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CHAPTER 1  

1.1 GENERAL INTRODUCTION 

Cattle in South Africa have a general population of about 14 million, indigenous Nguni cattle 

representing a sizable percentage, surveys have indicated Nguni cattle as well adapted to diseases 

and the environment, however they are partially resistant to tick infestation (Mapiye et al. 2009).  

Ticks are obligate blood-feeders that harbor pathogens infecting ruminants and humans worldwide 

(Narasimhan and Fikrig 2015; Sánchez-Montes et al. 2019; Moses et al. 2017). In arthropods, ticks 

of veterinary and medical importance, are the leading disease vectors after mosquitoes, with an 

impressive cause of an estimated annual global loss of  US$22-30 billion (Lew-Tabor and 

Rodriguez Valle, 2016; Nyangiwe et al., 2018). These losses are due to infestations and tick-borne 

disease resulting in morbidity and mortality, abortions, low production of milk and low weight 

meat production in livestock, the continent with the highest losses recorded is African (Mapholi et 

al., 2014; Nyangiwe et al., 2018). Several studies confirmed tick-microbiomes to be composed of 

pathogenic, endosymbiotic, and symbiotic organisms of communities of viruses, bacteria, and 

eukaryotes (Narasimhan and Fikrig, 2015; Eyer et al., 2017; Keskin et al., 2017; Greay et al., 

2018; Portillo et al., 2019; Seo et al., 2020). Worldwide numerous bacterial strains of tick-borne 

microorganisms that are different in genotype, antigenic characteristics and transmission mode 

have been identified (Theiler, 1909; Seshadri et al., 2003; Chen et al., 2014; Kumsa et al., 2015; 

Quiroz-Castañeda et al., 2016; Galay et al., 2018; Guo et al., 2019).  

In South Africa, ticks of veterinary and medical importance include species of Ixodes, Hyalomma, 

Amblyomma, and Rhipicephalus infesting cattle. These ticks transmit bacterial species (spp.) of 

Anaplasma, Borrelia, Coxiella, Ehrlichia, Francisella, and Rickettsia (Guo et al. 2019; Halajian 

et al. 2016; Iweriebor et al. 2017; Mtshali et al. 2017; Ringo et al. 2018a). Tick-borne bacteria 
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cause diseases such as the relapsing fever (Borrelia spp.) and spotted fever (Rickettsia spp.), ovine 

and bovine anaplasmosis (Anaplasma spp.), Query-fever (Coxiella spp.), ehrlichiosis (Ehrlichia 

spp.) (Allsopp, 2009; Yabsley et al., 2012; Kuley, 2017; Halajian et al., 2018). Tick-borne viruses 

of medical and veterinary importance in South Africa transmitted by Rhipicephalus tick species 

are in the family Flaviviridae. The commonly transmitted viruses include the Crimean-Congo 

hemorrhagic fever virus (CCHFV) and tick-borne encephalitis virus (TBEV) (Mohd Shukri et al. 

2015; Palanisamy et al. 2018).  

Control of ticks and tick-borne diseases is very important in animal health, meat production, and 

for enhancing food security (de Castro, 1997; Mapholi et al., 2014; Kirkan et al., 2017; Boulanger 

et al., 2019). Antibiotics such as tetracyclines, beta-lactams, and macrolides are used by farmers 

and veterinarians for the treatment of tick-borne bacterial diseases, while antiviral agents like 

ribavirin and benzavir-2 are used in the treatment of viral fever infections caused by tick-borne 

viruses (Kersh, 2015; Aslam et al., 2016). However, antimicrobial resistance is rising to 

dangerously high levels in all parts of the world with devastating effects. Antimicrobial resistance 

has become a serious threat worldwide medically and in veterinary medicine causing outbreaks 

unexpectedly (Karkman et al. 2016; Zuñiga-Navarrete et al. 2019). Tick-borne Rickettsia species 

are known to be resistant to the following drug groups rifampin, aminoglycosides, and beta-

lactams, while Ehrlichia and Anaplasma species are also shown to be resistant to groups of 

macrolides, chloramphenicol, and quinolones (Rolain et al., 1998; Maurin et al., 2001; Branger et 

al., 2004; Biswas et al., 2008). 

Mechanisms by which resistance can occur in bacteria involve firstly, the production of enzymes 

that deactivate and detoxify antimicrobial agents. Secondly, mutations of the sites in which 

antibiotics target, as well as post-transcriptional and translational modification of the antimicrobial 
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action site. Finally, through under-expression of porins, reducing drug permeability and 

overexpression of drug efflux pumps (Lingzhi et al. 2018; Martinez et al. 2014; Wright and 

Serpersu 2005). Antiviral drugs such as 6-azauridine, Ribavirin, 2’-C-methylcytidine, and 

interferon-alpha 2 have shown inhibition capabilities to tick-borne viruses (Te et al., 2007; 

Palanisamy et al., 2018). However, antiviral drug resistance is triggered by random point mutations 

in the viral genome (Strasfeld and Chou 2010), tick-borne RNA viruses have been shown to have 

very high rates of mutations in comparison with DNA viruses hence their resistance profiles need 

to be constantly evaluated (Sanjuán and Domingo-Calap 2016).  

Application of Next-generation sequencing (NGS) technology with speedy and high throughput 

techniques allows in-depth characterization of microbial communities. A bioinformatics tool 

phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) 

provides a cheaper accurate alternative to complex functional genome analyses. The PICRUSt 

algorithm was coded to predict the functional potential of the microbial community from 16S 

rRNA OTUs (Operational taxonomic units) data. The PICRUSt functional predictions can be used 

to predict resistance biomarkers with accuracies ranging between 85-90% (Gavin et al., 1991; de 

Scally et al., 2016; Park et al., 2020). The NGS technology accompanied by bioinformatic tools 

proves to be very powerful tools in the surveillance and screening of drug-resistant strains 

(Ramanathan et al. 2017).  

The present dissertation aims to give new insights into the composition of bacterial communities 

in ticks and to characterize their functional antimicrobial resistance biomarkers by employing next-

generation sequencing and the PICRUSt algorithm. Specifically, by looking into bacterial 

community composition and resistance biomarkers from Amblyomma, Hyalomma, and 

Rhipicephalus tick species collected from cattle in Roodeplaat ARC research farm.  
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1.2 RATIONALE OF THE STUDY  

Ticks are multiple host vectors of communities of intracellular bacteria, viruses, and protozoans 

infecting cattle (Portillo et al. 2019; Greay et al. 2018; Onyiche et al. 2019; Bente et al. 2013). In-

depth information about the genetic diversity of tick-borne pathogens is important for 

understanding disease occurrence, virulence, antibiotic resistance profiles, and tick control 

strategies (Quiroz-Castañeda et al., 2016). Branger and co-workers reviewed the resistance 

patterns of tick-borne bacterial pathogens to antimicrobial agents and concluded that resistance 

continued to evolve, and susceptibility has remained to fewer antibiotics (Branger et al., 2004). 

Continued active surveillance of the ticks, tick-borne pathogens, and communities of bacteria 

associated with ticks, is important to provide information significant in tick and tick-borne disease 

control (Crowder et al. 2011).  

In South Africa, the economic losses in cattle production due to tick and tick-borne diseases are a 

result of reduced weight in cattle, fertility, damaged cattle skin, anemia, and produced milk, as 

well as in abortions and mortality. These direct and indirect losses amount to billions of Rands 

annually (Mapholi et al., 2014; Nyangiwe et al., 2018). To overcome the losses, dairy and beef 

cattle farmers employ the dipping method to control ticks, nevertheless, chemical treatment is 

expensive, hence tick infestations remain problematic. Some farmers vaccinate their livestock as 

a defensive measure and infected livestock are administered with antibiotics. Groups of 

prophylactic antibiotics used are tetracyclines, beta-lactams, macrolides, aminoglycosides, 

rifampin, chloramphenicol, and quinolones (Aubry and Geale 2011; Khumalo 2018; Allsopp 2009; 

Lim et al. 2018). These antibiotics are added to animal feeds at a subtherapeutic level as growth 

promoters, however, the extensive use may lead to the proliferation of antimicrobial-resistant 

strains.  
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The mechanism by which tick-borne microorganisms develop resistance is highly diverse (Speer 

et al., 1992), as such, it is important to constantly investigate and monitor, using modern sensitive 

technologies, to come up with well-informed approaches to counter their resistance. Studies 

looking at molecular characterization of tick-borne microorganisms are ongoing in South Africa 

(Mtshali et al., 2017; Halajian et al., 2018; Ringo et al., 2018), however very few address their 

antimicrobial resistance profiles. Therefore, more studies looking at antimicrobial-resistant 

profiles, in bacteria transmitted by ticks using modern, and sensitive molecular techniques in South 

Africa are crucial. Thus, this study sought to identify microbial communities of bacteria in ticks 

and to investigate resistance markers using next-generation sequencing. 
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1.3 HYPOTHESIS  

This study is based on the hypothesis that tick-borne pathogens are highly resistant to antimicrobial 

agents. 

1.4 RESEARCH QUESTIONS  

1. What is the composition of bacterial communities in ticks from cattle?  

2. Which pathogenic, endosymbiotic, and symbiotic bacteria are present in ticks? 

3. Which antimicrobial genes are present in tick-borne bacterial communities?  

1.5 AIMS AND OBJECTIVE  

The study aims to determine the genetic composition of tick-borne bacterial communities and 

investigating their resistance biomarkers using next-generation sequencing.  

1.5.1 THE SPECIFIC OBJECTIVES:   

 To identify and determine tick-borne bacterial communities associated with ticks 

parasitizing Nguni cattle breeds from Roodeplaat ARC-research farm. 

 To apply 16S rRNA metagenomics approach to characterize bacterial communities 

associated with Amblyomma and Hyalomma tick species. 

 To use 16S rRNA metagenomic sequencing to assess and characterize bacterial 

communities in Rhipicephalus evertsi evertsi, Rhipicephalus simus, and Rhipicephalus 

decoloratus tick species. 

 To investigate functional antimicrobial resistance biomarkers using bioinformatics (tool: 

PICRUSt).  
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CHAPTER 2 LITERATURE REVIEW 

Ticks are acarine, ubiquitous, obligate hematophagous arthropods with no segmented body but 

circular (Andreotti et al. 2011; Junquera 2018). They are a group of arthropod vectors that transmit 

pathogens from infected cattle to healthy ones (Boulanger et al. 2019; Espinaze et al. 2018). These 

ectoparasites can be divided into three families i.e., Ixodidae, Argasidae, and the Nuttalliellidae. 

Currently, there are about 692 species identified in Ixodidae ticks worldwide (Figure 2.1) they are 

alternatively referred to as the hard ticks because they possess a hard dorsal scutum (de Castro, 

1997; Bell-Sakyi et al., 2007; Marufu, 2008; Barker and Walker, 2014; Mastropaolo et al., 2014; 

Kumsa et al., 2015).  

 

 

Figure 2.1 Features of ticks in the Ixodidae family (Barker and Walker 2014) 

 

The Argasidae ticks (Figure 2.2a) are the soft ticks with 186 known species that lack a scutum and 

are also distributed worldwide. The Nuttalliellidae is the third tick family sharing several features 
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like the Ixodidae and the Argasidae. It is only found in Southern African countries with only one 

tick species the Nuttalliella namaqua (Figure 2.2b)(Latif et al. 2012). 

 a. b. 

Figure 2.2 Argasidae tick body structure (a.) and Nuttallienna species (b.) (Barker and Walker 2014) 

 

2.1 TICKS OF VETERINARY AND MEDICAL IMPORTANCE  

The Ixodidae family is composed of about seven genera with about 692 known species. The genera 

of economic importance are Amblyomma, Dermacentor, Haemaphysalis, Hyalomma, 

Rhipicephalus, and Ixodes and within these genera, species of veterinary and medical importance 

are found (Boulanger et al. 2019). 

2.1.1 Amblyomma species 

Amblyomma genus comprises of 135 known species known worldwide, with A. hebraeum the most 

important veterinary species. A. hebraeum is identified (Figure 2.1) by long mouthparts and 

banded legs. In males, the conscutum is highly decorated (ornate) with discrete lateral patches of 

yellow color.  Amblyomma species transmit the pathogens causing Ehrlichiosis and Rocky 

Mountain Spotted Fever. In South Africa, A. hebraeum has been identified carrying tick-borne 

pathogens, the Rickettsia africae, Ehrlichia canis, and E. chaffeensis (Iweriebor et al. 2017; 

Mtshali et al. 2017). 
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2.1.2 Argasidae species  

The family Argasidae known as soft ticks’ family is composed of 193 species (Figure 2.2). They 

are multiple host tick vectors of relapsing fevers caused by Borrelia species in humans. They also 

transmit Crimean-Congo hemorrhagic fever virus and are considered to be of medical importance 

(Aslam et al. 2016). Argasidae is identified by their lack of scutum and their large size (6-7mm) 

which makes them soft ticks. These species have short mouthparts located ventral to their body 

and they do not have pulvilli (Barker and Walker 2014). 

2.1.3 Hyalomma species  

Hyalomma genera have 25 known ticks species worldwide, these include ticks of veterinary 

importance, that is, H. dromedarii, H. marginatum, and H. rufipes. They are identified by their 

large body size (5- 6mm) with the integument texture that has striations and with mouthparts that 

are anterior to their body (Barker and Walker 2014). H. rufipes can transmit Anaplasma marginale 

to cattle, causing bovine anaplasmosis and gall sickness as reported by a molecular study by 

Spengler et al., (2018). Also, they showed that ticks of the genus H. rufipes can also spread 

Crimean-Congo hemorrhagic fever virus and Rickettsia conori to humans (Spengler and Estrada-

Peña 2018). 

2.1.4 Rhipicephalus species 

Rhipicephalus genus is composed of 75 known species of ticks, most but not all are multiple host 

ticks (Figure 2.3) that infest mainly cattle and other large ruminants and mostly endemic to Africa. 

They are identified by small to medium size (2–5 mm) body structure with mouthparts short, 

anterior, and protruding from their body (Figure 2.1). They also have eyes and an anal groove that 

is posterior to the anus (Barker and Walker 2014). Rhipicephalus species include subgenus like 

Boophilus like R. B. microplus, R. B. decoloratus. Several researchers have reported R. B. 
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decoloratus transmitting Anaplasma marginale causing bovine anaplasmosis and Borrelia theileri 

causing spirochaetosis to cattle, horses, goats, and sheep (Andreotti et al. 2011; Davidson et al. 

1999; Fyumagwa et al. 2011). Different pathogen species transmitted by these ticks have been 

identified (Andreotti et al. 2011; Dantas-Torres 2010; Latrofa et al. 2014; Junquera 2018). In a 

study by Latrofa et al., (2014) Anaplasma platys and Ehrlichia canis transmitted by R. sanguineus 

sensulato and R. turanicus were identified through next-generation sequencing of the 16S rRNA 

region (Latrofa et al. 2014). The R. sanguineus is a one-host tick that has dogs as preferential hosts. 

It can also feed on livestock and many other mammals and humans included. R. bursa is another 

two-host tick that is common in the Mediterranean Basin down to the Middle East (Junquera 2018). 

It thrives in mild climates, (neither too cold, nor too hot) and feeds on cattle, sheep, goats, and 

horses. R. bursa transmits bacterial pathogens such as various species of  Anaplasma, Ehrlichia 

ruminantium, and the Crimean-Congo hemorrhagic fever virus to livestock (Junquera 2018). 

2.1.5 Ixodes species 

Ticks of Ixodes genus are of veterinary and medical importance with a wide range of distribution 

worldwide (Barker and Walker, 2014; Chen et al., 2014; Mansfield et al., 2017; Nyangiwe et al., 

2018; Boulanger et al., 2019; Klitgaard et al., 2019). They are identified by their small to medium 

body size (2–5 mm) (Figure 2.1), with their mouthparts seen anterior to the body. In females, 

mouthparts appear longer as compared to male mouthparts. Other features include the anal groove 

loops which are anterior to the anus, the eyes are absent; the legs are typically plain and dark but 

may vary; males have flat sclerotized plates ventrally that is not visible in females (Barker and 

Walker 2014). Ixodes are multiple host ticks during their life cycle (Figure 2.3), alternating 

between hosts in their life stages. All phases of growth of Ixodes pilosus infest livestock and small 

ruminants. Ixodes rubicundus is a strictly South African tick and has been identified in the Cape 
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regions (Iweriebor et al. 2017). In a study conducted in birds by Klitgaard and colleagues (2019) 

in Denmark, bacterial Borrelia species such as B. spielmanii, B. valaisiana, B. garinii, B. 

burgdorferis, B. miyamotoi, and B. afzelii were identified from Ixodes tick species, infecting birds 

(Klitgaard et al. 2019). Rickettsia species were also detected in the same study, confirming Ixodes 

ticks as multiple vectors of different pathogens to their hosts.  

