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SUMMARY 

 

The cattle tick, Rhipicephalus (Boophilus) microplus is a tick of veterinary and health 

importance globally, transmitting Babesia bovis and B. bigemina. Tick control is 

important and needed to prevent livestock diseases caused by tick-transmitted 

pathogens. Traditionally, tick control methods have resulted in development of 

acaricide-resistant ticks, environmental pollution and meat and milk contamination. 

Therefore, there is a need for alternative method and vaccines directed against tick 

feeding. The aim of this study was to identify proteins involved in tick feeding, tick-

host-pathogen interactions and tick reproduction. Consequently, these will help in 

identification of antigens with the ultimate goal of developing anti-tick vaccines. R. (B.) 

microplus female ticks were collected at five different feeding stages. RNA was 

isolated from the salivary gland extracts (SGEs). The cDNA libraries were synthesized 

and sequenced with the Illumina MiSeq technology. Transcriptome data was analyzed 

with CLC Genomics Workbench, Trinity and Minia. The SGEs were also used to 

isolate the fractions: membrane, soluble and pellet protein for proteomic analysis. The 

proteomics data was analysed with Mascot, X!Tandem and Scaffold. Both the 

transcriptome and proteome analysis revealed the presence of major secretory protein 

families such as Kunitz, lipocalins, serpins, cement proteins and metalloproteases, 

while the majority of transcripts coded for housekeeping genes
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Chapter 1: Introduction and Literature Review 

 

1.1. Ticks as a global problem 

Ticks are obligate haematophagous ectoparasites (Singh and Girschick, 2003; de la 

Fuente and Kocan, 2006). Ticks are the vectors with a wide-range of pathogens such 

as bacteria, fungi, protozoa etc. They are also responsible for transmitting diseases of 

veterinary importance, among others Anaplasmosis and Babesiosis, which cause 

economic losses to livestock production globally (Jongejan and Uilenberg, 2004). 

This study is about the southern cattle tick, Rhipicephalus (Boophilus) microplus 

(R.(B.) microplus), a vector of Babesia bovis, Babesia bigemia and Anaplasma 

marginale, the causative agents respectively, of Babesiosis (red water) and 

Anaplasmosis (gall sickness) (Peter et al. 2005). These diseases cause substantial 

stock losses in tropical and subtropical areas, globally (Parizi et al. 2009). R. (B.) 

microplus is the most highly adaptive and invasive species (Madder et al. 2011). As a 

result, several studies revealed that this tick species has recently been found in places 

where it has never existed (Tønnesen et al. 2004; Lynen et al. 2008; Madder et al. 

2011).  

1.2. Tick taxonomy 

There are 896 tick species that parasitize vertebrates. These tick species consist of 

three families, namely, Ixodidae (702 species), Argasidae (193 species) and 

Nuttalliellidae (1 species) (Guglielmone et al. 2010).   The livestock ticks of the 

following genera, Amblyomma; Boophilus; Hyalomma and Rhipicephalus are 

considered to be of the most economical importance in the Ixodidae family (Frans, 

2000). Five Boophilus species have recently been put under the genus of 

Rhipicephalus (Horak et al. 2002). However, the name Boophilus is used as subgenus 

(Horak et al. 2002; Barker and Murrel, 2002). Ixodidae ticks possess a sclerotized 

scutum, the gnathostoma and numerous hypostome denticles (Sonenshine, 1991). 

Hard ticks of all life stages feed, on their hosts, for lengthy periods (several days to 
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weeks) (Sonenshine, 1991). Their feeding period also determined by the tick species, 

type of host and their life stage (Rajput et al. 2006). Within minutes to hours, ticks body 

size can increase by hundred fold after bloodmeal consumption (Sonenshine, 1991; 

Mans and Neitz, 2004). Following that, excess water (60-70%) is secreted in order for 

tick to concentrate the ingested blood. The salivary glands help in secreting the excess 

water back into the host (Tatchell, 1967, Kaufman, 1983; Sonenshine, 1991; Mans 

and Neitz, 2004). 

Argasidae or soft ticks of the genera Argas, Ornithodoros, Otobius among others, are 

considered to have veterinary and medical importance. Soft ticks possess a leathery 

integument instead of scutum (Sonenshine, 1991). Soft ticks of all life stages are rapid 

feeders, and it can take minutes to hours for them to be engorged. The volume of 

ingested blood is determined by their leathery integuments expansion. In general, 

upon ingestion the soft tick body weight can increase by ten fold within minutes to 

hours (Balashov, 1972; Sonenshine, 1991; Mans and Neitz, 2004). The water that is 

derived from the blood-meal is secreted back into the host via their coxal organs 

(Sonenshine, 1991; Mans and Neitz, 2004).  

The Nuttalliellidae possess only one species, Nuttalliella namaqua (N. namaqua). This 

species shares several characteristics with soft and hard ticks (Latif et al. 2012; Mans 

et al. 2012).  N. namaqua adults and nymphs possess a leathery integument and are 

fast feeders like argasids (Mans et al. 2011). Like ixodids, N. namaqua larvae possess 

a partly sclerotized pseudo-scutum and their mouthparts are located in an apical 

position (Mans et al. 2011; Bedford, 1931; Latif et al. 2012), and are slow feeders (Latif 

et al. 2012; Mans et al. 2012).  Given that it shares characteristics between hard and 

soft ticks, this species has been described as the “evolutionary missing link” between 

the hard and soft tick families (Bedford, 1931). N. namaqua has been described as a 

generalist in terms of its host preferences and feeding style (Mans et al. 2014). A 

generalist host strategy allows parasites to switch hosts and parasitize different hosts 

in different geographic areas (Krasnov et al. 2008). 
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1.3. Rhipicephalus (Boophilus) microplus 

This study is about the hard tick, Rhipicephalus (Boophilus) microplus, an obligate 

haematophagous parasite of both domestic and wild animals, known as the southern 

cattle tick (Brake et al. 2010). This tick species is amongst the most significant tick 

species, and is originally from South-East Asia (Walker et al. 2003; Jongejan and 

Uilenberg, 2004). R. (B.) microplus can be found on and infest various vertebrate hosts 

that include buffaloes, cattle, dogs, goats, horses, sheep and some wild animals 

(CSFPH, 2007). This tick species has a one-host life cycle. It can take about two 

months to complete the cycle (Figure 1.1). R. (B.) microplus can produce several 

generations per year, mostly during prolonged rainy seasons. The large numbers of 

larvae are usually found on pastures in late spring and summer. They then go through 

into the cooler autumn and early winter months (Madder et al. 2012a). 

 

 

 

Globally, Rhipicephalus (Boophilus) microplus has over the years, spread throughout 

the subtropical and tropical regions (Estrada-Pena et al. 2006; Parizi et al. 2009). This 

tick species is currently found in continents such as Australia; Madagascar; South and 

Central America and East and Southern Africa (Jongejan and Uilenberg, 2004; Lynen 

et al. 2008). This species is considered the most economically important tick species 

from a global perspective (Guerrero et al. 2006).  Babesiosis and Anaplasmosis could 

probably be the most important tick diseases affecting agriculture globally. The 

Figure 1.1: An example of one-host life cycle, like Rhipicephalus (Boophilus) microplus. All the 

life stages are on one vertebrate host. Adapted from: http://parasitipedia.net (accessed: 28 

January 2015). 
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Babesiosis-Anaplasmosis complex is responsible for severe economic losses in 

livestock and livestock products trading (de Castro, 1997). 

 

1.4. Tick control and vaccines need 

Control of ticks is important and needed to prevent livestock diseases caused by tick-

transmitted pathogens (Latif and Walker, 2004). For a very long time the use of 

chemical acaricides has been considered as one of the best tick control methods 

(Martins et al. 1995). The application of such acaricides on vertebrate hosts aims at 

killing the ticks, but not harmful to livestock and/or applicators. In addition, the tissues 

of treated animals and the environment should not be contaminated (Drummond, 

1983). However, this method of prevention has not yielded desired outcomes. 

Over the years, the use of chemical acaricides was shown to have certain 

shortcomings. The control of tick diseases using chemical acaricides is normally 

accompanied by presence of chemical residues in milk and meat, chemical resistant 

tick strains, harmful effects on humans and environment (Willadsen and Kemp, 1988; 

Garcia-Garcia et al. 2000).  Intensive use of acaricides eliminates livestock exposure 

to disease pathogens and results in failure to acquire natural immunity (Latif and 

Walker, 2004). Consequently, this will lead to livestock to have increased susceptibility 

to diseases and high disease endemic.  

Furthermore, acaricides are expensive and pose a problem for end-users (Jongejan 

and Uilenberg, 2004; Rajput et al. 2006). Due to all these shortcomings with chemical 

acaricides, intensive and expensive dipping and/or spraying programmes remained 

the best alternative to eradicate and prevent tick infestation and tick-borne diseases.  

However, these programmes have not been meeting the desired results in terms of 

eradicating ticks and tick-borne diseases (Jongejan and Uilenberg, 2004). 

Consequently, all these lead to the need for the development of an alternate and 

complete control method (Graf et al. 2004), such as vaccination. 
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1.4.1. Importance of tick control 

Tick control measures have relied on acaricides; however, this is accompanied by 

several disadvantages. These disadvantages include among others the acaricide-

resistant ticks selection; environment, milk and meat contamination (Graf et al. 2004; 

de la Fuente and Kocan; 2006, Willadsen, 2006; Ghosh et al. 2007). All the problems 

and drawbacks associated with the use of acaricides have made acaricides to be less 

sufficient and not very effective. As a result, there is a need for alternative tick control 

methods. Among those control methods is the development of novel vaccines (de la 

Fuente and Kocan, 2006; Willadsen, 2006). Tick infestations and pathogen infections 

can be better combacted through vaccination. Vaccination offers the best alternative 

option due to its environmental-friendliness (Merino et al. 2013). Two tick vaccines for 

cattle tick infestation, TickGARD (Australia) and Gavac (Latin American countries) 

were commercially introduced in the early 1990’s.  They are both based on R. (B.) 

microplus midgut membrane-bound recombinant protein Bm86 (Willadsen et al. 1995; 

Canales et al. 1997; de la Fuente et al. 2007b). Several epidermal growth factor (EGF)-

like domains are found in the Bm86 protein. Due to their nature, these domains may 

have a role in cell growth and blood coagulation. The Bm86 protein is expressed at all 

tick life stages as well as in the gut and ovaries of partially engorged females (Bastos 

et al. 2010). Andreotti et al. (2008) identified two distinct parts in the Bm86-CG 

sequence that might have a role in antibody recognition. In cattle, a positive correlation 

between antigen-specific antibodies and reduction of tick infestations and fertility is 

observed for Bm86-based vaccines (Rodriguez et al. 1995; de la Fuente et al. 1998; 

Merino et al. 2011a). However, the Bm86 mechanism of action remain unknown. 

When the Bm86 proteins are expressed, their action against tick infestation, lead to 

reduction of the number, weight and reproductivity of engorging female ticks (de la 

Fuente et al. 1998; de la Fuente et al.1999).  

A number of studies have previously shown the effectiveness of the Bm86 vaccines 

when used for tick control. Canales et al. (2009) cloned the Ba86 and Bm86 genes 

from R. (Boophilus) annulatus and R. (B.) microplus, respectively. Vaccination of cattle 

with Bm86 caused reduction in R. (B.) annulatus and R. (B.) microplus numbers, and 

eggs weight and eggs fertility, tick weight and oviposition. On the other hand, Ba86 

did not elicit any protective immune responses against both R. (B.) annulatus and R. 
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(B.) microplus. In another study, vaccines prepared from Bm86 resulted in reduction 

of engorged R. decoloratus adult female ticks, egg and tick weight (Odongo et al. 

2007).  

Vaccines based on Bm86 in most cases elicit protective immune responses against 

R. (B.) microplus. However, strain-to-strain sequence variations in the antigen locus 

between R. (B.) microplus isolates from different geographical regions and bovine 

populations have been shown to influence the vaccine efficacy (Penichet et al. 1994; 

Rodriguez et al. 1994, 1995a, b; Andreotti et al. 2008; Freeman et al. 2010; Ben Said 

et al. 2012). It was suggested that variations in the amino acid sequence exceeding 

2.8% would be sufficient to cause vaccine inefficiencies (Lambertz et al. 2012). In 

South America strains divergences of up to 6.1 % and 4.6% in the sequence of the 

Bm86 and Bm95 protein, respectively, were found by Sossai et al. (Sossai et al. 2005). 

Therefore, the discovery of new tick antigens focusing on those displaying minimal 

genetic variability among R. (B.) microplus strains could improve vaccination efficacy 

and reduce variation in the protection level afforded by the Bm86-based vaccines 

(Parizi et al. 2012a, b). 

Due to the reported variability in its efficacy and other industrial considerations, 

TickGARD is no longer commercially available. However, GAVAC is still in the market 

in North and South America despite reported shortcomings and a lack of widespread 

public acceptance of this vaccine (Guerrero et al. 2012; 2014). Given the shortcomings 

of the Bm86 vaccines, discovery of novel vaccines is needed to combat tick 

infestations, consequently, control ticks. However, production of vaccines is currently 

hindered by successful identification of effective antigens (Mulenga et al. 2000; 

Willadsen, 2001). The technological advancements in characterization of tick 

genomes, with the use of functional genomics, bioinformatics, transcriptomics, 

proteomics combined with reverse vaccinology have allowed for a rapid, systematic 

and comprehensive approach for numerous potential vaccine candidates identification 

(de la Fuente and Kocan, 2006; Maritz-Olivier et al. 2012).  

African countries are dominated by tick species from the Rhipicephalus (Boophilus) 

genus.  More than 50% of tick species in that genus are expected to expand their 

range. Of that range expansion, more than 70% is attributed to economically important 

tick species such as R. (B.) microplus, R. (B.) decoloratus or R. appendiculatus 
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(Estrada-Pena et al. 2006; Olwoch et al. 2007). It has been reported that R. (B.) 

microplus is rapidly expanding and is currently found in places in Africa where it never 

existed. Another phenomenon is that this tick has been reported to have displaced R. 

(B.) decoloratus on the African continent (Tønnesen et al. 2004). Given that there has 

never been an anti- R. (B.) microplus vaccine in Africa, it is therefore, important to 

sequence the genome of R. (B.) microplus. As part of that, our study aimed at 

analysing the R. (B.) microplus transcriptome in an attempt to identify potential 

candidate antigens that can be used in vaccine discovery. 

A number of studies have attempted to characterize the R. (B.) microplus 

transcriptome on a large scale. That has only recently been made possible due to the 

availability of a partially assembled genome and large EST databases (Lee et al. 2005; 

Wang et al. 2007; Bellgard et al. 2012). The BmiGI website is one of such databases 

and was launched in 2005 (Guerrero et al. 2005). Studies that focus on the 

transcriptome of ticks are severely affected by the fact that most R. (B.) microplus 

nucleic acid sequences cannot be annotated (Wang et al. 2007; Bellgard et al. 2012). 

Up to 60% of the genome lacks similarity with sequences from other organisms (Wang 

et al. 2007), thereby negatively affecting the confidence of results for downstream 

analyses. Given that, the introduction of the new generation sequencing technologies 

has improved the throughput of transcriptome deep sequencing for a number of tick 

species (Karim et al. 2011; Schwarz et al. 2013, 2014). That has also been coupled 

with analysis of tick proteomes in an attempt to annotate their genomes, and 

subsequently identify anti-tick vaccines antigens. These efforts have afforded the tick 

vaccine research community with promising results towards achieving their goal of 

finding tick vaccines.  

 

1.5. Vaccine types: Exposed vs hidden vaccines 

Tick vaccines are based on either exposed or concealed antigens (Domingos et al. 

2013). These antigenic targets have been explored as part of vaccine development. 

Exposed antigens are proteins or peptides produced in the salivary glands. During tick 

attachment and feeding on the host these antigens are secreted in saliva. These 

antigens are then taken up by host dendritic cells and processed before being 
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presented to T lymphocytes. As a result, that induce a cell or antibody-mediated 

immune response (Allen et al. 1979a; Nithiuthai and Allen, 1985; Larregina and Falo, 

2005).  

Concealed antigens are not exposed to the host immune system (Willadsen and 

Kemp, 1988), and are found in the tick gut wall. They normally interact with specific 

immunoglobulins taken up in the blood meal. However, any antigen not normally 

presented to the host is considered as a concealed antigen. It is also a potential 

vaccine candidate if such antigen is associated with some vital function for the tick. 

The antigen should encounter immunoglobulins entering the haemolymph to 

accomplish such function.  Immunizations need to be repeated to maintain high 

antibody titers (Willadsen and Kemp, 1988). Concealed and exposed antigens 

possess different modes of action of vaccination; however, their results of vaccination 

are similar. They both reduce numbers of engorged ticks, increase mortality and 

reduce eggs laid by females. 

1.5.1. Exposed vaccines 

Numerous exposed antigens have been biologically tested as vaccines in anti-tick 

activities. However, in general, the results have not been a success (Nuttall et al. 

2006). Consequently, none of these recombinant antigens is being developed and 

produced commercially. Some of exposed antigens evaluated as recombinant anti-

tick vaccines are shown in Table 1.1. Mulenga et al. (1999) identified HL34 (saliva 

protein) and p29 (putative cement protein) from H. longicornis by immunoscreening 

and immunological approaches, respectively.  Both recombinant proteins were tested 

on rabbits for their activities. The recombinant HL34 induced diseases and death in 

adult and nymphal H. longicornis. The immunization of rabbits with the recombinant 

p29 protein resulted to 40% and 56% mortality in H. longicornis larvae and nymphs, 

respectively. This protein also induced a reduction of 17% in adult ticks engorged 

weight.  

A putative cement protein was identified from female and male R. appendiculatus 

salivary glands. This protein, 64P was found to cross-react with midgut epitopes, 

haemolymph and salivary glands of adult ticks, as well as R. appendiculatus nymphs 

and larvae whole-body extracts. The 64TRPs constructs act by disrupting tick 
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attachment and feeding, subsequently, causing tick mortality. These constructs are 

responsible for tick mortality of up to 80% (Trimnell et al. 2005). Moreover, an 

endoplasmic reticulum calcium-binding protein was found to be secreted in tick saliva 

(Jaworski et al. 1995; Ferreira et al. 2002). This protein has no known function and it 

was first identified in the salivary glands of female A. americanum ticks.  Immunization 

of rabbits with recombinant A. americanum calreticulin led to the development of 

necrotic cutaneous lesions on tick challenge (Jaworski et al. 1995). Nevertheless, such 

action could not be seen in cattle immunized with recombinant calreticulin of R. (B.) 

microplus. Although the same recombinant protein was recognized by sera from dogs 

infested with R. sanguineus ticks (Ferreira et al. 2002). 
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Table 1.1: Exposed antigens evaluated as recombinant anti-tick vaccines. 

 

Antigen        Tick species                        References 

Histamine-binding protein  R. appendiculatus                                    Paesen et al. 1999 

P29      H. longicornis                 Mulenga et al. 1999 

HL34      H. longicornis                     Tsuda et al. 2001 

RIM36 cocktail    R. appendiculatus                Imamura et al. 2008 

64TRPS    R. appendiculatus              Havlíková et al. 2009 

Calceticulin     A. americanum         Jaworski et al. 1995, Ferreira et al. 2002 

D. variabilis, R. (B.) microplus
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1.5.2. Hidden (concealed) vaccines 

There is no immune response induced by concealed antigens during tick attachment 

and feeding. However, these antigens are immunogenic as recombinant proteins. 

Some of concealed antigens evaluated as recombinant anti-tick vaccines are shown 

in Table 1.2. The well-defined example is the R. (B.) microplus Bm86 midgut 

membrane-bound recombinant protein (Willadsen et al., 1995). The blood from 

immunized host has specific immunoglobulins that interact with these gut wall antigens 

in a specific manner. In female ticks, this interaction cause gut wall lysis and interfere 

with blood digestion. Subsequently, this results in no egg production or kills the tick. 

Since Bm86 antigens are concealed antigens, natural infestations do not induce an 

anamnestic response. Hence, Bm86-based vaccinations are short-lived (Willadsen 

and Jongejan, 1999; Frisch, 1999), and require booster vaccinations in 6-month 

intervals (de la Fuente et al. 1998). A number of antigens have been isolated from 

various tissues and expressed as recombinant proteins. Such proteins have been 

tested as concealed vaccine candidates. The R. (B.) microplus Bm86 homologue, 

Bm95 glycoprotein was shown to protect against infestations by South African cattle 

tick strains not protected by Bm86 vaccination (Canales et al. 2009a). Other studies 

have previously shown Bm95 to protect against a wider range of tick strain 

infestations. This suggested that it could be a universal antigen against infestations by 

different geographical R. (B.) microplus strains (Garcia-Garcia et al. 2000; de la 

Fuente and Kocan, 2003). 

