform to evaluate the CzEst9 pyrethroid-resistant 

carboxylesterase in R. microplus using fluorescent analogous for cypermethrin 

(Appendix B). 

 

2.4 Hypothesis 

 

a) Resistance SNP markers for R. microplus will be present in R. decoloratus tick 

populations and that the presence of these markers will resemble that of R. microplus 

for the South African population. 

b) The SNP marker found by Hernandez et al., 2002 for a pyrethroid-metabolising 

carboxylesterase will convey an increased rate of pyrethroid hydrolysis leading to 

resistance (Appendix B).  
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2.5 Methods and materials 

 

2.5.1 Tick collection and species identification using morphology 

 

Tick collection from farms across South Africa was performed by Zoetis Pty. Ltd South Africa, 

Questionnaires were also collected from each farm. The tick collection was done in 

accordance with cattle densities across South Africa, therefore the country was divided into 

grid-blocks of 300 by 300 km blocks (Appendix 1). The farms collected from were then 

assigned different grid-blocks based on their global positioning satellite (GPS) coordinates. 

For this study R. decoloratus were assessed on farms co-infested with R. microplus only 

(blocks 2, 7, 8, 11, 12 and 15 Appendix 1). Ticks were firstly identified based on genera and 

then on species level using images provided by the tick identification guides; Tick Photo-

database (Madder and Horak, 2010), and Ticks of Domestic Animals in Africa: a Guide to 

Identification of Species (Walker et al., 2003). Rhipicephalus microplus and R. decoloratus 

species were identified based on the female hypostome dentition and male adanal spurs using 

light microscopy. R. microplus females were identified based on the 8 rows of dentitions and 

the R. decoloratus females having only 6 rows (Figure 2.1). Identification was subsequently 

confirmed using species specific PCR-RFLP (Lempereur et al., 2010).  

 

 

Figure 2.1: Female R. decoloratus and R. microplus hypostomal dentition comparisons. (Taken from 

Walker et al., 2003). A total of 6 rows can be observed for R. decoloratus (3+3), while a total of 8 is observed for 

R. microplus (4+4).  

 

  



2.5.2 Genomic DNA extraction 

 

A modified sodium chloride (NaCl) based genomic extraction protocol was followed (Aljanabi 

and Martinez, 1997). Whole female ticks were homogenised using a mortar and pestle in 400 

µl of lysis buffer (0.5 M EDTA, 0.5% w/v sodium lauryl sarcosinate) and then transferred to a 

sterile 2 ml microcentrifuge tube. The homogenised tissue was suspended in 400 µl of DNA 

extraction solution (0.4 M NaCl, 60 mM Tris-HCl, 12 mM EDTA, 0.25% SDS, pH 8.0) followed 

by the addition of  proteinase K (Thermo scientific®, USA) to a final concentration of (0.06 mg/ 

µl). The samples were vortexed for 20-30 sec and incubated overnight at 55°C in a water bath. 

After the overnight incubation, samples were incubated at 65°C for 20 min to inactivate the 

proteinase K.  

 

To digest contaminating RNA, 1 µl RNase A (of a 10 mg/ml stock solution) was added and the 

samples incubated at 37°C for 15 min. To precipitate proteins, 360 µl of a 5 M NaCl stock was 

added and vortexed thoroughly for 5-10 sec, placed on ice for 5 min and then centrifuged at 

25,500 x g for 20 min at 15°C. The supernatant containing DNA was carefully transferred to a 

new sterile 2 ml microcentrifuge tube, equal volumes of isopropanol was added and incubated 

at -20°C for an hour to ensure DNA precipitation. Centrifugation followed at 10,000 x g for 20 

min and the supernatant was discarded.  Two wash steps were carried out with the addition of 

500 µl of 70% ethanol (cold, <10°C) to the DNA pellet, after which the samples were 

centrifuged for 5 min at 10,000 x g. Samples were then air dried in a flow cabinet for 

approximately 20-30 min. The DNA pellet was re-suspended in 50 µl of 1x TE buffer (10 mM 

Tris, 1 mM EDTA, pH of 7.0) by heating the samples up to 65°C for 15 min. Genomic DNA 

extractions were evaluated using a 2% (w/v) agarose electrophoresis gel (Whitehead 

Scientific, SA) was made in 1 x Tris-acetate EDTA (TAE) buffer with the addition of ethidium 

bromide (EtBr) (0.375 µg/ml final concentration) and performed in a Mini-Sub® Cell GT 

System (Bio-Rad Laboratories, SA) at a speed of 8 V/cm. The Gel DocÊ XR+ System 

(Biorad, USA) was used to view the gels under UV light. Concentrations of each sample were 

determined using the Nanodrop spectrophotometer (Thermo Scientific, USA) was used in 

order to confirm sufficient concentrations for sequencing. Working solutions (100 ng/µl) were 

made from the extractions and stored at 4°C, while the stock solutions were then stored at -

20°C with additional back-upôs in -70°C. Extractions were named according to the farm 

number from where the ticks were collected; the first numbers (before stop) indicate a 

particular farm while the number following the stop indicates the specific sample on a 

particular farm (i.e. 11.1 is from farm 11 and therefore sample 1 from farm 11). 

 

2.5.3 Species level identification (ITS2-RFLP) 
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PCR amplification of the second internal transcribed spacer (ITS2) was done using the 

following forward and reverse primers (Table 1) Boophits2F 5ô-GCC GTC GAC TCG TTT 

TGA-3ô and Boophits2R 5ô-TCC GAA CAG TTG CGT GAT AAA-3ô (Lempereur et al., 2010). A 

25 µl reaction was made up using water, gDNA (200 ng), 10 pmol forward and reverse primers 

and 12.5 µl EconoTaq® PLUS GREEN 2x Master Mix (Lucigen Corporation, USA). The 

EconoTaq® mix contains the following: 0.05 units/µl of EconoTaq DNA polymerase, reaction 

Buffer (pH 9.0), 200 ɛM of each dNTPs, 1.5 mM MgCl2, a mix of PCR enhancer/stabilizer with 

blue and yellow tracking dyes. The reaction was conducted on ice, the tubes were centrifuged 

for a few seconds.  

 

The conditions for the PCR was as follows; initial denaturation for 4 min at 94°C, followed by 

40 cycles at 94°C for 30 sec, 58°C for 45 sec, 72°C for 60 sec, with a final extension at 72°C 

for 8 min. PCR product was visualised on a 2% (w/v) 1 x TAE agarose gel. Ethidium bromide 

(EtBr) was added to a final concentration of 0.375 µg/ml and the DNA was viewed under UV 

light (see previous). After confirming amplification of the ITS2 gene, the PCR product was 

digested using MspI R0106S (New England biolabs, UK) restriction endonuclease. The 

reaction was set up as follows; a 50 µl reaction with, BSA (0.1 ug/ µl), 10x NEB buffer (50 mM 

potassium acetate (KAc), 20 mM Tris-acetate, 10 mM magnesium acetate and 1 mM 

dithioltrytol DTT at pH 8), 20 µl PCR product and MspI restriction enzyme (6 units). The 

samples were placed in a water bath at 37°C for 1 hr. After digestion, species specific banding 

patters were visualised on a 3% (w/v) TAE-agarose gel EtBr was added to a final 

concentration of 0.375 µg/ml and the DNA was viewed under UV light (see previous). 

 

  



2.5.4 Gene specific PCR of resistance markers 

 

Table 2.1: Table of all primers used during PCR amplification of R. decoloratus samples. Both forward and 

reverse primers are shown with sequences from the 5 prime end to the 3 prime end. 

Gene target 5ô-Forward primer-3ô 5ô-Reverse primer-3ô Reference 

ITS2 GCCGTCGACTCGTTTT

GA 

TCCGAACAGTTGCGTG

ATAAA 

(Lempereur et al., 2010) 

Sodium channel 

domain L64IS 

GGAAAACCATCGGTGC

TC 

-  

Sodium channel 

domain L64IR 

GGAAAACCATCGGTGC

TA 

- (Guerrero et al., 2001) 

Sodium channel 

domain L64ID 

- GAACTTGTGTTTACTTT

CTTCGTAGT 

(Guerrero et al., 2001) 

Octopamine receptor GGTTCACCCAACCTCA

TCTCTGAA 

GCAGATGACCAGCACG

TTACCG 

(Chen, He, and Davey, 

2007) 

Carboxylesterase AGCATCGACCTCTCGT

CCAAC 

GTCGGCATACTTGTCTT

CGATG 

(Hernandez et al., 2002) 

GABA-gated Cl channel TAACTACTCCCGCCTG

GTTATGTG 

GTCTTTACCGCGCTCC

TGGA 

(Hope and Menzies, 2010) 

The sodium channel primers denote the type of SNP to be detected: L64I and S indicates susceptible whereas R indicates resistant. D 

denotes the diagnostic or reverse primer used for both reactions. 

 

2.5.5 GABA-gated chloride channel 

 

The PCR set up conditions for the GABA-gated chloride channel gene was as follows: a 25 µl 

PCR reaction was made up using water (SABAX®, ADCOCK-INGRAM), 100 ng gDNA, 10 

pmol forward (5ô-TAACTACTCCCGCCTGGTTATGTG-3ô) and reverse (5ô-

GTCTTTACCGCGCTCCTGGA-3ô) primer (Hope and Menzies, 2010) and 12.5 µl EconoTaq® 

Plus Green 2x Master mix (0.05 units/µl of EconoTaq DNA polymerase, reaction Buffer (pH 

9.0), 200 ɛM of each dNTP, 1.5 mM MgCl2). The PCR cycle conditions were as follows: 4 min 

denaturation step at 94°C followed by 37 cycles of 94°C at 30 sec, 58°C for 30 sec and 72°C 

extension for 1 min with a final extension of 72°C for 7 min. 

 

2.5.6 Octopamine/tyromine receptor 

 

The PCR set up conditions for the octopamine/tyramine receptor were as follows: a 25 µl PCR 

reaction is made up using water (SABAX ®, ADCOCK-INGRAM), 100 ng gDNA, 10 pmol 

forward (5ô-GGTTCACCCAACCTCATCTCTGAA-3ô) and reverse primer (5ô-

GCAGATGACCAGCACGTTACCG-3ô) primer (Chen et al., 2007) and reaction set up was the 

same as previous with regards to EconoTaq. PCR cycle conditions were: 4 min denaturation 
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step at 94°C followed by 35 cycles of 94°C at 30 sec, 55°C for 30 sec and 72°C extension for 

1 min with a final extension of 72°C for 7 min. 

 

2.5.7 Carboxylesterase 

 

The PCR set up conditions for the carboxylesterase enzyme followed as such: a 25 µl PCR 

reaction is made up using water (SABAX®, ADCOCK-INGRAM), 100 ng gDNA, 10 pmol 

forward (5ô-AGCATCGACCTCTCGTCCAAC-3ô) and reverse primer (5ô-

GTCGGCATACTTGTCTTCGATG-3ô) primer (Hernandez et al., 2002) and reaction set up was 

the same as previous with regards to EconoTaq. PCR cycle conditions were: 4 min 

denaturation step at 94°C followed by 40 cycles of 94°C at 30 sec, 54°C for 30 sec and 72°C 

extension for 1 min. A final extension after cycles was done at 72°C for 7 min. 

 

2.5.8 Allele-specific PCR for the voltage gated sodium channel 

 

The PCR set up for the voltage gated sodium channel was done using allele specific primers 

used for R. microplus (Guerrero, Davey, and Miller, 2001). For each sample two reactions 

were set up. One reaction containing the susceptible forward primer (5ô-

GGAAAACCATCGGTGCTC-3ô: L64IS) and the diagnostic/reverse primer (5ô-

GAACTTGTGTTTACTTTCTTCGTAGT-3ô), amplification in this reaction illustrates the 

presence of a susceptible allele. The second reaction contains the resistant forward primer (5ô-

GGAAAACCATCGGTGCTA-3ô: L64IR) as well as the diagnostic primer mentioned previously. 

Amplification in this reaction is indicative of the presence of a resistant allele. PCR set up for 

both susceptible (L64IS) and resistant (L64IR) reactions were as follows: a 25 µl reaction 

made up using water (SABAX®, ADCOCK-INGRAM), 100 ng gDNA, 10 pmol forward and 

reverse primer and reaction set up was the same as previous with regards to EconoTaq. The 

PCR cycle conditions where: 4 min denaturation step at 94°C followed by 40 cycles of 94°C at 

30 sec, 51°C for 30 sec and 72°C extension for 1 min. A final extension after cycles was done 

at 72°C for 7 min. Sequencing was done in order to confirm the accuracy of SNP detection in 

R. microplus. 

 

2.5.9 Visualization of PCR products 

 

PCR products were visualised with agarose gel electrophoresis. A 2% (w/v) agarose 

electrophoresis gel (Whitehead Scientific, SA) was made in 1 x TAE buffer with the addition of 

ethidium bromide (EtBr) (0.375 µg/ml final concentration) and performed in a Mini-Sub® Cell 



GT System (Bio-Rad Laboratories, SA) at a speed of 8 V/cm. The Gel DocÊ XR+ System 

(Biorad, USA) was used to view the gels under UV light. PCR clean-up was done using the 

NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-NAGEL, 52355 Düren, Germany). The 

Nanodrop spectrophotometer (Thermo Scientific, USA) was used in order to confirm sufficient 

concentrations for sequencing.  