2.2 THE LIFE CYCLE OF TICKS 

There are four developmental stages in the lifecycle of ticks, that is the egg, larva, nymph, and 

adult, in which ticks undergo metamorphosis. One host ticks feed on the same host and after each 

blood meal detach and molt to the next life stage but do not leave the host. While multiple host 

ticks fall off to the ground to molt transforming to the next life stage and thereafter attaching to a 

new host after metamorphosis (Figure. 2.3) (Barker and Walker 2014; Junquera 2018).  
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Figure 2.3 Life cycle of ticks and possible hosts 

 

Tick-borne pathogens are transmitted to hosts during feeding. After a blood meal, pathogens 

replicate in several tissues within the ticks including the salivary glands. When ticks feed on a new 

host, the transmitted pathogens infect the endothelial cell linings of the small blood vessels by 

parasite-induced phagocytosis (Scherler et al., 2018). Once inside the cells, pathogens lyse the 

phagosome membrane with a phospholipase and get into the cytoplasm where they replicate. They 

exit by exocytosis or by lysis of the host cell. Since ticks can be multiple host vectors parasitizing 

small wild animals and cattle, this enables them to spread a wide variety of tick-borne bacteria 

(Iweriebor et al. 2017). 
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2.3 TICK-BORNE DISEASES OF CATTLE 

Cattle and dairy farming are a huge contribution financially to small communal farmers, 

commercial dairy, and meat farmers. About 80% of cattle worldwide are at risk of tick-borne 

diseases, causing global annual losses of 22–30 billion US$ as estimated by De Castro in 1996 

(Mapholi et al., 2014; Lew-Tabor and Rodriguez Valle, 2016; Nyangiwe et al., 2018). This has 

led to losses of meat, milk, skin, and cash from sales, which has impacted the economy negatively 

(Mapholi et al. 2014). Viral tick-borne pathogens implicated in cattle diseases include Crimean-

Congo hemorrhagic fever virus, Encephalitis virus, whereas the bacterial pathogens are species of 

Rickettsia, Borrelia, Francisella, Anaplasma, Ehrlichia, and Coxiella (Greay et al. 2018). The 

most common diseases from these pathogens in South Africa are bovine anaplasmosis (gall 

sickness), relapsing or spotted fever, hemorrhagic fever, and heartwater (Choopa 2015; Theiler 

1912; Halajian et al. 2016; Khumalo 2018).  

2.3.1 Bacterial tick-borne pathogens 

Tick-borne bacteria have an endosymbiotic relationship with ticks. This relationship is important 

for tick survival, molting, reproductive capabilities, and also provides for cofactors and other 

nutrients that are not present in the tick blood meal (Weinert et al., 2009; Machado-Ferreira et al., 

2016; Greay et al., 2018).  

2.3.1.1 Anaplasma species 

Sir Arnold Theiler's research in 1909 led to the discovery of the first bacteria species of the 

rickettsial order, Anaplasma marginale (Theiler 1910).  Over the years more species have been 

documented, species such as A. phagocytophilum, A. bovis, and A. Ovis; these are intracellular 

tick-borne pathogens causing anaplasmosis in sheep, cattle, and birds respectively (Khumalo 2018; 

Kocan et al. 2003; Theiler 1910; J. Yang et al. 2015). In cattle, A. marginale causes bovine 
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anaplasmosis a communicable, noncontagious haemotropic disease. Characterized by symptoms 

of fever; anemia; animal weakness and reduced appetite; constipation and dehydration; yellowing 

of the mucous membranes as well as difficulties in breathing (J. Yang et al. 2015). Acute infections 

result in the slow recovery of diseased cattle, hence low milk and meat production as cattle shed a 

lot of weight and this might also result in the death of cattle (Fedorina et al. 2019). A. 

phagocytophilum, A. marginale, A. bovis, and A. Ovis have been identified from cattle ticks 

countrywide in  South Africa, constant surveillance of these pathogens is important as they pose a 

threat to food production (Iweriebor et al. 2017; Halajian et al. 2018; Ringo et al. 2018b; Guo et 

al. 2019).  

2.3.1.2 Borrelia species 

The Borrelia species are tick-borne bacterial pathogens classified in the order Spirochaetales and 

family Spirochaetaceae. They are the main disease agents of Lyme borreliosis and relapsing fever 

worldwide (Davidson et al. 1999; Yabsley et al. 2012; Livanova et al. 2018; Boulanger et al. 2019; 

Brinkmann et al. 2019). B. theileri is transmitted by Rhipicephalus tick species causing bovine 

borreliosis. Yabsley and colleagues (2012) collected and studied tick from penguins in the South 

African western cape coast and detected Borrelia species (Yabsley et al. 2012). There is limited 

data on the prevalence of Borrelia species in South African cattle, as such, there is a need for 

additional molecular research on this pathogen.  

2.3.1.3 Ehrlichia species 

Ehrlichia genus is composed of Rickettsiales transmitted by ticks. Ehrlichiosis is a communicable 

disease caused by Ehrlichia bacterial species, that are Gram-negative, obligately intracellular 

classified under the phylum Proteobacteria. Ehrlichia species of veterinary and medical 
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importance include E. canis, E. chaffeensis, E. ruminantium, E. muris, and E. ewingii these are 

mostly transmitted by Amblyomma tick species (Sreekumar et al., 1996; Mansueto et al., 2012; 

Chitanga et al., 2014; Ringo et al., 2018a). E. equi causes equine granulocytic ehrlichiosis in cattle 

and dogs (Branger et al., 2004). Heartwater is caused by the E. ruminantium, an important disease 

in South Africa and worldwide (Brouqui and Raoult, 1990; Branger et al., 2004; Iweriebor et al., 

2017; Mtshali et al., 2017; Halajian et al., 2018; Guo et al., 2019). 

 

2.3.1.4 Francisella species 

Francisella species have been detected in Hyalomma dromedarii ticks. Genus Francisella is 

comprised of several bacterial species, F. tularensis, F. philomiragia, F. novicida, F. noatunensis, 

and F. hispaniensis (Brinkmann et al. 2019). F. tularensis is a Gram-negative facultative 

intracellular bacteria causing tularemia, a disease that can be deadly to humans and a variety of 

animal species (Ghoneim et al., 2017). F. tularensis has been reported in ticks from Egypt, 

Ethiopia, and the southern hemisphere through PCR based 16S rRNA amplification (Szigeti et al., 

2014; Ghoneim et al., 2017).  Knowledge of the presence of organisms of the genus Francisella 

and their occurrence is limited in Africa, therefore, more studies to determine their prevalence are 

required. 

2.3.1.5 Rickettsia species  

Veterinary and medical Rickettsia species of importance cause diseases in cattle and humans. 

These are obligate intracellular bacteria causing diseases that progress to fever, headache, rash, 

and vasculitis (Noh et al. 2017). The species R. conorii and R. rickettsii, the causative agents of 

spotted fever in cattle are transmitted by Ixodid ticks (Noh et al. 2017). African tick bite fever is 
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caused by the bacteria R. africae transmitted by Amblyomma tick species to cattle and has been 

observed in rural sub-Saharan Africa (Mtshali et al. 2017). African tick-borne fever caused by R. 

africae is endemic in Southern Africa and the disease has been reported in travelers, mainly tourists 

and game hunters departing Southern Africa (J. M. Rolain et al. 1998; J.-M. Rolain et al. 2002; 

Mtshali et al. 2017; Ringo et al. 2018b; Halajian et al. 2018). Rickettsia is of paramount importance 

as it affects cattle health and directly affects tourism, therefore, in-depth knowledge of their 

occurrence and distribution is important. 

2.3.1.6 Coxiella burnetii 

Coxiella burnetii is an intracellular bacterium classified under the subdivision Proteobacteria with 

Rickettsiella and Franciscella genera as closest relatives upon sequence analysis of the16S rRNA. 

C. burnetii is a causative agent of Q fever (Greay et al. 2018) and has been detected in cattle in all 

South African provinces (Halajian et al. 2016; 2018; Iweriebor et al. 2017; Mtshali et al. 2017; 

Ringo et al. 2018b; Guo et al. 2019). 

2.4 CONTROL AND PREVENTION 

In South Africa, prevention and control of tick-borne diseases involve immunization of livestock 

and the use of chemicals for tick-vector control. Immunization involves the use of vaccines, 

classified into inactivated, live attenuated, and recombinant vaccines (Allsopp 2009). Dairy and 

cattle farmers use vaccines for prevention against heartwater disease and gall sickness. However, 

this is not recommended for use in pregnant animals as abortion may occur (Allsopp 2009). Tick 

control is done by the dipping method or spraying insecticides such as acaricides. Acaricides used 

by cattle farmers are synthetic pyrethroids, formamidines, and organophosphates (Onyiche et al. 

2019). However, tick infestations are still a major challenge. 
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2.5 TREATMENT OF TICK-BORNE BACTERIAL DISEASES 

The most commonly used drugs for the treatment of infections caused by bacterial tick-borne 

pathogens in cattle are antibiotics like tetracyclines or doxycycline, these are very effective in the 

treatment of fever, heartwater, and gall sickness (Hedayatianfard et al., 2014; Espinaze et al., 

2018). Sulfamethazine can also be used for the treatment of heartwater during its early stages of 

infection (Biswas et al., 2008).  

2.6 RESISTANCE DEVELOPMENT OF BACTERIA TO ANTIMICROBIAL AGENTS  

Drug resistance to antibiotics is due to mutations resulting in over-expression of multidrug efflux 

pumps, under-expression of porins, mutations in the target sites of the drugs, and the production 

of drug-modifying enzymes (Ramanathan et al. 2017). Mobile extrachromosomal elements called 

plasmids are also involved in horizontal gene transfer within bacteria of different species. The 

environmental microorganisms harbor resistance genes from their evolution, making it a ready 

supplier of new and emerging genes of resistance to drugs (Perry and Wright 2014). 

Tick-borne pathogens have obligated intracellular lifestyle, therefore, susceptibility to 

antimicrobial agents cannot be assessed with conventional microbiological tests. The use of 

mammalian cell culture, animal Guiney pigs, models of embryonated eggs, and molecular 

detection techniques have been considered for susceptibility studies (Kimberlin and Whitley, 

1996; Xu et al., 1997; Biswas et al., 2008; Brinkmann et al., 2019; Guo et al., 2019) 

2.6.1 Mechanisms of action of antibiotics and resistance development. 

Macrolides such as clarithromycin and erythromycin have been used in the treatment of tick-borne 

diseases. Their mode of action involves inhibiting translation by acting on the 50S ribosomes. 

They bind on the peptidyl transferase center of the 50S subunit, and they are involved in domains 

II and V of the 23S rRNA (Biswas et al., 2008). Resistance mechanisms occur because of post-
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transcriptional mutation of the 23S rRNA region and changes occurring on the ribosome target 

site. The gene encoding the methylases is the erm (erythromycin ribosome methylation) (Table 

2.1), and the drug efflux pumps are encoded by mef (A) gene and are in the membrane of these 

pathogens. E. chaffeensis, E. canis, A. phagocytophilum, and F. tularensis have been confirmed to 

have mef (A) genes and mutations on 23S rRNA which code for resistance to macrolides (Branger 

et al., 2004; Biswas et al., 2008; Gestin et al., 2010; Makarov and Makarova, 2018). Some strains 

of R. typhi and R. prowazekii are susceptible while some have become resistant to the macrolide 

erythromycin, and this is due to a mutation observed in the 23S rRNA ribosomal region (Biswas 

et al., 2008).  
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Table 2.1 Antimicrobial agents, resistance genes, and bacterial strains associated with resistance. 

Antimicrobial agent Resistance genes  Mode of resistance Resistant Microorganism  reference 

Macrolides Erm in 23S rRNA 

mef (A) 

Site mutation 

Efflux pumps 

Ehrlichia chaffeensis, 

Francisella tularensis, 

Rickettsia prowazekii 

(J. M. Rolain and 

Raoult 2005) 

 

Chloramphenicol cat, 23S rRNA Mutation in target 23S 

ribosome subunit 

Ehrlichia (Brennan and 

Samuel 2003) 

Aminoglycosides 16S rRNA, rps, 

aminoglycoside-

modifying enzymes 

Producing protein 

aminoglycoside 3′-

phosphotransferase 

Rickettsia conorii and 

Rickettsia felis  

(J. M. Rolain 

2005) 

Tetracycline 16SrRNA, tet gene,  

 

Ribosomal protection 

and efflux pumps 

Inactivating enzymes 

Francisella tularensis (Biswas et al., 

2008) 

 

Beta-lactam blaA 

AmpG protein 

Beta-lactamases 

inactivating enzyme 

and increased 

permeability proteins 

Rickettsia typhi and R. 

prowazekii Rickettsia felis 

and R. conorii 

(Rolain, 2005; 

Biswas at el., 

2008) 

Quinolones gyrA, gyrB, parC, 

parE 

Mutation in these 

target genes 

Ehrlichia (Rolain, 2005; 

Biswas at el., 

2008) 

Rifampicin Rpo (B-D) The mutation in these 

target gens 

Rickettsia conorii (Rolain, 2005; 

Biswas at el., 

2008) 

Trimethoprim 

Sulfamethoxazole 

folA 

folP 

The mutation on the 

target gene and 

overproduction of folP 

Rickettsia (Rolain, 2005; 

Biswas at el., 

2008) 
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Chloramphenicol is a bacteriostatic antimicrobial agent, that binds to the 50S ribosomal subunit 

thus preventing the peptidyl transferase step during protein synthesis (Makarov and Makarova 

2018). Resistance is due to the reduction in drug permeability in bacterial membranes, mutations 

in the ribosomes, and amplification of chloramphenicol acetyltransferase. The cat gene codes for 

chloramphenicol acetyltransferase which deactivates chloramphenicol (Table 2.1). Mutations in 

ribosomes have previously been reported in Ehrlichia species, hence the strains are found to be 

resistant to chloramphenicol (Makarov and Makarova 2018). 

Aminoglycosides are antibiotics that inhibit cell wall protein synthesis by binding to ribosomal 

site, this leading to the bacteria with no or weak cell wall and consequently rapture of the pathogens 

(Rolain, 2005; Pachori et al., 2019). Resistance to these drugs is by aminoglycoside-modifying 

enzymes such as nucleotidyl transferases, overexpressed efflux pumps, and the presence of an rpLs 

gene that codes for ribosomal protection protein (Wright and Serpersu, 2005; Biswas et al., 2008). 

Rolein et al., (2002) molecular studies showed that Rickettsia conorii and Rickettsia felis had 

sequences that encoded an aminoglycoside 3′-phosphotransferase enzyme, leading to streptomycin 

resistance (J.-M. Rolain et al. 2002).  

Tetracyclines are a broad-spectrum antibiotic used in the treatment of infections in humans and 

animals. They inhibit protein synthesis by preventing aminoacyl-tRNA contact to the ribosomal 

acceptor site (Hedayatianfard et al., 2014). Tetracyclines at subtherapeutic levels can be used as 

animal feeds to act as growth promoters. Over 40 different tetracycline resistance genes (tet genes) 

have been characterized (Roberts, 2005; Hedayatianfard et al., 2014; Jurado-Rabadán et al., 2014), 

that codes for active efflux pumps [tet (A-H)], ribosomal protection [tet (M-P)], and drug 

modifying enzymes [tet (X)]. Tetracycline resistance in most bacteria is due to the presence of 

these genes and are often located in mobile elements, plasmids, or transposons, and are always 
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ready to be transferred to other bacteria conjugatively (Aminov et al. 2002). The resistance of 

Francisella tularensis to tetracyclines has been reported and is due to the presence of [tet (A)], [tet 

(B)], and [tet (C)] genes (Biswas et al., 2008).  

Βeta-Lactam antibiotics act by interfering with cell wall synthesis by inhibiting the transpeptidases 

and carboxypeptidases that catalyze peptidoglycan synthesis (Lingzhi et al. 2018). Inhibited 

peptidoglycan will lead to bacteriolysis because bacteria will not be able to withstand osmotic 

forces due to the lack of a cell wall. Resistance to beta-lactams is due to the production of beta-

lactam inactivating enzymes known as the beta-lactamases, which act by degrading the drugs 

before they reach the target site (Choi and Lee, 2019; Laws et al., 2019). Beta-lactamases are 

coded for by blaA genes located in the main bacterial chromosomes or plasmids.  Resistance can 

also be due to the modification of the target site, efflux pumps increased activity, and as well as 

an increase in membrane permeability to the drug (Lingzhi et al. 2018). In a study conducted by 

Biswa et al., (2008), whole-genome analysis of Francisella strains showed the possession of blaA 

gene, AmpG protein, and Metallo-B-lactamase proteins that conferred resistance to beta-lactam. 

In another study, Rickettsia felis and R. conorii strains had a class C β-lactamase enzyme, while 

Rickettsia typhi and R. prowazekii possessed AmpG genes that conferred increased permeability 

to export Beta-lactams. Francisella tularensis demonstrated Erythromycin resistance in a study by 

Tarnvik et al., (2007)(Renesto et al., 2005; Biswas et al., 2008). This emphasizes the need for more 

resistance studies to determine the resistance profiles of tick-borne bacteria to the commonly used 

drugs.  

Quinolones or fluoroquinolones are antibacterial drugs used in human and veterinary medicine. 