Ba86 is a recombinant R. (B.) annulatus Bm86 orthologue protein that possesses 

more than 90% identity to Bm86 (Canales et al. 2008). Its efficacy together with that 

of recombinant Bm86 is higher against R. (B.) annulatus than for R. (B.) microplus 

infestations. These results suggested biological differences between R. (B.) microplus 

and R. (B.) annulatus (Canales et al. 2009a). Another Bm86 orthologue from H. a. 

anatolicum, was cloned and expressed by Azhahianambi et al. (2009) and was 

termed, HAA86. The following year it was reported that vaccination of cattle with the 

recombinant HHA86 antigen protected against homologous tick infestation. Another 

interesting phenomenon was discovered as this antigen also reduced transmission of 

T. annulata in ticks (Jeyabal et al. 2010). 
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A novel protein, ATAQ, from metastriate ticks was identified and shares structural 

similarities with Bm86. ATAQ is expressed in both midgut and Malpighian tubules, and 

Bm86 is only expressed in midgut. Because of that, ATAQ may offer increased cross-

protection outcome against heterologous ticks compared to Bm86-based vaccines. 

Consequently, ATAQ may be a good vaccine candidate for tick vaccine (Nijhof et al. 

2010). The other two candidates, serine proteinase inhibitors (HLS1, HLS2) are 

induced during blood feeding of H. longicornis. These serine proteinase inhibitors have 

potential in targeting tick homeostasis (Sugino et al. 2003, Imamura et al. 2005). In a 

rabbit model, mortality of both nymphal and adult H. longicornis was increased after 

vaccination with recombinant HLS1 and HLS2. A 21-kDa soluble cytoplasmic protein 

from I. scapularis protein, 4D8 resulted in infestation levels reduction, extended 

engorgement and smaller egg masses of adult I. scapularis upon vaccination 

(Almazán et al. 2005b). An A. hebraeum male-specific protein, voraxin that is induced 

during feeding, is another target antigen. There was a decrease in typical 

engorgement of mated female A. hebraeum in rabbits immunized with the voraxin 

recombinant protein (Weiss and Kaufman, 2004). 
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Table 1.2: Concealed antigens evaluated as recombinant anti-tick vaccines. 

 

Antigen   Tick species               References 

Bm86    R. (B.) microplus     Willadsen et al. 1995, Canales et al. 2009a 

Bm91 (carboxy dipeptidase) R. (B.) microplus              Willadsen et al. 1996 

Bm95     R. (B.) microplus         Garcia-Garcia et al. 2000 

Vitellin     R. (B.) microplus               Tellam et al. 2002 

BmPRM (paramyosin)  R. (B.) microplus           Ferreira et al. 2002 

HLS1    H. longicornis                Sugino et al. 2003 

HLS2    H. longicornis                          Imamura et al. 2005 

Voraxin        A. hebraeum            Weiss and Kaufman, 2004 

P27/30    H. longicornis                                             You, 2005 

4D8    I. scapularis      Almazán et al. 2005
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1.6. Tick salivary glands molecules: good targets for vaccine development 

During their attachment and feeding, ticks face defense responses from the host. 

Hosts respond by various ways such as haemostatic plug formation, vasoconstriction 

and inflammatory responses and coagulant cascade activation. All these cause 

disruption in tick feeding and cause rejection of the ticks (Kazimírová and Štibrániová, 

2013). Ticks have to circumvent these responses in order to successfully complete 

their blood meal. An enormous number of biologically active molecules found in ticks 

salivary glands aid to oppose the host’s defense mechanism. These molecules 

possess anticoagulation, antiplatelet, anti-inflammatory and immunomodulatory 

activities and vasodilatory (Kazimírová and Štibrániová, 2013). These molecules are 

believed to have developed during host-parasite co-evolution and are essential for tick 

feeding and development (Nuttall and Labuda, 2008; Francischetti et al. 2009; Mans, 

2011). The saliva of ticks possesses several bioactive molecules/compounds that 

modulate the immune-inflammatory and haemostatic system of their hosts (Hajnická 

et al. 2011).There are differences in these bioactive compounds (Kazimírová, 2008) 

and range from lipids to large proteins (Ribeiro, 1995; Valenzuela, 2002a).   Due to 

the importance of tick saliva in host’s immune and haemostatic response, it is 

important to isolate, identify and characterised molecules found in tick saliva 

(Valenzuela, 2004). As a result, tick saliva has been studied extensively over the 

years. The focus on tick saliva due to its ability to offer the opportunities to identify and 

mine biologically active molecules with anticoagulant activity, anti-inflammatory, 

immunosuppressive and vasodilating (Oliveira et al. 2011).  

Transcriptomes have been generated from isolated and sequenced cDNAs from 

different tick species. Both classical and modern molecular biology techniques 

strategies have played a huge role to achieve this goal. The ability to isolate these 

molecules will contribute to the studying, understanding and evaluation of these 

molecules for their potential candidates as vaccines. These candidates can be 

selected based on their anti-haemostatic, anti-inflammatory or immunosuppressor 

functions. Alternatively, the candidates can be selected as protective molecules 

irrespective of their functions (Valenzuela, 2004). Subsequently, this will facilitate in 

identification of possible vaccine candidates for the control, of ticks and tick-borne 
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disease (Valenzuela, 2004). Some of the tick salivary biologically active molecules 

have been studied and their functions have been identified. However, the majority of 

them still have unknown functions (Ribeiro et al., 2006; Brossard and Wikel, 2008; 

Francischetti et al. 2009; Fontaine et al. 2011). Current studies are focusing on 

identifying and preparing tick salivary gland molecules in their recombinant form.  

 

1.7. Tick feeding and host interactions 

Ticks begin their feeding after finding a host and selecting a preferred feeding site. 

They use their chelicerae to saw and penetrate through the host’s skin. Ixodid ticks 

secrete a polymerising milky cement to secure them on the skin (Nuttall et al. 2000).  

The cement is made up of collagen-related glycosylated proteins (Mulenga et al. 

1999). The cement formation around the host wound help to prevent leakage of tick 

saliva and/or host fluids. After their blood meal, ticks detach their mouthparts and leave 

the cement core still embedded in the host’s skin (Nuttall et al. 2000). During feeding, 

hard ticks accommodate large volumes of blood and expand their cuticle to 

accommodate those volumes. They take the majority of the blood meal on the last day 

of attachment (Kemp et al. 1982).  

Tick feeding has both physical and chemical effects on the host. Consequently, these 

effects incite haemostatic, inflammatory and immune responses. In turn, ticks secrete 

their saliva molecules to fight against these responses (Valenzuela, 2004; Kazimírová, 

2008). These saliva molecules have already been discussed above (Tick salivary 

glands molecules: good targets for vaccine development) section. These 

bioactive molecules are also implicated with pathogen transmission. The tick-host 

interaction is an infective interface, although the tick attachment to the host is the way 

of pathogen transmission. The transmission of pathogens via tick saliva constituents 

to the host, is known as saliva-activated transmission (SAT). Tick saliva molecules are 

SAT factors that promote pathogen transmission (Figure 1.2) (Nuttall and Labuda, 

2004). 
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In many tick species, SAT factors are responsible for several different diseases, the 

majority being viral and bacterial diseases. The first report was on Thogoto virus 

transmitted by R. appendiculatus (Nuttall and Jones, 1991).  Other studies reported 

transmission by flies and mosquitoes (Titus and Ribeiro, 1988; Belkaid et al. 1998; 

Osorio et al. 1996). 

Bloodmeal is an essential requirement for hard ticks, such as R. (B.) microplus to 

develop in all their life stages (Liu and Bonnet, 2014). All R. (B.) microplus life stages 

occur on the host, which is normally the cattle. During the attachment of their hosts, 

ticks normally transmit pathogens such as A. marginale (Palmer et al. 1988; Aguirre 

et al. 1994). Once transmitted to the host, pathogens need adapt to the host’ 

environmental conditions for effective survival and reproduction (Brossard and Wikel, 

2004). During the feeding process, the exchange of fluids (saliva) occurs between the 

tick and its host. That saliva might contain some of the same pathogens that were 

transferred to the host. In turn, those pathogens can be re-transmitted to new 

vertebrate hosts during tick bloodmeal. In the case of R. (B.) microplus, certain 

pathogens are transferred via transovarial transmission to the next generation of ticks. 

This vertical transmission is necessary for those tick-borne pathogens infecting single-

host tick species such as the R. (B.) microplus-transmitted Babesia bovis (Liu and 

Bonnet, 2014). 

Figure 1.2: Tick-borne pathogens, tick vectors and vertebrate hosts’ 
interactions, using R. (B.) microplus as example. (1) B. bovis-R. (B.) 
microplus interactions; (2) R. (B.) microplus-cattle interactions and (3) 
B. bovis-cattle interactions.  
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Larvae, nymphs and adult transmitted A. marginale to Holstein calves that were 

originally Babesia and Anaplasma-free (Aquirre et al. 1994). In another study, infection 

with extracts of both immature (nymphs) and mature (adults) stages of R. (B.) 

microplus resulted in successful transmission of A. marginale transmission into 

susceptible animals (Dalgliesh and Stewart, 1982). Rhipicephalus (B.) microplus is 

capable of transmitting pathogens other than A. marginale, B. bigemina or B. bovis. 

R. (B.) microplus can transmit other pathogens in other animals such horses and 

include Babesia equi (B. equi) during acute phase of infection (Knowles et al. 1992).  

  

1.8. Tick feeding and survival: anti-hemostatics and immunomodulators 

Both the transcriptome and proteome of many hard ticks have allowed for the 

identification of several anti-hemostatics and immunomodulators. These molecules 

have an important role in tick feeding and survival. Tick anti-hemostatics and 

immunomodulators are essential in hemostasis. Homeostasis helps in vascular 

constriction, platelet aggregation and blood coagulation. These anti-hemostatics and 

immunomodulators have been found in salivary glands, saliva, eggs and haemolymph. 

For the purpose of our study, we will only focus on anti-hemostatics and 

immunomodulators of R. (B.) microplus (Table 1.3). 
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 Table 1.3: List of anti-hemostatics and immunomodulators of R. (B.) microplus 

 

Anti-hemostatic/immunomodulators Source Target Reference 

Boophilin Engorged ticks Thrombin Macedo-Ribeiro et al. 2008 

BmAP Saliva Thrombin, trypsin, plasmin Horn et al. 2000 

Microphilin Saliva Thrombin Ciprandi et al. 2006 

Gut membrane associated 5’-nucleotidase Saliva Platelet aggregation Liyou et al. 1999 

BmTI-A Larvae Kallikrein-kinin inhibitor Sasaki et al. 2004 

BmTI-D Larvae Kallikrein-kinin inhibitor Sasaki et al. 2004 

Serpin 15 Salivary glands, 

ovaries and guts 

 Thrombin Rodriguez-Valle et al. 2015 

Serpins Salivary glands Various Tirloni et al. 2016 

Kunitz Salivary glands Vessel Soares et al. 2016 

Kunitz Larvae Elastase/kallikrein Tanaka et al. 1999 

Bookase Salivary glands Bradkinin Bistiani et al. 2002 
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1.9. Tick transcriptome studies 

Over the years, sialotranscriptomes and/or transcriptomes of both soft and hard ticks 

have been studied intensively using expressed sequence tags (ESTs) based 

approaches.  ESTs are normally produced from complementary deoxyribonucleic acid 

(cDNA) libraries and sequenced with traditional Sanger sequencing method.  The 

number of these ESTs varies per study from 500 to 1000s (Valenzuela et al. 2002; 

Santos et al. 2004; Guerrero et al. 2005; Alarcon-Chaidez et al. 2007; Francischetti et 

al. 2008a, b; Chmelar et al. 2008; Anatriello et al. 2010; Ribeiro et al. 2011).  ESTs 

constructed from cDNAs of R. (B.) microplus larvae, eggs, dissected organs, nymphs 

as well as both adult female and male ticks that were exposed to host odour, cold and 

heat shock, acaricides and infection with Babesia bovis have been analysed (Guerrero 

et al., 2005). Other studies have also used tick salivary glands and tick salivary glands 

in different feeding stages to study tick transcriptome (Santos et al. 2004; Chmelar et 

al. 2008).  Ribeiro et al. (2011) revisited the A. variegatum sialotranscriptome using a 

combination of ESTs and proteomics approach. This approach could only reveal more 

secreted proteins, still leaving most proteins with unknown functions. That still posed 

a problem and proved the use of ESTs to have limitations. 

 

Karim et al. (2011) provided the first transcriptome study employing the next 

generation sequencing approach. This study presented a revolution in tick 

sialotranscriptome analysis. Pyrosequencing was used to sequence the salivary gland 

cDNA library from adult female A. maculatum at different feeding times. This upcoming 

next generation sequencing approach allowed for a much deeper insight into rarer 

transcripts than previously done. This study produced 1.5 million reads instead of 

1000s sequences enabling for deep coverage of rarer transcripts. The current 

catalogue of salivary transcripts of A. maculatum had a majority of genes encoding for 

housekeeping, secreted and unknown proteins. A single 454 pyrosequencing 

sequencing run can offer a fast and cost effective method for deep transcriptome 

sequencing. Subsequently, that has allowed for the considerable improvement on 

previously used sequencing methods (Meyer et al. 2009). 
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Karim’s pioneering work laid a good foundation and it was followed by other studies 

seeking to characterize several tick transcriptomes. These studies sought to get deep 

coverage by using one or more of the next generation sequencing technologies 

simultaneously. The success of using two NGS technologies on a study provided 

highthroughput in terms of high transcriptome coverage. One good example of such 

was the study by Schwarz et al (2013) where four I. ricinus salivary gland cDNA 

samples were prepared from early and late-feeding nymphs or adults. These samples 

were sequenced to produce 441,381 and 67,703,183 reads with 454 pyrosequencing 

and Illumina sequencing, respectively. Assembly of these reads yielded 272,220 

contigs. As a result, annotation of 34,560 contigs allowed for 8,686 coding sequences 

to be deposited to GenBank. Of those contigs 13% was associated with secreted 

proteins family. This family was differentially represented among the four experimental 

samples. Different transcripts showed high expression and were more represented in 

certain samples. This data improved and expanded the available genomic information 

for I. ricinus for future transcriptome assemblies and functional analysis of identified 

proteins.  

 

The following year Schwarz et al (2014) expanded their study by combining the 

transcriptome and proteome of both the salivary glands and midgut of I. ricinus.  This 

study combined the next generation sequencing and proteomics to deliver an 

unprecedented and quantitative description of gene expression in the midgut and 

salivary glands of I. ricinus upon attachment on the host. The transcriptome was 

improved by the generation of an additional 315 million Illumina sequence reads from 

four cDNA libraries of I. ricinus nymphs, and both adult females and males. This was 

the first in-depth combined analysis of the midgut and salivary gland proteome and 

transcriptome of I. ricinus upon attachment on the host. Over 1,500 genes were 

profiled and they showed tissue-specific and developmental stage-specific expression 

at both transcriptomic and proteomic level. About 25% of identified proteins had higher 

expression in the salivary glands, but only 7.3% had corresponding high transcript 

levels in the same tissue. These results were promising, especially for an organism 

with an unsequenced genome. This study proved that proteomics is possible in non-

model organisms with limited transcriptome information, provided that sufficient 

transcriptome coverage of the studied sample is available. This also applicable in our 

study of R. (B.) microplus where transcriptomics was coupled with proteomics to 
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characterize salivary gland transcriptome at different feeding stages of female R. (B.) 

microplus ticks on the vertebrate host. It can be argued that the success of this study 

might hold a promise to the success of our own study; however, their experimental 

approaches differ. 

 

Schwarz et al (2013) de novo assembled 441,381 454 pyrosequencing reads and 

67,703,183 Illumina reads from nymphal and adult I. ricinus salivary glands. Those 

reads were combined with 268,914,130 reads from the nymphal and adult salivary 

glands and midgut of I. ricinus (Kotsyfakis et al. 2015a). The total reads from both 

studies allowed for extraction of 25,808 coding sequences (CDS) larger than 150 

nucleotides. As a result, a total of 148,813,058 reads were mapped on the 25,808 

CDS. The CDS were classified into five categories: secreted, housekeeping, 

transposable elements, viral and unknown. Together, secreted and housekeeping 

accounted for 85% of the CDS and over 96% of the mapped reads. This indicated the 

success of the massive de novo sequencing and improved coverage achieved by 

combining two NGS technologies and three sets of reads from the current study and 

the previous study (Schwarz et al. 2013). The secreted class contained many families 

including, lipocalins, Kunitz, and metalloproteases. Members of these families showed 

stage and time-specific expression and diversity. Their diversity and selective 

expression may suggest antigenic variation (Kotsyfakis et al. 2015b). In this study, de 

novo assembly of 926,596 pyrosequencing reads and 49,328,982 Illumina reads were 

produced from sequencing the I. ricinus haemocytome. 

 

The previous study was followed by characterization of I. ricinus haemocytome 

(Kotsyfakis et al. 2015b).  The total reads from this study were combined with over 189 

million reads from Schwarz et al (2014) to produce over 319 million Illumina reads. 

From those reads, a total of 15,716 coding sequences were obtained and 2,860 reads 

could be mapped into the total reads. Those 2,860 reads were classified into seven 

major classes, which include secreted and housekeeping proteins. The putative 

secreted proteins accounted for 33% and 44% of coding sequences and 44% of the 

mapped reads, respectively. The secreted proteins included serine proteases, 

cathepsins, metalloproteases and protease inhibitors. The housekeeping proteins 

were also predominant and involved those that play roles in metabolic pathways or 

cytoskeleton which accounted for 50% of the coding sequences and 46% of mapped 
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reads. Protein with no known function represented 8,5% of the total coding sequences 

and 2.6% of the mapped reads. The additional 2,860 coding sequences from this study 

with the previous deposition of 24,687 coding sequences, increased public available 

I. ricinus genomic sequences. These sequences will provide mining platform for 

biochemical and physiological studies aiming at interrogating ticks genomes.  

 

Transcriptomes have been used to analyse tick tissues other than salivary glands or 

midgut. Egekwu et al (2014) used Illumina sequencing and 454 pyrosequencing for 

characterization of female I. scapularis synganglion genes. In this study, it was shown 

that Illumina GAIIx sequencing was more efficient than 454 pyrosequencing in terms 

of total read coverage, GO term searching and annotation of important gene 

transcripts and gene categories. Total read coverage by Illumina sequencing ranged 

from 34 to 117 million reads for the samples, whereas coverage by 454 

pyrosequencing was only 4, 6 million reads. More than 60% of transcripts were 

predicted by Illumina sequencing. Transcriptomes have proven useful for global 

analysis and categorizing of genes from selected tissues or even whole animals. Next 

generation sequencing has made it possible to examine the complex range of genes 

associated with selected biological functions. The application of NGS technologies in 

transcriptome and proteome of several tick species has shown success in terms of 

highthroughput. All the above-discussed studies have generated millions of sequence 

reads. Those reads allowed for de novo assembly of millions and thousands of contigs. 

As a result, thousands of coding sequences and proteins were produced/identified. 

The pattern in terms of number of reads, contigs and proteins produced/identified is 

similar to that of the findings in our study. The results from some these studies, 

including our study, are summarized in Table 1.4.
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Table 1.4: Some of the transcriptomes and proteomes studies achieved by NGS technologies 

 

 

 

 

 

 

 

 

 

 

 

 

Tick species Organ Number of 

contigs/transcripts 

Number of 

mapped 

reads 

Number of 

CDS/proteins 

NGS technology Reference 

I. ricinus Salivary glands 
and midguts 

N/A 148,813,058 25,808  Illumina sequencing and 
454 Pyrosequencing 

Kotsyfakis et al. 2015a 

I. ricinus Salivary glands 
and midguts 

N/A 50,255,578 15,716 Illumina sequencing and 
454 Pyrosequencing 

Kotsyfakis et al. 2015a 

A. maculatum Salivary glands N/A 1,626,969 15,914 454 Pyrosequencing Karim et al. 2011 

I. ricinus Salivary glands 272,220 68,144,564 8686 Illumina sequencing and 
454 Pyrosequencing 

Schwarz et al. 2013 

I. ricinus Salivary glands N/A 315,000,000 25,808 Illumina sequencing Schwarz et al. 2014 

I. scapularis Synganglion 92,717 152,876,879 N/A Illumina sequencing and 
454 Pyrosequencing 

Egekwu et al. 2014 

R. (B.) microplus Salivary glands N/A 29,129,146 30,537 Illumina sequencing Genu, 2017 (MSc 
dissertation) 

R. appendiculatus Salivary glands 21,410 Approximately 
430,000,000 

12,761 Illumina sequencing De Castro et al. 2016 
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1.10. Proteomics studies on ticks 

 

Proteomics remains as one of the significant area of studies in the post-genomics era. 

Moreover, proteomics can be explained as the systematic identification of protein 

sequence, abundance, activity, interactions, post-translational modifications, etc. All 

these can be characterized in a given sample, for example, salivary glands from 

hematophagous arthropods (Pandey and Mann, 2000). Proteomics has appeared to 

be a powerful new instrument that includes strategies for the characterization of 

dynamic interactions that cannot be analysed by genomics/transcriptomics 

approaches alone. The information provided by proteomics on the protein content of 

cells and/or tissues may be different at the transcriptomic level. Such information may 

assist in identifying antigens that might have potential to be used in tick vaccine 

development (Villar et al. 2010; de la Fuente et al. 2010, 2012; Marcelino et al. 2012).  