 

2.5.10 Sequencing both in house and Macrogen sequencing 

 

Sequencing was done through the Macrogen Inc. facility (Meibergdreef 311105 AZ, 

Amsterdam). Macrogen sequencing was done according to standard dye terminator 

sequening strategy (company protocol) and only the forward primer for each gene was used in 

sequencing (Macrogen Sample submission Guide, pg 1-7: 

https://dna.macrogen.com/eng/support/ces/guide/ces_sample_submission.jsp). Sequencing 

plates (96-well) were prepared as follows: 5 µl of a 50 ɖg/µl PCR product and 50 pmol primer, 

total volume of 10 µl. 

 

2.5.11 Sequence data analysis 

 

All sequences were received in ABI format files with automated base calling done for each 

sequence. Sequence results were then manually curated based on individual chromatogram 

profiles. The chromatogram profiles were interpreted using Chromas lite v2.01 (Technelysium 

Pty Ltd 1998-2005 ©, USA) software. Areas with low sequence quality (usually the first 30 bp) 

were removed before the alignments. Sequencing results were then grouped together into a 

single text file for each resistance-associated gene along with the sequence of the published 

entries from the NCBI. These text files were then submitted to MAFFT version 6, which is an 

online alignment server that performs sequencing alignments: 

(http://mafft.cbrc.jp/alignment/server/index.html). MAFFT version 6 is powered by CBRC® and 

AIST®, this server uses a global pairwise alignment algorithm based on Needleman-Wunsch 

algorithms. On the server, alignments were done with the following parameters; G-INS-i 

(global pairwise algorithm) and a 1PAM/k=2 scoring matrix (for closely related sequences). 

Further analysis of the alignments and SNP detection was done by using BioEdit sequence 

alignment editor 7.0.9.0 (Ibris Biosiences, USA). The evolutionary history of the 

octopamine/tyramine sequences was inferred using the Maximum Parsimony method. The 

consensus tree inferred from 113 most parsimonious trees is shown. Branches corresponding 

to partitions reproduced in less than 50% trees are collapsed. The MP tree was obtained using 

the Close-Neighbour-Interchange algorithm with search level 1 in which the initial trees were 

obtained with the random addition of sequences (10 replicates). The analysis involved 18 

https://dna.macrogen.com/eng/support/ces/guide/ces_sample_submission.jsp
http://mafft.cbrc.jp/alignment/server/index.html
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nucleotide sequences. All positions containing gaps and missing data were eliminated. There 

were a total of 209 positions in the final dataset. Evolutionary analyses were conducted in 

MEGA5. 

 

  



2.6 Results and discussion 

 

2.6.1 Tick collection 

 

Ticks were collected from some 150 farms across South Africa (total farms). Genus and 

species level morphology analyses identified 77 samples as R. decoloratus based on 

hypostomal dentitions. The 77 samples were taken from grid-blocks 2, 7, 8, 11, 12 and 15, 

(Appendix 1). These were farms co-infested with both R. decoloratus and R. microplus for 

comparison.  

 

2.6.2 Genomic DNA extractions and ITS2-RFLP species level identification 

 

All 77 samples were used for DNA extraction. The concentrations were determined using 

spectrophotometry and the purity determined by evaluating the 260/280 nm and 260/230 nm 

ratios (Appendix 2). Concentrations varied greatly from 38.5 ï 2788.63 ng/µl with an average 

concentration of 712.1 ng/µl. Samples were then labelled according to a particular farm and a 

number assigned for each tick collected from that farm (for example tick number 5 on farm 49 

would be 49.5). 

 

Figure 2.2 illustrates typical results achieved for R. decoloratus genomic DNA (gDNA) isolation 

visualized by agarose gel electrophoresis. It is evident the gDNA is highly degraded in all 

samples. Intense bands from below 250 bp were seen even after the addition of RNase A. The 

gDNA isolations are highly degraded and this affected downstream processes.  

 

 

Figure 2.2: Agarose gel electrophoresis of genomic DNA extractions (run from stock samples) for R. 

decoloratus. Lane 1 shows a 1Kb molecular weight ladder. Lanes 2-14 shows typical results for genomic DNA 

extractions in R. decoloratus ticks even after the addition of RNase A. Molecular smears ranging from 10,000 bp 

to lower than 250 bp can be observed with intense bands occurring for the low molecular range.  
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Of the 77 R. decoloratus gDNA samples identified, amplification of the ITS2 gene was only 

successful for 52 samples. This illustrates a 67.5% success rate for amplification of the ITS2 

gene segment. Samples that did not amplify may be due to poor DNA quality. According to 

Lempereur et al., (2010) it is expected that digestion with MspI should yield a restriction profile 

for R. decoloratus with the following band sizes: 300 bp, 150 bp, 100 bp, 80 bp, 70 bp, 50 bp 

and 20 bp. In contrast, R. microplus should yield band sizes of: 400 bp, 250 bp, 100 bp and 70 

bp. Band sizes at 100 bp and 70 bp were disregarded as both sizes are shared. The smaller 

band sizes are often hard to discern on the agarose gel platform. Analysis was therefore 

based on the 300 bp and 150 bp for R. decoloratus and the 400 bp and 250 bp bands for R. 

microplus (Figures 2.3A and B). 

 

 

Figure 2.3: ITS2-RFLP species level identification band profiles following MspI restriction digestion. Gel 

electrophoresis images of typical ITS2-RFLP digestions with MspI restriction enzyme. Here both R. microplus 

and R. decoloratus profiles can be observed. A) Sample 49.5 (blocked) shows a profile matching both R. 

microplus and R. decoloratus through the presence of a high intensity band around 400, 300 and 250 bp. 

Molecular size ladder in the first lane (1Kb). Samples lane 2 (20.5) and 4 (69.3) are typical of R. decoloratus. 

Lanes 3 (23.2), 5 (49.3) and 6 (49.4) are typical profiles for R. microplus. B) Typical band profiles for R. microplus 

lanes 2-4 (samples 98.1 ï 98.3) with bands around 400 and 250 bp. Typical R. decoloratus profiles shown in the 

last two lanes (102.5 - 102.6).  

 

  



ITS2-RLFP identification only 32 samples were confirmed as R. decoloratus while 16 showed 

profiles consistent with R. microplus. The remaining 4 samples exhibited profiles that 

corresponded to both R. microplus and R. decoloratus ticks. Additional ticks (confirmed as R. 

decoloratus) were included in the study to increase the sample size.  

 

The hypostomal dentition and overall morphological examination was not congruent with the 

ITS2-RFLP profiles for four of the samples which displayed both species profiles. Potential 

interbreeding between the two tick species may exist as was previously hypothesised during a 

survey of R. microplus as an invasive tick species in west Africa (de Clercq et al., 2012). The 

morphological identification also incorrectly identified 16 samples as R. decoloratus however 

the ITS2-RFLP showed them to be R. microplus. SNP screening analyses was done only on 

the 32 confirmed R. decoloratus samples.  

 

2.6.3 Amplification and DNA sequencing of the GABA-gated chloride channel 

 

For R. decoloratus, 20 samples were successfully sequenced in total for the GABA-gated 

chloride channel gene fragment which codes for the transmembrane 2 (TM2) region (711 ï 

995 bp). The aforementioned region contains the dieldrin resistant SNP region for R. 

microplus. Amplification of the samples proved to be the limiting factor for SNP analysis. 

Figure 2.4 illustrates PCR products obtained for GABA-gated chloride channel genes of R. 

decoloratus. The expected band size for this gene segment is approximately 284 bp. Poor 

DNA quality contributed to a lack of PCR amplification or polymorphisms in the priming site, 

which requires further evaluation.  

 

 

Figure 2.4: Agarose gel electrophoresis for PCR amplification of the GABA-gated chloride channel gene 

segment for R. decoloratus. PCR products with an expected band size of 284 bp are indicated by the 

numbered lanes. Molecular size ladder in lane 1 (1Kb).  

 

Figure 2.5 shows a multiple alignment of all sequenced R. decoloratus GABA gene segments 

aligned with the NCBI (GQ398111.1) sequence for R. microplus. High homology can be seen 
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for this segment with that of R. microplus. Only 2 SNPs could be detected for this gene 

segment. The first SNP can be seen at position 722 and the second at position 882. Sample 

46.3DF contained a cytosine instead of a guanine at 722 bp. Translation of this substitution 

shows a non-synonymous change from arginine to proline. 

 

 

Figure 2.5: Multiple sequence alignment of GABA-gated chloride channel gene segment from R. 

decoloratus aligned with known sequence of R. microplus GABARmNCBI (GQ398111.1). The red arrows 

indicate the loci where SNPs were detected. The red box indicates the expected resistant SNP loci for dieldrin 

resistance, GABARmNCBI is a susceptible tick strain. F = forward primer sequencing.  

 

The 2nd SNP detected during the screening is an adenine to guanine substitution for samples 

44.2DF, 67.2DF and 67.3DF, this leads to a synonymous mutation. The known SNPs for 

dieldrin resistance in R. microplus were also assessed in this sequence alignment. Resistance 

is achieved by means of a double base pair substitution (A868C and C869T). The sequenced 

R. decoloratus samples did not contain these SNPs (Figure 2.5). Resistance-associated SNPs 

as well as the two additional SNPs reported here were also not detected in R. microplus field 

samples (Reinecke, 2013). This is most likely due to SA ticks never having acquired dieldrin 

resistance or the discontinuation of dieldrin in 1983, which removed selection pressure 

(Batterman et al., 2008).  Literature maintains that this allele can stabilize in a population and 

persist in low levels long after dieldrin use has been stopped (Hope and Menzies, 2010).  The 

significance of the non-synonymous G722C SNP found in sample 46.3DF remains to be 

validated by means of LPTs of resistant ticks from this farm.  

2.6.4 Amplification and DNA sequencing of the octopamine/tyramine receptor gene 

 



The protein coding region of the octopamine/tyramine was amplified (from 348 ï 520 bp) since 

the two resistant SNPs reported by Chen et al., (2007) occur within this region in R. microplus 

ticks. Amplification of the octopamine/tyramine receptor proved difficult for field strains of R. 

decoloratus. Multiple SNPs were present in the amplicons illustrating the highly polymorphic 

nature of this gene. During previous attempts to amplify this region from R. microplus field 

samples, it was necessary to use multiple primer pairs (Reinecke, 2013). This could be 

indicative of SNPs that occur in the primer binding regions and thus reduce the efficacy of 

PCR amplification. Since the full octopamine receptor sequence is not known for R. 

decoloratus, all primer design was based on the available R. microplus sequences. Despite 

these attempts, the success rate of PCR amplification remains low in R. decoloratus, as only 

12 samples out of the possible 36 could be amplified for sequencing. This demonstrates the 

imperative need to develop an improved rapid screening protocol for amitraz resistance in R. 

decoloratus ticks. Figure 2.6 illustrated the typical results obtained for PCR amplification of R. 

decoloratus octopamine/tyramine receptor. 

 

 

Figure 2.6: Agarose gel electrophoresis of octopamine/tyramine PCR amplification for R. decoloratus. 

These are the typical results found for PCR amplification in R. decoloratus. In lane 1 is shown a 1Kb molecular 

weight ladder. Lanes 2-4 and 7-8 shows unsuccessful amplification of octopamine/tyramine. Lanes 5-6 and 9-12 

show successful amplification. 

 

From the paper published by Chen and colleagues in 2007, it became evident that the 

octopamine/tyramine receptor of R. microplus contains several polymorphisms (Chen et al., 

2007). Exactly 37 SNPs (in R. microplus) where found of which only 2 could be linked to 

amitraz resistance. The rest of the SNPs were attributed to geographical species differences. 

 

Figure 2.7 shows the multiple sequence alignment of the octopamine/tyramine sequences 

from R. decoloratus compared to the R. microplus mRNA for G-protein coupled receptor 

(AJ010743.1) which is from a susceptible strain of R. microplus tick (AJ010743.1) in Australia 

and the resistant Santa Luiza strain from Mexico (EF490688.1). It was suggested by Chen et 
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al (2007) that both SNPs (A369C and T412C) are required to convey amitraz resistance. This 

resistance association was then confirmed for South African R. microplus and R. decoloratus 

ticks by correlating phenotypic (LPTs) and genotypic (SNPs) resistant status. Results from 

these studies further substantiated the need for homozygous resistant genotypes in order to 

convey amitraz resistance (Reinecke, 2013). From figure 2.7 it is evident that two of the 

samples contain the first SNP marker at position 369 (8.3DF and 68.5DF). The second SNP 

(nucleotide position 412) required for resistance was only found in sample 68.5DF. Therefore, 

only one sample can be considered from this data to contain the full SNP marker repertoire for 

amitraz resistance. LPTs were done in order to confirm amitraz resistance of these SNPs in R. 

decoloratus by Samantha Barron (Reinecke, 2013).  