They act by inhibiting DNA gyrase and topoisomerase IV in bacteria. DNA gyrase is encoded by 

the genes gyrA and gyrB (Table 2.1), while DNA topoisomerase IV is coded for by genes parC, 
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parE. Resistance to quinolones is attributed to the mutations in these genes (Aldred et al., 2014; 

Siebert et al., 2019). Maurin and colleagues conducted a bioinformatics analysis of Ehrlichia 

whole-genome sequence and found gyrA gene sequence was substituted by alanine(A) sequences 

in quinolone-resistant strains, meaning the gyrA gene was absent, as a result, DNA gyrase 

inhibition was not possible (Maurin et al., 2014). 

The rifampicin antibiotics mode of action is by inhibiting DNA dependent RNA polymerase 

enzyme encoded for by genes rpoA, rpoB, rpoC, and rpoD (Kim et al. 2005; Troyer et al. 1998; 

Brennan and Samuel 2003). Bacterial resistance to this drug is mainly caused by mutations in the 

rpoB gene. Rolain et al., (1998) reported that tick-borne Rickettsia species were resistant to 

rifampin antibiotics by growing them in vitro cell monolayer cultures. They concluded that this 

had occurred because of mutations in the rpoB gene, this mutation prevented rifampin from 

reaching the target site (J.-M. Rolain et al. 2002).  

Trimethoprim inhibits the dihydrofolate reductase (DHFR) enzyme. Resistance is by the 

production of more DHFR by the host, presence of mutations in the physical gene for DHFR (i.e. 

the folA gene), and attainment of dfr gene that encodes the production of resistant DHFR enzyme 

(Brolund et al. 2010). Sulphonamide targets dihydropteroate synthase (DHPS) enzyme with 

structural gene folP (Table 2.1). Sulphonamide resistance is facilitated by the mutations and the 

presence of a drug-resistant DHPS enzyme encoded by folP gene. In Rickettsia species it has been 

reported that the absence of folP and folA genes enables them to be resistant to Sulphonamide. 

Similarly, Francisella strains do not possess genes coding for folP dihydropteroate synthase and 

folA dihydrofolate reductase making them resistant to co-trimoxazole (Biswas et al., 2008). 

Cotrimoxazole resistance was also detected against strains of Rickettsia conorii in the study 

conducted in France in 1998 (J. M. Rolain et al. 1998). Thus, tick-borne bacteria are highly 
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resistant microorganisms only susceptible to a few selected antibiotics, their resistance profiles 

need to be continuously updated.  Furthermore, there are few recent papers published on the 

resistance of tick-borne microorganisms hence there is a need for more recent surveillance studies 

of tick-borne microorganisms using recent molecular technologies. A Summary of genes 

associated with antibiotic resistance, to commonly used antibiotic agents, is presented in Table 

2.1. 

2.7 DIAGNOSTIC TECHNIQUES FOR TICK-BORNE DISEASES 

Diagnostic identification of tick-borne microorganisms can be done using serology, cell culture, 

immunohistochemistry, and molecular biology (Bielawska-Drózd et al. 2013; Baldridge et al. 

2008). In serology, tests use surface protein antigens and are considered the most hands-on way to 

screen tick-borne pathogens, however, serological tests may detect antibodies from previous 

infections. Serological methods used include enzyme-linked immunosorbent assay (ELISA), the 

card agglutination test, indirect fluorescent antibody test (IFAT), and complement fixation test 

(Al-Adhami et al. 2011). Microscopy identification involves the preparation, staining, and 

examination under a microscope of blood smears, this has proved effective in the diagnosis of tick-

borne pathogens. The blood smears are stained with Romanowsky type stain, and tick-borne 

pathogens are identified by their morphological characteristics (Kirkan et al., 2017). However, 

recently sensitive, and highly accurate molecular techniques for diagnosis have proven to be more 

effective tools. Molecular methods allow analyses of microbial communities avoiding the need for 

extensive culture-based techniques. Allowing identification of species that are not possible to 

culture, several studies prove their effectiveness (X. J. Yang et al., 2015; Greay et al., 2018; Van 

Camp et al., 2020). Bioinformatics drug resistance genetic profiling using whole-genome and 

metagenomics has proved to be sensitive, reliable, and cost-effective in recent functional profiling 
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studies (Z. J. Chen et al. 2020; Mukherjee et al. 2017). It is, therefore, important to use high 

throughput techniques to generate information that is accurate to describe communities of bacteria 

in ticks.  

2.8 MOLECULAR DIVERSITY AND FUNCTIONAL RESISTANCE BIOMARKERS IN 

BACTERIAL COMMUNITIES  

Andreotti et al., (2011) reported the first-ever nonculture molecular approach to study bacterial 

diversity in ticks through next-generation sequencing. In their study, the 16S ribosomal RNA 

variable regions V3-V4 were amplified. The V3-V4 hypervariable regions of the bacterial 16S 

ribosomal RNA genes were used to profile and identify bacterial communities (Andreotti et al. 

2011). The study of nine variable regions in 16S RNA allows improved understanding of microbial 

ecology in diverse niches (Douglas et al., 1991). The taxonomic assignment of generated OTUs is 

achieved by comparing attained reads against databases such as Silver 33, Green-genes, and 

HOMD to identify bacterial communities (Johnson 2017).  

Tyson et al (2015) reported whole-genome sequencing precisely predicting antibiotic resistance 

genes, detected resistance-related mutations, and predicted resistance genotypes. Resistance gene 

databases which include, ResFinder, DTU, the Center for Genomic Epidemiology, and as well as 

GenBank have been used to identify resistant genes (Tyson et al. 2015).  

The 16S rRNA metagenomics biomarker discovery is a very important tool that can be used to 

characterize bacterial communities by translating amplicon sequence data into clinical practice. 

Biomarker discovery coupled with linear discriminant analysis effect size (LEfSe) provides a high 

dimensional class comparison in metagenomics genes and functions using statistical significance 

tests. LEfSe allows predictions of biomarkers that are responsible for expressed phenotypes 

(Segata et al. 2011). 
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Bioinformatic pipelines such as Muthor, QIIME2, and DADA can employ PICRUSt to predict 

functional pathways and genes using 16S rRNA data in combination with LEfSe that predicts 

biomarkers a comprehensive biomarkers analysis is achievable. PICRUSt predictions for 

functional composition using KEGG (Kyoto Encyclopedia of Genes and Genomes) orthologs 

(KO) and KEGG modules for pathways, databases for inference can predict biomarkers (Van 

Camp et al., 2020). The inference is done according to sequenced organism's ancestors for gene 

predictions and it has been proven that these predictions are 85-90% accurate in microorganisms 

(Park et al. 2020). Several studies have used PICRUSt for predicting functional genes, pathways, 

and proteins as well as LEfSe for biomarker identification, and characterization, or both (Park et 

al. 2020; Dube et al. 2019; Mukherjee et al. 2017; Z. J. Chen et al. 2020; Langille et al. 2013a; 

Segata et al. 2011). 

2.9 SUMMARY  

Ticks and tick-borne microorganisms are a significant constraint in cattle production. Information 

regarding bacterial communities in ticks and their antibiotic resistance is very limited and scarce 

in South African publications. Therefore, a gap exists in bacterial communities and their resistance 

markers in ticks infecting cattle, the need to determine this is important in veterinary and medical 

understanding of the treatment required from infection. The main objective of the study was to 

determine the bacterial communities in ticks, infesting Nguni cattle, and to determine their 

functional resistance biomarkers for improved treatment strategies. 
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CHAPTER 3 BACTERIAL COMMUNITIES AND THEIR FUNCTIONAL ANTIBIOTIC 

RESISTANT MARKERS IN AMBLYOMMA AND HYALOMMA TICKS.  
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3.1 ABSTRACT  

Ticks are ectoparasites of vertebrates that are vectors of numerous disease-causing pathogens to 

cattle and other vertebrates. The present study examined microbial communities associated with 

Hyalomma and Amblyomma ticks using 16S rRNA metagenomics sequencing, and characterizing 

PICRUSt predicted antibiotic resistance biomarkers. A total of 19 ticks Hyalomma (n=4) and 

Amblyomma (n=15) were collected from Nguni cattle. About 1671347 sequence reads were 

generated, and 16374 bacterial genera were identified in all the examined tick samples. Bacterial 

communities detected showed significant differences in the number of OTUs (Operational 

taxonomic units) in the beta-diversity analysis. Among the communities previously described 

pathogenic, endosymbionts, and tick normal flora bacteria detected included genera of Rickettsia, 

Corynebacterium, Escherichia, Porphyromonas, Anaerococcus, Arthrobacte, Aerococcus, 

Trueperella, Coxiellaceae_uc, Acinetobacter, Helcococcus, Peptoniphilus, Enhydrobacter, 

Porphyromonadaceae_uc, Coxiella, Sporobacter, Brachybacterium, and Phycicoccus. Moreover, 

genera of Rickettsia, Corynebacterium, Escherichia, and Porphyromonas were found to be the 

most dominant. There was a clear separation in clusters between communities of bacteria from 

both tick species after PCoA (Principal coordinate analysis) beta-diversity analysis, suggesting 

that bacterial communities might be influenced by cattle skin microflora, feeding site, and host 

blood. Comparative metagenomics showed significant differences (P<0.051) in core microflora 

between tick species. KEGG Level 2 predicted PICRUSt functional analysis suggested that 

functions related to genetic, environmental information processing, and metabolism were highly 

enriched. Further KO analysis revealed functional antibiotic-resistant biomarkers in both 

communities, composed of efflux pumps (ABC, MFS, and MDR), drug degrading and modifying 

enzymes, ribosomal protection proteins pathways as well as secretion systems. Data from this 
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study revealed how cattle are exposed to multiple tick-borne bacterial communities with 

biomarkers, conferring resistance to antibiotics such as Beta-lactam, tetracycline, and Macrolides. 

Tick-borne microbial communities are of medical and veterinary importance, characterizing and 

providing knowledge of their antibiotic resistance markers, may lead to novel control strategies in 

disease outbreaks.  
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3.2 INTRODUCTION 

Ticks are very important arthropods that act as vectors of various bacterial communities infecting 

cattle. The enormous annual global loss of about 22US$ to 30US$ billion has been recorded due 

to tick-borne pathogens, therefore, ticks and tick-borne disease control is very important in animal 

health, and meat production (de Castro, 1997; Falvey, 2015; Lew-Tabor and Rodriguez Valle, 

2016; Nyangiwe et al., 2018). Several studies in South Africa have identified tick genera such as 

Ixodes, Hyalomma, Amblyomma, and Rhipicephalus in Nguni cattle (Mapholi et al. 2016). 

Hyalomma and Amblyomma ticks microbial communities transmitted include bacterial species of 

Anaplasma, Borrelia, Coxiella, Ehrlichia, Francisella, and Rickettsia (Guo et al. 2019; Halajian 

et al. 2016; Iweriebor et al. 2017; Mtshali et al. 2017; Ringo et al. 2018a; Berggoetz et al. 2014).  

Diseases associated with tick-borne bacteria include relapsing fever (Borrelia agent) and spotted 

fever (Rickettsia agent); ovine and bovine anaplasmosis (Anaplasma agent); Q fever (Coxiella 

agent); ehrlichiosis and heartwater (Ehrlichia agent) (Allsopp, 2009; Yabsley et al., 2012; Kuley, 

2017; Halajian et al., 2018). Antibiotics such as tetracyclines, macrolides, beta-lactams, 

aminoglycosides, and fluoroquinolones are used against tick-borne pathogens. However, several 

studies have shown antibiotic resistance of tick-borne bacteria to antibiotics, and studies looking 

at their resistance biomarkers are limited (Brouqui and Raoult, 1990; Rolain et al., 1998; Branger 

et al., 2004; Siebert et al., 2019). Bacterial antibiotic resistance is achieved through mechanisms 

employing over-expression of efflux pumps, iron transport proteins, enzymes that modify or 

degrade antibiotics, mutations resulting in under-expression of porins, and mutations in drug target 

sites (Venter et al., 2015; Wang et al., 2018; Van Camp et al., 2020). Algorithms such as PICRUSt 

enable the prediction of resistance genes from 16S rRNA sequences (Langille et al., 2013b). 

Several studies have proven the effectiveness of the PICRUSt algorithm in the characterization of 
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functional and resistance biomarkers of intracellular bacteria, this may not be possible using 

cultural techniques (Mukherjee et al., 2017; Langille et al., 2013b). 

Most studies reported microbial communities in whole intact ticks (Lejal et al. 2019). However, 

this approach does not consider organ-specific community distribution. Organ-specific studies are 

important in characterizing microbes transmitted, acquired, and maintained within the salivary 

glands and mouthparts (Lejal et al. 2019). Salivary glands and mouthparts of ticks serve as barriers 

for efficient pathogen transmission and maintenance of endosymbionts (Rikihisa 2011; Lejal et al. 

2019). Furthermore, characterizing microbial community resistance biomarkers sheds a light on 

the antibiotic-resistant, and allows us to elucidate possible recommendations for effective tick-

borne disease treatment.   

This study aimed to examine bacterial communities associated with Amblyomma and Hyalomma 

tick species collected from Nguni cattle, by performing 16S rRNA metagenomics and characterize 

functional antibiotic resistance biomarkers using a bioinformatics tool (PICRUSt). The flow chat 

illustrating the methods used is shown in figure 3.2.1.  
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Figure 3.2.1 Methodology workflow chat used in the current study. 
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3.3 METHODOLOGY 

3.3.1 Ethics statement  

Ethical clearance to conduct the study was sought from the University of South Africa, College of 

Agriculture and Environmental Sciences - Animal Ethics Review Committee before the study 

commenced (2019/CAES_AREC/152) (Appendix 1). Recommendations made by the Research 

Committee were strictly adhered to. The objectives of the study were part of an ongoing study, 

and authorization to use animals and collection of ticks was attained from Department of 

Agriculture, Land Reform and Rural Development (DALRRD) and The Agriculture and Research 

Council-Animal Production Institute. Ethical clearance to conduct the study at the Agricultural 

Council (ARC) was granted.  
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3.3.2 Sampling site  

Ticks used in this study were collected between September 2018 and February 2019 from the 

Roodeplaat ARC-research farm (29º 59” S, 28º 35” E) (Figure 3.3.1) as part of an ongoing 

collaborative study between ARC and different research farms. 

  

Figure 3.3.1 Sampling site for ticks, Agriculture Research farm Roodeplaat, Pretoria, South Africa 
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3.3.3 Tick samples collection and processing  

 To collect the ticks, tweezers were used to remove ticks from cattle ensuring the mouthparts 

remained intact. Ticks were then placed into Eppendorf test tubes containing 70% ethanol for 

preservation. The cattle bite site was carefully cleaned with 70% ethanol. Collected ticks were then 

stored at -80C° at UNISA Eureka Life science laboratory for further DNA extraction. A total of 

110 ticks were collected and morphologically identified to species level using standard taxonomic 

identification keys (Barker and Walker 2014; Estrada-peña et al. 2003) and a stereomicroscope 

with the help of a Veterinarian Dr. Skhumbuzo Mbizeni (UNISA) and Goodwill Makwarela (Ph.D. 

student). For the purpose of this chapter, nineteen ticks were identified as Amblyomma (n=15) and 

Hyalomma (n=4) and the remaining were Rhipicephalus tick species which were considered for 

analysis for the subsequent chapter (Chapter 4).  

3.3.4 Tick lysis and DNA extraction  

After tick identification, about 19 ticks were washed with nuclease-free water until ethanol was 

washed off, then air-dried. Ticks were then cut from the second leg going up the capitulum to 

target salivary glands under a light microscope (Berggoetz et al. 2014). The upper sections of ticks 

were cut into pieces and added to 0.5 ml screw-cap tubes. The omega TL lysis buffer and 25μl of 

Proteinase K were added to each tube for lysis to occur over a 24-hour incubation at 56°C. DNA 

extraction was performed using the tissue DNA extraction kit, E.Z.N.A. (Omega Bio-Tek), 

according to the manufacturer’s instructions. 
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3.3.5 Library sample preparation for 16S rRNA metagenomic sequencing 

Library preparation for the 16S rRNA library for 19 DNA samples, was carried out using the 16S 

rRNA metagenomic sequencing library preparation protocol (Illumina, Inc., San Diego, CA 2013). 

To characterize the bacterial communities, DNA samples were amplified targeting the V3-V4 

hypervariable region of the 16S rRNA. The target variable region is used to identify bacteria when 

aligned against a Silver bacterial database. Amplification was performed using 27 reverse and 518 

forward primers with overhang adapters listed in Table 3.1. Briefly, PCR reaction mixture was 

prepared in a total volume of 25μl and comprised of 2.5μl of DNA, 12,5μl of 2x KAPA HiFi Hot 

Start Ready Mix (Kapa Biosystems, Boston, MA, USA), and 5μl of each of the primers. The 

thermocycling conditions used are indicated in Table 3.2. 