The first paper published on tick proteome was by Madden et al. (2002). In this study, 

2-DE gels and MALDI-MS were used for characterization of protein profiles of A. 

americanum and A. maculatum. That pioneer study was followed by several 

publications of papers in the tick field using the same proteomics method (Untalan et 

al. 2005; Oleaga et al. 2007; Rachinsky et al. 2007; Vennestrøm and Pensen, 2007, 

Kongsuwan et al. 2010; Villar et al. 2010, 2012; Marcelino et al. 2012. The sequence 

databases with genomic and proteomic information have been assembled for various 

arthropod species (including ticks) of agricultural and medical importance. Such 

databases are constantly increasing and that has enabled the expansion of research 

into the field of proteomics (Rachinsky et al. 2007).   

Both hard and soft tick salivary glands have been studied extensively with the 

application of the proteomic approach (Madden et al. 2002; Valenzuela et al. 2002a; 

Oleaga et al. 2007; Chmelar et al. 2008).  Untalan et al. (2005) reported the early only 

large-scale R. (B.) microplus proteome study, which resulted in sequence information 

for 20 abundantly expressed larval, representing multiple cuticular proteins, 

cytoskeletal protein and salivary gland-associated protein, several housekeeping 

proteins and tropomyosin. On the other hand, considerable efforts have also been 

dedicated to studying salivary gland transcriptomes and proteomes.  



25 

 

One of the successful proteomic analysis was done on R. (B.) microplus saliva. Such 

study resulted in identification of 187 tick proteins and 68 bovine proteins (Tirloni et al. 

2014). R. (B.) microplus saliva is rich in mainly, among other proteins; secreted 

conserved proteins, antimicrobial peptides, glycine-rich proteins, housekeeping 

proteins, lipocalins, peptidase inhibitors and host proteins. The results from this study 

improved the knowledge about tick salivary modulators that play a role(s) in host 

defense during tick feeding. Moreover, those proteins offer unique understanding 

about tick-host relationship (Tirloni et al. 2014). The difference in protein composition 

in tick saliva suggest that tick salivary protein profiles undergo changes during tick 

feeding (Leboulle et al. 2002, McSwain et al. 1982, Binnington, 1978).  

 
Recently, Kim et al (2016) identified both tick and host proteins from saliva of I. 

scapularis every 24 hours through the first five days of feeding and up to the 

completion of feeding. These saliva proteins were characterized by LC-MS/MS. This 

allowed for identification of 582 tick and 83 from the tick and rabbit proteins in saliva 

of I. scapularis. This study provided identification of I. scapularis tick saliva proteins 

that are involved in tick attachment onto host skin, feeding and tick-borne diseases 

transmission.  

The studies discussed above are some of several hard tick proteome studies. Their 

main aim was to identify protein mostly, but not limited to, tick saliva/salivary glands, 

midgut and ovaries. They all employed different proteomics approaches; some studies 

used more than one method to improve the outcome and to meet their expectations.   

Proteomic knowledge from these studies could also be useful in various studies of 

identified proteins, for example phylogenetic analysis (Louw et al. 2013). Comparison 

of the sequence divergence of different or same protein families could benefit from 

proteomic approach. In soft ticks, transcriptomic and proteomic studies have been 

carried out to investigate the phylogenetic linkage between soft and hard ticks and 

understand the mechanism of hematophagy (Oleaga et al. 2007, Francischetti et al. 

2008a, b; Mans et al. 2008b).  
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1.11. Overall aim and objectives 

1.11.1. Overall aim 

The aim of this study was to characterize the salivary gland transcriptome and 

proteome of female Rhipicephalus (Boophilus) microplus at different stages of 

feeding. 

 

1.11.2. Objectives 

 

• Construction of cDNA library from different feeding stages of R. (B.) microplus 

female ticks. 

• Next generation sequencing with the Illumina TruSeq RNA Sample Preparation 

method and MiSeq sequencing of different female feeding stages. 

• Assembly and annotation of transcriptome. 

• Proteomic analysis of the salivary gland extracts from different female feeding 

stages. 
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Chapter 2: Experimental approach and methodology 

2.1. Introduction 

 

2.1.1. Transcriptomics and next-generation sequencing (NGS) 

The transcriptome can be described as a complete set of RNA molecules and their 

quantity in a given organism/organ/tissue/cell for a specific developmental stage or 

physiological condition. It is composed of both coding and non-coding RNAs and their 

degradation products. The transcriptome undergoes constant qualitative and 

quantitative changes that are triggered by external stimuli.  The analysis of the genome 

functional elements requires the understanding of the transcriptome. Transcriptomics 

serve to characterize all types of transcripts in an organism. That, in turn, helps to 

measure how much is the production of each transcript during different biological and 

physiological conditions (Wang et al. 2009; Żmieńko et al. 2011, Martin and Wang, 

2011).  

The sequencing of different organism’s transcriptomes started over two decades ago. 

All sought to characterize transcriptome components by applying different techniques. 

These techniques include expressed sequence tags (ESTs) (Gerhard et al. 2004), serial 

analysis of gene expression (SAGE) (Velculescu et al. 1995), massively parallel 

signature sequencing (MPSS) (Brenner et al. 2000). These methods possess certain 

drawbacks, as they are laborious and relatively expensive. Next-generation 

sequencing (NGS) technologies have recently been applied to transcriptome analysis 

research and/or studies. This approach is called RNA-sequencing (RNA-seq) and 

unlike the classical methods, it does not require the cloning step. The RNA-seq-based 

techniques produce exceptional quantities of data. These techniques provide the 

possibility to explore many transcriptomes in short periods of time simultaneously 

(Wang et al. 2009; Żmieńko et al. 2011). In transcriptome sequencing there is no need 

for prior knowledge about the genome sequence. Therefore, it can be applicable to 

any organism and allows not just analysis but also transcript discovery (Żmieńko et al. 

2011). The most famous traditional DNA sequencing method, Sanger, which produce 

ESTs is discussed below. 
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(a) The traditional sequencing method/Sanger sequencing method 

Large-scale sequencing projects have commonly required the cloning, amplification 

and purification steps prior to Sanger sequencing (Sanger et al. 1977). The Sanger 

sequencing method is based on the complementary DNA (cDNA) strand synthesis. 

For successful synthesis, natural 2’-deoxynucleotides (dNTPs) and 2’, 3’- 

dideoxynucleotides (ddNTPs) are needed to serve as nonreversible synthesis 

terminators (Sanger et al. 1977). The DNA synthesis reaction is randomly terminated 

by the addition of a ddNTP to the growing oligonucleotide chain. The synthesis 

produce truncated products with varying different length sizes. The products are then 

separated (resolved) by size polyacrylamide gel or capillary electrophoresis. Finally, 

the DNA sequence of the template strand is revealed by terminal ddNTPs (Figure 

2.1).  

 

 

The basic sequencing method requires four different reactions per template. For each 

reaction a different ddNTP terminator, ddATP, ddCTP, ddTTP or ddGTP is needed. 

Advancements in fluorescence detection enabled the combination of the four 

terminators in one single reaction. This was achieved by labeling them with fluorescent 

dyes of different colours (Smith et al. 1986; Prober et al. 1987). In later years the 

Figure 2.1:  The workflow of classical Sanger sequencing method. Adapted from: 
http://en.wikipedia.org/wiki.Sanger_sequencing (03 May 2015). 
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capillary gel electrophoresis replaced the original slab gel electrophoresis (Margulies 

et al. 2005). That enhanced the separation of fragments (Cohen et al. 1988) (Figure. 

2.1). 

 

(b) Next Generation Sequencing (NGS) technologies 

A number of NGS companies and technologies have been created, and the 

corresponding field of bioinformatics has developed significantly. The rapid 

advancement of instruments, chemistries and techniques led to NGS instruments to 

changing within months and, chemistries and analysis algorithms changing within 

weeks (Levy and Myers, 2016). Several reviews over the last several years have 

described the technological landscape of sequencing (Metzker, 2010; Morey et al. 

2013; Reuter et al. 2015). 

In principle, massive parallel sequencing systems are powerful technology rigs that 

integrate basic molecular biology, automated fluidics devices, high-throughput 

microscopic imaging and information technologies. In order for one to be able to use 

these systems, a broad understanding of the complexities underlying molecular 

biology and biochemistry is required. The high-throughput instruments are essentially 

high-tech machines and understanding the engineering principles gives the user the 

ability to command and troubleshoot the massive parallel sequencing systems. With 

the introduction of these technologies, it is required that users acquire computational 

skills and develop systematics data analysis pipelines (Myllykangas et al. 2012).  

Commercial high-throughput sequencing platforms share three critical steps: DNA 

sample preparation, immobilization and sequencing (Figure 2.2). These high-

throughput sequencing systems require amplification of the sequencing library DNA 

to form spatially distinct and detectable sequencing features. Amplification can be 

performed in situ, emulsion or in solution to generate clusters of clonal DNA copies.  
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Next generation sequencing (NGS) has brought about a most effective method known 

as RNA-sequencing (RNA-seq). The RNA-seq is a powerful method for mapping and 

measuring transcripts in biological samples. In 2005, two new next-generation or 

deep-sequencing sequencing (NGS) technologies were introduced both based on 

sequencing-by-synthesis. They both held a promise to take over from and/or improve 

old sequencing methods. The 454 system (Roche Applied Science) uses 

pyrosequencing technology (Margulies et al. 2005) and the Solexa system (Illumina, 

Inc.) that detect fluorescence signal (Porreca et al. 2007). In 2008, Applied Biosystems 

introduced their SOLiD sequencer, another short-read platform. However, these new 

methods provided shorter read lengths than capillary sequencing, with average size 

of 35-500 base pairs (bp) (Metzker, 2010). With the help of new complementary 

computational tools, NGS enables high-throughput DNA sequencing and assembly, 

thus yield deep coverage of transcriptomes (Pareek et al. 2011, Strickler et al. 2012). 

This offers dramatic increases in cost-effective sequence throughput and a variation 

of methodologies for characterization of transcriptomes, including single-end and pair-

end cDNA sequencing. The timeline of advances in DNA sequencing over the years 

is shown in Figure 2.3 and compared in Table 2.1. 

Figure 2.2:  The NGS high-throughput sequencing workflow. The high-throughput 
sequencing involves three main steps in high-throughput sequencing: preparation, 
immobilization, and sequencing. (Adapted from Myllykangas et al. 2012). 

 



31 

 

 

 Figure 2.3:  The time line of next-generation sequencing (NGS) technologies. A number of projects had used DNA sequencing 
to study various organisms. (Adapted from: Gupta and Gupta, 2014). 
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 Table 2.1:  Comparison of features of NGS platforms/technologies used for transcriptome applications (Metzker, 2010) 
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NGS technology is rapidly developing and has become one of the most popular and 

crucial techniques used today in several fields of biological sciences (Mitra et al. 2015). 

The currently dominant platform is Illumina, used for approximately 85% of samples 

deposited in NCBI’s Sequence Read Archive (SRA) in (Leinonen et al. 2011). This 

technology has been shown to be a very promising approach for deep sequencing of 

the transcriptome. Read length and throughput have, over the years, increased and 

improved, respectively (Figure 2.4). 

   

 

            

  

However, there are several challenges facing these NGS methods, including the 

expensive NGS experiments, data storage challenges and analysis required for NGS 

datasets, as well as the rapidly evolving technologies (Wall et al. 2009). Each NGS 

method is discussed in detail below. 

 

 

 

Figure 2.4: Over the years read length has improved with new developments to increase the 
throughput of NGS technologies. Left - blue bars indicate maximum read length of the first NGS 
instruments. Orange/dark orange indicate current large and bench-top NGS instruments. Right – blue 
bars indicate maximum throughput of the first commercially available NGS instruments, while dark 
orange bars indicate current maximum throughput. Adapted from van Dijk et al., 2014. 
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(i) 454 sequencing 

The GS FLX sequencing system (Margulies et al. 2005), originally developed by 454 

Life Sciences and later acquired by Roche (Basel, Switzerland), was the first 

commercially available high-throughput sequencing platform (Margulies et al. 2005). 

In October 2013, Roche announced that it would shut down 454, and stop supporting 

the platform by mid-2016 (https://www.genomeweb.com).This technology avoids the 

cloning step and replace it with emulsion PCR for a highly efficient in vitro DNA 

amplification (Tawfik and Griffiths, 1998). Emulsion PCR makes use of DNA fragments 

carrying streptavidin beads in emulsion droplets. These droplets are used as for 

amplification reaction that produce thousands of a unique DNA template. Each bead 

containing DNA template and its clonally related templates are analyzed by 

pyrosequencing reaction. The sequencing throughput of this technology is enhanced 

by use of picotiter plate that allows for thousands of pyrosequencing reactions to be 

carried out in parallel (Margulies et al. 2005).  

The pyrosequencing approach (Ronaghi et al. 1996) is a sequencing-by-synthesis 

technique. This technique makes use of chemiluminescence to measure the release 

of inorganic pyrophosphate (PPi). In pyrosequencing reaction, the template DNA is 

immobilized and dNTPs solutions are added one at a time. That releases PPi upon 

incorporation of complementary nucleotide. That is then detected by light production 

as a result of a chemiluminescence enzyme in the reaction mix. The DNA template 

sequence is determined by the order of correct nucleotides that had been incorporated 

(Figure 2.5). The current 454 platform is can generate up to 80-120 Mb of sequence 

in 200 to 300 bp reads in a 4-hour run (Roche Applied Sciences). 
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Figure 2.5: Roche 454 GS FLX sequencing. Template DNA is fragmented, end-paired, ligated to adapters and 
clonally amplified by emulsion PCR.  (Adapted from Voelkerding et al., 2009). 
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(ii) ABI/SOLiD sequencing 

The SOLiD sequencing system by Applied Biosystems (Foster City, CA) applies 

fluorescent labelled oligonucleotide panel and ligation chemistry for sequencing 

(Smith et al. 2010; Valouev et al. 2008). SOLiD, Applied Biosytems – This sequencer 

is featured in Valouev et al. (2008) and Smith et al. (2010), based on the Polonator 

technology (Shendure et al. 2005), an open source sequencer that utilizes emulsion 

PCR to immobilize the DNA library onto a solid support and cyclic sequencing by 

ligation chemistry (Myllykangas et al. 2012). This technology employs a massively 

parallel sequencing by hybridization-ligation approach. The ligation chemistry of this 

method is based on the polony sequencing technique (Shendure et al. 2005). Like the 

454 technique, SOLiD employs the emulsion PCR single-molecule amplification. The 

molecules that are produced from the amplification reaction are sequenced on a glass 

surface by 16 dye-labeled dinucleotide combinations. The dinucleotides are labeled 

with four different fluorescent dyes (each dye is used to label four dinucleotides). Each 

position on the oligonucleotide chain is effectively probed twice. The nucleotide identity 

is determined by analyzing the colour that results from two successive ligation 

reactions (Figure 2.6). The SOLiD instrument can produce 1-3 Gb of sequence data 

in 35-bps reads per run in an 8-day run (Morozova and Marra, 2008). 
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Figure 2.6: Applied Biosystems SOLiD sequencing by ligation. (Adapted from Voelkerding et al., 2009). 
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The two NGS technologies discussed above have their own unique advantages as 

well as disadvantages/limitations. The latter can pose challenges for the de novo 

sequencing of the transcriptome, which is the ultimate goal of this study. Among other 

things, both the 454 pyrosequencing and SOLiD sequencing have high sequencing 

cost and low raw sequence output. In 2014, Brewer et al (2014) reported that 454 GS 

FLX produced 0.7 Gb raw sequence output and cost $ 10/Mb, and SOLiD v4 produced 

120 Gb raw sequence output and cost $ 0,13/Mb. On the other hand, Illumina HiSeq 

2000 produced 600 Gb raw sequence output and cost only between $ 0,05 – 0,15/Mb. 

Given all these shortcomings, Illumina sequencing was the technology of choice due 

to its well-known advantages it provides. Its cheapest sequencing and high-throughput 

made it the option. Moreover, ARC-OVR has an in-house sequencing facility located 

at the Biotechnology Platform. That would mean even less sequencing expenses, as 

there would be no transportation required. Considering all those factors, Illumina was 

the best sequencing choice for our study.  

(iii) Illumina sequencing 

The first short read sequencing technology, Genome Analyzer, was developed by 

Solexa, which was later acquired by Illumina Inc. (San Diego, CA) (Bentley et al. 2006; 

2008). The Illumina Genome Analyzer is the system that is based on immobilizing 

linear sequencing library fragments using solid support amplification. DNA sequencing 

is enabled using fluorescent reversible terminator nucleotides (Myllykangas et al. 

2012). 

The lllumina/Solexa approach uses solid surface such as single-molecule array or flow 

cell and adapters to attach one end of single-stranded DNA molecules.  Subsequently, 

the molecules form a bridge by bending over and hybridizing to complementary 

adapters. Consequently, that forms the template for the synthesis of their 

complementary strands. About 1000s clonal copies of each single template molecule 

are produced after amplification. The templates are sequenced by DNA sequencing-

by-synthesis method. The colour-labeled terminators are incorporated into growing 

oligonucleotide chains. The terminators are labeled with four different colours to 

distinguish among the different bases. Then, the template sequence of each cluster is 

deduced by reading off the colour of each successive nucleotide addition step. While 

the Illumina approach is more effective than pyrosequencing, it produces shorter reads 
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(Bentley, 2006) and substitution errors have also been noted (Hutchison, 2007). A 

typical Illumina’s HiSeq 2500 machine is capable of producing 300 million 250 base 

pairs paired reads and 1 terabyte per run using Rapid run mode v2 500 cycle reagents 

at approximately one-third the cost per base compared to MiSeq (de Muinck et al. 

2017) (Figure 2.7). 
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Figure 2.7: Illumina Genome Analyzer sequencing. (Adapted from Voelkerding et al., 2009). 
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2.1.2. Proteomics approach on tick antigens identification 

       

The word proteome, was pioneered by Wilkins in 1994 (Wilkins et al. 1996). It refers 

to the complete set of proteins (complementary to the genome) produced by a cell, a 

tissue or an organism, varying with time and under given physiological conditions 

(Kellner, 2000; Deracinois et al. 2013). The proteome also contain information about 

modifications made on proteins (Kellner, 2000). The analysis of the proteome is called 

proteomics, which is a large-scale study of proteins expressed in an organism, tissue 

or cells (Sun et al. 2014). Proteomics attempts to describe the molecular basis of 

physiological processes that are due to protein expression changes over time in 

response to various stimuli or to change of conditions (Sun et al. 2014). It supplements 

gene sequence data with protein information about where and in which ratio and under 

what conditions proteins are expressed (Kellner, 2000).  

Generally, a proteomic approach comprises of four experimental steps: The first step 

is dedicated to the cell or sample conditioning (cell growth conditions, cell collection, 

cell storage, cell disruption). The second step corresponds to the sample preparation 

(extraction, concentration, purification to remove contaminants such as lipids or nucleic 

acids, storage of proteins), while the third step is related to methods of separation and 

the fourth is related to the quantification and identification of proteins (Bodzon-

Kulakowska et al. 2007). The fifth step would be protein classification as per their 

biological functions and families they belong to (Figure 2.8). 

 

 
Figure 2.8: A typical proteomic approach workflow.  This approach involved the 
sampling step, protein extraction and digestion, peptides separation, peptides 
detection, protein assembly and functional analysis. (Adapted from: Schmidt et al. 
2014).  
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Proteomics has emerged as a high-throughput method for identification and analysis 

of proteins (Sun et al. 2014). Proteomics is a technique that can be applied broadly to 

various studies that seek to provide answers to different scientific questions or 

hypothesis. It has been used to profile proteomes of various organisms such as 

bacteria, animals, insects, plants and cell lines to mention a few (Molloy et al. 2000; 

Park, 2004; Shao et al. 2010; de Graaf et al. 2010; Lundberg et al. 2010). Proteomics 

has, over the years, undergone great advances in the research field (Domon and 

Aebersold, 2006). On the other hand, proteomics has also become a field of research 

facilitated by numerous advancements of protein separation, mass spectrometry, 

genome sequencing/annotation and protein search algorithms (Thelen, 2007).  

Moreover, proteomics is regarded as one of the rapid growing areas in research, mainly 

because of the demand for global-scale analysis of proteins. Such analysis is expected 

to surpass analysis of genes as it yields more direct understanding of function and 

regulation (Bertone and Snyder, 2005). Proteomics coupled with transcriptomics as 

well as next generation sequencing (NGS) holds a promise to provide a high- 

throughput strategy to facilitate the analysis of proteins produced by a number of 

ongoing genome sequencing projects seeking to fully sequence various organisms’ 

genomes.   
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2.2. Transcriptomics 

 

2.2.1. Tick feeding, collection and ethics clearance 

 

The ethics clearance certificate (clearance number: 2013/CAES/000) for this study 

was applied for and obtained from Unisa after approval by Unisa ethics committee. 

Rhipicephalus (B.) microplus female ticks used for the purpose of this study were fed 

on cattle at the Agricultural Research Council-Onderstepoort Veterinary Research 

animal facilities. They were collected at five different feeding stages, that is small 

(BM1); medium (BM2) (Day 2); medium (BM3) (Day 3); large (BM4) (Day 4) and when 

they dropped off (BM5) (Day 5). 