  



 

 

Figure 2.7: Multiple sequence alignment of the Octopamine receptor for SA field strains of R. decoloratus 

with susceptible (Boophilus microplus mRNA for G-protein coupled receptor) R. microplus (AJ010743.1) 

and resistant R. microplus from Santa luiza strain (EF490688.1). Red blocks indicate amitraz resistant SNP 

regions. Grey boxes indicate SNPs shared with the Santa Luiza strain. Sample numbers correspond to different 

farms. F = forward primer sequencing.  

 

As expected, multiple SNPs (49) for R. decoloratus can be observed at multiple loci (Figure 

2.7). This is supported in literature where multiple SNPs within this gene is described and 

ordered into region-specific SNPs for R. microplus (Chen et al., 2007). Specific annotation or 

function of these SNPs cannot be assigned based on the current data and will require a more 

extensive sample size. The presence of a thymidine at position 223 bp and guanine at 225 bp 

was observed for all samples but one (lack of coverage in sequencing). These same SNPs 

can be observed in the Santa Luiza strain. Other SNPs shared with the Santa Luiza strain 

(grey boxes in figure 6) include G279, T386, G390, G405 and C485.  
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The SNP loci 383 (T383C) is present in all the R. decoloratus samples (Table 2.2) except for 

68.5DF that shares this R. microplus SNP. Loci 390 (A390G) indicates a SNP that is present 

in the Santa Luiza (R) strain of ticks, with only sample 44.1DF that had the SNP of 

AJ010743.1. The same occurred at loci 405 bp (A405G). Samples 46.2DF and 46.3DF 

illustrated a polymorphism which did not match the Santa luiza strain at 425 bp (G425A), this 

was amongst 17 other loci that was unique to these two samples alone (Table 2.2). Samples 

46.2DF and 46.3DF showed a high level of polymorphism when compared to NCBI reference 

entries (AJ010743.1 and EF490688.1).  

 
Table 2.2: SNP loci found for the octopamine receptor in R. decoloratus samples that differed from the 

known sequence of R. microplus strain (AJ010743.1). Colour coding group samples together that have 

shared SNP loci as well as illustrating unique loci. Also indicated are shared loci with the resistant Santa Luiza 

strain (EF490688.1). Only loci that fell within coverage of all samples sequences where considered (338-466 bp).  

 

Sample

SNP (bp) Type 8.3 44.1 45.1 46.2 46.3 49.5 67.2 68.5 75.3 86.1 Count

238 A/C * * * * * 5

250 C/A * * 2

252 A/C * * 2

261 A/G * * 2

265 G/C * * 2

266 G/A * * 2

269 T/G * 1

269 T/A * 1

271 C/T * * 2

277 G/C * 1

279 A/G * * * * * * * * * 8

282 C/A * 1

283 C/A * 1

285 C/A * 1

287 T/A * 1

288 T/A * 1

289 C/T * 1

291 G/T * * * * 4

294 C/G * 1

295 T/A * 1

297 G/T * * * 3

303 G/A * * 2

306 C/A * 1

312 C/T * * * * * 5

312 C/A * * 2

313 G/A * * 2



 

 

It is clear from Table 2.2 that four key SNPs are present in most samples, with an additional 8-

9 shared SNPs as compared to that of the R. microplus reference sequences (AJ010743.1 

and EF490688.1). Only sample 44.1DF displays additional novel SNPs when compared to the 

Gonzales strain sequence for R. microplus and sequenced R. decoloratus. It is known that for 

the R. microplus octopamine/tyramine receptor, many geographically related SNPs exist 

(Chen et al., 2007). In an attempt to understand SNPs found in R. decoloratus, an analysis of 

all the newly observed SNPs was done by a maximum parsimony phylogenetic tree. This 

analysis included the known sequences for R. microplus susceptible and resistant octopamine 

receptors (Figure 2.8).  

 

Sample

SNP (bp) Type 8.3 44.1 45.1 46.2 46.3 49.5 67.2 68.5 75.3 86.1 Count Unique SNPs

315 C/T * * * * 4 3-4 SNPs w ith 2 shared

318 A/G * * 2 2 SNPs shared

319 T/A * 1 4-5 SNPs shared

323 A/G * * 2 8 SNPs shared

328 A/G * * 2 9 SNPs shared

333 A/G * * 2 Shared w ith Santa luiza

364 C/A * 1

371 G/A * * 2

382 A/G * 1

383 T/C * * * * * * * * * * 9

386 C/T * * * 3

390 A/G * * * * * * * * * 8

392 C/T * * 2

400 C/T * 1

405 A/G * * * * * * * * * 8

425 G/A * * 2

447 A/G * 1

448 C/G * 1

449 G/A * 1

450 T/A * 1

451 C/G * 1

461 A/T * 1

462 A/C * * 2

463 T/A * 1

464 G/T * 1

465 G/C * 1
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Figure 2.8: Maximum parsimony phylogenetic tree for R. decoloratus octopamine/tyramine receptor. 

Maximum parsimony (MP) tree includes locally sequenced data for R. microplus (Reinecke, 2013) as well as 

NCBI data for susceptible (NCBI OctRM Gonzales strain = AJ010743.1) and Santa Luiza resistant strain 

(NCBIsanta luiza resistant = EF490688.1). Numbers indicate the farm from which the sample were sequenced, 

MF indicates R. microplus while DF indicates R. decoloratus female samples. Red blocks indicate samples that 

contain both SNPs for amitraz resistance (A369C and T412C), blue blocks contain only the first SNP involved in 

amitraz resistance (A369C). The evolutionary history was inferred using the Maximum Parsimony method. The 

consensus tree inferred from 113 most parsimonious trees is shown. Branches corresponding to partitions 

reproduced in less than 50% trees are collapsed. The consistency index is (0.562500), the retention index is 

(0.774194), and the composite index is 0.593548 (0.435484) for all sites and parsimony-informative sites (in 

parentheses). The percentage of parsimonious trees in which the associated taxa clustered together is shown 

next to the branches. The MP tree was obtained using the Close-Neighbour-Interchange algorithm with search 

level 1 in which the initial trees were obtained with the random addition of sequences (10 replicates). The 

analysis involved 18 nucleotide sequences. All positions containing gaps and missing data were eliminated. 

There were a total of 209 positions in the final dataset. Evolutionary analyses were conducted in MEGA5.  

 

From the maximum parsimony tree (Figure 2.8) we can see that the resistant genotypes 

(having both resistant SNPs) and the resistance acquiring alleles group together at the top of 

the tree. Along with the resistance validation shown for R. decoloratus in LPTs (Reinecke, 

2013), this shows a strong indication that the resistant SNP markers also apply to R. 

decoloratus. The spread of polymorphisms throughout the octopamine/tyramine gene segment 

for both R. decoloratus and R. microplus showed mixed groupings for both species. Although 



the sample size for R. decoloratus in this case is rather small, the sequence would not appear 

to be discernable from that of R. microplus sequences. This is most likely due to shared 

polymorphisms by South African R. microplus and R. decoloratus. The analysis shown in 

Table 2 only shows a comparison of R. decoloratus (local samples) with that of the NCBI entry 

AJ010743.1. Local R. microplus samples do however share SNPs with local R. decoloratus for 

this gene segment. Therefore, the local strains of R. microplus and R. decoloratus could not 

be separately grouped. A larger sample size is however required and perhaps an allele 

network analysis of the sequences would also shed light on the sequence differences between 

these two tick species.  

 

2.6.5 Amplification and DNA sequencing of the Carboxylesterase gene 

 

In 2002, a carboxylesterase haplotype was discovered in Mexico linked to pyrethroid 

resistance. It was later confirmed that a single SNP was responsible located in the 912-1076 

bp region (Hernandez et al., 2002; Hernandez et al., 2000). This SNP is a guanine to adenine 

change that results in an aspartate to asparagine amino acid change at position 374. This 

change is hypothesized to increase the affinity of the enzyme, but remains to be validated.  

This SNP has only been documented in the Coatzacoalcos strain (Mexico) of R. microplus 

ticks (Guerrero et al., 2012). PCR amplification of the carboxylesterase gene in R. decoloratus 

can be seen in Figure 2.9. Only 10 samples were done in total. This is due to the fact that this 

resistance marker is not observed on a global scale and also not seen locally in R. microplus 

(Reinecke, 2013). 

 

 

Figure 2.9: Agarose gel electrophoresis result of the carboxylesterase PCR amplification in R. 

decoloratus. Lane 1 shows a 1Kb molecular ladder, while lanes 2-8 shows respective farms and sample 

numbers for carboxylesterase amplification.  

As can be seen from Figure 2.10A, none of the R. decoloratus samples sequenced in this 

study displayed the presence of the resistant SNP marker (asparagine residue). However, it 
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should be noted that multiple SNPs (58 sites) where found throughout the sequenced region. 

When these SNPs were translated into protein sequences, multiple amino acid changes were 

observed (19 sites) as can be seen in Figure 2.10B. Future studies are required to validate 

these mutations using LPTs in order to determine if the changes affect drug binding.  

 

 

Figure 2.10: Sequencing data for the carboxylesterase gene of R. decoloratus from South African field 

isolates. A) Nucleotide sequence alignment of R. decoloratus samples aligned with both the susceptible 

(RmCaS - AF182283) and resistant (RmCaR - DQ533868.1) reference sequences from the NCBI database. Red 

blocks indicate the resistant SNP marker loci. Figure B shows a protein sequence alignment with the resistant 

SNP loci indicated in a red block. 

 

2.5.6 Amplification and DNA sequencing of the voltage-gated sodium channel 

 

Screening of the voltage-gated sodium channel was done with the use of allele specific PCR 

primers for domain II S4-5 linker region as mutations found in this region have been linked to 

pyrethroid resistance in R. microplus globally (L64I). The gene segment region assessed here 

is found in 173-291 bp of the gene. In Figure 2.11A an example of allele specific PCR is 

evident. Figure 2.11A shows the base result for a susceptible sample while Figure 2.11B 

shows two heterozygous samples. Only 11 of these markers were sequence to confirm 

accuracy of the amplification, so that the rest of the screening could be done at allele specific 

PCR level. 

 



 

Figure 2.11: Agarose gel electrophoresis of allele specific PCR for the voltage gated sodium channel 

(L64I). Typical results seen for allele specific PCR of the voltage gated sodium channel in R. decoloratus. Lane 

one shows the molecular ladder (100 bp) for both gels A and B. A) Susceptible allele amplification indicated by S 

in lane 4 and no amplification of a resistance allele. This would indicated that the sample is homozygous 

susceptible. B) Heterozygous samples for two ticks 71.1 and 71.2. Amplification of both susceptible allele and 

resistant allele was achieved.  

 

Confirmation of these PCR products was necessary as this technique was not used in R. 

decoloratus and was intended for use in R. microplus. Figure 2.12 illustrates the sequencing 

confirmation of these allele markers for R. decoloratus samples. 

 

 

Figure 2.12: Voltage-gated sodium channel sequence results for R. decoloratus. Sequencing confirmation 

of allele specific PCR for use in R. decoloratus aligned with R. microplus of the voltage-gated sodium channel 

gene (AF134216.2). Sequencing was done on a small 90 bp gene fragment. Resistance SNP loci is indicated 

with a red box in the alignment. The presence of adenine indicates resistant and a cytosine susceptible. S 

denotes susceptible samples and R denotes resistant samples. 

 

In Figure 2.12 the SNP maker (adenine indicating resistance and cytosine indicating 

susceptibility) is indicated in the red box of the alignment.  It can therefore be confirmed that 

the allele specific PCR was able to identify the resistant/susceptible SNP marker for the 

voltage-gated sodium channel in R. decoloratus. Additional samples were subsequently 

screened with allele specific PCR and the results are represented in Table 2.3. 
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Table 2.3 indicates that the resistance allele was present in 58% of the samples, with the 

susceptible allele occurring in 42% of the samples. In R. microplus, this marker has been 

confirmed as a recessive trait and homozygous resistance alleles are required for full 

pyrethroid resistance (Jonsson et al., 2010). Presence of the resistance allele, even in 

heterozygous configuration, may convey low levels of resistance to synthetic pyrethroids (23-

53%)  (Morgan et al., 2009). It is interesting to note here that only 22% of the samples 

screened were homozygous resistant towards pyrethroids, while 73% displayed a 

heterozygous genotype. 

  



Table 2.3: Allele specific PCR done on R. decoloratus samples for the voltage gated sodium channel. 

Here is tabulated the frequencies of voltage gated sodium channel alleles with regards to blocks screened. These 

results were mostly obtained through allele specific PCR. Frequency of resistance allele (R) indicated as well as 

susceptible (S) allele. Data corresponds to 45 samples.  

,  
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Since the sampling strategy was done by collecting ticks from co-infested farms with R. 

microplus and R. decoloratus and these samples were collected during the same period 

(previous R. microplus screening), we can assume that exposure to pyrethroids was present 

for both species (Reinecke, 2013). Comparison done with R. microplus samples for the 

voltage-gated sodium channel (Reinecke, 2013), showed the SNP marker was present at 

58.8% for homozygous resistance and only 8.8% for heterozygous individuals (Figure 2.13). 

Screening of the R. microplus SNP marker showed that positive directional selection for 

homozygous resistance occurred, however, this does not seem to be the case for R. 

decoloratus. 