Table 3.1. 16S rRNA reverse and forward primers with overhang adapters 

Target Primer sequence Target region Size of 

amplicon 

Reference 

 

Bacteria 16S rRNA Forward 5'-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC

TACGGGNGGCWGCAG-3’  

16S rRNA Reverse 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG

ACTACHVGGGTATCTAATCC-3’  

16S rRNA 

gene  

518 (Illumina, 

Inc., San 

Diego, CA 

2013) 
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Table 3.2. Thermocycling conditions for Amplicon PCR.  

Cycling conditions Temperature  Time  

Initial Denaturation 

 

94°C 

 

5 minutes 

 

Denaturation 

Annealing 

Elongation 

Final Elongation 

94°C 

58°C 

72°C 

72°C 

30 seconds   

30 seconds 

40 seconds  

10 minutes     

 

36x cycles 

Hold  4°C ∞ 

  

The resulting amplified products were visualized in ethidium bromide-stained, 1 % agarose gel. 

The DNA pools which yielded amplified products with fragments of approximately 560bp were 

selected. The DNA was quantified with a Qubit fluorometer (Invitrogen life Technologies) using 

a dsDNA assay kit (Invitrogen life technologies).  

Subsequently, the amplified products were cleaned using AMpure XP beads (Beckman Coulter), 

80% EtOH, and magnetic beads following manufacture instructions. Purified products were 

attached to dual indices using Nextera index PCR using the Nextera XT v2 Index Kit (Illumina, 

Inc., San Diego, CA 2013). Briefly, a total reaction mixture of 25 μl comprising of 5 μl DNA, 2.5 

μl each of Nextera index primers forward (S5XX) and reverse (N7XX), 12.5 μl of 2x KAPA HiFi 

Hot Start Ready Mix (Kapa Biosystems, Boston, MA, USA), and 2.5 μl of PCR grade water was 

prepared. The reaction mixture was amplified under thermocycling conditions in Table 3.3. 
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Table 3.3 The dual index PCR cycling conditions. 

Cycling conditions Temperature  Time  

Initial Denaturation 

 

95°C 

 

3 minutes 

 

Denaturation 

Annealing 

Elongation 

Final Elongation 

95°C 

 55°C 

 72°C 

 72°C 

30 seconds 

30 seconds 

40 seconds  

5 minutes 

 

8x cycles 

Hold  4°C ∞ 

 

The resulting products were purified using Ampure XP beads, 80% EtOH, and magnetic beads 

following manufacture instructions. Quantification of the final product was performed using Qubit. 

The concentrated final library samples were diluted to 4nM using 10mM Tris at PH 8.5. A volume 

of 5μl of each sample was pooled into a multiplexed library and a negative control sample was 

included. 

3.3.6 Library sequencing  

The 6 pM of the pooled libraries and the PhiX control library were denature using diluted 0.2 N 

NaOH, to achieve cluster generation during sequencing. The final library was sequenced on an 

Illumina MiSeq next-generation sequencer using a MiSeq Reagent Kit v3 (Illumina, Inc., San 

Diego, CA 2013). 

3.3.7 Sequences analysis of 16S rRNA bacterial data 

The 16S rRNA amplicons were sequenced using Illumina Miseq 2x 300 base pairs, with primers 

27F and 518R using Nextera dual indexes targeting the V3-V4 hypervariable region of bacterial 
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16S rRNA. Sequence processing was performed using Mothur (version 14) software as per Miseq 

SOP (Kozich et al. 2013). The SILVA-based reference sequences were used to classify unique 

sequences, executing a Bayesian classifier on Mothur against Silva's (v133) reference taxonomy. 

UCHIME was used with the Silva SEED database to identify chimeras and removing them for 

downstream analysis, while a rare function was used to remove singletons (Weber et al. 2018).  

Using the average-neighbor algorithm classified 16S rRNA were assigned operational taxonomic 

units (OTUs) at 97.0%. Generated OTUs table was then used for downstream analysis, R Studio 

platform (version 4.0.3) and STAMP (version 2.1.3) software were used for data visualization. 

3.3.8 Functional resistance biomarker analysis.  

Resistance biomarkers were estimated using PICRUSt v3, algorithm software using 16S rRNA 

sequence data, and reference databases to infer biomarker gene contents as described by Langille 

et al., (2013). Using the PICRUSt v3 algorithm, COG (Cluster of Orthologous Genes), and KEGG 

(Kyoto Encyclopedia of Genes and Genomes) databases, resistance biomarkers were identified to 

Level 2 Orthology. KEGG Ortholog (KO) genes were predicted using  PICRUSt and EzBiocloud 

(Yoon et al. 2017) and analyzed using LEfSe analysis. In brief, demultiplexed fast Q files were 

removed adapters, noise reads, chimera, cluster, and dereplicate sequences. The resultant OTUs 

table was normalized with the lowest read OTU and genes predicted using PICRUSt v3. STAMP 

(version 2.1.3) and R studio (version 1.3) were used to visualize results as illustrated in 

APPENDIX 5. 
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3.4 RESULTS  

From the 110 ticks’ samples collected, a total of 19 ticks were selected 15 of which were 

Amblyomma species and 4 were Hyalomma species. After initial amplification positive nymphs, 

males, and females of Amblyomma and Hyalomma tick species were selected as individual 

samples. A total of 15 Amblyomma (assigned code A1 to A15), 3 Hyalomma (assigned code H1, 

H2, H3, and H4), were sequenced.  

3.4.1 Sequencing quality and estimated richness of bacterial communities 

To gain insights on the bacterial community genetic composition from Hyalomma and 

Amblyomma tick species, paired-end reads of the V3 -V4 region of the 16S rRNA gene amplicons 

were generated for the metagenomics dataset. From the 18 samples sequenced a total of 1671347 

reads were generated providing 11019 OTUs, average trimmed valid reads were 87965.63 per 

sample after being processed by the Mothur pipeline. The sample (H2) had 0.0003% valid reads 

and was excluded in the downstream analysis and was considered a control blank. PICRUSt 

command was executed on the Mothur pipeline for functional antimicrobial resistance biomarkers 

encoded in the tick-associated bacterial communities.  

Average Good’s coverage of the library ranged from 99.34% to 99.90% and rarefaction curves 

reaching a plateau, suggesting enough sequencing depth with all OTUs with good coverage reads 

as seen in the rarefaction plots in figure 3.4.1a and figure 3.4.1b.  
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Figure 3.4.1. Operational taxonomic units (OTUs) per sample are shown as rarefaction curves of Hyalomma and Amblyomma ticks DNA samples. The curves A 

and B, represent reads observed against OTUs on the y-axis and reads per sample on the x-axis. 
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Alpha diversity and bacterial communities’ species richness were analyzed using diversity indices 

(Observed OTUs, Shannon, Chao1, Simpson, Inv Simpson, Fisher, and ACE) in figure 3.4.2. 

There were no significant differences in observed OTUs, Chao1, and ACE indices between 

communities of bacteria from Hyalomma and Amblyomma tick species. However, Shannon, 

Simpson, Inv Simpson, and Fisher diversity indices had high significant differences, observed at 

(P=0.021) using Wilcoxon rank-sum test, in OTUs indices that were normalized to the lowest read 

count (31484). This suggested significant differences in species richness and genetic composition 

of bacterial communities from Hyalomma and Amblyomma tick species. 

 

Figure 3.4.2 Diversity indices for Bacteria OTUs from Amblyomma and Hyalomma tick bacterial communities. 
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3.4.3 Comparative metagenomics of bacterial communities between Amblyomma, and Hyalomma 

tick species 

High throughput sequencing and comparative metagenomics of Amblyomma and Hyalomma tick 

species revealed significant differences in microbial composition. However, the co-occurrence of 

some bacteria genera was also identified. A comparative metagenomic analysis performed using 

PCoA analysis showed selected significant differences in beta-diversity at (P>0.051), from tick 

samples resulting in tick samples clustering separately according to tick species but same samples 

overlapping (Figure 3.4.7). The total x-axis variances PCA1 was 36.6% and y-axis PCA2 was 

13.1%, with prediction ellipses observed having tick species falling in a different ellipse and some 

sharing the same ellipse, reflecting similarities and variances in associated bacterial communities 

in tick samples. 

  

Figure 3.4.7 Principal coordinate analysis (PCoA) plot based on Amblyomma and Hyalomma ticks bacterial 

communities’ genetic composition at the phylum level. Using MDS and Jaccard distances analysis with their 

significant differences observed at P>0.051.  
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 3.4.4 Comparative metagenomics of bacterial communities from Amblyomma and Hyalomma tick 

species 

Comparative metagenomics revealed variations in abundance of core microbiota in communities 

of bacteria in Hyalomma, and Amblyomma tick species (Figure 3.4.8). At the phylum level the 

relative abundance of Proteobacteria, Actinobacteria, was relatively high in Amblyomma, while 

Bacteroidetes and Firmicutes were dominant in Hyalomma tick species (Figure 3.4.8A). At the 

genus level, Amblyomma tick species had a comparatively high abundance of Rickettsia (38.9%), 

Escherichia (7%), Arthrobacter (3.6%), and Coxiella (2%), while bacterial communities in 

Hyalomma tick species had a high abundance of Corynebacterium (35.9%), Porphyromonas 

(14.4%), Anaerococcus (11.1%), Trueperella (3.7%), and Helcococcus (4.7%) shown in figure 

3.4.8.B. 

 

 

 



44 

 

 

Figure 3.4.8 Comparative distribution and abundance pattern of 16S rRNA OTUs associated with Hyalomma, and 

Amblyomma tick species. A) Comparative stacked bar plot of bacterial composition at the Phylum level. B) 

Comparative heatmap showing percentage grouped abundance of combined samples of ticks at Genus level.  
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An extended error plot further revealed significant differences in bacterial communities at the 

phylum level, differences in mean proportions were observed mainly in Proteobacteria, Firmicutes, 

Bacteroidetes, and Actinobacteria (Figure 3.4.9). Two-sided t-test statistical analysis and a 

multiple test correction storey FDR (fault discovery rate) at P<0.95 confidence interval using a 

bootstrap method. Corrected q-values showed significant differences in mean proportion at 95% 

confidence interval (Figure 3.4.9) between tick species. 

 

Figure 3.4.9. Extended error plot, illustrating comparative phylum-level bacterial composition in Hyalomma and 

Amblyomma tick species, and showing significant differences between mean proportions. This plot used a two-sided 

t-test statistical analysis and a multiple test correction storey FDR at bootstrap P<0.95. Corrected q-values are shown 

on the right. 
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3.4.2 Genetic composition and distribution of microbial communities in Amblyomma and 

Hyalomma tick specimens. 

Hyalomma and Amblyomma tick species showed distinct microbial diversity and composition. At 

the phylum level, classified sequence reads revealed four leading major phyla: Proteobacteria 

(31.41%), Firmicutes (23,40%), Bacteroidetes (9.37%), Actinobacteria (34.65%), and while the 

remaining phyla sequence reads accounted for 1.15% in total abundance (Figure 3.4.3). 

 

Figure 3.4.3 Stacked bar chart representing the taxonomic bacterial composition at phylum level based on 16S rRNA 

metagenomics of 18 tick samples. Each phylum is indicated in colour on the right-hand side. 
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A dendrogram heatmap was plotted to illustrate bacterial communities from each tick sample 

relatedness at genera level (Figure 3.4.4). Amblyomma tick species clustered together, while 

Hyalomma tick species clustered with two Amblyomma samples A2 and A11, suggesting shared 

genera and similarities in bacterial communities in both tick species. The top genera identified in 

this study consisted of Rickettsia, Corynebacterium, Escherichia, Arthrobacter, Porphyromonas, 

Anaerococcus, Aerococcus, Trueperella, Coxiellaceae_uc, Helcococcus, Acinetobacter, 

Peptoniphilus, Coxiella, Enhydrobacter, Sporobacter, Brachybacterium, 

Porphyromonadaceae_uc, Bradyrhizobium, Phycicoccus, Brevibacterium, Cutibacterium, 

Pseudomonas, Staphylococcus, Romboutsia, Streptococcus, Mesorhizobium, Cupriavidus, 

Bacillus, and Ehrlichia as shown in a heat map and stacked bar plot ( Figure 3.4.5, and Figure 

3.4.6). 

Amblyomma tick sample A5 had a very high abundance in Ehrlichia genera as illustrated in a 

stacked bar blot in figure 3.4.5, while A11 and H3 revealed high abundance in Coxiella genera. 

Rickettsia genus was dominant in most of the Amblyomma tick samples but was less abundant in 

Hyalomma tick species shown in figure 3.4.6. Corynebacterium and Porphyromonas were 

prevalent in both tick species varying in percentage distribution in each tick. 
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Figure 3.4.4 Dendrogram heatmap based on similarity and distribution of bacteria communities in Hyalomma, and 

Amblyomma tick species, at the genus level. Dendrogram linkages and distance of the bacterial genus are not 

phylogenetic but based upon the relative abundance of genera within individual tick samples. Heatmap showing top 

35 genera abundance at y-axis while the x-axis represents the individual tick samples.  

 

 

 

 

 



49 

 

 

 

Figure 3.4.5 Stacked bar chart representing the taxonomic bacterial composition at genus level based on 16S rRNA 

identification. The colour on the right shows the genera and its relative abundance is indicated in the graph. 
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Figure 3.4.6 Heatmap based on percentage abundance reads of bacterial OTUs at class and genus level between tick 

samples. 
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Attempts to identify bacteria communities to species level revealed Rickettsia rickettsii group as 

the most abundant group followed by Corynebacterium groups such as C. xerosis, C. falsenii, C. 

resistens, C. striatum, C. epidermidicanis, and C. pseudotuberculosis group. Species such as 

Porphyromonas levii, Trueperella pyogenes, JQ480818_s (Coxiella endosymbiont), Ehrlichia 

ruminantium group, and Coxiella_uc were among the highly expressed species of bacteria (Figure 

3.4.6b). The top 60 species identified are shown in Appendix 2 (Supplementary 3.2). 

  

Figure 3.4.6b Dendrogram heatmap based on similarity and distribution of bacteria communities in Hyalomma, and 

Amblyomma tick species, at the species level. Dendrogram linkages and distance of the bacterial genus are not 

phylogenetic but based upon the relative abundance of species within individual tick samples. Heatmap showing top 

35 species abundance at y-axis while the x-axis represents the individual tick samples.  
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3.4.5 Unique and core-occurrence of bacterial genera in communities between Amblyomma and 

Hyalomma 

A Venn diagram was created using the Amp Venn package of the R program to illustrate unique 

and shared bacterial genera between communities of bacteria in Amblyomma and Hyalomma 

(Figure 3.4.10). Overall, 74.4% OTUs of core microbial bacteria were shared between tick species, 

while 6.3% OTUs were found to be unique to communities in Amblyomma and 8.9% OTUs were 

unique to communities in Hyalomma ticks. About 10.6% of non-core microbial bacteria were 

identified. 

 

Figure 3.4.10 A Venn diagram illustrating shared and unique core microbial bacterial OTUs in communities of bacteria 

associated with Amblyomma, and Hyalomma tick samples. Shared core microbial OTUs were 74.4% and unique OTUs 

were Amblyomma 6.3% OTUs and Hyalomma 8.9% OTUs, 10.4% of non-core microbes. 
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3.4.6 A comparison in pathogenic microorganism distribution in tick samples  

Pathogenic microorganisms identified in ticks included bacteria in the genera Rickettsia, Ehrlichia, 

Coxiella, Porphyromonas, Trueperella, Corynebacterium, and Helcococcus. An extended error 

plot revealed significant differences in the means of occurrence of bacterial pathogens in 

Amblyomma and Hyalomma ticks (Figure 3.4.11). The extended error plot was constructed using 

a two-sided t-test statistical analysis and a multiple test correction storey FDR (fault discovery 

rate) at a 95% confidence interval using a bootstrap method. In Amblyomma tick species, 

dominant pathogens were identified in the following genera Rickettsia, Ehrlichia, 

Coxiellaceae_uc, Bacillus, Escherichia, and Porphyromonadaceae_uc while in Hyalomma ticks 

pathogens highly expressed were in the genera Porphyromonas, Trueperella, Corynebacterium, 

Coxiella, and Helcococcus. 

 

Figure 3.4.11 Extended error plot, illustration comparative pathogenic bacterial composition in Hyalomma and 

Amblyomma tick species. Using two-sided t-test statistical analysis and a multiple test correction storey FDR at 

bootstrap (P>0.95). Pathogens that dominated in Amblyomma are in blue while pathogens dominating Hyalomma are 

in red. 
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3.4.7 Predicting functional profiles through 16S rRNA gene‐based metagenomics analysis. 

Bacterial communities 16S rRNA metagenomics data from Hyalomma and Amblyomma tick 

samples were analyzed for functional biomarkers using the PICRUSt algorithm, inferring from 

KEGG annotated database level 2 pathways. Pooled predicted data was imported to STAMP 

version 3 software for statistical analysis and visualization. Differences were considered 

significant at P< 0.05 using White’s non-parametric t-test.  

