
 
 

 

The Impact of Symbiosis on Arthropods – 

a genomic perspective 

Thesis submitted in accordance with the requirements of the 
University of Liverpool for the degree of Doctor in Philosophy 

 
by 

Aleksandra Yaroslavna Beliavskaia 

 

February 2022



i 
 

Abstract 

“The Impact of Symbiosis on Arthropods – a genomic perspective”  

by Aleksandra Beliavskaia 

Vector-borne diseases (VBDs) have always posed a very serious threat to 
humanity. Malaria, Lyme disease, leishmaniasis, dengue, plague, and many others are 
killing millions and incapacitating tens of millions each year. While some of these 
dreadful maladies were drastically reduced by means of vaccination, vector, natural 
reservoir control, and effective antibiotic treatments, other VBDs still pose a major 
threat for many countries due to their sophisticated capabilities to evade immune 
responses and develop resistance to treatments. Several proof-of-concept studies have 
shown that VBDs can be effectively controlled by breaking the transmission cycle 
between the vector and the vertebrate host. Some of the early methods are quite 
primitive and disruptive to the environment - such as using broad-spectrum pesticides. 
Luckily, many years and efforts of scientific research allowed for more advanced 
approaches of vector control that are more targeted and less harmful for biocenoses. 
The work presented in this thesis contributes to developing methods based on advanced 
technologies to study host-parasite interactions and work towards further VBDs 
prevention and elimination.  

Chapter II of the thesis is dedicated to developing a method that would allow 
screening of arthropod populations in an effective and cheap manner. Most current 
methods for detection of symbiotic microeukaryotes (protists) in Arthropoda and other 
metazoan hosts rely on targeted PCR-based analysis, such as amplification of 
barcoding genes of particular species or genera. Such approach is effective for revealing 
certain well-known pathogens, but overlooks the unknown members of symbiotic 
communities. This chapter provides the analysis of different approaches for an integral 
analysis of protistan communities based on ribosomal genes.   

Chapter III describes the sequencing, assembly, and analysis of two high-quality 
genomes of important blood-feeding vectors: tsetse fly Glossina morsitans and tropical 
bont tick Amblyomma variegatum. Additionally, genomes of symbiotic bacteria present 
in the two species were assembled and characterised. These assemblies were used to 
develop a computational approach to distinguish between living symbiotic bacteria and 
bacterial insertions into host nuclear genomes.  

Chapters IV and V describe the study of interactions of ticks and bacterial 
symbionts using several established tick cell lines as a model of host-symbiont 
interaction. Tick cells were infected with several symbiotic bacteria to understand their 
transcriptomic response to various infection agents. 

The genomic and transcriptomic data generated in this study provide a valuable 
resource for further studies of the vector biology and vector-pathogen interactions.  
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1. Chapter I General introduction 

1.1. The evolutionary importance of symbiosis 

Symbiosis is one of the most important phenomena which drives evolution in 

many ways. It has played a crucial role in the evolution of life on our planet, from the 

origin of eukaryotic cell to the more recent and ongoing formation of new symbiotic 

systems (Douglas 2010). There are symbiotic systems which historically drove a lot of 

attention and are well-studied, but most of symbiotic partnerships are less-known 

(McKenna et al. 2021). 

First of all, the knowledge on diversity of symbionts is often limited due to 

uneven distribution and gaps in research, many ecological niches are largely unstudied 

in this regard (Lewin et al. 2018). Better understanding of the diversity and 

distribution patterns of symbionts can answer many important questions such as how 

symbionts affect community biodiversity and consistency, how can these patterns 

change under the influence of global climate change and other big ecological shifts, 

what are the dynamics of pathogen spreading and their effects on communities and 

human economy in new ecological surroundings (Frainer et al. 2018; Bass et al. 2023). 

Evolution happen on a species level (Lewin et al. 2018) so the more detailed and 

ungapped is the knowledge about diversity of symbionts and their related species, the 

more insights could be inferred from the genomic information. For example, the 

evolutionary processes leading to pathogenicity could only be fully understood with 

the analysis of non-pathogenic sister taxa. Another issue which requires a study of yet 

unknown organisms is the resolving of the Tree of Life phylogeny which for now lacks 

a plethora of species and thus many branches cannot be resolved (F. Burki 2014; 

Archibald 2015). 

Secondly, very few symbiotic systems are thoroughly studied from the point of 

view of interactions between participants, most of the mechanisms of symbiosis 
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formations are inferred from a scarce number of model organisms (Ruby 2008). This is 

partly due to the fact that studying symbiotic relationships can be challenging, 

particularly in complex natural ecosystems where many different species are interacting 

with one another. Also, symbiotic relationships can be difficult to study experimentally, 

as interactions between organisms are often difficult to replicate in a laboratory setting. 