 

 

Figure 2.13: Comparison of pyrethroid resistant alleles in R. microplus and R. decoloratus populations of 

South Africa. A staggered bar graph illustrates the ratios of hetero-and homozygosity in the voltage-gated 

sodium channel for the resistance and susceptible alleles. RR = homozygous resistant, RS = heterozygous and 

SS = homozygous susceptible. Results for R. microplus were taken from Reinecke, 2013. 

 

In Figure 2.13 a staggered graph of allele ratios for susceptible and resistance alleles can be 

seen as compared between the two tick species. For R. microplus the SNP marker status was 

mostly homozygous resistant (RR at 58.8%) or homozygous susceptible (SS at 32.4%), while 

R. decoloratus showed a predominantly heterozygous (RS at 73%) state for the marker. It is 

worth noting that the SNP maker for pyrethroid resistance found in domain II S4-S5 linker 

region of the voltage-gated sodium channel does associate with a pyrethroid resistant 

phenotype in R. microplus ticks (Morgan et al., 2009). However, this has not yet been shown 

for R. decoloratus and the presence of this marker in R. decoloratus does not necessarily 

indicate a pyrethroid resistant phenotype.  

R. microplus R. decoloratus
0

10

20

30

40

50

60

70

80

90

100

RR

RS

SS

A
ll

e
le

 r
a
ti

o
s
 f

o
r 

th
e
 v

o
lt

a
g

e
-g

a
te

d

s
o

d
iu

m
 c

h
a
n

n
e
l 

S
N

P
 m

a
rk

e
r 

(%
)



Comparing the top ten pyrethroid resistant arthropods showed multiple resistant markers 

occurring across different species for the voltage-gated sodium channel (van Leeuwen et al., 

2010). Regions that contain pyrethroid resistant SNP markers were: domain II S4-S5 linker 

region, domain II S5-S6 transmembrane helices, domain III S6 transmembrane helix and the 

domain IV S5-S6 transmembrane helices (Figure 1.13).  

 

None of the arthropods contained the exact same SNP in domain II S4-S5 linker region as 

compared to the R. microplus SNP, however a pyrethroid resistance SNP occurring in domain 

III S6 (F1519I) of R. microplus is shared by Tetranychus urticae (van Leeuwen et al., 2010). 

This could indicate a share homology for pyrethroid resistance markers across different 

species and may support the hypothesis of the domain II S4-S5 linker region SNP (L64I) as a 

resistance marker for R. decoloratus. There is, however no data regarding the full gene 

sequence for the R. decoloratus voltage-gated sodium channel and therefore a homology 

comparison cannot be done at this stage. We only managed sequencing of a small section of 

this gene (92 bp). Confirmation of the L64I SNP marker as a resistance marker for R. 

decoloratus would still require bioassay validation regardless of the homology. A further 

discussion of the voltage-gated sodium channel will follow in chapter 4. 
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2.6 Conclusion 

 

The research question of this study was to evaluate the presence of known R. microplus 

resistant SNP markers in South African populations of R. decoloratus ticks. In order to assess 

the presence of these SNPs, ticks had to be correctly identified using both morphology and 

molecular analysis techniques. Of the total ticks extracted (77 samples) only 32 samples were 

identified as true R. decoloratus tick samples. Four genes were assessed with known SNP 

markers linked to acaricide resistance in R. microplus. These markers are unconfirmed for R. 

decoloratus. For both of the GABA-gated chloride channel and the carboxylesterase, no 

resistance markers were observed. This was expected as these markers were also not 

observed for a previous R. microplus analyses on samples from the same farms (Reinecke, 

2013). As the resistance marker found for the GABA-gated chloride channel is specific for 

dieldrin resistance (Chapter 1) and the use of dieldrin has been discontinued in South Africa 

since 1983 (Batterman et al., 2008), the results are to be expected. The carboxylesterase 

(CzEst9) resistant SNP was also not expected to be observed as it has only been observed in 

a Mexican and Brazilian lab strain of R. microplus (Guerrero et al., 2012).  

 

The other two genes evaluated for resistance SNP markers did however show the presence of 

resistance associated SNPs in R. decoloratus. The octopamine/tyramine receptor showed the 

presence of 49 different SNPs as compared to with the NCBI R. microplus entry (AJ010743.1). 

A previous paper published on R. microplus showed 37 SNPs as compared to the NCBI 

reference (Chen et al., 2007). However, even though more SNPs for R. decoloratus were 

found than for R. microplus, a comparison of local strains did show that some SNPs where 

shared between both species (Chapter 4 for further discussion). Maximum parsimony tree 

analysis of this gene segment which included locally sequenced R. decoloratus and R. 

microplus tick samples showed a mix grouping of both species. This would suggest that there 

is not a significant difference between R. decoloratus and R. microplus for the 

octopamine/tyramine receptor to group them as separate. However, this would have to be 

confirmed with a larger samples size. What was clear from the constructed tree (Figure 2.8) is 

that samples which did contain either one or both of the resistant SNPs grouped together. 

 

Analysis of the voltage-gated sodium channel revealed the presence of the resistance marker 

(L64I) in both R. microplus and R. decoloratus ticks of South Africa. A large difference was 

found for the frequency of alleles when comparing R. microplus and R. decoloratus data 

(Figure 2.13). Rhipicephalus microplus showed allele frequencies of 58.8% homozygous 

resistant and a 32.4% homozygous susceptible, while R. decoloratus had a 72% heterozygous 



frequency. Homozygous resistant genotypes are required for full resistance towards 

pyrethroids in R. microplus (Jonsson et al., 2010; Morgan et al., 2009). However, no such data 

exists yet for R. decoloratus regarding this SNP marker and resistance status. No conclusions 

can be drawn regarding R. decoloratus resistance within context of pyrethroid resistance for 

this reason, however the frequency differences of this marker between the two species does 

raise further questions for future studies (Chapter 4). 
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Chapter 3 

 

Homology modelling of pyrethroid resistance associated SNPs in R. microplus ticks. 

 

3.1 Introduction 

 

Three dimensional structures of proteins 

 

Proteins are regarded as one of the most versatile macromolecules found in living organisms. 

Their role in biology forms a cardinal part of all biological functions ranging from catalysts, 

transporters, mechanical elements, immunity molecules, nervous system mediators and 

signalling components to name but a few (Berg et al., 2012). Proteins as macromolecules are 

composed from smaller molecules called amino acids. Together in sequence these amino 

acids form larger peptides, which in turn form the various secondary, tertiary and even 

quaternary structures. Protein structures are largely determined by the sequence of the amino 

acids as was elegantly shown in 1960 by Christian Anfinsen (Berg et al., 2012). This work 

used ribonuclease enzymes as models. These are monopeptide chained enzymes with 124 

amino acids and four disulfide bonds which stabilise the tertiary structure of the enzyme. 

Anfinsen showed that the removal of these disulfide bonds led to the denaturing of the protein. 

It was therefore apparent that the cysteine residues that are responsible for the cross-linking 

disulfide bonds, where necessary in order to form and maintain the tertiary structure of the 

enzyme.  

 

Amino acids themselves also retain a proclivity for forming certain secondary structures such 

as Ŭ helix, ɓ sheet or reverse turn formations. The nature of how secondary structures are 

formed however depends on the collective nature of a long sequence of amino acids rather 

than any one amino acid in a sequence. Therefore, amino acids in a series will have 

preference with regards to a particular type of secondary structure and will influence another 

amino acid which generally prefers a different secondary structure (Rooman et al., 1991). 

Another important determinant in the overall structure of proteins is protein folding. This is the 

process whereby peptides transition through secondary structures to the tertiary structures 

and quaternary structures that follow. Protein folding is clearly not a randomised process 

whereby the protein would test all possible conformations in order to gauge the most 

energetically favoured state. This was illustrated by Levinthalôs paradox, where simple 

equations illustrated how long it would take a protein to perform such a task; for a protein with 

a 100 residues, it was calculated that it would take 1.6 x 1027 years to do so (Berg et al., 

2012). Protein folding then requires a very different kind of mechanism, one that is not 
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random. In essence protein folding may be considered as a process of which there lies a 

tendency to partly correct intermediates during folding (Fersht and Daggett, 2002). However 

the principles underlying protein folding becomes progressively more complex than this as free 

energy considerations across the whole protein also drives the non-random nature of the 

folding process itself (Berg et al., 2012). This often involves a systematic process whereby 

favoured structures within a protein start to fold based on a regions proclivity to construct 

these folds, this is often referred to as a nucleation-condensation model (Fersht and Daggett, 

2002). This suggests a folding mechanism which allow for simultaneous hydrophobic tertiary 

interactions (interior core of protein) and at the same time allowing secondary structure 

elements to form (Fersht and Daggett, 2002).  

 

When considering protein folding in context of physiological cell conditions (in vivo), it has 

been shown that folding occurs the same in vivo as in vitro for proteins up to 15 kDa (Fersht 

and Daggett, 2002). Studies on chymotrypsin inhibitor (CI2, a 64 residue polypeptide) and 

barnase (a 110 residue polypeptide) showed that it was necessary for the entire protein to be 

free of ribosomes before folding could commence (Neira and Fersht, 1999; Neira et al., 1997). 

Once these proteins are free of the ribosomes they fold rapidly (half-times: CI2 = 10 ms and 

barnase = 50 ms) and bind weakly to molecular chaperones such as GroEL (Fersht and 

Daggett, 2002). The reason why these small proteins evade entering the chaperone cycle is 

due to the half-time of ATPase activity in GroEL that may take many seconds (Fersht and 

Daggett, 2002). Therefore, small proteins and fast-folding proteins like CI2 and barnase fold 

too rapidly and do not enter the chaperone cycle. Larger and slow-folding proteins do enter the 

chaperone cycle. Evaluation of GroEL bound barnase does show folding at 500 times slower 

than the rate of free solution folding, however the mechanism is the same (Fersht and 

Daggett, 2002). Therefore one can assume that the principles of small protein folding ( in vitro) 

applies to larger proteins (in vivo) with regards to the folding of individual domains (Fersht and 

Daggett, 2002). 

 

Determining protein structures form sequence data alone often proves difficult, as the amino 

acid sequence can only account for between 60 and 70% of the overall secondary structure, 

while the rest is mostly determined by interactions with other regions on the protein (Berg et 

al., 2012). In order to determine the protein structure from sequence data, ab initio can be 

used. Ab initio strives to predict protein structures using amino acid sequence data as well as 

prior knowledge of similar sequences with known folds (Berg et al., 2012). These predictions 

often struggle to accurately predict protein confirmations as they operate without any prior 

knowledge of the protein structure. The predictions are therefore empirical calculations which 



often fall short in predicting protein structures (Bonneau and Baker, 2001). Inclusion of 

knowledge-based methods has seen some marketable improvements in predications of 

protein structures as they include data from experimentally achieved structures (Bonneau and 

Baker, 2001).  

 

Most of what we know about protein structures comes from directly observing proteins using 

several different structure assessment techniques. Cryo-electron microscopy can be used to 

observe an overview of a protein, however it often lacks the resolution needed to detail 

individual residues (Milne et al., 2013). Cryo-electron microscopy follows the use of a high 

powered transition electron microscope (TEM), but the sample preparation is labour intensive. 

Often liquid nitrogen is used to bring the samples to cryogenic temperatures, this reduce the 

amount of movement of the dynamic protein molecule and allows for viewing under TEM 

(Milne et al., 2013).  

 

Nuclear magnetic resonance (NMR) spectroscopy is another technique used to elucidate 

protein structures. This technique can be used to determine protein structures in solution and 

there is no need for crystallization as with x-ray crystallography (discussed later). This 

technique makes use of highly concentrated protein solutions and relies on the different 

magnetic properties of atoms. As some isotopes exhibit nuclear spin, the spin indicates  

directionality in which protons move within the nucleus of the atom and may find itself in either 

an Ŭ or ɓ state (Berg et al., 2012). In the presence of an external magnetic field nuclear spin 

states will either align with the applied field predominantly the weaker energy of Ŭ spin, or not 

such as the ɓ spin (Berg et al., 2012). Application of a pulse allows for the transfer of the Ŭ 

spin state to the higher energy ɓ spin state resulting in resonance and a protein specific 

resonance spectrum (Hofmann, 2010). From these resonance spectra, protein structure can 

be deduced. More complex tools in NMR spectroscopy can be used to elucidate proteins 

structures such as two-dimensional NMR spectroscopy (transient magnetization) (Hofmann, 

2010).  

 

X-ray crystallography is a widely used technique for elucidating protein structures. This 

process involves the production of a protein crystal and applying x-ray beams which diffract 

causing patterns from the crystal (Berg et al., 2012). The basic principle of x-ray diffraction is 

based on electron scattering, in which a proportional relationship exists between the amplitude 

of the scattered wave (from an atom) and the number of electrons in an atom (Hofmann, 

2010). Fourier transformations are applied to measure wave amplitudes and calculate phases 

of observed reflections from the diffraction patterns. This produces an electron-density map 

which gives a three dimensional representation of electron densities. From these density 
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maps, atoms can be assigned based on the size of the electron densities and factoring in the 

resolution at which the maps are obtained (Berg et al., 2012; Hofmann, 2010).  