Genetic information processing, environmental information processing, and metabolism were the 

most enriched KEGG level 2 pathways from both microbial communities of Hyalomma, and 

Amblyomma tick species. This was closely followed by cellular information processing pathways 

and finally human disease pathways being the least as shown in the heatmap figure 3.4.12. to 

compare KEGG pathways between two communities of bacteria in Hyalomma and Amblyomma 

ticks an extended error plot was constructed in figure 3.4.13. 
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Figure 3.4.12 A heatmap showing detected level 2 of KEGG functional pathways of biomarkers predicted using PICRUSt. Dendrograms demonstrate how each 

tick sample cluster.  
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Figure 3.4.13 Extended plot based on storey FDR of predicted functional categories. Plotted using White’s non-parametric t-test, using a 95% confidence interval 

using bootstrap CI method. Comparing pulled functional genes from communities of bacteria in Amblyomma, and Hyalomma ticks. 
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The most abundant pathways were the genetic information processing pathways involved in firstly, 

the biogenesis of ribosomal protection proteins. Secondly protein sorting, protein export, and 

finally aminoacyl-tRNA biosynthesis from microbial communities of both tick species. 

Foundationally, these pathways are very important in antimicrobial resistance.    

The highly expressed metabolic pathways included the following; amino acids metabolism, 

degradation, and biosynthesis of enzymes pathways; pathways in biosynthesis of secondary 

metabolites such as streptomycin, penicillin, and cephalosporin; biosynthesis of glycan, 

peptidoglycan, and glycosyltransferases pathways; pathways in the metabolism of cofactors, 

vitamins pyrimidine, and purine; pathways in biodegradation of vancomycin, tetracycline 

antibiotics, and metabolism of terpenoids and polyketides and lastly, xenobiotics biodegradation 

by cytochrome P450 pathways. Consequently, these pathways are responsible for enzyme-derived 

antibiotic resistance from communities of bacteria detected in ticks.   

The highly enriched environmental information processing pathways involved; genes responsible 

for membrane transport proteins and efflux pumps; pathways of secretion systems and 

phosphotransferases enzymes; and two-component systems, phosphatidylinositol, and MAPK 

signaling pathways. 

 Cellular processing pathways were highly enriched involved; porins regulation pathways, 

inorganic ion transport pathways; and pathways involved in bacterial invasion of the epithelial 

cells of eukaryotes.  Overall, these pathways are significant contributors to bacterial survival 

against antimicrobial agents.  

At KEGG level 2, no significant differences were observed in tick bacterial communities’ 

composition of functional biomarkers, based on a very high correlation R2 value of R2=0.957, at 
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P<0.05 (Figure 3.4.14). This is demonstrated on a scatter plot in figure 3.4.14 based on storey FDR 

plotted using White’s non-parametric t-test analysis at a 95% confidence interval.  

 

Figure 3.4.14 Scatter plot showing how bacterial communities predicted functional genes scattered in comparison, in 
Amblyomma and Hyalomma tick species. The white’s non-parametric t-test using bootstrap dissimilarity showed that 

clusters were significant at (R=0.957, P<0.05).  
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3.4.8 KEGG Ortholog predicted drug resistance biomarkers in bacterial communities. 

To identify tick-borne bacterial resistance biomarkers, we adopted the PICRUSt algorithm. That 

Inferred from the KEGG Ortholog (KO) database and analyzed using LEfSe. Visualization and 

statistical analysis were performed using STAMP software (version 2.1.3). PCoA was generated 

to show the clustering of microbiota-predicted genes, while heatmaps showed gene enrichment in 

bacterial communities from tick species. The top 50 KO resistance biomarkers are shown in figure 

3.4.16 and Appendix 3. These included genes that code for efflux pumps, drug degrading enzymes, 

drug modifying enzymes, secretion systems proteins, and ribosomal protection proteins, their 

relative abundance is illustrated in a stacked bar plot (Figure 3.4.15) and a heatmap (Figure 3.4.16). 
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Figure 3.4.15 Stacked bar plot comparing relative abundances in KO functional biomarkers from tick bacterial 

communities. The red colour represents the relative abundance of genes from bacterial communities in the Hyalomma 

tick species while the blue colour represents the relative abundance of genes from bacterial communities in the 

Amblyomma tick species. 
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Figure 3.4.16 Heatmap comparing KO functional biomarkers predicted using PICRUSt and LEfSe, associated with 

bacterial communities in Hyalomma and Amblyomma tick species. 



62 

 

The resistance markers exceedingly enhanced were drug resistance efflux pumps, transporters, and 

porins (Figure 3.4.15). The major facilitator superfamily (MFS) transporters were dominant in 

bacterial communities from Amblyomma tick species. While ATP binding and permeases ABC-2 

type transport systems were greatly enhanced in communities of bacteria in Hyalomma tick 

species. Outer membrane multiple drug efflux pumps (MDR) and efflux protein of the MATE 

family co-occurred in both communities.  

Drug resistance MFS efflux pumps identified in this study fell under three major families. Firstly, 

genes of the MHS family encoding alpha-ketoglutarate permeases and the proline/betaine 

transporters. Secondly, the PAT family genes encoding beta-lactamase induction signal transducer 

AmpG. Finally, the DHA1 and DHA2 family genes encoding for multidrug resistance proteins as 

well as MFS transporter family efflux pumps (tetA) were identified. 

Antimicrobial resistance multiple drug efflux systems were also revealed, such as membrane 

fusion proteins, outer membrane proteins, and the MATE family of proteins. Equally, major 

contributors to fluoroquinolone resistance are drug antiporters in the NhaA family such as Na+: 

H+ antiporters were also identified. Moreover, metal resistance genes identified in these 

communities involved ATP-binding protein systems of the iron complex transport, peptide/nickel 

transport, and Cu+-exporting ATPase.  

Most importantly KEGG KO predicted analysis of bacterial communities from Hyalomma and 

Amblyomma tick species revealed drug resistance enzymes. Penicillin degrading enzymes such as 

the beta-lactamases in classes c and d, as well as the penicillin inhibiting, and modification 

guanylyltransferase (GTase) and methyltransferase enzymes were identified. Furthermore, both 

communities revealed enzymes conferring ribosomal resistance to macrolides such as 23S rRNA 

(adenine2030-N6)-methyltransferase and 3-deoxy-D-manno-octulosonic-acid transferase. 
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Additionally, ribosomal protection protein biosynthesis enzymes such as GTP diphosphokinase or 

guanosine-3',5'-bis (diphosphate) 3'-diphosphatase were also detected. These enzymes are 

important in ribosomal protection drug resistance. 

Furthermore, drug detoxification enzymes namely the glutathione S-transferases known to inhibit 

the MAP kinase pathway, and antitoxin YefM proteins involved in modulation of toxins as well 

as environmental stress were also detected. Genes coding for enzymes and proteins involved in 

virulence and pathogenesis such as AraC family transcriptional regulators; the transcriptional 

activator of adiA; and bacterial transpeptidases (Sortase A); as well as versatile type iv secretion 

system proteins (virB4, virB6, virB8, virB9, and virB11) were also identified (Figure 3.15 and 

Figure 3.16). These are protein complexes normally powered by ATP to secrete protein toxins 

essential in pathogenesis. They are imperative in bacterial survival as well as drug resistance. 

Significant differences in community biomarkers were identified based on a very low correlation 

value of R2= 0.001 (Figure 3.4.17) in a scatter plot. 
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Figure 3.4.17. KO functional biomarkers scatter plot showing clustering of biomarkers from communities of bacteria 

in Amblyomma and Hyalomma tick species. The plot used a two-sided, White’s parametric t-test at 95% confidence 

interval with DP bootstrap method and R=0.001. Bacterial communities in Amblyomma tick species were plotted in 

blue colour while bacterial communities in Hyalomma tick species were plotted in green colour. 
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3.5 DISCUSSION  

In the current study, the multiple host ticks from genera Amblyomma and Hyalomma tick were 

collected infesting Nguni cattle in Roodaplate ARC research farm. Previous studies have 

confirmed the presence of these tick species in South African cattle (Fyumagwa et al., 2011; 

Spickett et al., 2011; Mtshali et al., 2017; Halajian et al., 2018). Amblyomma and Hyalomma tick 

species are known to harbor pathogenic bacteria such as Rickettsia, Coxiella, Ehrlichia, and 

Anaplasma (Fedorina et al., 2019; Guo et al., 2019). Hence, in this study, a total of 612 bacterial 

genera were identified from Amblyomma and Hyalomma tick’s species. These microbial 

communities are composed of pathogenic, nonpathogenic, and tick commensal flora, as well as 

endosymbiotic bacteria in Amblyomma, and Hyalomma tick species. Our analysis revealed 

dominant bacterial genera to be Rickettsia, Corynebacterium, Porphyromonas, Trueperella, 

Helcococcus, and Actinomycetospora detected at different abundances within tick samples. While, 

an attempt to identify detected bacteria to species level figure 3.4.6b revealed species in groups, 

this is due to a conserved nature of the 16S rRNA gene having a low resolution to identify bacteria 

to species level (Papa et al., 2020). The most dominant species were groups of Rickettsia rickettsia, 

Corynebacterium group (C. xerosis, C. falsenii, C. resistens, C. striatum, C. epidermidicanis, and 

C. pseudotuberculosis group), Porphyromonas levii, Trueperella pyogenes, JQ480818_s (Coxiella 

endosymbiont), Ehrlichia ruminantium group, and Coxiella_uc species groups.  

The composition of bacterial communities was further characterized using next-generation 

sequencing bioinformatics tools for alpha and beta diversity comparative analysis. Beta diversity 

indices measures indicated high diversity of bacterial species in Hyalomma tick species in 

comparison with Amblyomma tick species shown in Figure 3.4.2. The alpha diversity PCoA plot 

(Figure 3.4.7) indicated sample clustering according to tick species. This observation used 
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generalized UniFrac distances and differences were considered significant at P>0.05, indicating 

differences in bacterial composition between species. Non-parametric t-test analysis, using an 

extended error bar chart (Figure 3.4.9) also showed significant differences between communities 

of bacteria, at P>0.05. Also, metagenomic microbiome comparative analysis between Amblyomma 

and Hyalomma tick species found significant differences in diversity, composition, and core 

microbial genera (Ven diagram Figure 3.4.10). The observed differences in bacterial communities 

of Amblyomma and Hyalomma tick species are in conformation with previous studies of 

microbiome ecological studies in tick species (Baauw et al., 2019; Lim et al., 2020; Mtshali et al., 

2017).  

Comparative metagenomics findings revealed Amblyomma tick species bacterial communities 

dominated by Rickettsia genera, followed by Corynebacterium, Escherichia, Porphyromonas, and 

Coxiellaceae_uc bacterial genus. While, Hyalomma tick species were dominated by 

Corynebacterium genera, and other core-genera most likely endosymbionts such as 

Porphyromonas, Coxiella, Anaerococcus, Aerococcus, Helcococcus, and Trueperella. This was 

also previously reported as bacterial genera associated with Amblyomma, and Hyalomma tick 

species (Lim et al., 2020; Sánchez-Montes et al., 2019; Halajian et al., 2016; Lim et al., 2018). 

Bacterial community composition might have been influenced by the presence of cattle host blood 

engorgements; feeding habits; shape and size of mouthparts, and geographical location of the ticks 

samples as well as previous tick hosts as previously described (Lim et al., 2020). 

Endosymbiotic bacteria were also identified, these are important in physiology, adaptation, 

molting between life stages, reproduction as well as essential nutrient supplies to ticks (Rounds et 

al., 2012; Szigeti et al., 2014; Brinkmann et al., 2019). Amblyomma species were found 

ununiformly associated with endosymbionts primarily Rickettsia and Ehrlichia genera, known for 
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their important contribution in supplement nutrients not found in blood (Rounds et al., 2012).  

Additionally, Amblyomma ticks nutritional dependence on bio-symbionts such as Coxiellaceae_uc 

and Coxiella genera has been well documented, experimentally proven, and bioinformatically 

supported (Ramaiah and Dasch 2018), and as a result, their significance is demonstrated by their 

detection in these communities. Similarly, endosymbionts detected in Hyalomma tick species 

involved genera of Coxiellaceae_uc and Coxiella as previously detected (Brinkmann et al. 2019). 

However, Rickettsia genera endosymbiotic reads were detected in trace amounts demonstrating 

their insignificance in Hyalomma tick species compared to Amblyomma tick species. Several 

genera identified require further investigation to determine their role as tick endosymbionts, as 

they may be important in veterinary and public health care, as well as in mitigation of tick-borne 

pathogen transmissions.  

Amblyomma tick species were dominated by Rickettsia pathogenic genus that causes zoonotic 

diseases, composed of spotted fever and typhus groups (Branger et al., 2004; Klindworth et al., 

2013). In an attempt to classify Rickettsia genus to species level, the data revealed Rickettsia 

rickettsia group of species that are agents of rocky mountain spotted fever, and they were detected 

across all Amblyomma tick samples confirming their presence in South Africa (Mtshali et al., 2017; 

Ringo et al., 2018). Previous studies have also shown the presence of Coxiella burnetii in all tick 

species identified in South Africa (Halajian et al., 2016; Eldin et al., 2017; Kuley 2017), and in 

the current study, organisms of the Coxiella genus were also detected. The findings are in 

agreement with other reports where high serological indices of Coxiella were detected all over 

Africa mainly in tick species of Amblyomma, Hyalomma, and Rhipicephalus (Mtshali et al., 2017; 

Guo et al., 2019; Halajian et al.. 2018). Additionally, pathogenic Ehrlichia ruminantium group of 

species that are agents of heartwater (ehrlichiosis) were detected in Amblyomma and Hyalomma 
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tick species. Previous studies in South Africa have also identified these pathogens in ticks 

(Allsopp, 2009; Ringo et al., 2018; Guo et al., 2019), however, sequence reads mostly corresponds 

to uncultured strains, therefore, isolation, genetic and bioinformatic characterization of detected 

pathogens are still required. 

Apart from known tick-associated pathogenic genera, many other genera were detected, that might 

have originated from ruminant blood, ticks, and other sources. These include Corynebacterium, 

Escherichia, Arthrobacter, Porphyromonas, Anaerococcus, Aerococcus, and Trueperella genera 

and their OTU reads were detected in high abundance, and this observation was evident in studies 

by other researchers (Andreotti et al., 2011; Yang et al., 2015; Lim et al., 2020). There is limited 

information on the involvement of these genera in tick biology, however, the observed high 

abundance suggests their importance, and as such more molecular studies are required to ascertain 

their role.  

Bacterial species of the genus Corynebacterium are commonly identified on animal skin as the 

innocuous microbiome, some species have been identified as opportunistic pathogens causing 

zoonotic diseases. Ticks have not been studied extensively as vectors of microbial pathogens of 

this genus, however, Lim et al (2020) made this observation and concluded that ticks might have 

acquired them during feeding (Lim et al., 2020; 2018). Zoonotic opportunistic species from the 

Corynebacterium genus such as Corynebacterium pseudotuberculosis has been identified 

associated with secondary meningitis, caseous lymphadenitis, and Otitis media-interna in cattle; 

while, C. xerosis, C. falsenii, C.bovis, C. resistans, and C. striatum are associated with an abscess 

in the brain, mastitis, osteomyelitis, abortions, and arthritis; the mouth of an eagle; mastitis in 

cattle; bronchial aspirates and blood culture; abscess respectively (Leask, Blignaut, and Grobler 

2013; Bernard 2012; Lim et al., 2020; 2018; Watts et al., 2000). In the current study, the 
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Corynebacterium genus was identified as highly expressed in all tick samples, the findings 

affirmed the presence of Corynebacterium species such as C. xerosis, C. falsenii, C. resistens, C. 

striatum, C. epidermidicanis, and C. pseudotuberculosis in Hyalomma and Amblyomma ticks.  

Trueperella pyogenes an opportunistic pyogenic infections agent that causes otitis externa, 

abortions, metritis, infertility, and mastitis in cattle are mainly found in the mucus of livestock 

(Leask et al., 2013; Rezanejad et al., 2019). The 16S rRNA metagenomics analysis of ticks in this 

study implicated Hyalomma and Amblyomma tick species as reservoirs and possible vectors of T. 

pyogenes pathogens. Data of ticks as vectors of T. pyogenes is lacking but their contribution in 

transmission has been observed (Rzewuska et al., 2019). 

Species of Porphyromonas genera are emerging animal and human pathogens with species such 

as Porphyromonas levii associated with bovine necrotic vulvovaginitis in cattle (Elad et al., 2004). 

In the current study, Porphyromonas levii species was the most dominant species in bacterial 

communities of both Hyalomma and Amblyomma ticks. This implicates ticks as reservoirs and 

potential vectors of Porphyromonas levii, however, there is a need for future studies, to determine 

Amblyomma and Hyalomma tick species as vectors to P. levii and the role of P. levii as 

endosymbionts to ticks.  

To understand biomarkers related to antimicrobial resistance in communities of bacteria detected 

in the present study, a PICRUSt 16S-rRNA based functional biomarkers analysis was performed. 