Advances in genomic sequencing and other high-throughput technologies have enabled 

researchers to study symbiotic systems at a much larger scale, allowing for the 

exploration of previously understudied systems. 

While model systems have advanced the understanding of symbiotic 

relationships, they may not always be representative of the diversity of symbiotic 

systems that exist in nature. Different approaches are being developed to gain a less 

biased picture of the diversity and distribution of symbionts (Bass et al. 2023; 

Hadziavdic et al. 2014; Bradley, Pinto, and Guest 2016; Hugerth et al. 2014; Wang et 

al. 2014; Bower et al. 2004; Vestheim and Jarman 2008; Belda et al. 2017), although 

none of these methods is effective and unbiased with symbiotic systems where the host 

genetic material outweighs symbiont DNA by several orders of magnitude (Bass et al. 

2023; Schneider et al. 2014). This issue poses a significant obstacle in studying of 

diversity of eukaryotic symbionts.  

When examining the history of molecular biology, it becomes apparent that the 

power of theory to explain and predict outcomes decreases as the complexity of the 

problem increases (Fry 2016). In such cases, experimental data and observations may 

become more dominant and necessary for a complete understanding of the problem 

(Fry 2016). Molecular and genomic approaches have already revolutionised the 

research of symbiosis, and the complexity and depth of modern research of symbiotic 

interactions requires advanced technologies and further development of new 

approaches (Ruby 2008). This thesis aims to contribute a number of specific methods 

that could provide answers to some concrete questions in the field of symbiosis. 
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1.2. The burden of vector-borne diseases 

This thesis is mostly focused on interactions of vectors and different pathogens 

directly affecting human health and economy. Vector-borne diseases (VBDs) account 

for approximately 17% of all infectious diseases and are collectively responsible for 

more than 700,000 human deaths per year, according to WHO (World Health 

Organization 2020). Most VBDs are transmitted by blood-feeding arthropods, which 

ingest disease-producing microorganisms during a blood meal from an infected host 

and later inject it into a new host during a subsequent blood meal. Mosquitoes and 

malaria play the leading role in deaths from vector-borne disease, resulting in more 

than 400,000 fatalities a year, mostly in small children (‘World Malaria Report 2020: 

20 Years of Global Progress and Challenges’ 2020). The problem is relevant not only 

for human health; VBDs also seriously affect livestock (Takken et al. 2018) and pet 

animals (Maggi and Krämer 2019), resulting in substantial economic losses. VBDs 

threaten many endangered species and were even reported to cause extinction events 

(Rushmore, Bisanzio, and Gillespie 2017). 

Many VBDs are on the rise despite all scientific and medical efforts (K. F. Smith 

et al. 2014). Lyme disease accounts for at least 20,000 cases each year, and this number 

is increasing as the pathogens spread into previously unaffected areas (Steere, Coburn, 

and Glickstein 2004; Polishchuk, Zdolnik, and Smetanin 2017; Stone, Tourand, and 

Brissette 2017). Several thousand cases of human ehrlichiosis have occurred since the 

first case was recognised in 1986 (Goddard 2008). Viral diseases transmitted by 

mosquitoes (dengue, Zika, chikungunya, yellow fever) constitute a problem for African, 

South American and South Asian countries and are expanding their geographic range 

(Ferreira, Fairlie, and Moreira 2020). Although malaria and sleeping sickness rates 

have decreased lately (‘World Malaria Report 2020: 20 Years of Global Progress and 

Challenges’ 2020), they are an immediate menace for many countries, and the situation 

has worsened due to the Covid19 pandemic, which put on hold or hampered non-Covid 
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research and disrupted usual control measures such as installation of insecticide-treated 

bed nets (Nghochuzie et al. 2020). 

The ongoing epidemic of SARS-CoV-2 is an excellent example of how crucial it 

is to carry out surveillance for potential pathogens before they become a global threat. 