 

Homology modelling 

 

Homology modelling, also referred to as comparative modelling, gains its origins from the 

observation that protein structure is more conserved than amino acid sequence (Hillisch et al., 

2004). Models may be constructed from homologous for which the protein structures have 

been resolved (Cavasotto and Phatak, 2009). Homologs are descended from common 

ancestry in one of two ways. The first class of homologs are paralogs; this denotes homologs 

that occur within the same species origin and may have different functions, such as 

haemoglobin and myoglobin (Cavasotto and Phatak, 2009). The second class of homologs 

are orthologous; the same protein across many different related species. Orthologos form a 

large part of homology modelling. For example the human ribonuclease and bovine 

ribonuclease which have the same function, but occur in two different species (Karve et al., 

2010). 

 

The homology modelling procedure is outline in Figure 3.1. The first step in building homology 

model proteins the involve identification of a suitable template structure (Cavasotto and 

Phatak, 2009). Here the target sequence (unknown structure) is used in a basic local 

alignment search tool (BLAST) search against the protein databank (PDB). During this step 

orthologous protein structure are matched with the target sequence and scored (Hillisch et al., 

2004).  

 

The first level of scoring involves probabilities of identifying a related sequence and is known 

as the expected value (E) (Berg et al., 2012). The E value is essentially calculated based on 

the probability that a given sequence would match any other particular sequence. This is done 

through a process of randomization where the queried sequence is shuffled and all possible 

numerations are generated to be match with hit entries on the database. The randomization of 

the query sequence allows for probability calculations for each residue in the sequence (Berg 

et al., 2012). The E value therefore quantifies the probability that the query matched the hit 

entry by chance, and a lower E value means that the match is less random (Hillisch et al., 

2004).  

 

The second level of scoring involved in template identification is the maximum sequence 

identity. The higher the sequence identity the closer the structures are related and thus 



translating into higher accuracy of the model (Cavasotto and Phatak, 2009). Applications 

following protein modelling depend on the maximum identity scores between target-template 

sequences (discussed later). The alignment forms an important part of homology modelling as 

the optimum correlation between residues is determine here (Hillisch et al., 2004). 

 

After the selection of a suitable template structure, the model building process begins. Here 

residues are substituted into the template structure along with insertion and/or deletion 

according to the alignment (Hillisch et al., 2004). Refinement of the model follows, where 

force-field approaches are used to correct or energy minimise the overall structure (Hillisch et 

al., 2004).  

 

 

Figure 3.1: The homology model building process and some applications that may follow. (Taken from 

Casotto and Phatak 2009). In order to determine a suitable template crystal structure for homology model 

building, BLAST search is performed against the PDB. Potential templates are assessed using further alignments 

as well as multiple alignments to determine the highest identity scores with the target sequence. Selection of a 

suitable template allows for modelling building and refinement of the model. Several applications exist for these 

constructed models. 

 

Applications of homology models depend on the amino acid sequence identity between the 

target and template (Figure 3.2). Lower sequence identity involves more extensive sequence 

alignments. With identities ranging from 50% and higher, only pairwise alignments are 
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required to determine the domain regions of the target sequence (Hillisch et al., 2004). 

Sequence identities ranging between 30-50% often requires extensive multiple alignments. 

Application of models from these homologies achieved may also vary as can be seen in 

Figure 3.2.  

 

 

Figure 3.2: Sequence identity ranges between template and target sequences with their respective 

applications. (Taken from Hillisch et al., 2004). The maximum identity ranges for target-template sequences and 

their applications. Models with 30% and higher identity are suitable for most in silico experimentation. 

 

Exceptions to the rule regarding sequence identities do exist, proving that protein structure is 

more conserved that protein sequence (Cavasotto and Phatak, 2009). A classic example of 

low sequence identity (below 30%) used in homology modelling can be seen with class A G 

protein coupled receptors (GPCRs) that all share a seven transmembrane spanning helical 

organisation (Cavasotto and Phatak, 2009). The major protein fold is therefore highly 

conserved in GPCRs and this trait can be exploited during modelling.  

Drug docking 

 



A highly useful tool available in the in silico field is the study of protein-ligand interactions, 

known as drug docking. This is an extremely wide field and has a multifaceted approach. In 

the simplest of terms, docking attempts to predict the structural confirmation within the 

confines of a drug binding site in the target protein and estimation of binding strength (Yuriev 

and Ramsland, 2013). An incredibly large boom in docking publications has been observed 

over the past decade and the field seems to be ever advancing (Yuriev and Ramsland, 2013). 

 

Drug docking requires information on the structure of the drug target (this structure may be 

derived through various different methods as discussed prior) as well as the structure of the 

drug (Xu and Lill, 2013). The known binding site or general area of binding is helpful but is not 

a prerequisite, since binding sites may be assessed using docking techniques (García-sosa et 

al., 2011). Docking as a process can be explained in two basic phases. The first of which is 

known as a search/docking algorithm or sometimes referred to as a strategy in lieu of an 

algorithm (Cole et al., 2005). A great deal of these algorithms exist, far too many to mention 

comprehensively in this chapter, however they all strive to perform a similar task. This task is 

to perform systematic changes to the drug conformation within the search space as well as 

systematic changes in order to account for protein-ligand flexibility and to provide induced fit 

models (Yuriev and Ramsland, 2013). Each algorithm has their own method for performing 

these changes, like torsional angle rotation resulting in various different docked poses (Xu and 

Lill, 2013).  

 

These various poses are numerous and mean nothing if the interactions between ligand and 

receptor is not assessed. This is done through the second phase of drug docking known as 

the scoring function. Here various means of energy calculations are performed and each pose 

generated by the algorithm is assessed and scored according to the most favourable energetic 

conformations (García-sosa et al., 2011).  Given that the search algorithms will generate many 

different conformations, it can be assumed that the correct conformation falls amongst them. 

The difficulty lies in accurately assessing each docked pose and ranking them correctly. Some 

considerations must be made for each of the two phases of drug docking, and will be 

mentioned in brief.  

 

Firstly the search algorithm perhaps displays the greatest limitation in accounting for receptor 

flexibility and ligand flexibility (Xu and Lill, 2013). Various software platforms have been 

developed in an attempt to account for flexibility and often employ some version of molecular 

mechanics (MM), molecular dynamics (MD), quantum mechanics (QM) or a combination of 

these methods such as QM/MM methods (Xu and Lill, 2013). The generation of flexible 

protein-ligand docking can be done in one of two ways of which first entails a tandem process 
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whereby the receptor and ligand conformations are altered simultaneously (Figure 3.3A). The 

second is a process whereby the receptor is varied separately from the ligand and pre-

generated protein structures are then used for docking of the flexible ligand (Figure 3.3B) (Xu 

and Lill, 2013). 

 

 

Figure 3.3: An overview of the concepts describing protein flexibility in docking simulations. (Adapted 

from Xu and Lill 2013). A) Additional degrees of freedom which describe protein flexibility in tandem with pose 

generation of the ligand. B) Ligand docking performed on a pre-generated ensemble of protein structures. These 

structures are generally kept rigid to increase docking efficiency.  

 

QM methods are computationally intensive as they look at electronic structure calculations and 

employ semi-empirical methods as well as ab initio methods. MM methods look at atomic level 

and more simple interactions between atoms, often increasing computation. QM methods are 

considered more accurate than MM methods, however combinations of the two (QM/MM) 



often prove best (Xu and Lill, 2013). Validation of these docking algorithms is done 

experimentally through use of cognate or native docking. This is simply a process of re-

docking experimentally resolved receptor-ligand structures (Yuriev and Ramsland, 2013).  

 

Secondly, after the algorithm has generated multiple possible binding conformations, the 

scoring functions which assess the binding energy of each conformation are validated (Yuriev 

and Ramsland, 2013). Scoring functions consist in general of three different calculation 

models: force field, empirical free energy functions, knowledge-based functions and 

consensus scoring functions (Xu and Lill, 2013). In force field based scoring, quantification of 

the sum of two energies (interaction energy between receptor and ligand, as well as the 

internal energy of the ligand) is done (Sousa, Fernandes, and Joa, 2006). These energies are 

calculated from van der Waals and electrostatic energy values. The limitations of force field 

based scoring functions include an absence of solvation and entropic terms, as well as an 

inaccurate account of long range effects in binding prediction (Sousa et al., 2006). Empirical 

scoring functions were developed in order to simulate experimental data and rely on binding 

energies being approximated from the sum of several individual uncorrelated terms (Sousa et 

al., 2006). Through regression analysis many coefficients has been resolved from 

experimental data and used in empirical energy terms. This scoring function therefore relies 

heavily on experimental data sets and often prove non-versatile (Sousa et al., 2006). 

Knowledge-based scoring functions aim to reproduce experimentally determined structures 

through the application of rules and general principles which are statistically derived instead of 

binding energies. This allows for larger compound databases to be screened. However, the 

function derivation is dependent on information available in limited sets of structures (Sousa et 

al., 2006). Consensus scoring combines information obtained from different scoring functions, 

thus compensating for errors of individual scoring functions. Correlation of the different scoring 

functions may lead to error amplification and not error balance, which could prove 

disadvantageous (Sousa et al., 2006). Therefore it may be observed that a lot of 

considerations exist for the different search algorithms and scorning functions. 

 

It is important to note that docking does not attempt to simulate the binding process, but rather 

accurately predicts ligand conformations within the constraints of a receptor (Sushma and 

Suresh, 2012). Some of the questions that may be answered through docking are: Can the 

particular ligand bind to the receptor or not? Which molecules (when docking several) have 

more potential as a binder for a particular ligand? What is the binding geometry of the ligand 

within the binding site and what is the binding affinity of the ligand for the receptor? 

 

Examples of drug docking in the field of acaricide and drug resistance 
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Most of the drug docking applications focus on drug discovery, however it may also be used 

for other applications such as assessing resistance. In 2012 a publication on Lucilia cuprina 

(Australian sheep blow fly) was published illustrating the use of drug docking with synthetic 

pyrethroids (SPs) (Coppin et al., 2012). In this study, the role of the E3 carboxylesterase was 

evaluated as it is enzyme known to hydrolyse and detoxify SPs. Three SPs where assessed; 

cypermethrin, deltamethrin and fenvalerate, along with all of their different stereoisomers. The 

authors first constructed a homology model using the common house fly acetylcholinesterase 

crystal structure. Docking was done using CDOCKER that makes use of MD methods, rigid-

body rotation, grid-based simulated annealing and energy minimization. Alongside the in silico, 

in vitro enzyme kinetics using various mutant proteins (site-directed mutagenesis) was 

performed to identify crucial residues involved in increased binding affinity for SPs by E3. This 

study was able to confirm 3 out of a possible 9 interacting residues which increased the 

volume of the acyl pocket within the substrate binding pocket. Thus an increased binding 

pocket could accommodate larger molecules such as SPs. 

 

Another example in the field of pesticides is that of Ixodid ticks and their natural insensitivity 

towards neonicotinoids. Neonicotinoids target nicotinic acetylcholine receptors (nAChRs) in 

arthropods, but it is well documented that this class of pesticide proves ineffective against ticks 

(Erdmanis et al., 2012). In this study the authors produced a homology model for 5 different 

Ixodid tick nAChRs. The sequence alignment for the 5 different ticks is shown in Figure 3.4B. 

In Figure 3.4A a multiple sequence alignment is shown between Ixodes scapularis and other 

arthropods (arachnid species in bold). This receptor only has two subunit types: Ŭ or non-Ŭ 

based on the presence or absence of a vicinal cysteine in their respective C loop regions 

(Erdmanis et al., 2012). The sequence comparisons showed the absence of a positive 

charged residue in the D loop region for ticks which is absent in susceptible arthropods. It was 

therefore concluded that the D loop arginine residue was the key physiochemical determinant 

of neonicotinoid binding in arthropods (Erdmanis et al., 2012). 



 

Figure 3.4: Neonicotinoid receptor (nAChR) model of I. scapulars with docked neonicotinoids. (Adapted 

from Erdmanis et al., 2012). A) The alignment of Ixodes scapularis with susceptible arthropods nAChRs. Pardos 

psuedoannulata (wolf spider) is also included and glutamine is shared within the arachnid family (in bold). B) The 

alignment of 5 Ixodid tick species illustrating the conserved nature of glutamine residue within the D loop region 

of nAChRs. C) The binding of a susceptible nAChR with neonicotinoids. D) The binding of a resistant nAChR with 

neonicotinoids as seen in arachnids. 

 

The carboxylesterase (CaE) family of proteins ï a target for resistance in ticks 

 

The common fold architecture of esterase and by extension carboxylesterase, is known as 

alpha/beta hydrolase super family (Punta et al., 2012). These hydrolase protein folds 

accommodate a wide substrate variety or can be highly specific for a particular substrate 

repertoire (Montella et al., 2012). The alpha/beta hydrolase protein family fold includes a huge 

number of enzymes: protease, lipase, esterase, dehalogenase, peroxidase and epoxide 

hydrolase to name but a few (Ollis et al., 1992). These enzyme families generally have 

different functions and are extremely dissimilar at sequence level, however they share great 

structural similarity (Montella et al., 2012). This structural similarity is due to the highly 

conserved nature of the enzyme active sites (Nardini and Dijkstra, 1999).  
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The alpha/beta hydrolase fold topology consists of eight beta-sheets (parallel) and six alpha 

helixes with only the 2nd beta sheet not in a parallel orientation. The active site residues 

contain a catalytic triad consisting of a nucleophile such as serine/cysteine/aspartate, histidine 

and an acidic residue such as aspartate (Montella et al., 2012). These catalytic residues 

reside in loop domains of the protein rather than in complex secondary structures. However, 

the nucleophile residue loop is the most conserved component of these protein folds (Montella 

et al., 2012). 