The use of the PICRUSt algorithm to analyze 16S rRNA data has been proven accurate in 

predicting functional and resistance genes in microbial communities (Z. J. Chen et al., 2020; 

Langille et al., 2013b; Mukherjee et al., 2017). In this study, from the KEGG functional 

biomarkers identified (section 3.4.11), the most dominant KEGG level 2 pathways detected 

involved in resistance mechanisms of bacteria included metabolism, information processing, 
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environmental information processing, and cellular information processing (Figure 3.4.12). 

Antimicrobial genes under these dominant pathways involved those that code for the biosynthesis 

of ribosomal protection proteins; secondary metabolites; antimicrobial degradation enzymes; 

excretion proteins; coenzymes, and transport proteins; secretion systems; and phosphotransferases 

enzymes. This observation supports previous in silico findings analyzing resistance genes in tick-

borne bacteria (Rolain and Raoult, 2005; Biswas et al., 2008; Santos et al., 2012; Martinez et al., 

2014). 

Gene composition among bacterial communities was analyzed using an extended bar plot (Figure 

3.4.13) based on storey FDR. The plots were made using white’s non-parametric t-test, and 

bootstrap CI method at 95% confidence interval, significant differences were observed from 

differences in mean values of e-values. Furthermore, a correlation test was performed using a 

scatter plot (Figure 3.4.14), and samples clustered differently according to tick species 

demonstrating how bacterial communities influenced resistance gene composition. 

PICRUSt algorithm further used KEGG Orthology (KO) database to annotate KO genes that were 

analyzed using LEfSe and relative abundance of genes calculated according to e-value. The main 

classes of KO genes associated with drug resistance that were highly expressed involved genes 

coding for drug efflux pumps; drug degrading and modifying enzymes; secretion systems proteins; 

and ribosomal protection proteins.  

The most expressed efflux pumps were in the family of MFS, ABC-2, and MDR (Figure 3.4.15), 

their role in bacterial antibiotic resistance has been widely described (Blanco et al. 2016; Spyridaki 

2002; J. M. Rolain 2005; Nikaido and Pagès 2012). The findings are in line with a previous study 

conducted by Rolain, (2005) who showed that Rickettsia genera were resistant to macrolides and 

beta-lactam antibiotics as a result of ABC-2 multiple drug transport systems. Tetracycline 
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resistance mechanisms have been reported to occur via tetracycline efflux pumps that are integral 

membrane transporters belonging to the family of MFS efflux pumps (Vranakis et al. 2012). 

Furthermore, the nomenclature has classified tetracycline efflux pumps (tetA) in the MFS 

transporter family, which have been shown to infer tetracycline specific resistance (Li et al, 2015). 

Vranakis and colleagues (2010) identified protein channels of MFS efflux pumps responsible for 

tetracycline resistance in Coxiella burnetii. Furthermore, MFS efflux pumps are also described in 

quinolone resistance in Coxiella burnetii (Vranakis et al. 2010). In this study, MFS multiple drug 

antiporters of NhaA proteins family such as Na+: H+ antiporters genes known for fluoroquinolone 

resistance were also present in both communities, these were previously identified in the Coxiella 

genus and found to confer resistance to fluoroquinolone (Vranakis et al. 2010). Bacterial 

communities in Hyalomma and Amblyomma had a very high relative abundance of MFS efflux 

pump genes suggesting their importance in tetracycline, quinolone, and fluoroquinolone 

resistance. 

Numerous researchers have emphasized the contribution of MDR efflux pumps to the bacterial 

acquisition of antibiotic resistance (Vranakis et al., 2010; Li et al., 2015; Blanco et al., 2016; 

Hwang and Yoon, 2019). Overexpression of efflux pumps in bacterial communities requires the 

development and addition of efflux pump inhibitors as part of the treatment. This is important in 

helping improve veterinary and medical treatment for tick-borne bacterial infections. 

Peptidomimetic compounds that are efflux pump competitive inhibitors such as phenylalanine 

arginyl beta-naphthylamide are effective in the treatment of infections caused by Pseudomonas 

aeruginosa (Askoura et al. 2011). However, pharmacodynamics and pharmacokinetics studies are 

required to determine efflux pump inhibitors that can be combined with antibiotics used in tick-

borne bacterial communities.  
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Metal resistance is a co-selection factor that leads to the proliferation of resistance to heavy metals 

and antibiotics through co-resistance and cross-resistance mechanisms (Nguyen et al. 2019). 

Consequently, metal resistance genes identified in this study confirmed co-resistance, and cross-

resistance mechanisms in both metal and antibiotic resistance among these communities, conferred 

by ATP-binding protein systems of the iron complex transport; peptide/nickel transport; and Cu+-

exporting ATPase. Also, proteins involved in virulence and pathogenies identified in this study 

were mainly protein complexes normally powered by ATP to secrete protein toxins essential in 

pathogenesis. The coexistence of virulence and drug resistance has been extensively studied and 

is very important in bacterial survival and drug resistance (Schroeder et al., 2017; Pan et al., 2020). 

Communities of bacteria in both tick species presented enzymatic antibiotic resistance through 

penicillin-degrading enzymes such as the beta-lactamases in classes C and D; inhibitors and 

penicillin modification guanylyltransferase (GTase); and methyltransferase enzymes. The 

presence of these genes is consistent with previous studies showing resistance to penicillin from 

tick-borne Ehrlichia genera (P Brouqui and Raoult 1990; Philippe Brouqui and Raoult 1992), 

Rickettsia genera (J. M. Rolain et al. 1998), and Corynebacterium genus (Lim et al. 2018). 

Macrolide target site altering enzymes such as 23S rRNA (adenine2030-N6)-methyltransferase 

and 3-deoxy-D-manno-octulosonic-acid transferase were identified in both communities of 

bacteria. Additionally, macrolide ribosomal protection protein biosynthesis enzymes such as GTP 

diphosphokinase or guanosine-3',5'-bis (diphosphate) 3'-diphosphatase were also detected. 

Macrolide resistance is due to alteration or mutation of 23S ribosomal RNA and methylation of 

the domain V of 23S rRNA by methyltransferase enzymes (Fyfe et al. 2016). Previous studies have 

also detected resistance in Rickettsia, Ehrlichia chaffeensis, Ehrlichia canis, Anaplasma 

phagocytophilum, and Francisella tularensis tick-borne pathogens (Branger et al., 2004; Biswas 
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et al., 2008). Our study confirms the identified communities to have genes that confer macrolide 

resistance.  

Enzymes involved in drug detoxification were also detected in both communities. The highly 

expressed involved glutathione s-transferases and antitoxin YefM. These might be important in 

the tick-bacterial community endosymbiotic relationship as these enzymes are involved in 

antibiotics and insecticide biodegradation (Seshadri et al. 2003; Machado-Ferreira et al. 2016).  
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3.6 CONCLUSION  

In conclusion, next-generation sequencing-based study is a valuable approach in our understanding 

of intercellular bacterial community composition, their endosymbionts, and pathogens in ticks 

affecting cattle. In summary, this study shows Hyalomma and Amblyomma ticks species collected 

from Nguni cattle bacterial communities revealed Rickettsia, Corynebacterium, Porphyromonas, 

Trueperella, Helcococcus, and Actinomycetospora bacterial genera in high abundance. 

Furthermore, the PICRUSt predicted resistance biomarker analysis genetic tools, provide a good 

assessment of genes associated with antibiotic resistance, and have the advantage of overcoming 

several limitations of traditional approaches. The bacterial communities had a high prevalence of 

resistance biomarker genes that confer resistance to drug groups such as tetracyclines, 

fluoroquinolones, quinolones, beta-lactam, and macrolides. Combating antibiotic resistance is of 

great importance worldwide, understanding underlying molecular elements conferring resistance 

is an important approach towards finding solutions to antibiotic resistance. This type of study can 

assist veterinary and clinicians with effective therapeutic decisions for treatment, assist ecologists 

understanding microbial community ecology, as well as insights into the epidemiology of tick-

borne diseases, and finally drug discovery. A valuable insight into tick endosymbionts is crucial 

in understanding their function, enabling us to harness this relationship to control ticks and tick-

borne diseases.   
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CHAPTER 4 RHIPICEPHALUS EVERTSI EVERTSI, RHIPICEPHALUS SIMUS, AND 

RHIPICEPHALUS DECOLORATUS TICK SPECIES 16S rRNA AMPLICON ASSESSMENT 

OF BACTERIAL COMMUNITIES AND THEIR FUNCTIONAL ANTIBIOTIC RESISTANT 

BIOMARKERS.  
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4.1 ABSTRACT  

Ticks have a worldwide distribution and play an important role as vectors of diverse bacterial 

microorganisms. Tick-borne bacterial communities are composed of endosymbiotic and symbiotic 

bacteria essential for tick reproduction fitness, providing nutrients not found in blood meals, and 

biological importance to ticks. However, some of the tick-borne bacteria are pathogens of 

veterinary and medical important invertebrates. This study characterizes the genetic composition 

of tick-borne microbial communities using the Miseq Illumina platform to sequence the V3 and 

V4 variable regions of 16S rRNA and using bioinformatics tool (PICRUSt) to predict functional 

biomarkers associated with antimicrobial resistance. A total of 28 Rhipicephalus evertsi evertsi 

(n=11/29), Rhipicephalus simus (n=9/29), and Rhipicephalus decoloratus (n=8/29) tick samples 

were used. Upon sequencing, about 1326605 sequence reads were generated and assigned to 33424 

operational taxonomic units (OTUs) with each tick sample having an average of 45745 reads. The 

dominant phyla detected in tick samples included Actinobacteria, Bacteroidetes, Cyanobacteria, 

Firmicutes, and Proteobacteria. Among these phyla, beta diversity indices analysis showed no 

significant difference (P<0.05) in the bacterial communities identified. The top ten predominant 

genera were Corynebacterium, Porphyromonas, Anaerococcus, Trueperella, Enhydrobacteria, 

Rickettsia, Helcoccoccus, Coxiella, Arthrobacter, and Lactobacillus, varying in percentage 

distribution. Among these genera, pathogenic, endosymbiotic, and symbiotic bacteria were 

identified. Comparative metagenomics of these genera showed a significant difference in observed 

OTUs between tick samples, however, all ticks shared 70.8% core microbiome. PICRUSt KEGG 

Level 2 predicted functional analysis suggested that functions related to genetic, environmental 

information processing, and metabolism were highly enriched. Furthermore, PICRUSt KEGG 

Orthology (KO) analysis revealed functional resistant biomarkers conferring resistance to groups 
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of antibiotics such as beta-lactam, tetracycline, and macrolides. The most dominantly 

overexpressed KO biomarker genes detected were for efflux pumps such as ABC, ABC-2, MATE, 

RND, and MFS; followed by metal transporters systems such as iron complexes, energy coupling, 

multiple sugars, Cu+- exporters, peptide/nickel, and divalent union/Na+; as well as drug degrading 

and modifying enzymes. These results reveal communities of tick-borne bacterial genetic 

composition and associated antibiotic resistance biomarkers. The study findings contribute 

remarkably to our understanding of pathogenic, endosymbionts, and symbiotic tick-borne bacterial 

functions in tick physiology, pathogen transmission as well as antimicrobial resistance profiles.  
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4.2 INTRODUCTION 

Ticks are hematophagous arthropods classified in the order Ixodida and class Arachnida. They are 

very important vectors of numerous pathogenic, symbiotic, and commensal bacterial communities 

(Andreotti et al. 2011; Chicana et al. 2019; Brinkmann et al. 2019). There is limited information 

on bacterial communities of several tick species, this is despite their importance in vector 

competence and pathogen transmission dynamics (Vila et al. 2019; Chicana et al. 2019). Tick-

borne bacterial pathogens of significance to human and animal health include species of 

Anaplasma, Borrelia, Coxiella, Ehrlichia, Francisella, and Rickettsia (Kirkan et al., 2017; Ringo 

et al., 2018a; Lim et al., 2020). While, some species of Rickettsia, Coxiella, and Francisella are 

endosymbiotic to ticks playing an important role in supplying essential nutrients not found in blood 

meals, and also provide a reproductive and survival fitness advantage (Machado-Ferreira et al., 

2016; Seo et al., 2020). Bacterial diseases transmitted by ticks include anaplasmosis caused by 

(Anaplasma sp), Query-fever caused by (Coxiella sp), rickettsioses or rocky mountain fever caused 

by (Rickettsia) and heat water caused by (Ehrlichia sp) that are of veterinary and medical 

importance (Santos et al., 2013; Kirkan et al., 2017; Nyangiwe et al., 2018).  

Multiple hosts Rhipicephalus tick species parasitize mainly cattle and large ruminants, several 

researchers have identified different bacterial communities transmitted by Rhipicephalus ticks 

(Papa et al. 2020; Guo et al. 2019; Halajian et al. 2016; Junquera 2018). However, information on 

the distribution, diversity, prevalence, and composition of microbial communities needs consistent 

updates with modern and highly sensitive techniques such as next-generation sequencing (Guo et 

al. 2019). Next-generation sequencing targeting of 16S rRNA amplicon for variable regions (V1-

V9) allows the identification and characterization of microbial communities (Papa et al. 2020). 
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Furthermore, attaining this data allows the use of bioinformatics tools such as PICRUSt algorithms 

that can be used to further investigate functional annotations in bacterial communities. 

The present study aimed to investigate the composition of microbial communities associated with 

Rhipicephalus evertsi evertsi, Rhipicephalus simus, and Rhipicephalus decoloratus tick species 

from Nguni cattle breeds in Roodeplaat ARC-research farm, employing 16S rRNA metagenomics. 

Furthermore, to the characterization of antimicrobial functional biomarkers using a bioinformatics 

tool (PICRUSt). 
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4.3 METHODOLOGY 

4.3.1 Tick samples collection and processing  

Ticks were collected from the Roodeplaat ARC research farm (Figure 3.1). To collect the ticks, 

tweezers were used to remove ticks from cattle ensuring the mouthparts remained intact. Ticks 

were then placed into Eppendorf test tubes containing 70% ethanol for preservation. The cattle 

bite site was carefully cleaned with 70% ethanol. Collected ticks were then stored at -80°C at 

UNISA Eureka Life science laboratory for further DNA extraction. A total of 112 ticks were 

identified to species level using standard taxonomic identification keys with the help of a 

Veterinarian Dr. Skhumbuzo Mbizeni (UNISA) and Goodwill Makwarela (Ph.D. student) and 28 

Rhipicephalus tick species were identified and were given the following identifies R. evertsi evertsi 

(RE1 to 11), R. simus (RS1 to 10), and R. decoloratus (RD1 to 8) tick species. 

4.3.2 Tick lysis and DNA extraction  

After identification, a total of 28 R. evertsi evertsi (n=11), R. simus (n=10), and R. decoloratus 

(n=8) ticks were washed with nuclease-free water until ethanol was washed off, then air-dried.  

Ticks were then cut from the second legs going up the capitulum to target the upper section of the 

tick containing salivary glands under a light microscope. The upper sections of ticks were cut into 

pieces and added to 0.5 ml screw-cap tubes. Omega TL lysis buffer and 25μl of Proteinase K were 

added to each tube for lysis to occurs over 24-hours, then incubated at 56°C. DNA extraction was 

performed using the E.Z.N.A. tissue DNA kit (Omega Bio-Tek), according to the manufacturer’s 

instructions. Extracted DNA was stored at -20 C for further analysis. Biodrop µLite 

spectrophotometer (Biochrom Ltd, Cambridge, UK) was used to quantify the DNA concentration 

and agarose gel was used to check the quality. DNA used for downstream analysis had an A260:A280 

ratio of between 1.79–2.0 and a concentration that ranged from 30-285 ng/μl.  
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4.3.4 Library preparation for 16S rRNA metagenomics  

The first PCR involved amplification of 16S rRNA variable region V3-V4 using Miseq adapters 

fused, 27F forward, and 518R reverse primers compatible with Illumina indexes (Table 3.1). 

Briefly, PCR reagents with a total volume of 25μl that consisted of 2.5μl of DNA, 12,5μl of 2x 

KAPA HiFi Hot Start Ready Mix (Kapa Biosystems, Boston, MA, USA), and 5μl of each of the 

primers. The PCR was performed with the following thermocycling conditions (denaturation 95°C 

for 3 minutes; 25 cycles of 95°C for 30, 55°C for 30 seconds and 72°C for 30 seconds; annealing 

at 72°C for 5 minutes and on hold at 4°C, ∞) and 1% agarose gel was used to check the PCR 

amplicon. The DNA was quantified with a Qubit fluorometer (Invitrogen life Technologies) using 

a dsDNA assay kit (Invitrogen life technologies). 