 

2.2.2. Tick salivary glands isolation/preparation of salivary gland extract (SGE) 

Female ticks were embedded in a wax-filled petri dish with their dorsal parts visible. 

The ticks’ dorsal surface were separated and removed by viewing under a dissecting 

microscope and cutting the lateral edge of the cuticle with sterile scalpel blade. Intact 

salivary glands were carefully removed with fine-tipped forceps and were placed in 500 

µl of ice-cold phosphate-buffered solution (PBS) (20 mM Tris-HCl, 0.15M NaCl, pH 7.6 

at 25 °C). Salivary glands were subsequently immersed in 500 µl RNAlater® (Ambion 

Inc., Austin, USA) and incubated at 10°C for 24 hours. After 24 hours, excess RNAlater 

was removed and glands frozen at -70°C until use. 

 2.2.3. RNA isolation from tick salivary glands 

Total RNA was isolated using Qiagen RNeasy® Mini Kit (Qiagen, CA, USA). There 

were five 2 ml Eppendorf tubes each with about 200 mg of the glands for each feeding 

stage. A volume of 600 µl of RLT-Dithiothreitol (RLT-DTT) buffer was added to each 

tube on ice. Each sample was homogenized with a 25 gauge syringe and needle by 

pushing it up and down through the syringe ten times (10X). The previous step was 

repeated using a 25-gauge syringe and needle, and/or until the lysate was clear. Then, 

the lysate was centrifuged at 14 000 x g for 3 minutes at room temperature (25 °C). 

Supernatant was transferred into a new 1.5 ml Eppendorf tube and 1 ml of 70% ethanol 

was added, and mixed by gently pipetting five times. Seven hundred microliters of the 

suspension was transferred to an RNeasy spin column/2ml collection tube and 

centrifuged at 14000 x g for 15 seconds. The previous step was repeated with the 

leftover suspension (̴700 µl). This was followed by centrifuging the empty spin 



44 

 

column/2ml collection tube at 14000 x g for 15 seconds. Seven hundred microliters of 

RW1 wash buffer was added to the RNeasy spin column and centrifuged at 14000 x g 

for 15 seconds, before discarding the flow-through. A volume of 500 µl of RPE wash 

buffer was added straight onto the column and centrifuged at 14000 x g for 15 seconds, 

before discarding the flow-through. The empty tube was centrifuged for 2 minutes at 

14000 x g, followed by another dry spin at 14000 x g for 15 seconds in a new collection 

tube. The spin column tube (pink) was transferred to a clean 1.5 ml Eppendorf tube 

and 40 µl of RNAse-free water was added to the spin column. It was then incubated 

for 1 minute and centrifuged at 14 000 x g for 1 minute to elute the total RNA. All 

procedures were performed at 25 °C. The RNA was then stored at - 70°C until further 

use in downstream processes. 

2.2.4. Determination of RNA quantification by NanoDrop 

The NanoDrop ND2000 (Thermo Scientific, Wilmington, USA) was used for 

quantification of total RNA at 260 nm. The purity of the total RNA was determined by 

the ratio of 260/280 nm. The upper optical pedestal and lower pedestal were cleaned 

by placing 4 μl of RNAse-free water. Then, they were wiped off thoroughly with a clean 

paper towel. Undiluted RNA (4 μl) was placed onto the lower measurement pedestal 

and the upper pedestal was lowered, before the measurement was taken. Upper and 

lower pedestals was cleaned after each reading, by wiping with a clean paper towel. 

Each RNA sample was quantified in this manner. 

 

2.2.5. Next-generation sequencing: salivary gland cDNAs for transcriptome 

analysis 

(a) Messenger RNA purification and fragmentation 

This procedure was performed using Illumina® TruSeq® RNA Sample Preparation kit 

v2 Guide (Low Sample) Protocol (Illumina Inc., CA, USA). One and half microgram 

(1.5 µg) of total RNA was used for each sample. A volume that is equivalent to 1.5 µg 

was calculated for each sample, and below are the volumes. Prior to perform the 

reactions, each sample was diluted out with nuclease-free water to give a final working 

volume of 50 µl.  
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Sample     Mass (1.5 µg) equivalence in volume (µl) Nuclease-free water vol. (µl) 

  BM 1    5 µl,       45 

  BM 2    3 µl,       47 

  BM 3    3 µl,       47 

  BM 4    5 µl       45 

  BM 5    3 µl      47 

___________________________________________________________________ 

 

A volume of 50 µl of RNA Beads Purification (RBP) was added to each tubes (labeled 

“RBP”) containing total RNA, and mixed gently by pipetting up and down six times. 

Following the mixing, tubes were placed and heated on a heating block at 65°C for 5 

minutes. Samples were then incubated on ice for a minute and at room temperature 

for 5 minutes. Tubes were placed on a magnetic stand and incubated at room 

temperature for 5 minutes. After incubation, all of the supernatant was removed 

carefully from all the tubes and discarded without disturbing the pellets. Tubes were 

then removed from the magnetic stand and pellets were washed with 200 µl of Bead 

Washing Buffer (BWB) and pipetting up and down six times. Samples were returned 

to the magnetic stand and incubated at room temperature for 5 minutes, after which all 

of the supernatant was removed carefully without disturbing the pellet, and discarded. 

With tubes off the magnetic stand, 50 µl was added to each tube and mixed by gently 

pipetting up and down six times. Samples were heated at 80°C on the heating block 

for 2 minutes. The heating step was followed by incubation on ice for a minute and at 

room temperature for 30 seconds. Following incubation, 50 µl of Bead Binding Buffer 

(BBB) was added to each sample and mixed by gently pipetting up and down six times. 

Following that was incubation at room temperature for 5 minutes and on the magnetic 

stand (room temperature) for another 5 minutes. Thereafter, all of the supernatant was 

removed carefully from all the tubes without disturbing the pellets.  

Samples were removed from the magnetic stand. Pellets were washed by adding 195 

µl of BWB each sample and mixed by gently pipetting up and down six times. 

Thereafter, samples were incubated on the magnetic stand (at room temperature) for 

5 minutes. All of the supernatant was removed from each sample without disturbing 

the pellet before removing them from the magnetic stand. A volume of 19.5 µl of Elute, 
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Prime, Fragment Mix (EPF) was then added to each sample and mixed by gently 

pipetting up and down six times. After mixing, samples were transferred into new 0.5 

ml PCR tubes (labeled “RBP”). PCR tubes were then put in the PCR machine and 

fragmentation was performed by 1 cycle at 94°C for 3 minutes, and hold at 4°C. 

Fragmentation step was immediately followed by first strand cDNA synthesis. 

 (b) First strand cDNA synthesis 

The polymerase chain reaction (PCR) was used for the synthesis of first strand of 

cDNA. PCR tubes from the previous step were placed on a magnetic bar (fitted with 

1.5 ml tube-adapters) at room temperature for 5 minutes. Without disturbing the pellets 

17 µl of the supernatant was removed from each tube, and transferred into new 0.5 ml 

PCR tubes. To each sample 8 µl of First Strand Master Mix-STR (FSM-STR) was 

added and mixed by pipetting up and down six times. After mixing tubes were put in 

PCR machine and the synthesis was performed according to the following conditions: 

 25°C for 10 minutes 

 42°C for 50 minutes  

 70°C for 15 minutes  

 4°C on hold 

When the reaction reached 4°C, tubes were taken out and proceeded to second strand 

synthesis. 

(c) Second strand cDNA synthesis 

To each PCR tubes (labeled “CDP”) 25 µl of Second Strand Master Mix (SSM) was 

added and mixed by pipetting up and down six times. After mixing, tubes were put in 

PCR machine and the synthesis was performed according to the following conditions: 

16°C for 1hour and 25°C on hold. After the PCR step sample reactions were 

transferred into new 1.5 ml Eppendorf tubes (labeled “CDP”), to which 90 µl of AMPure 

XP Beads was added and mixed by pipetting up and down ten times. Following that 

was incubation at room temperature for 15 minutes and on the magnetic bar (at room 

temperature) for 5 minutes. With tubes still on the magnetic bar, 135 µl of supernatant 

was removed from each tube without disturbing the pellets. Pellets were then washed 

with 200 µl of freshly prepared 80% ethanol and incubation at room temperature for 30 

seconds. After the washing step all of the supernatant was removed without disturbing 

the pellets.  
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The second wash was performed with 190 µl of freshly prepared 80% ethanol and 

incubation at room temperature for 30 seconds. After the second washing step, all of 

the supernatant was removed without disturbing the pellets. Tubes were left on the 

magnetic bar for 15 minutes or until pellets were completely dry (no ethanol residues 

on the inside of the tubes). Pellets were resuspended in 52.5 µl of RSB by gently 

pipetting up and down ten times. Sample suspensions were then incubated at room 

temperature for 2 minutes and on the magnetic bar (at room temperature) for 5 

minutes. After incubation 50 µl of the supernatant from each sample was transferred 

into new 1.5 ml Eppendorf tubes (labeled “IMP”). Samples were stored at - 20°C until 

used within seven days. 

(d) Perform End Repair 

Frozen “IMP” tubes were thawed on ice and briefly vortexed prior to end repair reaction. 

Ten microliters of RSB and 40 µl were into each sample and mixed thoroughly by 

pipetting up and down ten times. Samples were then transferred into new PCR tubes 

and PCR procedure was performed according to the following conditions: 30°C for 30 

minutes, and hold at 25°C. PCR reaction mixes were then transferred into new 1.5 ml 

Eppendorf tubes. Samples were cleaned up by adding 160 µl of AMPure XP beads 

and gently pipetting up and down ten times. Mixing was followed with incubation at 

room temperature for 15 minutes and on the magnetic bar (at room temperature) for 5 

minutes. The volume of 127.5 µl of supernatant was removed from each sample and 

discarded without disturbing the pellet.  

Pellets were then washed with 200 µl of freshly prepared 80% ethanol and incubation 

at room temperature for 30 seconds. Thereafter, all of the supernatant was removed 

and discarded from each sample without disturbing the pellets. The ethanol washing 

step was repeated as above and the pellets were dried at room temperature (with tube 

caps opened), or until pellets were completely dry. Sample tubes were removed from 

the magnetic bar and pellets were resuspended in 17.5 µl of RSB and gently pipetting 

up and down ten times. Sample suspensions were then incubated at room temperature 

for 2 minutes and on the magnetic bar (at room temperature) for 5 minutes. After 

incubation 15 µl of supernatant was removed from each sample and transferred into 

new PCR tubes (labeled “ALP”). Samples were stored at - 20°C until used within seven 

days. 
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(e) 3’ Ends Adenylation 

A volume of 2.5 µl of RSB and 12.5 µl of A-Tailing Mix (ATL) were added into each 

PCR tubes (labeled “ALP”) and mixed by gently pipetting up and down ten times. All 

PCR tubes (labeled “ALP”) were put in PCR machine and the reaction was run with 

following conditions: 37°C for 30 minutes and 25°C on hold. This step was immediately 

followed by adapters ligation step. 

(f) Adapters Ligation 

RNA Adapter Indices was assigned to each sample. Indices assignment were done as 

follows: BM1 – 6, BM2 – 13, BM3 – 14, BM4 – 5 and BM5 – 19. Volumes of 2.5 µl of 

RSB and 2.5 µl of Ligation Mix (LIG) were added to each PCR tube. 2.5 µl of each 

RNA Adapter Indices was added to its tube and mixed by gently pipetting up and down 

ten times. Samples were then put in the PCR machine and the reaction was run with 

following conditions: 30°C for 10 minutes and 25°C on hold. The ligation reaction was 

stopped by adding 5 µl of Stop Ligation Buffer (STL) into each sample and mixed by 

gently pipetting up and down ten times. Reaction mixes were then transferred into new 

1.5 ml Eppendorf tubes (labelled “ALP”). The ligation step was followed by the clean-

up step. About 42 µl of AMPure XP Beads was added into each tube and mixed by 

gently pipetting up and down ten times. Mixing was followed with incubation at room 

temperature for 15 minutes and on the magnetic bar (at room temperature) for 5 

minutes and 79.5 µl of supernatant was removed from each sample and discarded 

without disturbing the pellet. Tubes were left on the magnetic bar for washing step.  

Pellets were then washed by adding 200 µl of freshly prepared 80% ethanol to the 

pellets and incubation at room temperature for 30 seconds. All of the supernatant was 

removed and discarded. The ethanol washing step was repeated with 190 µl and 

pellets were dried at room temperature (with tube caps opened), or until pellets were 

completely dry. Pellets were resuspended in 52.5 µl of RSB and mixed by gently 

pipetting up and down ten times. That was followed by incubation at 25°C for 2 minutes 

and on the magnetic bar (at room temperature) for 5 minutes.  After incubation 50 µl 

of the suspension for all samples was transferred into new 1.5 ml Eppendorf tubes 

(labelled “CAP”).  
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A volume of 50 µl of AMPure XP Beads was added into each tube (labelled “CAP”) 

and mixed by gently pipetting up and down ten times. Mixing was followed with 

incubation at room temperature for 15 minutes and on the magnetic bar (at room 

temperature) for 5 minutes and 95 µl of supernatant was removed from each sample 

and discarded without disturbing the pellet. Tubes were left on the magnetic bar for 

washing step. Pellets were washed by adding 200 µl of freshly prepared 80% ethanol 

to the pellets and incubation at room temperature for 30 seconds. All of the supernatant 

was removed and discarded.  

The ethanol washing step was repeated with 190 µl and pellets were dried at room 

temperature (with tube caps opened) for 15 minutes, or until pellets were completely 

dry. With tubes off the magnetic bar, pellets were resuspended in 22.5 µl of RSB and 

mixed by gently pipetting up and down ten times. That was followed by incubation at 

25°C for 2 minutes and on the magnetic bar (at room temperature) for 5 minutes. After 

incubation 20 µl of the suspension for all samples was transferred into new 0.2 ml PCR 

tubes (labelled “PCR”). 

(g) DNA Fragments Enrichment 

PCR mixes were prepared by adding 5 µl of PCR Primer Cocktail (PPC) and 25 µl of 

PCR Master Mix (PMM) into each PCR tube and mixed by gently pipetting up and 

down ten times.  After mixing tubes were put in PCR machine and the synthesis was 

performed according to the following conditions: 

 98°C for 30 seconds 

 98°C for 10 seconds  

 60°C for 30 seconds  15 cycles 

 72°C for 30 seconds  

 72°C for 5 minutes 

 4°C on hold 

 

PCR products were transferred into new 1.5 ml Eppendorf tubes (labelled “PCR”) for 

clean-up step. A volume of 50 µl of AMPure XP Beads was added into each tube and 

mixed by gently pipetting up and down ten times. Mixing was followed with incubation 

at room temperature for 15 minutes and on the magnetic bar (at room temperature) for 

5 minutes and 95 µl of supernatant was removed from each sample and discarded 

without disturbing the pellet. Tubes were left on the magnetic bar for washing step. 



50 

 

Pellets were washed by adding 200 µl of freshly prepared 80% ethanol to the pellets 

and incubation at room temperature for 30 seconds. All of the supernatant was 

removed and discarded. The ethanol washing step was repeated with 190 µl and 

pellets were dried at room temperature (with tube caps opened) for 15 minutes, or until 

pellets were completely dry. With tubes off the magnetic bar, pellets were resuspended 

in 32.5 µl of RSB and mixed by gently pipetting up and down ten times. That was 

followed by incubation at 25°C for 2 minutes and on the magnetic bar (at room 

temperature) for 5 minutes. After incubation 20 µl of the suspension for all samples 

was transferred into new 1.5 ml tubes (labelled “TSP1”). Those were the finally 

prepared cDNA libraries. 

 

2.2.6. Complementary DNA (cDNA) Library Validation 

 

The cDNA libraries were validated by Qubit® HS quantification and agarose gel 

electrophoresis analysis. Qubit® dsDNA HS Assay kit (Life Technologies™, CA, USA) 

was used to prepare the assay and its standards. The concentration of each cDNA 

sample was measure with Qubit® 2.0 Fluorometer (Life Technologies™, CA, USA). 

Samples were then resolved in 1% agarose gel electrophoresis to check their integrity. 

 

(a) Qubit® HS (High Sensitivity) Quantification Assay 

All reagents were be kept at room temperature prior to use. Qubit® HS (High 

Sensitivity) working solution was prepared by mixing 1 µl of Qubit® HS reagent with 

199 µl of Qubit® HS buffer and mixed by vortexing for 2–3 seconds. Standards were 

prepared by adding 10 µl of each standard into 190 µl Qubit® HS working solution and 

mixed by vortexing for 2–3 seconds. Each standard had a total volume of 200 µl. 

Samples were set up by mixing 2 µl of each sample with 198 µl of Qubit® HS working 

solution and mixed by vortexing for 2–3 seconds. All tubes were incubated at room 

temperature for 2 minutes. The tubes were inserted in the Qubit® 2.0 Fluorometer and 

readings were taken. The stock concentrations of original samples were determined 

by using the dilution calculator feature of the Qubit® 2.0 Fluorometer.  
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 (b) Agarose Gel Electrophoresis Analysis 

Assessment of the purity of cDNA libraries was carried out with agarose gel 

electrophoresis. A 1% agarose gel was prepared by mixing 100 g of agarose powder 

with 100 ml of 1X TEA buffer. The mixture was boiled in the microwave and cooled 

down under running tap water with gently swirling. Five µl of ethidium bromide was 

added into the mixture and mixed with gently swirling. The mixture was then poured in 

the casting tray and welled-combs were placed on the top of the casting tray. The gel 

was left to solidify before it was placed in a tank filled with 1X TAE buffer. Twenty 

microlitre of cDNA library for each sample was mixed with 4 µl of 6X DNA loading dye. 

The mixtures were then loaded into 1% agarose gel wells along with the DNA ladder. 

Electric voltage of 100 volts was applied for 20 minutes. The gel bands were visualised 

using UV transilluminator (Biorad Laboratories Inc., CA, USA) and gel photos were 

taken. Gel bands of each sample were cut out of the gel into two slices with sharp 

scalpel. The slices were of high molecular weight (~600bp and above) and low 

molecular weight (~300bp and below). The gel slices were put into two separately 2 ml 

Eppendorf tubes, labelled as HMW (High Molecular Weight) and LMW (Low Molecular 

Weight). Tubes were kept at -20°C for gel clean up procedure. 

2.2.7. Gel Clean Up 

The gel clean-up was carried out with Qiagen MinElute Gel Extraction Kit (Qiagen, CA, 

USA). Only gel slices of high molecular weight (~600 bp and above) were used for 

clean-up. Gel slices were weighed out to be 450 mg or less. If needed gel slices were 

cut and divided to have a mass of 450 mg or less. 

Three volumes of Buffer QG was added to 1 volume of gel and incubated at room 

temperature. During incubation, samples were vortexed for 2 – 3 minutes and gently 

inverted several times until gels were completely dissolved. One volume of isopropanol 

was added to each gel sample and mixed by inverting the several times. MinElute 

columns with 2 ml collection tubes were placed in a rack and 700 µl of each gel sample 

was transferred into MinElute columns - collection tubes. Following that was 

centrifugation at 11 000 x g at room temperature for a minute. The flow-though was 

discarded and MinElute columns were placed back to the same collection tubes (this 

step was repeated for samples with a total volume more than 700 µl). A volume 

of 500 µl of Buffer QG was added into each gel sample and centrifuged at 11 000 x g 

at room temperature for a minute.  Bounded cDNA was washed with 750 µl of Buffer 
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PE and centrifugation at 11 000 x g at room temperature for a minute. The flow-though 

was discarded and MinElute columns were centrifuged for an additional minute. 

MinElute columns were placed into clean 1.5 ml tubes and cDNA was eluted by adding 

16 µl of Buffer EB and incubation at room temperature for 5 minutes. Incubation was 

followed by centrifugation at 11 000 x g at room temperature for a minute. The eluted 

volume of cDNA was ±30 µl. 

2.2.8. Validation of purified cDNA library 

Purified double stranded cDNA libraries cDNA libraries were validated by Qubit® HS 

quantification and agarose gel electrophoresis analysis. Qubit® dsDNA HS Assay kit 

(Invitrogen™, Life Technologies™) was used to prepare the assay and its standards. 

The concentration of each cDNA sample was measured with Qubit® 2.0 Fluorometer 

(Life Technologies™, CA, USA). Samples were then resolved in 1% agarose gel 

electrophoresis to check their integrity. 

2.2.9. Qubit® HS Quantification Assay 

Qubit® HS working solution was prepared by mixing 1 µl of Qubit® HS reagent with 

199 µl of Qubit® HS buffer and mixed by vortexing for 2–3 seconds. Standards were 

prepared by adding 10 µl of each standard into 190 µl Qubit® HS working solution and 

mixed by vortexing for 2–3 seconds. Each standard had a total volume of 200 µl. 

Samples were set up by mixing 2 µl of each sample with 198 µl of Qubit® HS working 

solution and mixed by vortexing for 2–3 seconds. All tubes were incubated at room 

temperature for 2 minutes. The tubes were inserted in the Qubit® 2.0 Fluorometer and 

readings were taken. The stock concentrations of original samples were determined 

by using the dilution calculator feature of the Qubit® 2.0 Fluorometer.  