 

Alpha/beta hydrolases such as esterases tolerate plasticity well as large insertions are 

commonly found in these genes. The only prerequisite is that the core structure surrounding 

the active site remains unaffected (Karve et al., 2010). Insertion can even be as large as a 

whole protein domain, thus greatly impacting on the evolutionary development of esterases 

(Karve et al., 2010). This illustrates that a large variety of esterase enzymes exist with many 

diversified functions, however the core architecture still remains conserved (Montella et al., 

2012).  

 

Carboxylesterases (CaEs) from an important discussion in pesticide resistance as can be 

seen from the L. cuprina example discussed previously as well as SP resistance in R. 

microplus (Chapter 1). CaE enzymes are a class of metabolic detoxifying proteins that 

accommodate a larger number of substrates. They share a basic catalytic architecture with 

that of butyrylcholinesterase, however is shown to have a more flexible active site (Satoh and 

Hosokawa, 2006). In order to accommodate such a large substrate variety, flexibility proves to 

be the key (Satoh and Hosokawa, 2006).  

 

The reaction mechanism of hydrolysis by carboxylesterase enzymes is illustrated in Figure 

3.5. There are 8 steps in total with the formation of various intermediates. The metabolite 

products generated after CaE hydrolysis is an alcohol and an acid metabolite (Montella et al., 

2012). After the substrate (containing a carboxylester bond) enters the enzyme active site, 

hydrolysis is initiated through nucleophilic attack by the serine residue (step 2). This leads to 

the formation of a tetrahedral intermediate and the negative charge from substrate is stabilised 

by neighbouring glycine residues (step 3). During steps 4 and 5 the alcohol is cleaved from the 

substrate and the CaE is now acylated. Now a single water molecule enters the active site and 

the histidine residue performs nucleophilic attack on the water molecule leading to hydrolysis 

on of the acylated serine residue (step 6). This nucleophilic attack first forms a tetrahedral 

intermediate and then the acid metabolite is released (steps 7 to 8) (Montella et al., 2012).  

 



 

Figure 3.5: The hydrolysis reaction mechanism of carboxylesterase enzymes as shown in a stepwise 

manor. (Adapted from Montella et al., 2012). Step 1 shows the CaE active site in its native conformation. Step 2 

shows the nucleophilic attack from serine on the substrate and hydrolysis is initiated. Step 3 shows the formation 

of a tetrahedral intermediate and stabilisation of the substrate by neighbouring glycine residues. During steps 4 

and 5 the substrate is cleaved of an alcohol metabolite and the enzyme itself becomes acylated. In step 6 a 

single water molecule enters the active site and undergoes nucleophilic attack from histidine, this in turn leads to 

hydrolysis of the acyl group on serine residue and the formation of another tetrahedral intermediate (step 7). In 

step 8 the acid metabolite is released.  

 

The voltage-gated sodium channels (vNaCh) ï a target for acaricide resistance in ticks 

 

The major functions and role of voltage-gated sodium channels (vNaCh) in pyrethroid 

resistance was discussed in chapter 1 alongside the generally organisation of the protein into 

the various domains (Chapter 1, Figure 1.4). Here, the three dimensional (3D) structure of 

vNaCh is discussed. In Figure 3.6A an overview of the 3D structure for 4DXW is shown 

highlighting the position of domain II S4-S5 linker region (DII S4-S5) as well as the domain II 

P-loop region situated between transmembrane helices S5 and S6. As was mentioned in 

chapter 1, the DII S4-S5 linker region is responsible for voltage sensing and is also the region 

where the pyrethroid resistance associated SNP in R. microplus occurs (Morgan et al., 2009). 

The P-loop region (Figure 3.6A) is a small helical structure that connects transmembrane 

helices S5 and S6; these helices are responsible for the formation of the ion pore (chapter 1). 

The P-loop region in eukaryotic organisms often has long flexible loops that are absent in 
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prokaryotic structures such as 4DXW (Catterall, 2012). This would be expected for R. 

microplus during the model building process.  

 

 

Figure 3.6: An overview of the voltage-gated sodium channel crystal structure (4DXW) from 

Alphaproteobacterium HIMB114 (Rickettsiales sp. HIMB114). (Created from 4DXW.pdb). Four domains 

(coloured) are shown with six transmembrane spanning helices. The ion pore is shown in the centre of the figure 

with a sodium ion (green ball). A) The overview of the vNaCh with DII S4-S5 and the P-loop regions highlighted. 

B) A view of the vNaCh from above (extracellular side). C) The view of vNaCh from the bottom (intracellular).  

  



3.2 Research questions and aims 

 

The main research question addressed in this chapter is whether in silico techniques such as 

homology modelling and drug docking can be used to assess acaricide resistance in R. 

microplus ticks? R. microplus will be used as a model organism and this chapter will therefore 

not include work on R. decoloratus.  

 

Specific aims are to: 

1) Construct homology models for two acaricide targets of ixodid ticks, 

2) Perform drug docking of relevant acaricides with their known target proteins 

3) Assess the effect/difference between the resistant SNP markers and their susceptible 

wild type markers. 

 

3.3 Hypothesis 

 

A) SNP markers in the carboxylesterase enzyme that have been correlated to resistance 

phenotypes, will have an effect on how cypermethrin is docked within the active site of 

the enzyme. 

 

B) SNP markers for the voltage-gated sodium channel that have been correlated to 

resistance phenotypes, will show a reduction in cypermethrin binding.  
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3.4 Methods and materials 

 

3.4.1 Selection of templates for modelling 

 

A protein BLAST (BLASTp algorithm) was performed for all of the target protein sequences 

from literature of R. microplus against the protein data bank (PDB). Maximum coverage 

(above 80%) and sequence identities (above 30%) were used as criteria to select for the best 

template crystal structure. Protein crystal structures were downloaded from PDB 

(http://www.rcsb.org). Pfam seed alignments were retrieved using the target protein 

sequences as template (http://pfam.sanger.ac.uk/)to allow alignment of the target, template 

and seed alignments using MAFFT version 6 (http://mafft.cbrc.jp/alignment/server/index.html). 

The alignments were performed using the G-INS-i parameter global alignment algorithm 

(Needleman-Wunsch algorithm) and BLOSUM62 matrix. Since the template sequences 

represent regions that were resolved during crystallography, subsequently unaligned regions 

were removed before homology modelling.  The vNaCh sequence used for model building: 

AF134216.2 and the CaE sequence used for model building was: AF182283.1. 

 

3.4.2 Model building 

 

Homology models were generated using Modeller 9v1 (Sali et al., 1994) within the Discovery 

studio 4.0® suite (Accelrys software Inc, USA). The template and target sequence alignments 

(section 3.4.1) were used to construct homology models. Homology models were generated 

for proteins sharing a sequence identity of 30% or more with their respective templates. All 

relevant ligands co-crystallized with the protein structures were included during model 

building; amongst these ligands. Proteins were first built as monomers and later assembled 

into quaternary structure (only for those which have higher organisation). Energy minimization 

rounds where applied as per default by the software (1000 rounds).  

 

3.4.3 Model quality assessment 

 

Homology protein models were submitted for quality assessment to PDBsum 

(http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html). This server is powered 

by the European Bioinformatics Institute and forms part of an outstation of the European 

Molecular Biology Laboratory. PDBsum uses a set of algorithms to perform an overall 

geometric assessment of the model and generate a Ramachandran plot. After protein quality 

assessment of the homology models, the substrate binding sites, active sites (enzymes), 

http://www.rcsb.org/pdb/home/home.do
http://pfam.sanger.ac.uk/)to
http://mafft.cbrc.jp/alignment/server/index.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html


extra-or intracellular domains (channels), site of resistance associated mutations were 

mapped using sequence alignment and known data from the literature.  

 

3.4.4 Drug docking 

 

Ligand preparation was done using Discovery studio 4.0® suite with default energy 

minimization settings, the ligands were then converted to PDBQT files in AutoDock Tools. 

Literature was compiled based on for docking software and licensing of software as well as 

user-friendliness was used to select suitable docking software. Accelrys over a wide variety of 

different docking software however AutoDock vina was selected for its user-friendliness and 

free accessibility. Other software such as CDOCKER and LibDock were used as well. 

AutoDock vina was used with default parameters (Trott and Olson, 2009).  Docking 

sphere/search spaces were set using the catalytic triad residues for the carboxylesterase 

model as to capture the entire active site docking spheres. The resistance SNP of 

carboxylesterase (Hernandez et al., 2002) was assessed by setting the SNP residue as the 

centre for the docking sphere at a radius of 15 Å. Docking spheres for the voltage-gated 

sodium channel centralized round the resistance SNP site (Morgan et al., 2009) at a radius of 

10 Å. Each docking run was performed allowing for flexibility of all side chains in the docking 

sphere, flexibility of the ligand rotatable bonds and at an exhaustiveness of 8. All docking files 

were assessed using AutoDock tools 1.5.6 and conversions of pdbqt files to pdb files were 

done using this software. Bond interaction of the generated poses and all images for docking 

results as well was done using Discovery studio 4.0® suite (Accelrys software Inc, USA). Root 

mean square deviation (RMSD) of ligand atom distances were calculated using Discovery 

studio 4.0® suite (Accelrys software Inc, USA). The RMSD is calculated by comparing all 

atoms involved in the docked poses generated for each stereoisomer and systematically 

comparing these spaces with each other. This compares the distance of each of the different 

stereoisomers in their docked state with one another and relating these docked results based 

on distances deviated in angstroms Å. 
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3.5 Results and discussion 

 

For the sake of continuity each individual protein and their targets will be dealt with as a 

separate section, from the building of the models to the docking process and the impact 

thereof on understanding acaricide resistance in R. microplus.  

 

3.5.1 Carboxylesterase enzyme (RmCaE) 

 

Sequence alignments and refined alignments for homology building 

 

Template selection for the RmCaE (AF182283.1) model building was done using BLASTp and 

looking at maximum identity of available entries on the protein databank. Two candidates 

where considered for model building. These are 4B0O (human butyrylcholinesterase 1) and 

3K8B (human liver carboxylesterase). The alignments for each are shown in Figure 3.7. 

Highlighted in the alignment are the 3 catalytic triad residues (red boxes) as well as the known 

pyrethroid resistance associated SNP (black box). The serine residue in the active site of 

4B0O was replaced during crystallization with a glycine residue and denoted as X in the 

alignment. This is due to the co-crystallization of the enzyme with a substrate where the serine 

residue was replaced with a catalytically non-active glycine in order to prevent hydrolysis. 

Template 4B0O showed an identity of 32.2% to the RmCaE sequence while 3K9B only had an 

identity of 27.7%, therefore template 4B0O was selected for model building of RmCaE.  

 



 

Figure 3.7: Sequence alignment and analysis for R. microplus carboxylesterase (AF182283.1) with crystal 

templates 4B0O and 3K9B. The Dark green colours indicate residues that were identical in all 3 sequence, 

while light green to lighter blue indicates similarity. The red boxes indicate residues of the catalytic triad. The 

black box indicates the residue were the known pyrethroid resistance associated SNP occurs. An X residue is 

indicated for 4B0O is stead of serine residue.  
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The constructed model of RmCaE 

 

Figures 3.8A and B shows the Ramachandran parameter values for RmCaE and the values of 

4B0O included (Figure 3.8B). Figure 3.8 B clearly shows that the most favoured residues fall 

below 90% for the RmCaE model. The most favoured residue values for 4B0O are indicated 

on the top of the bars for RmCaE, these also fall below 90%. This may indicate a large amount 

of flexibility in the structure of the protein, as the most favoured regions generally assess 

secondary structure forming residues. Plasticity is to be expected with these enzymes and 

flexibility is key to accommodating a large variety of substrates (Montella et al., 2012). 

 

In Figure 3.8C the G-factor values are shown for the RmCaE model. These values score 

various parameters of individual residues and the structure as a whole. Values that fall below -

0.5 would indicate unusual values for the assessed parameter and below -1.0 would indicate 

highly unusual values. The main-chain bond angles did display unusual values (-0.68) which 

may be attributed to the flexible loops of the enzyme.  