The PCR amplicon was cleaned, indexed, pooled, and sequenced on an Illumina Miseq 250®, as 

described by Selvarajan et al (2019). Briefly, the PCR product was cleaned using AMPure XP 

magnetic beads (Beckman Coulter, Massachusetts, USA) according to the manufacturer’s 

instructions. Clean amplification products were attached to dual indices using Nextera index PCR 

that used the Nextera XT v2 Index Kit (Illumina, Inc., San Diego, CA 2013). Briefly, a total 

reaction mixture of 25 μl comprising of 5 μl DNA, 2.5 μl each of Nextera index primers forward 

(S5XX) and reverse (N7XX), 12.5 μl of 2x KAPA HiFi Hot Start Ready Mix, and 2.5 μl of PCR 

grade water. PCR was performed using the following thermocycling conditions (denaturation 95°C 

for 3 minutes; 8 cycles of 95°C for 30, 55°C for 30 seconds and 72°C for 40 seconds; annealing at 

72°C for 5 minutes and on hold at 4°C, for ∞). The resultant PCR product was cleaned again using 

AMPure XP beads and quantified using the QubitTM dsDNA HS Assay kit (Thermo Fisher 

Scientific, Waltham, MA, USA). The concentrated final library samples were diluted to 4nM using 
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10mM Tris at PH 8.5. A volume of 5μl of each sample was pooled into a multiplexed library 

including the negative control sample into a 1.5ml tube (Selvarajan et al. 2019). 

4.3.5 Library sequencing  

Libraries pooled at 6 pM and 10% PhiX control library was denatured using diluted 0.2 N NaOH 

to achieve cluster generation during sequencing. The final library was sequenced on a MiSeq 

Illumina using a MiSeq Reagent Kit v3 (Illumina, Inc., San Diego, CA 2013). 

4.3.6 Sequence analysis  

The 16S rRNA amplicons were sequenced using Miseq Illumina 2x 300 base pairs, with primers 

targeting the V3-V4 hypervariable region of bacterial 16S rRNA. Sequences were processed using 

Qiime2 in a Nephele pipeline (Weber et al. 2018). SILVA-based reference sequences were used 

to classify unique sequences, a Naïve Bayesian classifier algorithm was executed on Qiime2 

against Silva (v133) reference taxonomy. Using the average-neighbor algorithm, classified 16S 

rRNA sequences were assigned operational taxonomic units (OTUs) at 97.0% at phylum, class, 

order, family, genus, and species. The generated OTUs table was then used for downstream 

analysis. R Studio platform (version 4.0.3) using Phyloseq and Ampvis2 packages together with 

stamp software were used for visualization of data. Generation of heatmaps and stacked bar plots 

used highly expressed OTUs at phylum, genus, and species level, using the ggplot2 and Ampvis2 

in R version 4.0.3 to visualize the genetic composition of bacterial communities (R Core Team, 

2020). Alpha diversity indices variation was determined using ANOVA statistical test to determine 

their genetic distances and plotted using Phyloseq package. Similarly, comparative metagenomics 

visuals were plotted and analyzed using Phyloseq and Ampvis2 packages in R. 
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4.3.7 PICRUSt predicted functional resistance biomarker analysis.  

Resistance biomarkers were estimated using a bioinformatics tool PICRUSt v3. The PICRUSt 

algorithm uses 16S rRNA sequence data and infers to reference databases to assign biomarker 

gene contents to each OTU. Using the PICRUSt v3 algorithm, COG, and databases, functional 

resistance biomarkers were identified to Level 2 KEGG using Qiime2. EzBiocloud pipeline (Yoon 

et al. 2017), was used to predict functional biomarker discovery of the KEGG Orthology functional 

annotation (KO) genes, using the PICRUSt algorithm and analyzed using LEfSe. Briefly, adapters, 

noise reads, chimera, cluster, and dereplicate sequences were removed from demultiplexed fast Q 

files then the resulting OTUs table was normalized with the lowest OTU read and genes predicted 

using the PICRUSt v3 (Yoon et al. 2017). For visualization of results, STAMP software and R 

studio were used. 
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4.4 RESULTS  

Bacterial DNA was extracted from a total of 28 R. evertsi evertsi (n=11), R. simus (n=10), and R. 

decoloratus (n=8) collected from the Roodeplaat ARC research farm, RD8 was used as a control 

sample after its negative bacterial DNA amplification. To determine bacterial communities’ 

genetic composition, 16S rRNA gene amplicon sequencing was performed on a Miseq Illumina. 

A total of 1326605 reads were generated, after chimera and singletons removal as well as filtering 

of quality sequences. Sequences were assigned to 33424 operational taxonomic units (OTUs) with 

each DNA sample having an average of 45745 reads. The saturation of sequences was 

demonstrated by the rarefaction curve (Figure 4.1), and all samples reached a saturation illustrating 

that sequenced reads were enough to represent bacterial diversity.  
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Figure 4.1. Operational taxonomic units (OTUs) per individual sample shown as rarefaction curves from 28 R. evertsi 

evertsi, R. simus, and R. decoloratus tick samples. The curves represent OTU reads observed from each tick on the y-

axis and species richness on the x-axis.   
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4.4.1 Diversity and richness indices analysis of bacterial communities. 

A comparison of diversity indices from bacterial communities of R. evertsi evertsi, R. simus, and 

R. decoloratus, revealed significant differences in diversity measures and richness. R. evertsi 

evertsi bacterial communities were highly diverse in all calculated diversity indices (Observed 

OTUs, Chao, ACE, Shannon, Simpson, and Fisher) at P>0.005 (Figure 4.2) in comparison with 

communities of R. simus and R. decoloratus tick species.  

 

 

Figure 4.2. Alpha diversity analysis indices calculated to illustrate comparative richness and diversity measures 

between R. evertsi evertsi, R. simus, and R. decoloratus tick species, 16S rRNA gene libraries. 
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4.4.2 Composition of communities of bacteria in R. evertsi evertsi, R. simus, and R. decoloratus 

tick species   

The rarefied data set comprised of 33424 OTUs in total, with 26638 (79.7%) phyla, 26605 (79.6%) 

classes, 26497 (79.28%) orders, 26224 (78.46%) families, and 25038 (74.91%) genera of bacteria.  

A stacked bar plot was used to illustrate five of the most abundant phyla from bacterial 

communities and they included Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and 

Proteobacteria (Figure 4.3).  

Figure 4.3 A stacked bar plot representing the composition of bacterial communities at phylum level from R. evertsi 

evertsi, R. simus, and R. decoloratus tick species. Colors represent each phylum composition. 
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The bar charts showing the percentage abundance of the top 5 bacterial phyla were plotted to 

illustrate comparative bacterial community composition (Figure 4.4). The Phyla Proteobacteria 

and Verrucomicrobia were highly dominant in R. evertsi evertsi and phyla Actinobacteria and 

Firmicutes were dominant in R. simus while R. decoloratus ticks were dominated by Bacteroides 

(Figure 4.4). 

  

Figure 4.4 Bar plots representing the relative abundance of bacterial composition at phylum level from R. evertsi 

evertsi, R. simus, and R. decoloratus ticks. 
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A heatmap was constructed to demonstrate relative percentage abundance per tick of the top 40 

bacterial genera from all tick samples (Figure 4.5). At genus level sequences represented 25098 

genera OTUs, and the top 10 predominant genera were Corynebacterium, Porphyromonas, 

Anaerococcus, Trueperella, Enhydrobacteria, Rickettsia, Helcoccoccus, Coxiella, Arthrobacter, 

and Lactobacillus, varying in percentage distribution as shown in figure 4.5.  

 

Figure 4.5 Heatmap showing the relative abundance of top 40 genera of bacterial communities associated with 

individual samples of R. evertsi evertsi, R. simus, and R. decoloratus ticks. Proportions of abundance are based on 

16S rRNA gene sequences at the genus level. 
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A total of 27905 genera were detected in tick-borne bacterial communities, first 40 abundant 

genera were represented in a heatmap diagram (Figure 4.6). Most of the top genera were generally 

shared amongst all samples in high proportions and Corynebacterium was the most abundant genus 

with several groups identified. 

 

Figure 4.6 Heatmap plot representing grouped individual tick samples bacterial communities at the genus level, from 
R. evertsi evertsi, R. simus, and R. decoloratus ticks to show the variable composition of bacteria.  
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The top ten highly expressed species on an attempt to identify bacterial species in communities 

were Corynebacterium diphtheriae group, Porphyromonas levii group, Rickettsia rickettsii group, 

Corynebacterium auriscanis group, Anaerococcus_uc, Enhydrobacter aerosaccus group, 

Trueperella pyogenes group, JQ480818 (Coxiella endosymbionts), JN167626, and 

Porphyromonas asaccharolytica groups, as shown in figure 4.7 and supplementary S4.1. 

Figure 4.7 Heatmap plot representing individual tick samples bacterial communities at the species level, from R. 

evertsi evertsi, R. simus, and R. decoloratus ticks to show the variable composition of top 50 bacterial species. 
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4.4.3 Comparative metagenomics analysis of communities of bacterial in R. evertsi evertsi, R. 

simus, and R. decoloratus  

A heatmap was plotted to compare and group the top twenty most expressed genera of bacterial 

communities from R. decoloratus, R. evertsi evertsi, and R. simus (Figure 4.8). The most 

dominantly enrichment seven genera were Corynebacterium (33%, 26.9%, and 42,1%), 

Porphyromonas (19,4%, 8.8%, and 2.9%), Trueperella (8%, 6.7%, and 5.4%), Enhydrobacter 

(6.1%, 3.7%, and 1.1%), Rickettsia (0.7%, 8.2%, and 0.8%), Helcococcus (4.5%, 2.8%, and 1%), 

and Coxiella (3.3%, 2.1%, and 2.5%) showing differences in their grouped percentages abundance 

respectively from each tick. 

 

Figure 4.8 Comparative heatmap of the top twenty percentage composition of bacterial genera from communities of 

bacteria in R. evertsi evertsi, R. simus, and R. decoloratus ticks combined for comparison. 
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4.4.4 Pathogenic bacteria detected in bacterial communities.  

Known pathogenic tick-borne bacterial genera such as Corynebacterium, Porphyromonas, 

Trueperella, Rickettsia, and Coxiella were amongst the most abundant genera illustrated in the 

stacked bar plot below (Figure 4.9). Among the highly expressed bacteria in ticks were 

endosymbiotic bacteria in the genera Rickettsia and Coxiella, with Rickettsia highly expressed in 

R. evertsi evertsi while Coxiella shared among all tick species. 

 

Figure 4.9. Stacked bar plot representing top eleven bacterial genera relative abundance in bacterial communities of 

R. evertsi evertsi, R. simus, and R. decoloratus ticks. Colors represent tick samples, while heights of bars represent the 

percentage abundance of OTUs at the genus level.  
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4.4.5 Shared and core microbial analysis of bacterial communities in ticks 

A Venn diagram illustrating unique and shared OTUs was used to assess differences and 

similarities in bacterial communities identified from tick species (R. evertsi evertsi, R. simus, and 

R. decoloratus) (Figure 4.10). A total of 70.8% of core microbial OTUs were shared between all 

tick species. R. simus (4.4%) had the highest number of unique core microbial OTUs followed by 

R. decoloratus (1.2%) and R. evertsi evertsi (0.2%) had the least number of unique core microbial 

OTUs. However, 71.3% of OTUs were shared between; R. decoloratus and R. evertsi evertsi; while 

71.4% were shared between R. decoloratus and R. simus. 79.3% OTUs were shared between R. 

evertsi evertsi and R. simus with 8.5% OTUs shared between R. evertsi evertsi and R. simus 

uniquely. 

 

Figure 4.10 Vann Diagram demonstrating shared phylotypes of core microbiome, among R. evertsi evertsi, R. simus, 

and R. decoloratus tick species. Percentages represent the shared OTUs between each tick species. 
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4.4.6 Comparative principal component analysis of bacterial communities at the phylum level 

Principal component analysis (PCoA) at (Principal Component 1 = 17% and Principal Component 

2 = 10.4%) phylum level, revealed variations in bacterial community composition of R. evertsi 

evertsi, R. simus, and R. decoloratus individual ticks’ samples (Figure 4.11). Close clustering 

explained the relatedness of individual tick samples at P < 0.05. 

a.

b. 

Figure 4.11 A principal component analysis (PCoA) plot showing relatedness of bacterial communities at phylum 

level from R. evertsi evertsi, R. simus, and R. decoloratus tick species. The total x-axis variances PCoA1 was 17% 

and Y-axis PCoA2 was 10.4%, with prediction ellipses observed having tick species falling in a different ellipse. 
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4.4.7 KEGG resistance markers identified in bacterial communities.  

The predicted antibiotic resistance biomarkers from R. evertsi evertsi, R. simus, and R. decoloratus 

bacterial communities were performed using PICRUSt. A heatmap with hierarchical clustering 

was constructed based on KEGG level 2 functional biomarker profiles using ANOVA test and 

showered differences in gene enrichments between bacterial communities identified in individual 

samples (Figure 4.12). Dendrogram analysis showed how all 27 samples clustered together, with 

sample (RE6) and (RE10 and RD9) clustering separately and RE6 clustering individually. This 

illustrates significant differences in expressed KEGG functional genes between bacterial 

communities in samples. This was further demonstrated by a PCoA analysis of KEGG functional 

genes, with three samples spreading far wide from a cluster (Figure 4.13).  

The most significantly enriched functional pathways in bacterial communities were linked to 

environmental information processing, genetic information processing, and metabolism. 

Functional prediction indicated a high abundance in environmental information processing 

pathways that were involved in the membrane transport systems, secretion, two-component 

systems, and ABC transporters. Secondly, genetic information processing pathways highly 

expressed included repair, replication, translation, transcription, and biogenesis genes. Finally, 

metabolic pathways vastly expressed included families of enzymes, amino acid metabolism, and 

oxidative metabolism shown in a heatmap (Figure 4.12). These pathways play an important role 

in antibiotic resistance and are significant resistance. 
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Figure 4.12 Heatmap illustrating PICRUSt predicted KEGG level 2 functional annotations from individual tick bacterial communities. 
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Figure 4.13 A principal component analysis (PCoA) plot based on functional biomarkers in bacterial communities from Rhipicephalus tick species. The total x-

axis variances PCA1 was 77% and Y-axis PCA2 was 3.8%. There were no significant differences in functional pathways from microbial communities. 
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4.4.8 KO resistance biomarkers identified from tick-borne bacterial communities.  

KEGG Ortholog (KO) count prediction of antimicrobial resistance functional genes from tick-

borne microbial communities was performed using a bioinformatics package PICRUSt. The 16S 

rRNA data Operational taxonomic unit (OTU) were normalized to the minimum OTU count to 

account for uneven sample total OTUs. Diverse KO antibiotic resistance gene analyzed using 

LEfSe, in bacterial communities of R. evertsi evertsi, R. simus, and R. decoloratus tick species 

were revealed (Figure 4.14) and Appendix 4 (Supplementary 4.2). The mean relative abundance 

of genes associated with resistance is illustrated by a stacked bar chart in figure 4.14. 
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Figure 4.14 A stacked bar plot showing a mean relative gene abundance from bacterial communities of ticks (R. evertsi 

evertsi (red), R. simus (blue), and R. decoloratus (green)). A comparative analysis of KO Ortholog genes, each color 

representing communities of Bactria from each tick. 
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Difficulties in the treatment of tick-borne antibiotics arise from several mechanisms, including 

multiple-drug efflux pumps that play an important role in the exclusion of antibiotics and toxic 

substances. Analysis of KO genes for efflux pumps, the ATP binding cassettes (ABC-2 and 

putative ABC efflux pumps) revealed how they were highly expressed in all bacterial communities 

of ticks. Major facilitator multiple drug efflux pumps (MFS transport systems) were only highly 

expressed in communities from R. evertsi evertsi and R. simus ticks. While multiple drug resistance 

proteins of the multiple drug and toxic efflux pumps (Mate family) were expressed in bacterial 

communities of R. decoloratus. Also, resistance nodulation (RND putative drug exporters) genes 

were highly expressed in bacterial communities of R. simus tick species.  

Transporter systems such as iron complexes, energy coupling, multiple sugars, Cu+- exporters, 

peptide/nickel, and divalent union/Na+ were highly expressed in all bacterial communities of 

Rhipicephalus tick species. Similarly, organisms can only acquire resistance in the presence of 

active efflux systems, therefore transporters are significant in antibiotic resistance. 

Antibiotic resistance can also be caused by a mechanism involving enzymes that inactivate, 

degrade, and modify antibiotics. PICRUSt prediction identified enzymes such as 

hydroxyacylglutathione hydrolase or Metallo-beta-lactamase a beta-lactam enzyme and 

glucokinase a multiple drug resistance-conferring enzyme in bacterial communities of all 

Rhipicephalus tick species.  

Furthermore, autonomous genetic elements such as transposase of several families such as putative 

and IS30 families were highly expressed in all bacterial communities. Transposases are major 

antibiotic resistance drivers of spread, as they may carry and laterally transfer resistance genes 

within bacterial communities.  
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4.5 DISCUSSION  

Tick infestation on livestock is common worldwide, in South Africa Rhipicephalus tick species 

are the most widespread. In this study Rhipicephalus tick species of R. evertsi evertsi, R. simus, 

and R. decoloratus were identified parasitizing Nguni cattle from Roodeplaat ARC-Research farm 

in Gauteng province of South Africa. Similar studies have also confirmed Rhipicephalus ticks 

infestation on Nguni cattle in South Africa (Berggoetz et al. 2014; Guo et al. 2019; Halajian et al. 