2.2.10. Agarose Gel Electrophoresis analysis 

Assessment of the purity of cDNA libraries was carried out with agarose gel 

electrophoresis. The 1% agarose gel was prepared by mixing 100 g of agarose powder 

with 100 ml of 1X TEA buffer. The mixture was boiled in the microwave and cooled 

down under running tap water with gently swirling. Five µl of ethidium bromide was 

added into the mixture and mixed with gently swirling. The mixture was then poured in 

the casting tray and welled-combs were placed on the top of the casting tray. The gel 

was left to solidify before it was placed in a tank filled with 1X TAE buffer. Twenty µl of 

cDNA library for each sample was mixed with 4 µl of 6X DNA loading dye. The mixtures 
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were then loaded into 1% agarose gel wells along with the DNA ladder. Electric voltage 

of 100 V was applied for 20 minutes or bands had reached the bottom of the gel. The 

gel bands were visualised using UV transilluminator (Biorad Laboratories Inc., 

Hercules, CA, USA). The remaining sample (±10 µl) of each purified cDNA library was 

used for the transcriptome sequencing procedure. 

2.2.11. Transcriptome sequencing  

(a) Sequencing with Illumina MiSeq sequencing 

A volume of (±10 µl) of each purified cDNA library was used for the sequencing 

procedure. The sequencing was done by the Agricultural Research Council- 

Biotechnology Platform facility, using the Illumina® Miseq® sequencing machine. 

Samples were multiplexed together using different Illumina® specific indexes and run 

as 250 bp by 250 bp runs.  

2.2.12. De novo assembly of transcriptome data 

(a) Data filtering  

A bioinformatics pipeline was used to quality trim and assemble the data (Professor 

Ben Mans). Reads were imported as single unpaired reads into CLC Genomics 

Workbench (6.0.5) (Qiagen), quality trimmed with a score of 0.001 (Phred score = 35) 

and no ambiguous nucleotides. TruSeq adapters were removed by default parameters 

Table 2.2). 

 

Table 2.2: Parameters for adapter trimming 

Name Sequence Strand Alignment score Action 

TruSeq Universal 
Adapter 

AATGATACGGCGACCACCGAGAT 

CTACACTCTTTCCCTACACGACGC 

TCTTCCGATCT 

Plus Mismatch: 2, Gapcost: 3,  

Cutoff: 15, Cutoff at end: 2 

Remove 
adapter 

TruSeq Universal 
Adapter reverse 

AGATCGGAAGAGCGTCGTGTAG 

GGAAAGAGTGTAGATCTCGGTG 

GTCGCCGTATCATT 

Minus Mismatch: 2, Gapcost: 3,  

Cutoff: 15, Cutoff at end: 2 

Remove 
adapter 

TruSeq Adapter 
end 

GATCGGAAGAGCACACGTCTGA 

ACTCCAGTCAC 

Plus Mismatch: 2, Gapcost: 3,  

Cutoff: 15, Cutoff at end: 2 

Remove 
adapter 
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TruSeq adapter 
reverse 

GTGACTGGAGTTCAGACGTGT 

GCTCTTCCGATC 

Minus Mismatch: 2, Gapcost: 3,  

Cutoff: 15, Cutoff at end: 2 

Remove 
adapter 

TruSeq Adapter 
end short 

GATCGGAAGAGC Plus Mismatch: 2, Gapcost: 3,  

Cutoff: 10, Cutoff at end: 4 

Remove 
adapter 

TruSeq adapter 
reverse short 

GCTCTTCCGATC Minus Mismatch: 2, Gapcost: 3,  

Cutoff: 10, Cutoff at end: 4 

Remove 
adapter 

 

This yielded a single read dataset (Single). Removal of duplicates yielded a single 

duplicate removed dataset (Sddup). Paired reads were imported and quality trimmed 

and adapters removed as described above. Trimmed paired reads were merged using 

default overlap detection parameters (Mismatch cost =2, Gap cost = 3, Maximum 

unaligned end mismatches = 0, Minimum score = 8) to give a merged dataset 

(Merged). Removal of duplicate reads from this dataset yielded a merged duplicate 

removed dataset (Mddup). Merged and Single datasets were combined to give a 

single-merged dataset (SM) and mddup/sddup datasets were combined to give a 

SMddup dataset. The following datasets were generated: All, BM0, BM1, BM2, BM3, 

BM4 and BM5, each of which had the Merged, Mddup, Single, Sddup, SM and SMddup 

subsets. This gave 42 datasets that was used to assemble the transcriptomes. 

(b) Transcriptome de novo assembly and annotation 

Transcriptome assembly was performed using CLC Genomics workbench (6.0.5) 

(Qiagen) or Trinity v2.4.0 (Grabherr et al. 2011). In CLC Genomics workbench, the 

following kmer sizes were used: 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 and 64. Assembly 

parameters were: mismatch cost-2, insertion cost-3, deletion cost-3, length fraction-

0.9, similarity-0.9, minimum contig length-240, kmer size-variable, bubble size-

automatic. Trinity was used with default parameter settings. The number of assemblies 

produced in this manner totalled 420 for CLC Genomics Workbench and 42 for Trinity.  

(c) Creating a non-redundant open-reading frame (ORF) set and selection based 

on RPKM cut off  

All contigs were exported in FASTA format and open reading frames (ORFs) greater 

than 240 bp were extracted from FASTA files using the Perl script “Orffinder” from 

Douglas Senalik (https://github.com/vikas0633/perl/blob/master/orffinder.pl). A non-

redundant ORF dataset was created by combining ORFs from all assemblies and 

clustering at 95% identity level using CD-Hit-v4.6.4 (Li and Godzik, 2006). Chimeric 
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sequences were also removed using the same program, creating a non-redundant 

dataset which retained the longest ORFs. The combined datasets (All_Single) were 

mapped against the non-redundant ORF dataset using CLC Genomics Workbench. All 

ORFs with a RPKM ≥0.5 were retained for further analysis. 

(d) Identification of correct open reading frames 

ORFs were searched against an ACARI database using BLASTX (Altschul et al. 1990), 

to determine the correct reading frames. ORFs were extracted from these based on 

the best hit (E value ≤1E-4) produced for reading frames 1, 2, 3, 4, 5 and 6. ORFs that 

gave E values above the cut-off were classified as unknowns and removed from further 

analysis. ORFs from reading frames 2-6 were re-extracted using Orffinder. Final ORFs 

were translated to protein sequences using CLC Genomics Workbench for further 

analysis. 

(e) Identification of secretory and house-keeping proteins 

Translated protein sequences were analyzed against an in-house annotated ACARI 

protein database using BLASTP (Altschul et al.1997), with a cut-off = E≤1E-4. The 

ACARI protein database is an in-house curated database of protein sequences derived 

from GenBank or Vector-base (Mans et al. 2016). Where no protein sequences are 

available, nucleotide and EST data were retrieved from GenBank or Vectorbase and 

ORFs were extracted as described above and annotated as third party annotation 

(TPA). The ACARI database is curated based on KEGG (Kanehisa et al. 2016) 

annotation for housekeeping proteins, annotations from Acari genome projects and 

PSI-BLAST analysis (Altschul et al. 1997) using tick secretory proteins from literature 

to identify secretory protein families. This first pass analysis assigns proteins to 

housekeeping or secretory classes based on sequence homology. To confirm this, 

ORFs were submitted to the SignalP 4.1 Server (Petersen et al. 2011), TMHMM server 

v.2.0 (Krogh et al. 2001) and Phobius (Käll et al. 2004). 

(f) Quality assessment of the transcriptome using BUSCO 

Open reading frames were analysed using BUSCO (Simão et al. 2015), as 

implemented for transcriptome analysis using 1066 conserved arthropod genes.  
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2.3 Proteomics 

2.3.1. Salivary gland extracts (SGE) preparation 

 Salivary glands were dissected in saline and stored frozen at -70°C. Salivary glands 

were suspended in 500 µl extraction buffer (20 mM Tris-HCl, pH 8) and sonicated using 

a Branson sonifier cell disruptor B-30 (Branson Sonic Power Co.) for 3 X 6 pulses at 

30% duty cycles and an output control of 3 to prepare salivary gland extract. This was 

followed by centrifugation at 14000xg to pellet the membrane fraction (M fraction). The  

supernatant was removed and heated at 80°C for 5 minutes and precipitated proteins 

(P fraction) were pelleted by centrifugation at 14000xg (5 min).  Supernant (S fraction) 

was removed. The M, P and S fractions were dissolved in 10 µl SDS-PAGE sample 

buffer.  

2.3.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

analysis 

NuPAGE® Novex 4-12% Bis-Tris precast polyacrylamide gels (Life Technologies, 

Carlsbad, CA, USA) were used to run the protein gel electrophoresis. All three samples 

i.e: M, S and P were fractionated by gel electrophoresis. Ten µl of each sample was 

mixed with 1 µl of 10X reducing agent (Dithiothreitol), and gently mixed by pipetting up 

and down. Samples were then heated at 70°C for 10 minutes. Samples were cooled 

to room temperature before loading. Gels were unpacked and assembled in gel tank 

with 1X SDS MES running buffer. Samples were ran along with pre-stained protein 

molecular weight marker (Life Technologies, Carlsbad, CA, USA) at 200 volts (V) and 

125 amperes (A) for 10 minutes (±3 cm into the gel). Gels were shaken in fixing solution 

for 10 minutes and another 10 minutes in staining solution Stainer A (Coomassie 

Colloidal Blue staining kit). That was followed by addition of 5 ml of Stainer B 

(Coomassie Colloidal Blue staining kit) and shaken for 3 hours. After staining, gels 

were rinsed with 100 ml deionized water for a minute twice. 

2.3.3. Gel processing 

Using a glass plate and sharp scalpel, each sample lane was cut into 10 slices (±1X1 

mm) based on the weight of the resolved bands. Each slice was cut into 10 pieces and 

transferred into a clean Eppendorf tube. To each tube 200 µl of 100% acetonitrile was 

added and followed by incubation at room temperature for 2 minutes twice. Then 

acetonitrile was removed and tubes were left open on the bench for 20 minutes to dry 
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the gel pieces. Gel pieces were kept in a cool dry place until further use. There were 

four feeding stages (BM1-BM4) and each feeding stage had three fractions. That 

resulted into a total amount of 120 samples. 

2.3.4. Proteomics studies  

A total of 160 samples (40 samples/protein fraction) were submitted to the Centre for 

Proteomic and Genomic Research (CPGR) Proteomics platform, Cape Town for 

analysis. Procedures were performed as per the CPGR protocols.  

2.3.5. Proteome data analysis 

(a) Database searching  

A mass and charge state deconvolution was used to extract the tandem mass spectra. 

There was no deisotoping performed. Mascot (Matrix Science, London, UK; version 

2.5.1) and X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1) were 

used to analyzed all MS/MS samples. Mascot was set up to search the 

Ixodidae_Bmic_Bdec20150613_20150720 database (134116 entries) assuming 

digestion by trypsin. X!Tandem was set up to search a subset of the 

Ixodidae_Bmic_Bdec20150613_20150720 database also assuming trypsin digestion. 

Mascot and X! Tandem were searched with a fragment ion mass tolerance of 0.020 

Da and a parent ion tolerance of 20 PPM. Cysteine carbamidomethyation (CAM) was 

specified in Mascot and X! Tandem as a fixed modification. Deamidated of asparagine 

and glutamine and oxidation of methionine were specified in Mascot as variable 

modifications. Glu->pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, gln-

>pyro-Glu of the N-terminus, deamidated of asparagine and glutamine and oxidation 

of methionine were specified in X! Tandem as variable modifications. 

(b) Criteria for protein identification 

The validation of MS/MS based peptide and protein identifications was performed by 

Scaffold (version Scaffold_4.5.0, Proteome Software Inc., Portland, OR). Peptide with 

greater than 98.0% probability and an FDR less than 0.1% using the Scaffold Local 

FDR algorithm were considered true positives. Proteins with greater than 99.0% 

probability and an FDR less than 1.0%, with at least 2 identified peptides were 

considered true identifications.  Protein probabilities were assigned by the Protein 

Prophet algorithm (Nesvizhskii et al. 2003). Proteins with similar peptides that could 
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not be differentiated using MS/MS analysis, were grouped as isoforms to satisfy the 

principles of parsimony.  
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Chapter 3:  Transcriptome sequencing and analysis - data 

analysis and discussion 

3.1. Introduction 

 

The characterization of the transcriptome is a highthroughput way to discover tick 

salivary gland components. Previously the characterization of salivary gland 

transcriptomes/sialotranscriptomes of several tick species have been described by 

expressed sequence tags (ESTs) analysis obtained by classical Sanger sequencing of 

cDNA libraries (Ribeiro et al. 2006, 2011, 2012; Alarcon-Chaidez et al. 2007;Chmelar 

et al. 2008; Anatriello et al. 2010; Francischetti et al. 2011), which generally yielded a 

few thousands ESTs. The number of ESTs varies per study from five hundred to 

several thousands (Nene et al. 2002; Valenzuela et al. 2002; Santos et al. 2004; 

Ribeiro et al. 2006, 2011; Alarcon-Chaidez et al. 2007; Mans et al. 2008b; Francischetti 

et al. 2008a,b; Chmelar et al. 2008; Aljamali et al. 2009; Anatriello et al. 2010). 

Early tick transcriptome studies that were performed on Ixodes species (Valenzuela et 

al. 2002; Francischetti et al. 2005; Ribeiro et al. 2006; Chmelar et al. 2008) provided 

insights into the qualitative aspects of tick salivary gene expression. This provided a 

foundation for understanding the molecular interface between ticks, hosts and 

transmitted pathogens. The first tick sialotranscriptome revealed the existence of many 

protein families in secreted saliva of I. scapularis (Venenzuela et al. 2002). 

Subsequently, these protein families were identified and confirmed in other tick species 

(Francischetti et al. 2005, 2008a; Alarcon-Chaidez et al. 2007; Wang et al. 2007; 

Chmelar et al. 2008; Aljamali et al. 2009). A study by Ribeiro et al (2011) revisited the 

A. variegatum sialotranscriptome to improve the throughput by combining the ESTs 

and proteomics (Ribeiro et al. 2011). This approach could only reveal more secreted 

proteins, still leaving most proteins with unknown functions. That still posed a problem 

and proved the use of ESTs to have limitations. The next generation sequencing NGS) 

would help to identify more proteins, and by doing so increasing the high-throughput. 

However, the NGS just leads to even more proteins with unknown function. 

Consequently, this led to the need to explore newer and better ways to achieve 

highthroughput in an effort to identify tick sialotranscriptome proteins. Such proteins 
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could play significant roles in tick-host interactions; tick feeding; tick survival. More 

importantly, such proteins can be good candidates for anti-tick vaccines. Years later, 

the next generation sequencing (NGS) was introduced in tick sialotranscriptome 

studies (Karim et al. 2011). 

The newest insights into improved tick sialotranscriptomes are progressively being 

driven by NGS technologies. Consequently, comprehensive transcriptional data can 

be reliably acquired at the level of individual tissues and cell types. Subsequently, that 

allows for de novo assemblies of transcriptome data. In turn, such transcriptome can 

provide genetic and phylogenetic information even in the absence of an assembled 

genome sequence. In the past years, there has been a gradually rapid adoption of 

NGS technologies to undercover underlying aspects relevant to the biology, feeding, 

tick-host interactions and reproduction of different tick species. For more unsequenced 

tick species, de novo transcriptome assembly from RNA-seq data can provide 

sufficient information to reveal their genome coding sequences, SNPs and differential 

expression. With such information being continuously generated, that should be 

publicly available to other researchers via public databases such as NCBI’s Sequence 

Read Archive (SRA) (Rinker et al. 2016). 

Compared to previous sequencing methods, NGS produce larger datasets of giga 

base rather than kilo base scale produced by traditional methods (Metzker, 2010). Tick 

sialotranscriptomes have been described in two studies by NGS technologies. Those 

studies yielded a highthroughput data on salivary gland transcripts from A. maculatum 

(Karim et al. 2011) and I. ricinus (Schwarz et al. 2013). NGS-based transcriptomics 

projects can produce hundreds of thousands of assembled contigs (Schwarz et al. 

2013) and over 50 000 unique transcripts (Tan et al. 2015; Xu et al. 2015). The 

unprecedented transcriptome coverage by NGS enables statistically reliable analysis 

of gene expression dynamics of secreted salivary proteins throughout the course of 

tick feeding, the comparison of tissue-and developmental stage-specific transcripts 

accumulation and metabolic pathways analysis (Kotsyfakis et al. 2015a).   

The current study aimed at characterizing the R. (B.) microplus salivary gland 

transcriptome.  Due to lack of a fully sequenced genome for R. (B.) microplus, a de 

novo approach was used to achieve this aim. This was made possible by Illumina next 

generation sequencing technology. In the past it has been shown that tick 

transcriptomes contain a higher abundance of housekeeping proteins than secreted 

proteins (Anatriello et al. 2010; Francischetti et al. 2011; Karim et al. 2011; Garcia et 
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al. 2014; Kotsyfakis et al. 2015b). Tick transcriptome studies have sought to 

undercover secreted proteins as they play vital roles in tick physiology; feeding; host 

interaction and reproduction. The most represented secreted protein families are 

Kunitz-domain proteins; lipocalins; metalloproteases and basic tail proteins (Karim et 

al. 2011; Schwarz et al. 2013; Garcia et al. 2014; Kotsyfakis et al. 2015b).The 

pioneering tick transcriptome work by Karim et al. (2011) provided the first 

transcriptome study employing the next generation sequencing approach.  
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3.2. Results 

 3.2.1. RNA isolation and purity 

RNA was isolated from salivary gland extracts prepared from five different feeding 

stages of R. (B.) microplus ticks. Nanodrop was used to determine the purity and yield 

of the total RNA extracted and the results are illustrated in (Figure 3.1). The RNA 

concentration values were within the recommended range for Illumina sequencing 

protocols, which is 0.1 – 4 µg. This provided sufficient quality and quantity to produce 

a good library for sequencing.  

 

      

            

 

 

 

 

Figure 3.1: RNA integrity results as measured with NanoDrop. A to E is BM1 
to BM5, respectively.  

         A     B  

C      D 
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Table 3.1. The results for NanoDrop 260/280 and 260/230 ratios for RNA purity quantification. 

 

Sample 260/280 ratio 260/230 ratio 

BM 1   2.15 2.14 

BM 2   2.12 1.95 

BM 3 2.22 1.40 

BM 4 2.16 1.01 

BM 5 2.19 2.08 

 

3.2.2 cDNA library validation 

The cDNA library validation showed that the concentrations of cDNA library synthesis 

was adequate for Illumina MiSeq sequencing. The synthesized libraries indicated 

smears ranging from the sizes of ~500 bp – 2500 bp. These sizes suggested the 

integrity of high molecular size transcripts. The bands for sequencing were cut at 600 

bp (and above) as it shown in Figure 3.2. The below part of the band was kept as a 

backup. Subsequently, this suggested that the mRNA integrity was good (not 

degraded) (Table 3.2). 

 

Table 3.2. The results for cDNA libraries quantification with Qubit High Sensitive (HS) kit. 

 

cDNA library Concentration (ng/µl) 

BM 1  3.2  

BM 2   39.3  

BM 3 38.4  

BM 4 35.7  

BM 5 43.7  
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3.2.3. Illumina sequencing and quality trimming 

Literature has indicated differential expression of salivary gland transcripts during tick 

feeding. In order to account for this possibility and test the hypothesis that differential 

expression occurs, ticks were fed and sampled at different feeding points. From those, 

five separate salivary gland transcriptomes cDNA libraries of R. (B.) microplus, were 

generated. The cDNA libraries prepared from the RNA of these feeding stages were 

subjected to RNASeq using Illumina MiSeq technology. A total number of ~113 million 

untrimmed reads were generated and, after quality trimming and generation of various 

data structures represented 42 data structures that all possessed different numbers of 

reads (Table 3.3). 
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Figure 3.2: A 1% agarose gel electrophoresis depicting cDNA library 
integrity results. M (1 Kb Ladder DNA marker), BM1 – 5 are the different tick 
feeding stages. The bands for sequencing were cut at 600 bp (and above). 
The part below the 600 bp band was kept as a backup. 
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Table 3.3: Statistics for quality trimming and creation of various data structures for R. (B.) microplus. Samples include BM1, BM2, BM3, BM4, BM5 
and all samples combined (All). Data structures include raw reads before quality trimming (Untrimmed), paired reads that was quality trimmed and 
merged (Merged), Merged reads from which duplicates were removed (Mddup), single reads that was quality trimmed (Single), Single reads from 
which duplicates were removed (Sddup), combined Merged and Single reads (SM), combined Sddup and Mddup reads (SMddup). 