 

Figure 3.8: The structural assessment of the RmCaE model and 4B0O using PDBsum. A) A Ramachandran 

plot of the RmCaE model illustrating the most favoured residues in red, with additionally allowed residues in 

brown and generously allowed (darker) to disallowed (light) residues in yellow. B) The Ramachandran plot 

statistic values for the RmCaE model as well as 4B0O, most favoured regions above 90% indicate good quality 

models. T bars on top of the bar graph shows the maximum values achieved for 4B0O. C) The G-factor values of 

the RmCaE model, values lower than -0.5 indicate unusual aspects of the variable tested and values below -1.0 

indicated highly unusual. These values show the quality of the model as compared to experimentally determined 

data from over a 118 crystal structures with resolutions at least 2.0 Å. 
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Figure 3.10A shows an overview of the RmCaE model built with the pyrethroid resistance 

associated SNP site highlighted (Figures 3.10B and C). From the model it is evident that a 

large portion of this carboxylesterase enzyme consists of flexible loops. The anti-parallel beta-

sheet core formation can be observed (Figure 3.10A). This forms part of the main architecture 

of carboxylesterases. The active site residues serine, histidine and glutamate are shown 

(Figure 3.10A). The pyrethroid resistance associated SNP site is shown (Figure 3.10C) and it 

is observed that this site is not active site adjacent. Interaction of a substrate within the active 

site and the SNP region would be unlikely. However flexible docking may still probe some 

effect in the interaction. 

 

 

Figure 3.10: Ribbon structure of the RmCaE model built using 4B0O as the crystal template. A) An 

overview of the RmCaE model with the active site indicated by the blue and the yellow circle indicates pyrethroid 

resistance associated SNP for R. microplus which. The active site consists of catalytic triad residues; serine, 

glutamate and histidine. B) Shows the wild type pyrethroid susceptible enzyme with aspartic acid residue at 

position 349. C) Shows the resistance associated mutant enzyme with an asparagine residue at position 349. 

  



In order to detoxify various substrates like pyrethroids, the enzyme will open and allow the 

substrate access to the active site (Greenblatt et al., 2012). The substrates can often vary in 

size (previously mentioned) and carboxylesterase enzymes accommodate this diversity 

through flexibility in the opening process (Montella et al., 2012).  

 

Considering these constraints with regards to the flexible nature of esterase proteins and the 

fact that the flexibility is almost matched by that of a mammalian esterase (4B0O), the 

Ramachandran plot results canôt be improved upon, as these enzymes wonôt have such a 

highly conserved distribution of helical and sheet forming residues as observed for other more 

rigid proteins. The quality of the model is therefore harder to assess and some concerns may 

occur during docking with regards to receptor-ligand flexibility. 
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Docking of cypermethrin to the RmCaE model 

 

Space/docking spheres was located to the active site of the RmCaE. The 8 cypermethrin 

stereoisomers have been renamed Cyp1 through Cyp8 for convenience sake (Table 3.1).  

 

Table 3.1: A list of all the possible stereoisomers for cypermethrin and the following nomenclature 

regarding the docking names of each. The full compound name is shown in column 1, row 1. All 8 

stereoisomers are listed with their corresponding docking names (renamed) and structures.  

COMPOUND: 
(S/R)-cyano(3-Phenoxyphenyl)methyl 

(1S/R,3S/R)-3-(2,2-dichloroethenyl)-2,2-
dimethylcyclopropanecarboxylate 

Renamed Structures 

(S)-cyano (1S, 3S) Cyp1 

 

(S)-cyano (1S, 3R) Cyp2 

 

(S)-cyano (1R, 3S) Cyp3 

 

(S)-cyano (1R, 3R) Cyp4 

 

(R)-cyano (1S, 3S) Cyp5 

 

(R)-cyano (1S, 3R) Cyp6 

 

(R)-cyano (1R, 3S) Cyp7 

 

(R)-cyano (1R, 3R) Cyp8 

 

 



Docking all stereoisomers of cypermethrin is crucial, as differences in activities were observed 

for carboxylesterase in L. cuprina (Coppin et al., 2012). Here the authors noted differences not 

only between the stereoisomers, but several mutant enzyme variants as well. Therefore the 

effect of different stereoisomers in RmCaE must also be considered. 

 

The docking criteria set for examining docked poses of cypermethrin within the active site of 

the RmCaE model involved correct orientation of the compound for access of nucleophilic 

attack (Figure 3.5). The enzyme active site with three catalytic triad residues (Ser190, Glu321 

and His435) can be viewed as well as the orientation of cypermethrin during docking in 

Figures 3.11A and B.  

 

 

Figure 3.11: Ribbon model of RmCaE with docked cypermethrin in the active site of the enzyme. A) The 

active site with the tree catalytic triad residues indicated in green (Ser190, Glu321 and His435). B) The position 

of cypermethrin (cyp1: blue structure) as docked in the active site of RmCaE. Note the orientation of 

cypermethrin shows the aromatic rings facing away from the active site and the carboxylester bond to the interior 

of RmCaE. This allows access for hydrolysis by the catalytic triad residues. 

 

Cypermethrin is orientated with the aromatic rings facing away from the interior of the active 

site and the carboxylester bond facing the interior with accessibility of the bond by the catalytic 
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triad (Figure 3.11B). This orientation most favours exposure of the oxygen group within the 

carboxylester bond for nucleophilic attack (Figure 3.5).  

 

In Figure 3.12A both the mutant (Mut) and wild type (WT) enzyme docking is shown for cyp1, 

illustrating how there is no difference in the docked poses generated. In Figure 3.12B however 

a more simplified image illustrating the proximity of serine from the catalytic triad with cyp1, 

therefore showing the nucleophilic attack initiated by serine. 

 

 

Figure 3.12: Docking of cypermethrin (Cyp1) in the active site of RmCaE and interacting residues. A) 

Docking of Cyp1 with both wild type WT (grey) and mutant (teal) poses and key interacting residues. The 

catalytic triad is indicated in green (serine and histidine only). B) The initiation of cypermethrin hydrolysis through 

nucleophilic attack by the serine residue of the catalytic triad.  

 

To simplify and summarise, the docking results have been tabulated with comments in Table 

3.2. Four of the stereoisomers (cyp1, cyp2, cyp3 and cyp8) docked in the exact same pose for 

both isoforms i.e. no difference was observed between wild type and mutant enzymes for each 

of these stereoisomers. Cyp5 and cyp6 showed highly similar poses when comparing the two 

enzymes, with some differences occurring in three dimensional space. Cyp4 also showed 

similar docked poses between enzymes, however the mutant enzyme appears to have better 



access for nucleophilic attack. Cyp7 did not generate any docked poses that showed access 

to nucleophilic attack or correct orientation of cypermethrin within the active site. This could be 

due to a lack of flexible docking, as with AutoDock vina® the side chains of the amino acids 

are rotatable and movable only, but the overall protein structure remains fixed. The enzyme 

might require more movement to allow accommodation of cyp7. Overall very slight difference 

was observed between the wild type and the mutant enzyme regarding docking of the 

stereoisomers (between WT and Mut comparisons), which was to be expected as the 

pyrethroid resistance associated SNP is not active site adjacent.   

 

Table 3.2: Summary of docking analyses of cypermethrin stereoisomers in the active site of RmCaE 

model for both mutant and wild type (WT) enzyme. Each stereoisomer was independently assessed for both 

enzyme models. Shown in the table are the most relevant differences between the wild type (WT) and the mutant 

enzyme for each stereoisomer along with the docked pose structures. 

 Poses Binding energies (Kcal/mol) Figures 
Stereoisomer (same/similar/different) WT Mutant WT (grey) and Mutant (teal)  

Cyp1 Same -10.4 -10.4 

 
Cyp2 Same -9.4 -9.7 

 
Cyp3 Same -9.3 -9.3 

 
Cyp4 Similar -9.3 -9.3 

 
Cyp5 Highly similar -10.1 -10.0 

 
Cyp6 Highly similar -8.5 -8.7 

 
Cyp7 - - -  
Cyp8 Same -9.4 -9.4 

 

 

Experimental data regarding the effect of stereoisomers of pyrethroids on hydrolysis/metabolic 

detoxification in R. microplus is lacking (Guerrero, Lovis, and Martins, 2012). Relating the 

docking results performed here back to experimental laboratory data is therefore difficult. 

However conclusion regarding the resistance mechanism may be drawn from this data (see 

later sections).  
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A dendrogram generated from the docked poses for each stereoisomers of cypermethrin in 

both enzymes of the RmCaE model (WT and mutant) was done using root mean square 

deviation (RMSD) calculations of all atom distances (Figure 3.13). For each stereoisomer both 

the mutant and WT enzyme docking results were used and cladded together, except for cyp4 

which was too dissimilar and had to be separated for WT and mutant enzymes. The various 

different docked poses were clade in relation to each other, but four 0.00 Å splits occurred in 

the graph (cyp4 and cyp6, cyp8 and cyp4mut, cyp3 and cyp5 as well as cyp1 and cyp2, 

respectively). A 0.00 Å split indicates poses that failed to be related to each other on the 

dendrogram, there are placed on the graph based on their relation to other poses that were 

relatable. The orientation of the different stereoisomers isnôt expected to be the same in the 

active site of the enzyme and explains why the dendrogram has difficulty in relating each 

pose.  

 

 

Figure 3.13: Dendrogram of docked poses for the stereoisomers of cypermethrin as docked on the WT 

and mutant RmCaE models. The graph is constructed based on root mean square deviation (RMSD) of atom 

distances calculations comparing each docked pose with the other. The dendrogram shows how the poses all 

relate to one another and with the distance of each shown. Distances here add when connecting the tree (0.2033 

+ 0.1488 + 0.2778 = 0.6299).  

  



Since the dendrogram cannot make sense of how these docked poses relate with one another 

a space filling model overlaying the docked poses was constructed (Figure 3.14), the deviation 

can be visualised. The aromatic rings can be observed in highly convergent manner with the 

other docked poses and was selected as an arbitrary reference point. The figure illustrates a 

step by step addition of the docked poses in order to analyse the more convergent poses with 

other stereoisomers based on orientation of the aromatic rings. It is evident that all the poses 

except those of cyp6 have a shared convergence of the aromatic rings.  

 

Cyp6 occupies a slightly different space with regards to the aromatic rings than the rest. This 

is significant as the position of the aromatic rings is used as an arbitrary point of reference in 

order to explain the three dimensional space. The yellow highlighted region of Figure 3.14 step 

3 shows how the position of cyp6 deviates from the rest of the docked poses (aromatic rings). 

Thus a consensus is seen for the orientation of the aromatic rings of cypermethrin in the active 

site of the enzyme, however the side chains of cypermethrin deviated greatly (Figure 3.14). 
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Figure 3.14: A space filling model overlaying the docked poses generated for RmCaE model in both 

mutant and wild type enzymes. The figure shows a stepwise addition the docked poses focusing on the 

aromatic ring structure of cypermethrin as an arbitrary point of reference. 1) An overview of the space filled by 

cypermethrin docked poses in RmCaE for both the mutant and wild type active site. 2A) An overlay all the docked 

poses generated for the stereoisomers of cypermethrin (excluding cyp6). The image shows both space filling as 

well as chemical structures. 2B) Cyp6 docked poses with space filling model as well as the chemical structures 

for cypermethrin. 3) An overlay of all the various docked poses with the aromatic ring structures of cyp6 

highlighted as a deviation point. 

 

Docking in the active site of RmCaE showed little to no difference when comparing the 

pyrethroid resistance associated mutant model with the wild type susceptible model. The 

resistant mutant enzyme is expected to have a higher affinity for cypermethrin conveying a 

resistant phenotype (Alves et al., 2007; Hernandez et al., 2002). However as previously shown 

(Figure 3.10), the SNP is not situated in the active site nor is it adjacent. Docking of 



cypermethrin between the two RmCaE models (WT and mutant) is therefore expected to show 

little difference in the active site of the enzyme. 

 

Investigating direct interaction of the cypermethrin with the resistance SNP site was performed 

in silico and interaction of the SNP site with cypermethrin was not observed. This is due to the 

SNP facing towards the interior of the enzyme and is not exposed on the surface or in any 

cavity of the enzyme. Figures 3.15A to F show the position of the pyrethroid resistance 

associate SNP and how it is embedded between two Ŭ-helices. This shows that the SNP site 

is shielded from the surface of the enzyme and therefore shielded from direct interaction with 

cypermethrin. The resistance mechanism must therefore be of an indirect nature such as the 

stability of the tertiary structure which may be the cause for this resistance.  
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Figure 3.15: Accessibility of the pyrethroid resistance associated SNP site for RmCaE as compared between the resistant mutant and susceptible wild type.  This 

image shows a modelled overlay of the pyrethroid resistance associated SNP in RmCaE, which illustrates low accessibility of the SNP site. A) An illustration of the whole 

enzyme structure in space filling model with underlying ribbon structure of the wild type (WT) enzyme. B) A space filling model of the wild type enzyme with the SNP site 

indicated in the underlying model. C) The same images as in B, however at a different angle which shows the SNP site embedded in between two Ŭ-helices. D) An illustration 

of the whole enzyme structure in space filling model with underlying ribbon structure of the resistant mutant enzyme. E) A space filling model of the resistant mutant enzyme 

with the SNP site indicated in the underlying model. F) The same images as in E, however at a different angle. 