2016). In the current study, bacterial communities in Rhipicephalus ticks were assessed, and the 

findings revealed a variety of bacteria that are pathogenic, endosymbiotic, and symbiotic bacteria 

important to tick biology, and those that can be potentially transmitted to livestock. Generally, 

these results are consistent with previous studies of bacterial communities in ticks (Greay et al. 

2018; Lim et al. 2020; Iweriebor et al. 2017), also, bacterial communities’ functional makers 

associated with antibiotic resistance were revealed in this study.  

Previous studies that are culture-based and those utilizing molecular techniques have provided 

limited information on communities of bacteria associated with ticks (Gestin et al. 2010; Noh et 

al. 2017; Latrofa et al. 2014). High throughput 16S rRNA metagenomics sequencing has proved 

to be a very powerful tool in revealing a detailed understanding of the bacterial communities in 

ticks. To investigate bacterial communities in individual ticks, 16S rRNA next-generation 

sequencing was performed and a high number of bacterial OTUs that resulted in 26638 phyla and 

21038 genera were identified. Numerous pathogenic, endosymbiotic, and symbiotic bacteria were 

identified, with bacterial community composition differing between tick species and of ticks of the 

same species, as previously observed in other studies (Weinert et al., 2009; Machado-Ferreira et 

al., 2016; Chicana et al., 2019). Next-generation sequencing revealed tick-borne pathogen's 
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coinfections within individual ticks, seen also in previous findings by other researchers (Zaura et 

al. 2009; Guo et al. 2019; J. Yang et al. 2015). 

The predominant phyla identified in R. evertsi evertsi, R. decoloratus, and R. simus tick species 

bacterial communities belonged to Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and 

Proteobacteria. This is in agreement with previous studies of tick-borne bacterial communities 

(Berggoetz et al. 2014; Z. Chen et al. 2014; Portillo et al. 2019; Papa et al. 2020) that reported five 

phyla as the most dominant bacterial phyla in Rhipicephalus ticks.  

The top ten most dominant genera identified in tick species were Corynebacterium, 

Porphyromonas, Anaerococcus, Trueperella, Enhydrobacteria, Rickettsia, Helcoccoccus, 

Coxiella, Arthrobacter, and lactobacillus (Figure 4.4). Many studies have also reported these 

bacteria genera associated with ticks (Portillo et al. 2019; Noh et al. 2017; Papa et al. 2020; 

Andreotti et al. 2011), suggesting that these genera may have an important role in tick biology and 

transmission of pathogenic bacteria. Bacterial communities identified in R. evertsi evertsi, R. 

decoloratus, and R. simus were not significantly distinct in comparison, indicated by the diversity 

indices analysis (Figure 4.2), and further, illustrated by their close relatedness at phylum level from 

a PCA analysis (Figure 4.11). the 16S rRNA has a conserved nature that gives it a low resolution 

to classify bacteria to species level (Papa et al. 2020), in this study, the most dominant species 

groups were Corynebacterium diphtheriae, Corynebacterium auriscanis, Porphyromonas levii, 

Porphyromonas asaccharolytica, Rickettsia rickettsii, Anaerococcus_uc, Enhydrobacter 

aerosaccus, Trueperella pyogenes, AF262996_s, Arthrobacter globiformis, and JQ480818_s 

(Coxiella endosymbiont).  

The most common genera were Corynebacterium in all individual tick samples, this confirmed the 

possibility that ticks are a vector of these emerging pathogens, as described by Lim et al (2018). 
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Even though most species of Corynebacterium are innocuous, some species such as C. lactis and 

C. pseudotuberculosis have been confirmed as opportunistic pathogens of veterinary importance 

causing abscesses (Lim et al. 2018), secondary meningitis as well as Otitis media-interna (Leask, 

Blignaut, and Grobler 2013) respectively. Most importantly some pathogenic groups such as C. 

diphtheriae a primary cause of diphtheria (Bernard 2012). However, the most dominant 

Corynebacterium genera remain reported as uncultured, more studies on isolation and whole-

genome sequencing are required.  Corynebacterium genus was the most frequently detected genus 

in all tick samples, their high proportion in bacterial communities suggests that they are stronger 

competitors to other bacteria and could be well adapted to the environment ticks provide. 

A consortium of pathogenic bacteria have been reported with portions of their life cycles in ticks, 

these include Anaplasma, Borrelia, Coxiella, Ehrlichia, Francisella, and Rickettsia (Guo et al. 

2019; Halajian et al. 2016; Iweriebor et al. 2017; Mtshali et al. 2017; Ringo et al. 2018a). Equally, 

Gamma-proteobacteria genera Coxiella and Alpha-proteobacteria genera Rickettsia have been 

reported containing endosymbiotic bacteria closely related to pathogenic bacteria (Brinkmann et 

al., 2019; Seo et al., 2020). Tick-borne bacterial pathogens in the genera Rickettsia, Coxiella, 

Trueperella, and Porphyromonas were identified in this study. These pathogens were previously 

reported from cattle in different South African provinces (Halajian et al., 2018; Mtshali et al., 

2017; Guo et al., 2019). The Coxiella genus was identified from all ticks’ bacterial communities, 

Coxiella burnetii has been implicated as a Q-fever agent, suggesting the need for surveys in cattle 

to bring clarity on the risk levels. Similarly, all samples contained Rickettsia genus, implicated as 

spotted and rocky mountain fever agents, and identification of these organisms in R. evertsi evertsi, 

R. decoloratus, and R. simus ticks corroborate previous findings (Guo et al., 2019; Halajian et al., 

2016). 
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Ticks bacterial endosymbionts have not been studied much extensively in comparison with other 

arthropods such as insects. Endosymbionts have been proven to be conferring fitness advantage to 

ticks against hosts, providing essential nutrients not found in blood meals, and are important in 

reproduction as well as during developmental stages of ticks (Rounds et al., 2012), providing a 

mutualistic, parasitic and commensal relationship with ticks (Andreotti et al., 2011). In this study, 

high OTUs of known endosymbionts in the Rickettsia and Coxiella genera were recorded. 

However, Francisella-like and Candidatus symbiont endosymbionts were not detected in 

Rhipicephalus ticks species as in line with previous reports (Brinkmann et al., 2019; Vila et al., 

2019; Seo et al., 2020). The results nonetheless suggested both endosymbionts and pathogenic 

Rickettsia, Coxiella groups were detected in this study. The findings of this nature allow us to 

channel our efforts on future investigations towards Rhipicephalus ticks for vector competence, 

epidemiological associations, and zoonotic potential associated with bacterial communities 

identified. 

A bioinformatics tool (PICRUSt) was employed to predict functional resistance biomarkers from 

normalized metagenomics data. It has been reported that PICRUSt functional predictions in 

microorganism accuracy can range between 85% to 90% (Park et al., 2020). Functional resistance 

markers are genes involved in resistance mechanisms, that involve the ability to produce enzymes 

that deactivate antibiotics, mutations of the antibiotic target sites, reducing antibiotic permeability, 

and acquiring very active efflux pumps (Biswas et al.,2008; Aldred et al., 2014). These genes can 

also be shared amongst bacterial communities through horizontal gene transfer using mobile 

chromosomal element phages, plasmids, and transposons (Lerminiaux and Cameron 2019).  The 

key findings in the present study was a very high relative abundance of functional biomarkers 

associated with antibiotic resistance (Figure 4.14).  
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Multiple drug efflux pumps are significant determinants of antibiotics resistance, provided for by 

acquired or phenotypic genes specific to drug-resistance and mutational hyperexpression of efflux 

pump genes  (Blanco et al., 2016). Efflux pumps extrude antibiotics, heavy metals, organic 

pollutants, and a wide range of toxins. In our study, ABC, ABC-2, MATE, RND, and MFS efflux 

transport systems were highly expressed in R. decoloratus, R. evertsi evertsi, and R. simus ticks 

bacterial communities (Figure 4.14). Several reports have documented these efflux systems and 

their role in antimicrobial resistance (J. M. Rolain 2005; Webber and Piddock 2003; Venter et al., 

2015; Zárate et al., 2019).  

Rolain (2005) reported how ABC efflux pumps conferred resistance to antibiotics such as beta-

lactams and macrolides to tick-borne Rickettsia species groups, while Kuley (2017) reported 

macrolide-specific carrier ABC efflux pumps in Coxiella species (J. M. Rolain 2005; Kuley 2017). 

Multiple drug-resistant bacterial strains have also been reviewed with overexpression of ABC 

efflux pumps (Poole 2005). MFS efflux pumps have been reported in conferring tetracycline 

resistance in Coxiella burnetii (Vranakis et al., 2012), and quinolone resistance (Vranakis et al., 

2010). Moreover, Rickettsia has been characterized to possess multiple drug efflux pumps of the 

MFS superfamily (Renesto et al., 2005). Hyper-expression of MFS efflux pumps in our findings 

confirm this and raises concerns as farmers use tetracycline as their main antibiotic of choice.  

Putative drug exporters of the RND superfamily genes were highly expressed in communities of 

bacteria from R. simus, these have been documented playing an important role in raising antibiotics 

MIC in Gram-negative bacteria (Nikaido and Pagès, 2012; Li et al., 2015; Venter et al., 2015). 

Furthermore, the RND efflux pumps have been implicated in fluoroquinolone-resistance in 

Coxiella burnetii (Vranakis et al., 2010) and Rickettsia (Renesto et al., 2005). Communities of 

bacteria identified in R. decoloratus highly expressed genes of MATE superfamily, a multiple 
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drugs and toxic exclusion transport system that has been implicated in fluoroquinolone-resistance 

in Coxiella burnetii. 

In addition to efflux pumps, transport systems such as iron complexes, energy coupling, multiple 

sugars, Cu+/- exporters, peptide/nickel, and divalent union/Na+ were highly expressed in all 

bacterial communities. Thus, presenting evidence of metal and antibiotic co-resistance in tick-

borne bacterial communities. When screening and, improving current drugs or developing novel 

antimicrobial agents, it is imperative to investigate efflux pumps, utilizing efflux pump inhibitors 

such as paroxetine, phenylpiperidine SSRIs, and many others.  

Genes of enzymes that degrade or modify beta-lactam hydroxyacylglutathione hydrolase or 

Metallo-beta-lactamase and glucokinase a multiple drug resistance-conferring enzyme were highly 

expressed in communities of bacteria identified in the current study. This is in line with previous 

findings looking at tick-borne bacteria such as Ehrlichia (P Brouqui and Raoult 1990; Philippe 

Brouqui and Raoult 1992), Rickettsia (J. M. Rolain et al., 1998), and Corynebacterium (Lim et al., 

2018) that showed resistance to beta-lactams. 

This information extends novel insights and understanding of antimicrobial biomarkers associated 

with tick-borne bacterial communities. The findings from the current study are important to 

stimulate future bioinformatics studies focusing on antibiotic resistance biomarkers aimed at the 

improvement of therapeutic drugs used in veterinary and medical sectors.  
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4.6 CONCLUSION  

In conclusion, the results of this study provide an exploratory look into bacterial communities 

associated with R. decoloratus, R. evertsi evertsi, and R. simus ticks to better understand 

pathogens, endosymbiotic, and symbionts. The predominant genera identified included 

Corynebacterium, Porphyromonas, Anaerococcus, Trueperella, Enhydrobacteria, Rickettsia, 

Helcoccoccus, Coxiella, Arthrobacter, and Lactobacillus. This insight allows additional molecular 

studies to further understand their role in tick biology. Moreover, this study demonstrates that 

using 16S rRNA gene amplicon sequencing and PICRUSt functional annotation are efficient 

enough to detect resistance biomarkers associated with antimicrobial resistance. Studies in 

resistance biomarkers allow the improvement of current agents to achieve a maximum therapeutic 

effect in the treatment and discovery of new drugs. In the current study, functional antibiotic-

resistant biomarkers, composed of efflux pumps (ABC, MFS, and MDR), drug degrading and 

modifying enzymes, ribosomal protection proteins pathways as well as secretion systems were 

conclusively identified. These functional resistance markers confer resistance to antibiotics such 

as fluoroquinolones, beta-lactam, tetracyclines, and macrolides. This contributes novel insights 

into complex intercellular microbial communities as well as providing their analytical and 

visualization of antimicrobial resistance biomarkers. 
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CHAPTER 5 FINAL CONCLUSIONS AND RECOMMENDATIONS 

The general conclusions from this study are as follows: 

Tick-borne microbial communities are of economic importance presenting a major economic 

challenge to cattle in South Africa. Farmers rely mainly on acaricides for tick control; however, 

the infestation is still evident with increasing tick resistance to acaricides.  

 

 In the current study, species of Hyalomma (8%), Amblyomma (30%), and Rhipicephalus 

(62%) ticks were identified. Highly expressed tick-borne pathogens associated with 

Hyalomma, Amblyomma, and Rhipicephalus ticks included species from the genera of 

Rickettsia, Coxiella, Porphyromonas, Trueperella, Corynebacterium, and Ehrlichia. 

Variability in abundance and diversity of bacterial profiles reflected differences in bacterial 

communities harbored by tick species.  

 Next-generation sequencing provided a clear understanding of bacterial communities 

associated with ticks. Ticks are not only vectors but also act as reservoirs of pathogens to 

reinfect herds of cattle. In the current study, an overabundance of tick-associated bacteria 

including bacteriome and endosymbionts were identified. More studies to characterize the 

identified bacteria, and other genera such as Porphyromonas, Helcoccoccus, Arthrobacter, 

Anaerococcus, Aerococcus, Helcococcus, Acinetobacter, Peptoniphilus, and Trueperella 

are necessary.  

 A consortium of antibiotic resistance genes amongst tick-borne bacterial communities, 

coding for drug efflux pumps; drug degrading and modifying enzymes; secretion systems 

proteins; and ribosomal protection proteins was revealed. These resistance genes are 

known to confer resistance to several antibiotics. Future studies looking at the 

pharmacological aspects of these genes are important in improving the treatment of tick-

borne infections.   

This was a preliminary study to elucidate bacterial communities associated with local ticks, and 

ticks used for the study were collected from cattle only and no ticks were collected from the 

surrounding environment which is a limitation we identified in the current study. As a result, the 

overall number of ticks was low and given that, it may be difficult to make comparisons and 
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conclusions based on the microbial populations present in each tick species. Only a variable region 

V3 and V4 of 16S rRNA were amplified, this limited the number of species groups associated with 

these variable regions identified in the current study. NGS is a very powerful tool that identifies 

the whole community of bacteria including non-pathogenic species that were not of interest in the 

current study, however, 16S rRNA NGS provided insights on the interaction between 

endosymbionts, pathogens, and ticks. Furthermore, predicted antimicrobial resistance pathways 

require further phenotypic studies for conclusiveness of the results.  

The results from the current investigation support the hypothesis that tick-borne bacterial 

communities are highly drug-resistant, with a high abundance of resistance biomarkers. Follow-

up molecular studies are necessary to understand the distribution and composition of microbial 

communities in ticks, and the full spectrum of antimicrobial-resistant genes they continue to 

acquire as they evolve.  

 

  



125 
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APPENDIX 2 SUPPLEMENTARY 3.1 DATA TOP 60 BACTERIAL SPECIES IDENTIFIED  
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APPENDIX 3 CHAPTER 3 SUPPLEMENTARY 3.2 RESISTANCE BIOMARKERS 

  
Supplementary 3.2. Top 100 functional biomarkers associated with bacterial communities of Hyalomma and 
Amblyomma ticks, resistance to antibiotics, identified using PICRUSt algorithm analyzed using LEfSe analysis. 
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Supplementary data 3.3 illustrating individual resistance genes relative abundance. 

Efflux pumps and transport proteins  

 

 

Supplementary 3.3.2. Resistance genes detected associated with drug efflux pumps   
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Drug degrading enzymes and ribosomal protection proteins  

(i) 

(ii) 

Supplementary 3.3.3. Drug degrading enzymes (i) and ribosomal protection proteins (ii)  
 

 

 

Supplementary 3.3.4 secretion proteins  
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APPENDIX 4. CHAPTER 4 SUPPLEMENTARY 4.1 SPECIES SUPPLEMENTARY DATA  

 

Supplementary 4.1. heatmap representing individual tick samples bacterial communities at the species level, from R. 

evertsi evertsi, R. simus, and R. decoloratus ticks. 
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Supplementary 4.2 Antibiotic resistance biomarkers  

 

Supplementary 4.2.1. Heatmap of top 40 PICRUSt predicted KEGG KO functional resistance biomarkers identified 

from communities of bacteria from Rhipicephalus evertsi evertsi tick species.  
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Supplementary 4.2.2 Heatmap of top 40 PICRUSt predicted KEGG KO functional resistance biomarkers identified 

from communities of bacteria from Rhipicephalus decoloratus tick species.  
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Supplementary 4.2.3 Heatmap of top 40 PICRUSt predicted KEGG KO functional resistance biomarkers identified 

from communities of bacteria from Rhipicephalus simus tick species.  
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