Samples Untrimmed Merged Mddup Single Sddup SM SMddup 

BM1 22,056,581 5,609,572 4,060,830 16,499,335 11,503,179 22,108,907 15,564,009 
BM2 25,844,254 7,022,173 5,078,768 19,694,787 14,131,827 26,716,960 19,210,595 
BM3 21,558,672 6,584,118 4,415,584 6,609,949 5,097,206 13,194,067 9,512,790 
BM4 22,163,383 5,115,562 3,678,815 16,753,227 12,489,630 21,868,789 16,168,445 
BM5 21,786,218 4,797,721 3,604,754 16,166,905 12,011,727 20,964,626 15,616,481 
All 113,409,108 29,129,146 20,838,751 75,724,203 55,233,569 104,853,349 76,072,320 
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3.2.4. De novo assembly 

De novo assembly resulted in 462 assemblies from which open reading frames 

(ORF’s) were extracted resulting in 15,310,502 total ORF’s (Table 3.4). The ORF’s 

were clustered using CD-HIT to produce a non-redundant dataset resulting in 549,475 

ORF’s. Chimeric sequences were removed using CD-HIT indicating that 14% of ORF’s 

were chimeric assemblies. Only ORF’s with an average coverage > 4 were retained 

resulting in 83,020 ORF’s. Even though it is assumed that the largest ORF represents 

the correct reading frame (in this case reading frame 1), BLASTX analysis was used 

to confirm this. In a number of cases, the BLASTX hit indicated that the correct reading 

frame was not the largest. After extraction of the correct reading frames the ORF 

number were reduced to 30,537. This indicates a significant loss in transcripts, most 

probably due to truncated ORFs in the incorrect reading frame. 

 

Table 3.4: Reduction of ORF numbers to obtain a representative set for analysis. 

 

ORF reduction step Number of ORFs 

ORF’s before clusterization 15,310,502 

ORF’s after clusterization on CD-HIT 549,475 

ORF’s after removal of chimeric sequences, 471,158 

ORF’s with coverage > 4 83,020 

ORF’s after BLASTX analysis and reading frame 
correction 

30,537 

 

 

3.2.5. BUSCO analysis to determine the quality of the transcriptome 

Benchmarking Universal Single–Copy Orthologs (BUSCO) assessments are used to 

robustly estimate completeness of the datasets, however, some technical limitations 

may increase proportions of “fragment” and “missing” BUSCOs, especially for large 

genomes. BUSCO quality assessments provide high-resolution quantification citeable 

in the simple C [D], F, M, n notation for genomes, gene sets and transcriptomes. This 
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facilitates informative comparisons for instance, of newly sequenced draft genome 

assemblies to those of important organism models (for example R. (B.) microplus), or 

to quantify iterative improvements to assemblies or annotations (Simâo et al. 2015).  

Analysis of the final set of nucleotide sequences using BUSCO (Bmic: 85.1% [S: 

42.4%; D: 42.7%], F: 1.6%, M: 13.3%, n=1066) indicated that the transcriptome 

possess 85.1% of the 1066 conserved arthropod genes in the BUSCO database. 

Based on the BUSCO parameters 42.4% of these are single, 42.7% duplicated, 1.6% 

fragmented and 13.3% missing. It was important to compare the quality of the 

transcriptome from this study with those of other related tick species. The sequences 

from this study were analysed, and compared to the available data in databases. 

Sequencing technologies, assemblers and bioinformatics tools can play a significant 

role in the final transcriptome completeness validation. The D. variabilis whole-body 

transcriptome yielded over 271 million clean reads. The BUSCO analysis of this 

transcriptome confirmed over 90% completeness (Rosendale et al. 2016). Cramaro et 

al (2017) used PacBio sequencing system to produce just above 5 million ultra-long 

reads from I. ricinus adult females and males. The estimation of the genome assembly 

completeness by BUSCO retrieved 55.5% completeness for unique orthologs. The 

study of I. scapularis allowed for the BUSCO transcriptome validation of 68.9 [2.4], 

21.0, 10.1, which indicated a 68.9% completeness with 2.4% duplicates; 21% partially 

recovered genes and 10.1% unrecovered genes (Hoy et al. 2016). In comparison with 

these studies, our study had better transcriptome completeness. However, Rosendale 

et al. (2016) showed over 90% completeness in D. variabilis whole-body transcriptome. 

Overall, this suggests that our study proved to have deeper coverage due to deep 

sequencing by the Illumina sequencing. However, Rosendale study (Rosendale et al. 

2016) may be more complete because it sequenced a whole-body transcriptome 

compared to a salivary gland one. 

3.2.6. Functional annotation 

The reads were classified into four main classes: housekeeping proteins (HKP), 

secreted proteins (SP), proteins annotated as hypothetical or unknown function (UNK) 

and reads with no BLAST hits (NA). In summary, 19 979 ORFs were associated with 

housekeeping proteins (65.4%), 2 649 were secreted proteins (8.7%), 5 706 were 

unknown (18.7) and 2 203 were NA (7.2%) (Table 3.5).  
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Table 3.5: Protein families identified from the annotation of the R. (B.) microplus salivary 
transcriptome. 

Protein class Number of identified proteins 

Secreted proteins 2 649 

Housekeeping proteins 19 979 

Proteins with unknown functions 5 706 

Proteins with no hits 2 203 

 

 3.2.6.1. Housekeeping proteins 

 
In this study the majority of main putative housekeeping proteins identified were 

associated with protein translation (558), serine proteases (289), transport (261), 

transposable elements (188), amino acid metabolism (177) and energy metabolism 

(177) (Table 3.6) and (Figure 3.3). 

 

Table 3.6: Pathway classification of main housekeeping genes in Rhipicephalus (Boophilus) microplus 
salivary transcriptome. 

 

Category Count 

Translation 558 

Serine proteases 289 

Transport 261 

Transposable elements 188 

Amino acid metabolism 177 

Energy metabolism                                                                       177 
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Figure 3.3: Putative housekeeping proteins identified in R. (B.) microplus (ARC-OVR) transcriptome database. Proteins associated with FSDE (folding, sorting and degradation) 
and metabolism were expressed at higher levels relative to other protein families. Abbreviations: TELEM (transposable elements), AMET (amino acid metabolism), EMET 
(energy metabolism), BOSM (co-factors), TRCA (transport and catabolism), CDVI (cell growth and death), REPL (replication), CMOT (cell motility), TRSL (translation), CIRC 
(circulation), EADA (environmental adaptation), IMMU (immunity), PLA2 (phospholipase A2), SIGN  (signalling). 
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3.2.6.2. Putative secreted proteins 

 

The major secreted protein families that were identified in this study were lipocalins, 

BTSP, BPTI/Kunitz, cement proteins and metalloproteases. In total, lipocalins were the 

largest group of secreted proteins in the total R. (B.) microplus transcriptome database 

(ARC-OVR) with 504 (Figure 3.4) and (Table 3.2). This pattern corresponds with what 

has been shown by other tick transcriptome studies. The BTSPs were the least 

abundant protein family shown, with a total of 122 proteins. Overall, The R. (B.) 

microplus salivary gland transcriptome BLAST search results yielded only 2,649 out of 

total 30,537 (8.67%) ORFs that were annotated as secreted proteins (Figure 3.5), the 

majority of which retrieved R. pulchellus as best BLASTP for total protein hits. This 

may be due to the good transcriptome database deposited for R. pulchellus, or that R. 

pulchellus is closer related to R. (B.) microplus to the exclusion of other Rhipicephalus 

species. Moreover, this could suggest unique R. (B.) microplus ORFs were found in 

this current study since they did not retrieve much R. (B.) microplus sequences. 

Proteins from the tick R. (B.) microplus were the second largest group in species count 

as shown in (Figure 3.5). The current R. (B.) microplus transcriptome database 

contributes more proteins than is currently available for R. (B.) microplus. This could 

be due to the advantage of using both molecular biology techniques and high-

throughput next-generation sequencing techniques, like Illumina MiSeq sequencing. 

 

Table 3.7: List of most abundant R. (B.) microplus salivary gland transcriptome secretory protein 
families. 

 

Protein family Secreted proteins from our R (B) microplus 

database 

Lipocalins 504 

Metalloproteases 131 

Cement 148 

BPTI 184 

BTSP 122 
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Figure 3.4: Putative secreted proteins identified in R. (B.) microplus (ARC-OVR) transcriptome database. That could be attributed the deeper sequencing and coverage 
obtained by the study design. Lipocalins cement proteins and metalloproteases protein families were the highest identified. Abbreviations: 5NT (5’nucleotidase), AG5 
(antigen 5), BPTI (bovine pancreatic trypsin inhibitor), BTSP (basic tail secreted protein), CBPA (choline binding protein A), FreD (fibrinogen-related domain), HRF (histamine 
release factor), Ix (Ixodegrin), SALP15 (tick salivary protein 15), SECR (tick secreted protein), serpin (serine protease inhibitor), TCI (tick carboxypeptidase inhibitor), TIL 
(trypsin inhibitor-like cysteine rich domain).  
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Figure 3.5: Species count from our R. (B.) microplus (ARC-OVR) transcriptome study with the highest and best hits on the NCBI database.  
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3.3. Discussion 

In  total 30,537 of open reading frames (ORFs) were assigned to KEGG housekeeping 

protein classes, secretory protein families, proteins with unknown functions and those 

that belonged to the NA class. The majority of housekeeping proteins were associated 

with protein translation and serine proteases. Lipocalins, metalloproteases and 

proteins of cement function were most abundant of the secreted proteins (Table 3.7). 

The high percentage of proteins with unknown functions (18,7%) might contain 

secreted proteins that are not yet characterized. Unexpectedly, the greatest number of 

BLAST hits were not obtained for R. (B.) microplus, but for R. pulchellus from an 

annotated Acari protein database (Figure 3.5). This suggests that unique R. (B.) 

microplus ORFs were found in this study. This was reflected in both higher numbers 

of housekeeping and secretory protein family members found compared to the R. (B.) 

microplus sequences available. The majority of housekeeping proteins were those 

involved in biological processes such as secretion; transcription and translation, which 

fits the profile expected for salivary glands. It is known that ticks produce (express) 

proteins as they progress with their blood feeding and some of those proteins play vital 

roles in processing the blood meal and helping the tick to remain attached to the host. 

The dominant secretory protein families found were those known to be involved in 

regulation of host haemostatic and immune defences as well as tick attachment. These 

included BPTI; BTSP; lipocalin; metalloproteases and cement proteins. Typically, this 

phenomenon has been found in other tick sialotranscriptomes (Ribeiro et al. 2006, 

2011; Mans et al. 2008b; Francischetti et al. 2009). The secretory proteins were the 

lowest in number, suggesting that they may be expressed at higher levels compared 

to housekeeping proteins.
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3.3.1. Housekeeping proteins 

 

Housekeeping proteins are essential to maintain the cellular processes of organisms. 

These proteins are regularly expressed throughout the life of all organisms. Such 

proteins include, among others, proteins responsible for metabolism, transcription, 

signal transduction, protein synthesis, modification and export (Kim et al. 2016). Most 

studies have previously shown that the majority of housekeeping proteins expressed 

in all living organisms are responsible for metabolism, carbohydrates, amino acids and 

cytoskeleton (Francischetti et al. 2009; Schwarz et al. 2014; Kim et al. 2016). This is 

the same when it comes to ticks and tick feeding. Ticks express housekeeping proteins 

during their feeding. 

Detoxification (enzymes) is one of the vital process during tick feeding. In this study, 

many enzymes responsible for detoxification were also abundant such as 

sulfotransferases. These might play a role in detoxification of dopamine (Pichu et al. 

2011; Yalcin et al. 2010), a secretagogue found in salivary glands (Pichu et al. 2011). 

NADH-ubiquinone oxidoreductases, ATP synthases and cytochromes had higher 

expression frequency. The latter possess some defense mechanism. Graham et al. 

(2016) recently isolated a cytochrome P450 gene, CYP3006G8 from R. (B.) microplus. 

This was the first CYP to be shown to putatively metabolize pesticide. Pesticides are 

obviously detrimental to ticks, and ticks need to overcome that to have successful 

blood meal. Probably ticks evolved the CYP to deal with human derived pesticides. 

Therefore, the expression of these CYPs could be expected, perhaps at all feeding/life 

stages and under different stimuli. 

Heat shock proteins (such as HSP70), proteases and glycosyltransferases were also 

abundant in this study. This group of proteins is involved in post-translational 

modification and protein degradation. The tick salivary glands start to degenerate 

towards the end of the tick feeding and are almost completed within four days of the 

tick detaching (Sauer et al. 1995; Freitas et al. 2007). It is possible that these proteins 

may play a role in salivary gland degeneration.  
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3.3.2. Putative secreted proteins 

Our data revealed tick protein families that have been previously found in abundance 

by other studies. A core set of protein families are conserved between ixodids and 

argasids (Mans et al. 2008a). These families are often found in abundance and they 

include amongst others, lipocalins; BTSP; BPTI/Kunitz and metalloproteases (Mans 

et al. 2008a). Lipocalins were the largest group of secreted proteins (1.65%), followed 

by the metalloprotease group (1.61%) (Figure 3.4). For the purposes of our study, 

only a few classes of proteins from the secretory group will be further discussed. These 

are lipocalins, metalloproteases, cement proteins and Kunitz/BPTI, and are discussed 

below. 

(a) Lipocalins 

Mammals secrete serotonin also known as 5-Hydroxytryptamine (5-HT)2 and 

histamine as a defense mechanism in general. Serotonin helps to induce platelet 

aggregation and vasoconstriction (Van Nueten et al. 1985), while histamine allows 

monocytes and neutrophils permeability and filtration in the tick feeding site (Jutel et 

al. 2001b).  To circumvent these mammalian hosts’ responses, ticks scavenge both 

the serotonin and histamine. Both serotonin and histamine were shown to be 

scavenged by lipocalins in some ticks (Paesen et al. 1999; Sangamnatdej et al. 2002).  

Lipocalins possess a highly conserved barrel structure with which they interact with 

their hydrophobic ligands. These proteins are expressed in abundance in tick salivary 

glands (Francischetti et al. 2005; Ribeiro et al. 2006; Alarcon-Chaidez et al. 2007). 

Tick lipocalins have been described to be involved in histamine binding (Paesen et al. 

1999), anti-haemostasis (Rodriguez-Valle et al. 2013), anti-complement activity (Nunn 

et al. 2005) and toxicity (Mans et al. 2003). Lipocalins also known to play a role in 

TXA2 scavenging and inhibition of platelet aggregation (Mans et al. 2008c, LTB4 

scavenging (Beaufays et al. 2008; Mans et al. 2008c; LTC4 scavenging (Mans et al. 

2008b). 

Lipocalins are known to bind both the serotonin and histamine. Mans et al (2008c) 

isolated two abundant lipocalins (monomine and monotonin) from A. monolakensis 

salivary glands.  Monomine (AM-10) and monotonin (AM-38) were shown to bind 
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histamine and serotonin (5-HT), respectively. They both showed high affinity binding 

and that would suggest that they can be effective lipocalins scavengers at the feeding 

site thereby inhibiting host inflammatory responses. Furthermore, mast cells and 

neutrophils release to help in fighting inflammatory responses (White and Kaliner, 

1987). The cutaneous inflammation mediated by histamine, is one of the host’s 

defence reactions to tick feeding. Given the importance of lipocalins in ticks feeding 

survival, it can be speculated that R. (B.) microplus tick saliva glands can possess 

proteins like histamine binding lipocalins to sequester histamine in order to circumvent 

the inflammation response. However, further work still needs to be done to test such 

proteins’ biological functions in ticks. 

(b) Metalloproteases 

Metalloproteases are multifunctional proteins with diverse biological functions in 

several organisms, including ticks. These proteins have been identified in various tick 

species. They are associated with blood meal related functions (Francischetti et al. 

2003; Harnnoi et al. 2007; Decrem et al. 2008a; Barnard et al. 2012). Saliva 

metalloproteases play a vital role in fibrin and fibrinogen breakdown (Francischetti et 

al. 2003). To prove that, RNAi was used to inhibit I. ricinus metalloproteases 

expression. That prevented blood meal completion and inhibited saliva fibrinolytic 

activity (Decrem et al. 2008a, b). Francischetti et al (2003) confirmed that I. scapularis 

saliva contains metalloproteases with fibrinolytic, antifibrinogen and antifebrin specific 

activities. Metalloproteases transcripts were also found in I. ricinus salivary glands. 

These were in accordance with the idea that metalloproteases participate in 

hemostatic modulation and in facilitating blood meal completion (Francischetti et al. 

2003; Decrem et al. 2008a). 

A few studies used vaccination to determine the efficiency of tick metalloproteases in 

modulating host immune responses. Rabbit vaccination with I. ricinus recombinant 

metis metalloproteases was shown to prevent blood meal completion, without altering 

tick survival rate. Recently, a recombinant reprolysin metalloprotease (BrRm-MP4) 

from R. (B.) microplus was tested against R. (B.) microplus infestation in cattle. 

Vaccination with rBrRm-MP4 provided immune response, and reduced tick feeding 

success, engorged female numbers and their reproduction. The rBrRm-MP4 provided 
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an overall of 60% protection, and that made it a good potential anti-tick candidate (Ali 

et al. 2015a).  

The reprolysin family of metalloproteases was shown to be dominant in the salivary 

glands of R. (B.) microplus, while the astacin family was prominent in the midgut and 

ovary (Barnard et al. 2012). BLASTP analysis of the transcriptome from the current 

study indicated that the majority of metalloproteases belong to the reprolysin family in 

support of the previous observations. A metalloprotease enzyme, BooKase (Boophilus 

Kininase) was identified in R. (B.) microplus salivary glands. This enzyme inactivates 

bradykinin and lowers its levels at host attachment site, relieving pain (Bastiani et al. 

2002). The metalloprotease transcription upregulation in salivary glands has been 

shown to correlate with blood feeding (Francischetti et al. 2003; Harnnoi et al. 2007; 

Decrem et al. 2008a; Barnard et al. 2012). Tirloni et al. (2014) found that R. (B.) 

microplus partially engorged female ticks have significant amounts of 

metalloproteases compared to the fully engorged ones. That could support the fact 

that host defence modulation is crucial during the early feeding stages.  

(c) Basic pancreatic trypsin inhibitor/Kunitz 

Both hard and soft tick sialotranscriptomes have been studied extensively over the 

years. These studies have revealed several protein families that are believed to play 

significant roles in tick feeding; tick reproduction and tick-host- pathogen interactions. 

Some of these protein families are serine protease inhibitors that play roles, mainly, in 

tick feeding. The majority of such serine proteinase inhibitors belong to the 

BPTI/Kunitz family. In the past, several molecules have been studied extensively. 

These include anticoagulant peptide (TAP) (Waxman et al. 1990); a blood coagulation 

factor Xa inhibitor, purified from O. moubata; thrombin inhibitors, ornithodorin (Van de 

Locht et al. 1996) and savignin (Mans et al. 2002b) from O. moubata and O. savignyi, 

respectively. Factor Xa and FVIIa/tissue factor inhibitors, Ixolaris (Francischetti et al. 

2002) and Penthalaris (Francischetti et al. 2004) from I. scapularis. Several R. (B.) 

microplus trypsin inhibitors (BmTIs) with inhibitory activity toward human plasma 

kallikrein (HuPK), human neutrophil elastase (hNE) and plasmin present in larvae and 

eggs have been described (Tanaka et al. 1999, Andreotti et al. 2001, Sasaki et al. 

2004). These Kunitz/BPTI-domain containing proteins have been placed in different 
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categories, based on their biological activities. These activities include, antimicrobial 

activity; ion channel blocking; blood uptake and digestion; tick egg production 

development; FVIIa/TF complex activity blockage; plasmin, elastase and plasma 

kallikrein blockage (Lima et al. 2010; Tanaka et al. 1999; Sasaki et al. 2004; 

Francischetti et al. 2002, 2004).  

R. (B.) microplus chymotrypsin inhibitor (BmCI) was identified from tick body fat (Lima 

et al. 2010). This inhibitor inhibits both chymotrypsin and human neutrophil elastase 

(hNE) that play a role in immune response and blood coagulation. Increased levels of 

BmCl were observed in hemocytes following M. anisopliae infection, suggesting its 

role in tick defense system (Lima et al. 2010). BmCl was been shown to have other 

biological activities other than its role in the immune response and blood coagulation. 

A study by Lima et al (2010) demonstrated that BmCl shares similarities with 

dendrotoxins. Dendrotoxins have the ability to block ion channels  such as Na+, K+, 

Ca+ that play a role in cell proliferation (Lang et al. 2005) and apoptosis (Nutt et al. 

2002). Lima et al (2010) demonstrated that rBmCI cytotoxic effects in mammalian cells 

caused by an apoptosis-inducing activity. 

Tick inhibitors, BmTA and B were identified from R. (B.) microplus larvae, and they 

have shown to inhibit activities of trypsin, elastase and plasma kallikrein. Cattle 

immunization with BmTI showed gave an overall protection of 72.8%. 

A number of saliva anticoagulants were discovered in ticks. The first one, Ixolaris 

containing two Kunitz/BPTI domains was identified in salivary glands of I. scapularis 

(Francischetti et al. 2002). This inhibitor has two Kunitz domains and similar to human 

tissue factor pathway inhibitor (hTFPI). It has the same activity as hTFPI to block 

FVIIa/TF complex and inhibit extrinsic pathway (Francischetti et al. 2002). Later 

another inhibitor with five tandem Kunitz domains called Penthalaris was identified. 