  



The secondary and tertiary structures around the SNP site of the RmCaE model show the loss 

of a stabilizing interaction in the RmCaE mutant in comparison with the susceptible enzyme 

(Figures 3.16A and B). A Pi-anion electrostatic interaction which is observed between the 

aspartic acid (oxygen) and the benzene ring of an adjacent tyrosine residue (Figure 3.16A), is 

lost in the resistant mutant enzyme (Figure 3.16B).  The lost interaction is a result of a nitrogen 

atom in place of oxygen (asparagine mutant). The two helices seen in Figures 3.16A and B 

are stabilised by multiple cross-linking intermolecular forces between all the side chains of the 

amino acids on these helices. It is therefore hypothesised that the loss of the aforementioned 

stabilising interaction increases flexibility in the opening mechanism of the enzyme. This 

flexibility may also translate into a greater accommodation for large metabolites.  

 

 

Figure 3.16: The major interactions on secondary structure for two adjacent Ŭ-helices, one of which 

contains the pyrethroid resistance associated SNP site in RmCaE. These images show the major interaction 

differences between the wild type and resistant mutant enzyme that occur for two neighbouring Ŭ-helices. A) The 

wild type enzyme with stabilising Pi-anion electrostatic interaction (4.56 Å) between the aspartic acid residue and 

adjacent tyrosine residue. B) An image illustrating the loss of the aforementioned interaction due to the 

replacement of aspartic acid by asparagine.   

 

The RmCaE model suggests how the pyrethroid resistance associated SNP may translate into 

a resistant phenotype at a molecular level by means of added enzyme flexibility. How this 

flexibility translates into resistance can only be assessed with a kinetics model. Co-
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crystallization with a catalytically inactive enzyme and cypermethrin can determine if the 

enzyme more capable of accommodation due to added flexibility. Mutating the serine residue 

to a glycine will prevent hydrolysis in the active site. This would allow cypermethrin to co-

crystalize in the active site without being hydrolysed. Bioassays such as larval packet testing 

(chapter 1 and 2) can also be used to validate the docking results for different stereoisomers 

in R. microplus and can become a future avenue of research.  

 

3.3.2 Modelling of the voltage-gated sodium channel (RmvNaCh) 

 

Sequence alignment and refinement of alignments for modelling 

 

Very few crystal structures are available for voltage-gated sodium channels, only 58 according 

to RCSB PDB database with most of the structure only partially resolved. Previous attempts to 

build a model for R. microplus utilised structures from voltage-gated potassium channels 

(Reilly et al., 2014). However the identity of the sequence alignment was below 30%. Here we 

set out to construct a higher quality model with more sequence coverage in amino acid 

sequence alignments. Alignments of R. microplus voltage-gated sodium channel 

(AF134216.2) with template proteins through BLAST analysis showed very little coverage, in 

fact the sequence for R. microplus is missing the entire first domain (DI). Even with the 

missing domain, very few templates covered the entire sequence.  

 

Four crystal structure templates where assessed for modelling of the respective domains. 

Since none of the templates achieve full coverage of all the channel domains, each domain 

was used to match with separate template structures. The resistance SNP which occurs in 

domain II received priority. The four templates identified where: 4DXW (prokaryote vNaCh: all 

four domains), 3RVY (1 domain coverage), 4EKW (1 domain coverage), 3RWO (1 domain 

coverage) and 4BGN (1 domain coverage). Crystal template 4DXW showed more coverage 

than the others and included domain II (priority) and sections of domain III (enough for the 

formation of a drug binding pocket). The other templates only covered a single domain. The 

4BGN template was suitable for construction of domain II (DII), however this structure was 

derived from cryo-electron microscopy. The resolution for this structure is also not indicated. 

 

The maximum sequence identities achieved for alignment of AF134216.2 with template 

structure (4DXW, 3RVY, 4EKW and 4BGN) can be seen in Figure 3.17. Template 4DXW 

showed a maximum sequence identity of 30.2% for domain II (including domain III S6). It is 

clear that 4DXW will provide the best available template for modelling of domain II and 



sections of domain III that are required for subsequent docking. This would include all the 

hypothesised residues present during binding of pyrethroids in the drug pocket (Reilly et al., 

2014). In Appendix C1 a multiple sequence alignment is shown with corresponding domains of 

other arthropods.  
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Figure 3.17: Maximum identity of different template alignments with RmvNaCh. Alignment of four different 

templates with RmvNaCh and their respective domains. 4DXW showed more coverage than the others an 

included domain II and sections of domain III (enough for the formation of a drug binding pocket). The other 

templates only covered single domains. 4BGN could be used for domain II, 3RVY for domain III as well as 

4EKW.  

 

The total coverage of the model built is shown in Figures 3.18A, B and C. It must be 

mentioned that the other domains of 4DXW (prokaryotic crystal structure with all four domains) 

display a repetitive nature which is present in the sequence for prokaryotes. Rendering each 

domain highly conserved to one another. RmvNaCh domains are however more diversified 

and the rest of the domains therefore aligned poorly with the rest of the 4DXW template and 

could not be used to build a more complete model. 
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Figure 3.18: An overview of the 4DXW crystal template with relevant regions for homology modelling 

highlighted in yellow. The area of the RmvNaCh model built is highlighted by the yellow structures. A) The 

domain II S4-S6 linker and domain II S5 regions are shown in yellow for the template used. B) The domain II S5 

and S6 transmembrane spanning helices (yellow) are shown from the rear face of the template. C) The domain II 

S6 transmembrane spanning helix, the domain III S6 transmembrane spanning helix and the Domain II P-loop 

regions are shown in yellow (P-loop boxed). 

 

It was further observed that a large insert occurs for the RmvNaCh sequence when aligned 

with 4DXW in the P-loop region (as explained previously). This insert introduced a large 

flexible loop in the P-loop region which is more common in eukaryotes.  

 

Homology modelling of the voltage-gated sodium channel R. microplus (RmvNaCh) 

 

Modelling of the RmvNaCh was done using 4DXW domain II and III regions as previously 

indicated. Since this was not a complete model and only a portion was built, great care was 

taken to ensure each residue was properly assembled into the model. The insert found in the 

P-loop region could present with some difficulty as it results in a more unstructured flexible 

loop. Figure 3.19 illustrates the overlay of the template region with that of the model for 

RmvNaCh where the introduction of a flexible unstructured loop is shown. The domain II (DII) 

P-loop region (as mentioned previously) is situated between the domain II S5 and domain II 

S6 Ŭ-helices. The DII P-loop also contains a small Ŭ-helix structure alongside a looped region. 

Form Figure 3.19 it is evident that the crystal template 4DXW has only 3 residues that form a 

helical structure in the P-loop region (indicated in yellow). While RmvNaCh has an insert here 

that forms a large unstructured loop. 

 



 

Figure 3.19: The domain II P-loop region situated between DII S5 and DII S6 of RmvNaCh as compared to 

the crystal template. The image shows an overlay of the crystal template in yellow (4DXW) with RmvNaCh 

model for the domain II P-loop region.  

 

Figures 3.20 A and B shows the Ramachandran parameter values for the RmvNaCh model. 

The plot showed 95% of the residues to reside within the most favoured regions (Figure 

3.20B) with none of the residues occurring in the disallowed regions. The G-factor values for 

the model predicted nothing unusual (Figure 3.20C). These values suggest that the model is 

of high quality. However since this is a partial construction of the protein, the values may be 

inclined to more ideal values. 
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Figure 3.20: The structural assessment of RmvNaCh model using PDBsum. A) The Ramachandran plot of 

the RmvNaCh model. The most favoured residue regions indicated in red, with additionally allowed regions in 

dark yellow and generously allowed regions in light yellow. B) The Ramachandran plot score values of the 

RmvNaCh. C) The obtained G-factor values for the RmvNaCh model, values lower than -0.5 indicate unusual 

aspects of the variable tested and values below -1.0 indicated highly unusual. These values show the quality of 

the model as compared to experimentally determined data from over a 118 crystal structures with resolutions of 

at least 2.0 Å 

 

The overall model constructed for RmvNaCh shows domain II (full) and domain III S6 

transmembrane helix in Figure 3.21A. Figures 3.21 B and C shows where the known 

resistance SNP against pyrethroids occurs (Chapter 1 and 2) as substituted on the RmvNaCh 

model (Morgan et al., 2009). 

 



 

Figure 3.21: The constructed RmvNaCh model (partial model) showing the relevant pyrethroid binding 

domains and pyrethroid resistance associated SNP sites. A) The RmvNaCh model overview with domains 

constructed for domain II (DII) and domain III (DIII) S6. B) The pyrethroid resistance associated SNP site which is 

found in domain II S4-S5 linker region and the susceptible leucine (Leu WT) are indicated. C) The resistant 

mutant protein with isoleucine (Ile Mutant) instead of leucine.  

  

The mechanism of action proposed for pyrethroids are that the acaricide binds to the open 

conformation of vNaChs and renders them open for longer, resulting in a larger influx of Na+ 

into the cell (larger repolarization of cells) and thus aperiodic discharge of neurons (Lees and 

Bowman, 2007). Since the voltage sensor and directly adjacent hinge motif (S4-S5 linker) are 

responsible for the opening and closing of the pore, pyrethroid binding is thought to occur 

within this region. When looking at some known resistance SNPs that occur for this channel in 

various different arthropods, mutations in this linker region is frequently observed (van 

Leeuwen et al., 2010). Therefore SNP regions within the DII S4-S5 linker region were included 

as part of the search space/docking sphere when docking was performed.   

 

Docking of cypermethrin to RmvNaCh model 

 

Docking was performed on the RmvNaCh model using the 8 stereoisomers of cypermethrin 

(Table 3.1). Docking was performed using the resistant mutant protein (Ile) as well as the 

susceptible wild type (Leu). This resulted in a total of 144 docked poses. That is to say for 

each of the two proteins (WT and mutant), all 8 stereoisomers were docked (16 docking 

executions). For each docking execution, the top 9 docked poses were selected. That gives a 

total of 144 docked poses. 
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The mean average binding affinity of each stereoisomer is illustrated in Figure 3.22. The 

binding affinity is indicated in Kcal/mol and the lower the value, the stronger the affinity. 

Overall no statistical difference was observed in the binding energies between the two proteins 

(except for cyp1 and cyp7). Binding affinities shown in Figure 3.22 is the calculated mean 

average of the top 9 docked poses for each stereoisomer and protein pair. Statistical 

comparison was only done between the wild type and mutant protein for a particular 

stereoisomer. The energy scores however do not take into account the orientation of the 

docked poses. Therefore each docked pose was manually curated for orientation.  

 

 

Figure 3.22: Docked poses for RmvNaCh model for each stereoisomer of cypermethrin and their 

respective energy scores. Each bar graph denotes a stereoisomer and the protein it was docked on, for 

example c1w = cyp1 on wild type and c1m = cyp1 on mutant. C1w and c1m were statistically significant * with a p 

< 0.05. C7w and c7m were also significantly different ** with a p < 0.05. In this dataset n=9 and statistical 

significance was done using ANOVA Kruskal-Wallis test.  

 

Determining which orientation was relevant for the docked poses involved interaction with the 

SNP site and placement of the poses near the site. The RmvNaCh model shows the 

importance of compounds binding to the exterior of the protein embedded in the cell 

membrane, as can be seen in Figure 3.23B that the domain II S4-S5 linker region is situated 

away from the interior of the protein. As was previously mentioned, pyrethroids are 

hypothesised to bind to the open confirmation of RmvNaCh and render it open (Lees and 

Bowman, 2007). In order to investigate the correct orientation of cypermethrin, the model must 

be considered in context of a whole protein (Figure 3.23B). In Figure 3.23A the pyrethroid 

resistance associated SNP site is shown and linking to the placing of the SNP site with the 

overall layout of the protein (Figure 3.23B).  

 



 

Figure 3.23: The RmvNaCh model overlaid with 4DXW crystal template showing the SNP site position 

with regards to the whole protein. A) The RmvNaCh model constructed illustrating the pyrethroid resistance 

associated SNP site; wild type (Leu) in green and the resistant mutant residue (Ile) in red. B) The RmvNaCh 

model (red) superimposed with the 4DXW crystal structure (blue), this highlights the position of the resistance 

associated SNP site in context of the whole protein (as the model is only a partial construction). 

 

It is proposed in this chapter that pyrethroids slot in between the DII S4-5 linker region and DIII 

S6 helix during open conformation and renders the pore open for this prolonged period (Lees 

and Bowman, 2007). For this to occur there must be sufficient loss of binding affinity in this 

pocket with the resistant mutant isoform. Figures 3.24 A to C illustrate docking results with 

interacting partners for both WT and mutant proteins. The docked poses shown here are for 

cyp3, cyp5 and cyp7. These three stereoisomers generated the same poses, but their binding 

energies differ. The differences in binding energies however are very small ranging from 0.1 to 

0.7 Kcal/mol.  
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Figure 3.24: The docked poses for cyp3, cyp5 and cyp7 as compared between the wild type and mutant 

RmvNaCh. These poses all showed the same orientation with regards to the corresponding resistance mutant 

protein docking and the binding energies showed slight differences ranging from 0.1 to 0.7 Kcal/mol. Both the 

front and back face of the docked interaction is shown. A) The cyp3 docked poses for both the WT and mutant 

RmvNaCh model. B) The cyp5 docked poses for both WT and mutant RmvNaCh model. C) The cyp7 docked 

poses for both WT and mutant RmvNaCh model. The corresponding binding energies are indicated for each 

docked pose and the front as well as back faces is displayed. (Red structures = mutant). 