Penthalaris binds to the FX and FXa, inhibiting the FVIIa/TF-induced FX activation at 

high concentrations. As a result, it was implicated in inhibition of coagulation 

(Francischetti et al. 2004). Given all these significant roles of the members of the 

BPTI/Kunitz family, it could be suggested that ticks really need these proteins for the 

completion of their feeding process and survival on the host. The identification of these 

proteins in this study is in accordance with findings from previous related studies.  
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(d) Cement proteins 

This protein family was found to be among the highly abundant protein families in R. 

(B.) microplus salivary glands. This was in accordance with other tick 

sialotranscriptome studies (Tirloni et al. 2014; Kim et al. 2016). This supports the 

hypothesis that cement proteins play a crucial role during the early tick feeding phases. 

Ticks make use of their specialized mouthparts to attach to their hosts. They remain 

attached on the host with the help of cement proteins (Kemp et al. 1982). These 

cement proteins are rich in glycine and have been identified in tick sialome studies. A 

number of those proteins were anticipated as salivary cement proteins with roles in 

tick-host attachment during feeding (Francischetti et al. 2009). 

Cement proteins form a cone that ensures that ticks remain attached to the host during 

feeding (Valenzuela, 2004). Ideally, these proteins are expected to be expressed and 

up regulated during the early phases of tick feeding. Tirloni et al (2014) identified 

cement proteins in partially engorged female R. (B.) microplus ticks saliva. The same 

phenomena was observed in A. americanum (Mulenga et al. 2007). These cement 

proteins were also identified in other studies, O. moubata (Diaz-Martin et al. 2013b) 

and R. sanguineus (Oliveira et al. 2013). The up regulation of these proteins during 

the early feeding phases is in accordance with the fact that they facilitate tick 

attachment to the host.  

Like the overall aim of this study, which is part of tick vaccine development, some of 

these proteins have been evaluated as anti-tick vaccines (Bishop et al. 2002; Trimnell 

et al. 2005). Some tick cement proteins were identified and one of those is TRP64. 

TRP64 was identified in R. appendiculatus. More than being an important protein with 

a role in tick attachment, this protein has shown to have other important functions in 

ticks. A number of studies have evaluated TRP64 as an anti-tick antigen. The guinea 

pigs that were vaccinated with TRP64 showed increased mortality, decreased weight 

and egg mass in R. appendiculatus ticks (Trimnell et al. 2002). Vaccination of mice 

with TRP64 showed both tick feeding inhibition and reduction in encephalitis virus 

transmission by I. ricinus (Labuda et al. 2006). Given that, it can be anticipated that 

cement proteins from this study might possess anti-tick and antimicrobial properties. 

Further work is needed to characterize such proteins and possibly determine their 
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biological roles in anti-tick activities. Therefore, it cannot be concluded, yet, that this 

study had revealed novel tick cement proteins. 

 

3.3.3. Improved R. (B.) microplus salivary gland transcriptome coverage 

The R. (B.) microplus salivary gland transcriptome yielded higher protein coverage for 

housekeeping proteins. There was also a high number of unknown proteins, which 

could be also housekeeping proteins that were discovered in the R. (B.) microplus 

salivary gland transcriptome (Table 3.5). These proteins could not be assigned to any 

protein family, majority of which were classified as tick salivary gland hypothetical 

proteins. These proteins still have to be characterized and be assigned to their 

respective protein families. Some, if not, majority of such proteins could be secretory 

proteins that were never identified by other tick saliva/salivary gland transcriptome 

studies. Thus, the higher number of unknown proteins could be attributed to the high 

coverage obtained by the more advanced experimental design employed in this study. 

The next-generation sequencing technologies such as Illumina MiSeq have, over the 

years, proved to be efficient in providing high-throughput transcriptome data. A study 

on I. ricinus midgut and salivary glands transcriptome and proteome, yielded improved 

protein coverage when the Illumina HiSeq was used for sequencing (Schwarz et al. 

2014). Ten libraries produced 35.5 Gb of raw sequence reads, which was greater than 

the transcriptomic data produced from their previous work (Schwarz et al. 2014).  
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3.4. Conclusion 

In conclusion, the current study yielded more housekeeping proteins than secretory 

protein as expected based on the published literature. The putative secreted proteins 

included, lipocalins; metalloproteases; Kunitz and cement proteins. This study 

improved and increased transcriptome coverage in terms of identified proteins 

contributing a higher number of R. (B.) microplus proteins than currently available in 

GenBank. This will allow for deposition of more R. (B.) microplus proteins into the 

public protein databases such NCBI. Moreover, the identification of proteins from the 

transcriptome was further validated by determining the proteins at the proteome level. 

That would then determine the correlation between the transcriptome and proteome 

of the R. (B.) microplus salivary gland proteins. 
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Chapter 4: Proteome analysis - data analysis and discussion 

4.1. Introduction  

Transcriptomic studies have provided useful information with regard to the general 

characterization and analysis of tick salivary glands. However, proteomic analysis of 

saliva/salivary glands provides unique information regarding proteins that are actually 

secreted (Tirloni et al. 2014). Proteomics aims at the large-scale analysis of proteins 

in various organisms, including ticks (Marcelino et al. 2012). In studies seeking to 

characterize the protein profiles, proteomic tools are useful. These tools allow large 

scale, high-throughput, identification and functional analysis of the proteome 

molecules (Kim et al. 2015). Some of these molecules play specific roles in tick 

physiological processes such blood feeding and/or digestion processes in ticks 

(Imamura et al. 2009; You and Fujisaki, 2009; You et al. 2001).  

 

The first tick proteomic study used two-dimensional gel electrophoresis (2DE) followed 

by MALDI-TOF mass spectrometry analysis (Madden et al. 2002. These studies did 

not result in the identification of proteins, probably due to the lack of appropriate tick 

protein databases (Untalan et al. 2005; Vennestrøm and Jensen, 2007). The 

limitations that hampered the application of proteomics technology in ticks included 

the scarce amount of material available for proteomics methodologies (Villar et al. 

2010) and the little information available in sequence databases for non-model 

organisms such as ticks. That has created the need to provide suitable databases for 

the correct assignment of the identified proteins. The first tick genome sequencing 

assembly of  the blacklegged tick, I. scapularis (Gulia-Nuss et al. 2016) together with 

the release of transcriptomics datasets for other species (Chmelař et al. 2016) has 

increased the number of tick proteins present in the UniProt database 

(http://www.uniprot.org) from 26,066 proteins  (taxonomy Ixodida) to 123,969 proteins, 

therefore enabling the identification of previously unknown proteins.  

 

The majority of tick proteomics studies have focus on the analysis of tick saliva or 

salivary gland protein extracts from soft and hard tick species (Valenzuela et al. 2002; 
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Madden et al. 2004; Oleaga et al. 2007; Francischetti et al. 2008b; Mans et al. 2008a; 

Francischetti et al. 2011; Diaz-Martin et al. 2013; Mudenda et al 2014; Schwarz et al. 

2014; Tirloni et al. 2015). Some of them also combined the proteomics approach with 

transcriptomics analysis (Francischetti et al. 2008b; Francischetti et al. 2011; Mudenda 

et al. 2014; Schwarz et al. 2014). Other tick studies sought to profile other tick organs 

using the combination of proteomics and transcriptomics (Sonenshine et al. 2011; 

Cramaro et al. 2015). The recent application of (protein identification technology) PIT 

has allowed for the identification of novel secreted proteins in D. andersoni saliva that 

are potentially relevant for immunomodulation and blood feeding in the first stages of 

tick attachment (Mudenda et al. 2014). Proteomics has also been applied in analysis 

of other tick tissues such as midgut, synganglion, spermatophore and ovaries in order 

to characterize tick biology and find potential vaccine antigens (Schwarz et al. 2014; 

Di Venere et al. 2015; Tan et al. 2015; Tirloni et al. 2015; Sonenshine et al. 2011). A 

recent publication reviewed the current knowledge on the transcriptomics and 

proteomics of tick tissues from a systems biology perspective (Chmelař et al. 2016). 

 

The application of PIT for the characterization of stress response in D. reticulatus 

unfed tick larvae revealed more than one hundred potential antigens. These 

candidates could reduce tick survival and reproduction (Villar et al. 2014a). The 

analysis of nymphs and adults from A. americanum ticks by quantitative proteomics 

revealed differences between developmental stages in relevant biological processes 

such as blood digestion, heme detoxification and innate immunity (Villar et al. 2014b). 

The findings from this study could help to design antigens for vaccines targeting ticks 

at their early development stages. 

 In this this study, R. (B.) microplus salivary gland proteome was analysed for 

comparison purposes with the complementing transcriptome. Proteome analysis was 

carried out by salivary gland extracts preparation and that was subjected to one-

dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (1D SDS-

PAGE). A specific protocol was optimised and adopted to yield proteomic data of high 

quality for the purposes of this study. 
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4.2. Results 

R. (B.) microplus salivary gland soluble, membrane and pellet protein fractions were 

tryptic digested and subjected to mass spectrometry to validate the analysis of the 

transcripts possibly being secreted proteins (Figure 4.1-4.3). The smears observed in 

the 1DE gels indicate the complexity of the salivary gland extract, which does not 

resolve into distinct bands when electrophoresed for 3 cm. However, this separation 

linked with the pre-fractionation steps that collected membrane (M), heat-denatured 

pellet (P) and soluble (S) fractions was considered sufficient steps to reduce the 

overall complexity of each fraction to an extent that would allow diagnostic depth in 

the MS/MS analysis, while reducing the cost of sample analysis. 

The Mascot data was viewed by the Scaffold 4 software program, and then analysed 

by XḷTandem.  The four data sets were analysed independently/separately, and 

ultimately combined to analyse the total number of proteins obtained. As it was 

observed with the transcriptome findings, the same phenomena was also observed 

here. The majority of the proteins identified were from our own R. (B.) microplus 

database. They have BLAST hits in the database of which some is TPA (third party 

analysis of R. (B.) microplus). The overall analysis revealed that cement proteins 

accounted for the majority of secretory proteins. 
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 Figure 4.1: An SDS-PAGE separated pattern of R. (B.) microplus membrane protein fraction for all feeding stages, BM1 – BM4 stained with 
Coomassie Brilliant Blue R-250 dye. MM is the protein molecular weight standard.  A to D represent BM1 to BM4, respectively, from which 10 
gel pieces were cut out for each feeding stage for proteomics studies.       

          A                B   
    

          C          D  
     



 

86 

 

    

    Figure 4.2: An SDS-PAGE separated pattern of R. (B.) microplus pellet protein fraction for all feeding stages, BM1 – BM4 stained with 
Coomassie Brilliant Blue R-250 dye. MM is the protein molecular weight standard.  A to D represent BM1 to BM4, respectively, from which 10 
gel pieces were cut out for each feeding stage for proteomics studies.       

          A          B  
     

          C          D  
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Figure 4.3: An SDS-PAGE separated pattern of R. (B.) microplus soluble protein fraction for all feeding stages, BM1 – BM4 stained with Coomassie 
Brilliant Blue R-250 dye. MM is the protein molecular weight standard.  A to D represent BM1 to BM4, respectively, from which 10 gel pieces were 
cut out for each feeding stage for proteomics studies.       

           A          B 

          C          D  
     



 

88 

 

4.2.1. Deep R. (B.) microplus salivary glands proteome coverage 

The proteomic approach used in this study resulted in deep proteome discovery of 

proteins from the R. (B.) microplus salivary glands. The clusterization of the 

proteomics data yielded a total number of 5 030 proteins (Figure 4.4). Of those 3 661 

were identified in the transcriptome, 527 in Boophilus decolaratus (B. decolaratus) 

(database obtained from Mr. Philasande Gaven, a fellow MSc colleague working on 

the same larger project), which a very close related tick to R. (B.) microplus. Eight 

hundred and forty three proteins accounted for proteins from other tick species. There 

were 446 proteins that were isoforms. It can be argued that these isoforms are the 

products of the unique proteins obtained from the transcriptome. Interestingly, 4 583 

(91.1%) proteins were unique identified in ticks. In that sense, that would mean that 

they were not isoforms. Furthermore, about 3 215 (63.9%) were only unique in R. (B.) 

microplus. In this sense, the proteome resulted in over 60% coverage, and about 40% 

could be from other ticks or unknown R. (B.) microplus secreted proteins. Moreover, 

that proves that this is the best R. (B.) microplus salivary glands proteome thus far 

compared to other studies of similar nature that identified fewer tick proteins (Schwarz 

et al. 2014; Mudenda et al. 2014; Villar et al. 2014a; Gulia-Nuss et al. 2016). 
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Figure 4.4: R. (B.) microplus salivary gland deep proteome coverage. The protein coverage 
was about 63.9% that was only unique in R. (B.) microplus. This coverage was 
demonstrated to be improved by the proteomic approach applied in this study.  
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Table 4.1: R. (B.) microplus salivary glands proteome protein classification  

Protein group        Number of proteins  Percentage (%) 

Housekeeping         3062       83.6  

Secreted             342       9.3 

Unknown            249       6.8 

N/A       8       0.3      

Unknown: tick proteins with no known or reported function. 

N/A: proteins that do not belong to ticks nor have any tick related function. 

 

4.2.1.1. Housekeeping proteins 

The housekeeping proteins found in tick salivary glands may have biological 

importance in tick feeding. The putative housekeeping proteins, as expected, had the 

highest number of proteins. The housekeeping proteins were expected to be more 

compared to other tick protein families due to what has been published in the literature 

of other tick saliva/salivary gland studies. In total, there were 3661 proteins identified 

in the proteomics data. About 3062 (83.64%) accounted for the housekeeping protein 

family. Proteins responsible for translation and transport and catabolism showed high 

levels of expression with 499 and 259, respectively. These were followed by the 

identification of proteins involved in replication, and amino acid and energy 

metabolism. This would suggest that the majority of housekeeping proteins are 

responsible for protein expression and for metabolism. This pattern was also observed 

in other studies (Ribeiro et al. 2004; Francischetti et al.  2008a, b, 2011; Mans et al. 

2008a, b; Karim et al. 2011, Garcia et al. 2014, Kim et al. 2016). These processes 

could be essential during tick feeding and help in successful blood meal completion 

(Figure 4.5).  
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Figure 4.5: Proteomics classification and abundance of the major putative housekeeping proteins from the R. (B.) microplus salivary glands proteins based on LC-MS/MS 
analysis. Proteins associated with FSDE (folding, sorting and degradation) and metabolism were expressed at higher levels relative to other protein families. Abbreviations: 

TELEM (transposable elements), AMET (amino acid metabolism), EMET (energy metabolism), BOSM (co-factors), TRCA (transport and catabolism), CDVI (cell growth and 
death), REPL (replication), CMOT (cell motility), TRSL (translation), CIRC (circulation), EADA (environmental adaptation), IMMU (immunity), PLA2 (phospholipase A2), 
REPL (replication), SIGN  (signalling). 
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4.2.1.2. Putative secreted proteins  

 

The analysis of R. (B.) microplus salivary gland proteome produced a total number of 

342 (9.34%) secreted proteins. The most abundant secretory proteins are listed in 

Figure 4.6. Available salivary gland transcriptomes show that the most commonly and 

abundant secreted tick salivary gland protein families are lipocalins; metalloproteases; 

BPTI/Kunitz; glycine-rich family; basic tail family and serpins (Francischetti et al. 

2008a,b,2011; Karim et al. 2011; Garcia et al. 2014; Tirloni et al. 2014; de Castro et 

al. 2016). As it has previously been reported in other studies, lipocalins showed the 

highest number of proteins (58) followed by metalloproteases (43). The 

metalloproteases were represented by the gluzincin and reprolysin groups, with the 

latter accounting for the majority of the proteins. The BPTI showed the least number 

of proteins with only sixteen proteins. Interestingly, putative secreted proteins with no 

known functions were also identified in this study, such as Ix_8.9 kDa. These proteins 

were also described in other tick studies (Francischetti et al. 2011; Garcia et al. 2014), 

suggesting efficient throughput and thorough analysis of our data. Consequently, 

strengthen the confidence in our proteome in accordance and relative to other tick 

sialotranscriptome studies. Moreover, the proteome from this study has identified and 

reported the highest number of proteins compared to other studies (Valenzuela et al. 

2002a; Oleaga et al. 2007; Kim et al. 2011; Tirloni et al. 2014; Radulović et al. 2014; 

Schwarz et al. 2014). This proves the success of this study, which is owed to the NGS 

approach coupled with advance bioinformatics analysis. 
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Table 4.2: Some of the tick proteomics studies identified major protein families 

 

Tick species Source Number of proteins Reference 

I. scapularis Saliva 87 Valenzuela et al. 2002a 

O. moubata and O. 

erraticus 

Salivary glands 35 Oleaga et al. 2007 

R. (B.) microplus Salivary glands 3661 Genu S, 2017 (MSc 

dissertation) 

R. (B.) microplus Salivary glands 187 Tirloni et al. 2014 

A. americanum Saliva 895 Radulović et al. 2014 

I. ricinus Salivary glands and midgut 1510 Schwarz et al. 2014 

I. scapularis Saliva 582 Kim et al. 2016 
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Figure 4.6: Putative secreted proteins identified in R. (B.) microplus (ARC-OVR) transcriptome database. That could be attributed the deeper sequencing and 
coverage obtained by the study design. Lipocalins, cement proteins and metalloproteases protein families were the highest identified. Abbreviations: 5NT 
(5’nucleotidase), AG5 (antigen 5), BPTI (bovine pancreatic trypsin inhibitor), BTSP (basic tail secreted protein), CBPA (choline binding protein A), FreD 
(fibrinogen-related domain), HRF (histamine release factor), Ix (Ixodegrin), SALP15 (tick salivary protein 15), SECR (tick secreted protein), serpin (serine 
protease inhibitor), TCI (tick carboxypeptidase inhibitor), TIL (trypsin inhibitor-like cysteine rich domain).  
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4.3. Discussion 

 

The differences at proteome and transcriptome levels of cells or tissues could be 

attributed to processes such as cellular location and biological function (Ghazalpour 

et al. 2011), post-translational modification, half-life and translation efficiency. That 

information may be relevant and useful in anti-tick vaccine development (Popara et al. 

2015). Our data confirm that R. (B.) microplus salivary glands contain a complex 

protein repertoire. There are also remarkable differences in protein composition 

among different feeding stages of ticks. R. (B.) microplus salivary glands are, like their 

transcriptome, mainly rich in housekeeping proteins and many tick secreted conserved 

proteins. As it has been previously described, there were abundant tick secreted 

proteins such as cement (glycine-rich proteins), lipocalins, metalloproteases, and 

BTSP as well as Kunitz/BPTI proteins.  

The tick feeding process brings about some changes in the salivary glands of adult 

ixodid ticks. Such phenomenon is usually accompanied by significant increases in 

salivary gland protein profiles (Binnington, 1978; McSwain et al. 1982). Moreover, 

different feeding conditions determine and affect salivary gland proteins, and a number 

of studies were in accordance with such observations (Mudenda et al. 2014; Tirloni et 

al. 2014; Radulović et al. 2014; Mulenga et al. 2007; Schwarz et al. 2013, 2014; 

Chmelar et al. 2008). As shown in other tick saliva proteomes (Mudenda et al. 2014; 

Tirloni et al. 2014), protein profiles differ at different tick life stages because different 

proteins play different unique roles during the tick feeding process.  
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4.3.1. Housekeeping proteins 

Housekeeping proteins are a class of proteins with essential roles in maintaining living 

and functions organisms. These proteins need to be constantly expressed as long as 

the organism is alive. In ticks, such proteins include, among others, proteins 

responsible for metabolism, transcription, signal transduction, protein synthesis, 

modification and export (Tirloni et al. 2014; Kim et al. 2016). Most studies have 

previously shown that the majority of housekeeping proteins expressed in all living 

organisms are responsible for protein synthesis, metabolism, carbohydrate 

metabolism, amino acid metabolism and the cytoskeleton (Francischetti et al. 2009; 

Schwarz et al. 2014; Tirloni et al. 2014; Kim et al. 2016). Housekeeping proteins 

identified in this study include those that play roles in protein synthesis (translation, 

replication), transport and catabolism, metabolism (energy and amino acid), immunity 

and transposable elements.  

 

4.3.2. Putative secreted proteins 

A number of studies have sought to characterized tick sialotranscriptomes using the 

proteomics approach. In other studies, proteomics methods are coupled with 

transcriptomics and the next generation sequencing (NGS). The main qualitative 

improvement brought by NGS was the ability to detect large numbers of novel 

transcripts by extensive transcriptomic coverage (Chmelař  et al. 2017). Subsequently, 

NGS has provided a more complete picture of tick gene expression and confirmed the 

presence of major protein families across tick species.  This approach holds a promise 

to achieve a high throughput and deep transcriptome coverages. This may allow 

identification of high numbers of novel proteins, especially those that were previously 

undiscovered by the previous studies. The well-studied tick secreted proteins include 

lipocalins, metalloproteases, cement proteins, Kunitz domain proteins, basic tail 

secreted proteins (BTSP) (Ribeiro et al. 2006; Karim et al. 2011; Schwarz et al. 2013; 

Garcia et al. 2014). 
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 As expected, this study was responsible for the identification of these above-

mentioned protein families as described below. Among the most identified secreted 

proteins were cement proteins (glycine-rich proteins), metalloproteases, lipocalins, 

BPTI (Kunitz) and BTSP. This trend has also been observed in a number of tick 

saliva/salivary gland proteome studies (Francischetti et al. 2011; Villar et al. 2014; 

Tirloni et al. 2014, 2015; Mudenda et al. 2015). 

(a) Cement proteins 

Proteins from this family have previously been identified in a number of other tick 

sialomes (Francischetti et al. 2009). Tick proteins containing glycine rich (Gly-rich) and 

proline-rich (Pro-rich) repeat motifs are known to be associated with cement functions 

(Bishop et al. 2002; Zhou et al. 2006). R. (B.) microplus saliva proteins of this 

superfamily were found exclusively secreted in early feeding stages (Tirloni et al. 

2014). These proteins have also been identified in O. moubata and R. sanguineus 

saliva (Diaz-Martin et al. 2013; Oliveira et al. 2013). Tirloni et al. (2014) found three 

glycine-rich proteins that contain the [LPAE]-P-G repeats. These repeats are known 

as targets of proline hydroxylase (Kivirikko et al. 1972) and this characteristic is also 

present in cement proteins. Recently, cement cones collected in vivo and artificial fed 

A. americanum were found to contain fibrils, beta sheets and helical structures (Bullard 

et al. 2016). The same characteristics were described in spider silk proteins that 

contain collagen (Maruyama et al. 2010).  

The proteomic analysis of R. (B.) microplus salivary gland proteome resulted in 

identification of 39 cement proteins. Like in other tick studies (Diaz-Martin et al. 2013; 

Oliveira et al. 2013; Tirloni et al. 2014), it could be suggested that these cement 

proteins were mainly expressed during the early feeding phase (BM1) of R. (B.) 

microplus. In turn, that proves that the proteomic data produced herein is accordance 

with what other previous studies discovered. However, this study identified more 

proteins of this superfamily and that is owed to the NGS and proteomics high-

throughputs approach applied in this study. Cement proteins and proteinases 

identification in early feeding stages of tick feeding as described in our study is in 

accordance with that found in R. (B.) microplus (Tirloni et al. 2014). Cement proteins 

were detected in early feeding stage as they facilitate tick attachment on the host.  
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(b) Metalloproteases 

Transcripts coding for metalloproteases are frequently described in tick 

sialotranscriptomes (Harnnoi et al. 2007; Mans et al. 2008a; Francischetti et al. 2009). 

Metalloproteases form part of a large number of enzymes present in the tick saliva. 

The roles of these enzymes include assisting blood feeding (Francischetti et al. 2009). 

Some metalloproteases proteins were identified in saliva of partially fed ticks (Tirloni 

et al. 2014). In this sense, metallopeptidases often play roles in vascular damage, 

tissue remodelling and degradation of serum compounds (Nagase and Woessner, 

1999). During the early stages of tick blood meal, these proteins may have a role 

modulating host responses against ticks. As it has been observed in other ticks, these 

salivary metallopeptidases may be associated with fibrin(ogen)lysis (Francischetti et 

al. 2003); bradykinin degradation (Bastiani et al. 2002); and angiogenesis inhibition 

(Francischetti et al. 2005a).  

 

The proteomic dataset from this study allowed for the identification of a total of 44 

metallopeptidases majority of which belonged to the reprolysin subclass (27) followed 

by gluzincin subclass (14). This pattern is in accordance with results from other tick 

sialotranscriptome and proteome studies (Decrem et al. 2008a; Karim et al. 2011; 

Tirloni et al. 2014; Kim et al. 2014; Karim and Ribeiro, 2015; Xu et al. 2015; Vora et 

al. 2017). Moreover, this superfamily is the largest second in protein abundance. 

Therefore, some of the predicted metalloprotease on the R. (B.) microplus salivary 

glands proteome dataset may be involved in the modulation of host defence 

mechanisms during tick feeding. The higher number of these proteins could suggest 

their importance in successful feeding process completion.   

 

(c) Lipocalins 

Tick lipocalins are characterised based on the annotated histamine-binding proteins 

from other tick species.  Lipocalins found in tick saliva can play a role in manipulating 

the host hemostatic functions (Beaufays et al. 2008; Mans et al. 2008a, c). Previously, 

lipocalins have been identified in several tick saliva proteomes (Diaz-Martin et al. 

2013; Tirloni et al. 2014). One of those is the study where 50 lipocalins proteins were 
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identified in saliva of partially and full fed R. (B.) microplus (Tirloni et al. 2014). Our 

study identified, by proteomics, 58 proteins of the lipocalin family, which was the class 

with most identified proteins. These proteins were also shown to possess the 

histamine-binding domain, which strongly suggest that they are tick-secreted proteins. 

The number of these proteins is similar to those of other lipocalins from other tick 

saliva/salivary gland proteomes. The presence of high amounts of lipocalins in R. (B.) 

microplus salivary glands is in accordance with data from other tick saliva/salivary 

glands proteomes, where lipocalins were abundant (Diaz-Martin et al. 2013; Tirloni et 

al. 2014, 2015; Kim et al. 2016). All these other studies showed less identified proteins 

of this family, suggesting the best high-throughput of our study. Moreover, the high 

abundance of lipocalins in tick saliva is in accordance with their antihemostatic and 

immunomodulatory activities (Francischetti et al. 2009; Mans, 2011; Ribeiro, 1995; 

Ribeiro and Francischetti, 2003). 

 

(d) Basic protease inhibitor (BPTI) 

Proteases facilitate the initial host defense mechanism when ticks feed on them. That 

mechanism triggers process such as inflammatory, platelet aggregation, blood 

clotting, complement activation and cellular immunity (Kim et al. 2016). In turn, ticks 

use protease inhibitors to circumvent the actions of proteases and evade host defense 

system by protease inhibitors (Mulenga et al. 2000, 2001; Prevot et al. 2007; Maritz-

Olivier et al. 2007). The Kunitz-type family members are characterized as inhibitors 

with a wide range of functionality in various serine endopeptidases (Rawlings et al. 

2013). The mechanism by which these inhibitors act is through several molecules, 

including thrombin, factor Xa, factor XIIa, trypsin and elastase (Maritz-Olivier et al. 

2007), suggesting their involvement in tick attachment and feeding. The Kunitz protein 

family is abundant in saliva of both soft and hard ticks (Chmelař et al. 2012). 

Using the proteomics approach, only one and a few Kunitz-domain containing proteins 

from saliva of fully engorged female R. (B.) microplus and nymph, and adult females 

H. longicornis, respectively (Tirloni et al. 2014; 2015). Herein, there were 17 Kunitz 

proteins identified from the salivary glands of R. (B.) microplus using proteomics 

methods. This number was higher than those from other studies, for instance, studies 
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by Tirloni and colleagues (Tirloni et al. 2014; 2015), and others (Francischetti et al. 

2002a, 2004; Mans et al. 2002a, 2008a), thus, possibly these proteins have role in tick 

feeding. 

 

(e) Basic tail secreted proteins (BTSP) 

The basic tail secreted proteins (BTSP) were amongst the previously known gene 

families (Francischetti et al. 2008a; 2011). The basic tail superfamily was first found in 

I. scapularis sialome (Valenzuela et al. 2002b; Ribeiro et al. 2006). This superfamily was 

later to be found to be abundant in other tick sialotranscriptomes (Karim et al. 2011). 

The first member of basic tail secreted protein superfamily, Salp14 was identified from 

I. scapularis. The Salp14 is an inhibitor of coagulation factor Xa that affects blood 

coagulation during tick feeding (Narasimhan et al. 2002).  

The genes that were probably Salp14 homologs were over-represented in the salivary 

glands of adult I. scapularis female cDNA library 18-24 hours after attachment. These 

homologs also possessed anticoagulant activity, probably responsible for inhibition of 

different serine proteases (Ribeiro et al. 2006). Francischetti et al. (2008b) identified 

six basic tail peptides in their expected gel positions/sizes in salivary glands of O. 

coriaceus by means of proteomics. Later, H. m. rufipes sialotranscriptome and 

proteome revealed salivary secreted components including the basic tail secreted 

proteins (Francischetti et al. 2011). This strongly confirmed the presence of this 

superfamily in tick sialomes. This study also reported the identification of sixteen 

proteins associated with the basic tail functions from the R. (B.) microplus salivary 

gland proteome. Again, the findings of this study are in accordance with those of 

previously reported studies, thus giving the confidence in the quality and throughput 

of this study. 
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4.4. Conclusion 

The data obtained herein showed that there was a good validation of the transcriptome 

using the proteome. This was strengthen by the good/strong correlation between the 

R. (B.) microplus salivary gland transcriptome and proteome in terms of protein 

families identified.  This was observed for both the putative secreted and 

housekeeping proteins. In conclusion that suggest the success of our study to allow 

the deep coverage and correlation between tick transcriptome and proteome
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Chapter 5: General conclusions and recommendations 

 

5.1. High abundance of cement proteins in the proteome of the R. (B.) 

microplus salivary glands  

(i)   Tick cement proteins 

In order for ticks to successfully obtain their blood meal, they need to be securely 

attached to their hosts throughout the feeding period (Maruyama et al. 2010). To be 

successfully attached on one or more hosts depends on factors such as formation 

of cement cones around the wound on the host skin (Maruyama et al. 2010). These 

proteins are secreted, within 5-30 minutes of attaching onto the host, to anchor ticks 

onto host skin (Sonenshine, 1993). Secretion of tick cement is by far one of the most 

significant biological adaptations that make ticks successful as pests and vectors. 

Hard ticks, like R. (B.) microplus, are long-term blood feeders that remain securely 

attached onto the host skin for long periods, 4-7 days for larva and nymphs, and 10-

14 days for adult ticks with the help of an intact cement plug (Sonenshine, 1993). 

The main purpose of cement proteins secreted by ticks is to keep their mouthparts 

embedded in the host’s dermis until feeding is complete (Ullmann-Moore, 2007). 

The tick cement cone is a layered structure comprising two major types of cement. 

The first type of cement is produced minutes after tick attachment and hardens 

rapidly to form a rigid central core of the cone. The second type of cement is 

secreted later from around 24 hours after attachment and hardens gradually to form 

a relatively flexible outer cortex. Cement production typically continues until the third 

or fourth day after attachment (Binnington and Kemp, 1980).  

Tick cement proteins are primarily proteinaceous and contain some carbohydrate 

and lipid (Kemp et al. 1982; Bishop et al. 2002; Murayama et al. 2010). The protein 

fraction comprised of proteins rich in glycine (glycine-rich proteins, GRPs). These 

GRPs have been evaluated as anti-tick vaccines (Bishop et al. 2002; Trimnell et al. 

2005; Harnnoi et al. 2006; Murayama et al. 2010). The GRPs are naturally abundant 

and are dominant in proteins that are rich in glycine residues. A number of tick 
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sialomes have proved that tick saliva is rich these proteins (Francischetti et al. 

2009). 

(ii) Cement proteins studies on ticks 

In general, several studies have been carried out on ticks as part of identifying and 

testing antigenicity of salivary tick proteins. This class of proteins serve as important 

factors for both successful tick feeding and as potential candidates as antigens for 

tick vaccine development. In R. appendiculatus, two cement proteins, RIM36 and 

64P, were characterized. These proteins have previously been tested as candidate 

vaccines in cattle, RIM36 (Bishop et al. 2002) and Trp64 (Trimnell et al. 2005). 

However, the results showed that they failed to control tick infestations (unpublished 

data, Musoke and Bishop). A 15 kDa cement protein, 64TRP was identified from 

salivary glands of adult female R. appendiculatus (Trimnell et al. 2002; Havlíková et 

al. 2006). Both RIM36 and 64TRP have a high content of glycine, serine and proline, 

and contain two types of glycine-rich amino acid repeats, GL[G/Y/S/F/L] tripeptide 

and GSPLSGF septapeptide (Bishop et al. 2002). 

The 64TRP was further expressed as the recombinant cement protein from salivary 

gland of R. appendiculatus. The recombinant form resembles mammalian host skin 

proteins and responsible for R. appendiculatus attachment and feeding (Trimnell et 

al. 2002; Havlíková et al. 2009). It is a glycine-rich protein with about 59% amino 

acid identity similarity with a tick cement cone protein (64P) from R. appendiculatus 

(Shapiro et al. 1989; Nuttall et al. 2006; Labuda et al. 2006). The 64TRP was tested 

and shown to be responsible for the death of engorged ticks when used to vaccine 

to target the tick-feeding site and cross-reacting with concealed midgut antigens in 

hamster, guinea pig and rabbit models (Trimnell et al. 2005; Havlíková et al. 2009). 

Moreover, a 29 kDa extracellular matrix-like salivary gland protein from H. 

longicornis. Rabbits immunized with this cement protein resulted in high mortalities 

of immature ticks (Norval et al. 1988). Saimo et al. (2011) also expressed and 

compared antigenic efficacy of two cement proteins, Ra86 and 64TRP. Herein it 

was showed that 64TRP has higher efficacy than Ra86 when evaluated as vaccine 

candidates for R. appendiculatus.  
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Our study aimed at characterizing the transcriptome as well as the proteome of R. 

(B.) microplus salivary glands. Like in other hard tick studies, cement proteins were 

expected to be among the most abundant protein families. Both the transcriptome 

and proteome revealed these proteins to be expressed in salivary glands and that 

strongly suggest their importance in tick feeding and host interaction. Their 

presence during the early feeding stages could be attributed to the fact that they 

have a crucial role in tick attachment. Our study showed cement protein family to 

be the one the most abundant protein families after lipocalins, metalloproteases and 

BPTI. Most tick sialotranscriptome studies have previously shown the same 

phenomenon (Ribeiro et al. 2006; Karim et al. 2011; Schwarz et al. 2013; Garcia et 

al. 2014; Tirloni et al. 2014; 2015; Kim et al. 2016). In total there were 146 genes 

encoded for cement proteins. The majority of genes encoding for the R. (B.) 

microplus salivary transcriptome proteins hits were from our own, R. (B.) microplus 

transcriptome database. That strongly supports deep coverage achieved by 

Illumina® sequencing and advanced bioinformatics tools. However, a number of tick 

studies have reported several proteins associated with cement functionality in ticks.  

5.2. Transcriptome and proteome correlation 

The current study aimed at analysing the R. (B.) microplus salivary gland 

transcriptome and to determine its correlation with the proteome. This study did not 

show a strong correlation between the transcriptome and proteome in terms of 

numbers in proteins identified at both levels. The correlation between mRNA and 

protein abundance depends on various biological and technical factors (Maier et al. 

2009). Biological and technical factors being protein half-life or modification, and 

experimental methods, respectively (Hack, 2004). The mRNA analysis and protein 

expression data from same cells under similar conditions have failed to show a high 

correlation (Yeung, 2011; Ghazalpour et al. 2011). Therefore, all these could have 

contributed in weak or poor correlation between the proteins identified in the R. (B.) 

microplus salivary gland transcriptome and proteome. 

Protein families identified as housekeeping proteins were very similar between the 

transcriptome and proteome. The majority of housekeeping proteins identified in the 

transcriptome were those with roles in metabolism and cellular processes in ticks. 

Both the transcriptome and proteome led to the identification of known main tick 

secretory protein families, such as lipocalins; metalloproteases; Kunitz/BPTI and 
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cement proteins. All these proteins have been shown to play their different roles in 

tick biology and tick feeding process. The only difference was in number of identified 

proteins, where that the transcriptome had higher numbers of proteins relative to 

the proteome. From these observations, it could be observed that cement proteins 

were highly expressed compared to other protein families. The same phenomenon 

was observed in other tick studies (Tirloni et al. 2014; Maruyama et al. 2017). This 

makes sense, as it is known that ticks need to secrete cement proteins in order to 

attach on the host during the early feeding phase. Generally, there was a strong 

correlation between the transcriptome and proteome in terms of protein families 

identified and their abundance. 

5.3. Correlation between this study and other tick studies 

It was important to compare findings in this study with those of other related studies. 

This will help to determine the correlation between this study and its counterparts. 

A number of studies had attempted to characterize or analyse both the salivary 

gland transcriptome and proteome of different tick species. The analysis of salivary 

transcriptome and proteome of I. ricinus identified housekeeping proteins involved 

in signal transduction, cellular protein modification process, and cytoskeleton. The 

secretory proteins identified in these studies were those that have previously been 

identified in most of tick salivary glands and in ticks in general. Both the 

transcriptome and proteome led to the identification of the same secretory proteins 

as it was observed in our study. These proteins were lipocalins, metalloproteases, 

Kunitz/BPTI; cement proteins (Schwarz et al. 2014; Cramaro et al. 2015; Tirloni et 

al. 2015). A study by Francischetti et al (2011) on H. marginatum rufipes expressed 

sequence tags (ESTs) cDNA library led to the identification of housekeeping 

proteins that are involved in protein synthesis machinery, metabolism/energy, 

conserved unknown proteins, and signal transduction. Secretory proteins such as 

Kunitz, lipocalins, cement, mucin and metalloproteases were also identified. This 

proteins expression profile fitted with that observed in this study. 
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5.4. Methodology and data analysis shortcomings 

5.4.1. Transcriptomics 

In this study two experimental approaches were applied, namely transcriptomics 

and proteomics. This experimental approach have both advantages and 

limitations/disadvantages. The transcriptomic methodology and data had a very few 

limitations and/or shortcomings. However, this was not the case when it comes to 

the proteomics methodology and data analysis.  

The main challenge associated with designing experiments and data analysis for 

tick sialome/salivary gland transcriptome studies is that the NGS technologies 

typically generates shorter sequences ( Wheeler et al. 2008; Bentley et al. 2008), 

especially in de novo sequencing (Hert et al. 2008). This study is one good example 

of the de novo sequencing, whose throughput and coverage could have been 

greatly improved by the 250bp by 250bp sequencing. However, this sequencing 

strategy could only cover about 50% of most genes.  

 

5.4.2. Proteomics 

The salivary gland proteins were fractionated into three subcellular parts, namely, 

membrane; soluble and pellet fraction.  The 1D SDS-PAGE, subsequently resolved 

these and each fraction was further excised into ten gel slices (bands). Even though 

the SDS-PAGE is an inexpensive, powerful and simple way of protein fractionation, 

it has some drawbacks such as insufficient separation of complex samples; manual 

preparation; limitations in molecular weights and pI ranges and poor of separation 

of protein with hydrophobicity (Hellman, 2000; Granvogl et al. 2008; Albright et al. 

2009). Some proteins might have been lost during the gel slicing due to their low 

abundance. The downstream processing such as MS/MS analysis might also pose 

problems when it comes to analysing the proteome of certain state, tissue or even 

a cell. There is a high possibility that in LC-MS/MS approaches might fail to detect 

proteins that are low in abundance (Kim et al. 2016). 

To resolve the above-mentioned problems, alternative gel-free MS-based approach 

could be used to identify differentially expressed proteins. The isotope-coded affinity 
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tags (ICAT) method (Gygi et al. 1999) is one good example of such methods.  These 

methods demonstrate improved sample recovery, reproducibility, throughput and 

mass spectrometry friendly. However, gel-free techniques typically require 

specialized equipment and high level of expertise (Motoyama and Yates, 2008; 

Chen and Pramanik, 2009). ICAT detects peptides/proteins by targeting their 

cysteine residues. In this approach, proteins from two populations are differentially 

expressed and that allows quantitation by MS. This method also offer improvement 

in protein identification via searching databases due to the rarity of cysteine 

residues (Hack, 2004).  

The data analysis is one vital part of genome sequencing studies. Proper and good 

data analysis requires high expertise and it can require intensive computational 

tools. The various software packages can identify different subsets of proteins from 

the mass spectrometry data. Therefore, those that are identified by multiple 

software packages would have higher confidence than those that were identified by 

a single software package (Lippolis and Reinhardt, 2005). Multiple usage of 

software packages can be costly due to the money that goes to the purchasing 

and/obtaining of operating licenses. Some licenses do not allow the sharing 

amongst multiple users. Such limitations pose a problem due to financial 

implications. Another factor that hamper the proteome analysis is the lack of publicly 

available sequence information for most of the unsequenced and/or not full 

sequenced organisms, like R. (B.) microplus (Grossmann et al. 2005). However, in 

this study sequenced the R. (B.) microplus transcriptome and that showed a 

significant improvement in detection of proteins. In a number of non-model 

organisms’ studies, a high number of proteins did not show similarity to known 

peptides (Hogstrand et al. 2002). 

In conclusion, most of the proteins described here, like in many other tick studies, 

have no known function but, if secreted into their host, they should have anti-

hemostatic, anti-inflammatory, anti-angiogenic or immunomodulatory function. They 

may also contain antimicrobial activity. For future work, potential proteins/antigens 

need to be selected, expressed, purified and functional characterized. Furthermore, 

those should be tested for their antigenicity as anti-tick vaccines in clinical trials. 

That can take a very long time from now, as a lot of intensive research and efforts 

need to be put in place in order to achieve the successful goal of producing effective 

tick vaccines in the near future.  
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