Virologists and epidemiologists often predicted that an epidemic such as Covid19 would 

happen, although their alarming messages never resulted in any practical measures 

(Global Preparedness Monitoring Board 2019; Jones et al. 2008). After the emergence 

of SARS-CoV in 2003, a group of scientists published a review of potentially dangerous 

coronaviruses and highlighted the importance of collecting data on wildlife sources of 

dormant pathogens and biosecurity in farms and wet markets, which can serve as the 

source of emerging infections (V. C. C. Cheng et al. 2007). Quite stunningly, the 

authors almost literally foretold the pandemic thirteen years before it started: “The 

presence of a large reservoir of SARS-CoV-like viruses in horseshoe bats, together with 

the culture of eating exotic mammals in southern China, is a time bomb”. Although 

the origin of SARS-CoV-2 from the Wuhan wet market is sometimes doubted (Bloom 

et al. 2021; Segreto and Deigin 2021), it remains the most likely scenario, according to 

the WHO and numerous experts (Andersen et al. 2020; Barh et al. 2020; Latinne et al. 

2020; Frutos, Gavotte, and Devaux 2021; Holmes et al. 2021). Unfortunately, 

humankind can hardly hope for this pandemic to be the last in the near future; on the 

contrary, scientists predict that emergence of infectious diseases might become more 

frequent due to escalating climate change (Brooks and Hoberg 2007; Mirsaeidi et al. 

2016; Rocklov and Dubrow 2020; K. F. Smith et al. 2014).  

Thus, systematic study of existing and potential pathogens is crucial for 

understanding pathogen transmission patterns and trends, preventing or limiting 

pathogen spread, and preparing for quick suppression of emerging diseases (Taylor, 

Latham, and Woolhouse 2001; Zhu et al. 2020).  
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1.2.1. Current state of disease and vector control 

The complex life cycle of many vector-borne diseases and the fact that they are 

often not transmissible from human to human make it possible to prevent the spread 

of VBDs before they become a global health threat. Interventions that reduce human–

vector contact and control of vector populations are now considered the most promising 

and safe approaches to eradicating VBDs (Aksoy et al. 2005; McGraw and O’Neill 

2013). Traditional ways to control vectors, such as insecticides, traps and elimination 

of breeding sites, are not able to eradicate the diseases, often are not environmentally 

friendly, and need to be repeated regularly, making them costly and ineffective (Hill 

and Wikel 2005). Vectors are also known to develop resistance to the insecticides used 

for their control (Hemingway et al. 2016; Turner and Golder 1987). Furthermore, 

insecticides used to eliminate vectors are often broad-spectrum and therefore harmful 

for many other insects, which are critical components of ecological communities 

(Carson 1962). In one study, Hallmann and co-authors estimated that pesticides are 

responsible for a significant decline in insect populations in Germany, jeopardising 

plant pollination and insect-feeding birds and animals (Hallmann et al. 2017). Thus, 

there is a clear demand for alternative control methods that do not rely on chemical 

insecticides.  

As an alternative to classical vector control measures, sophisticated biological 

techniques of varying efficacy have been introduced recently to reduce vector 

populations. Some of the earliest attempts included releasing insects with a reduced 

lifespan or sterile males (reviewed by McGraw and O’Neill, 2013). Researchers are also 

trying to apply natural enemies of vectors, such as parasitoid wasps, but this approach 

meets difficulties of scale and parasitoid pupae persistence and has shown mixed results 

in field conditions (Garros et al. 2018). Fungal pathogens have received some attention 

as biological enemies of vectors and a source of anti-arthropod toxins (Garros et al. 

2018). An important advantage of such approaches is the reduced burden on the 

environment, as biological control agents are usually more host-specific than pesticides 
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(Garros et al. 2018). Another promising approach is altering the interactions of 

pathogens with their vectors, making vectors unable to acquire the pathogen (McGraw 

and O’Neill 2013). The World Mosquito Program modified the microbiome of 

mosquitoes to make them incapable of carrying dengue, Zika, chikungunya and yellow 

fever viruses (O’Neill 2018). 

The rise of ‘omics’ technologies brought new hope to the field of vector control 

(Hill and Wikel 2005; Holt et al. 2002) and has already yielded some practical results. 

Revealing mechanisms and the molecular bases of host-vector-parasite interactions is 

expected to help identify novel targets for insecticides, vaccines and genetic 

manipulation of vectors and pathogens (Hill and Wikel 2005). Nowadays, the 

affordable cost of next-generation sequencing allows such massive genomic studies as 

i5K (obtaining five thousand Arthropoda genomes), the Darwin Tree of Life 

(sequencing of 70,000 eukaryotic species in the UK and Ireland) and Ag1000G 

(Anopheles gambiae 1000 Genomes Project). The Ag1000G project proved particularly 

useful by revealing the insecticide resistance mechanism in mosquitoes based on copy 

number variation (CNV) of several genes (Lucas et al. 2019). This insight is invaluable 

for screening populations for these mutations and better insecticide distribution and 

rotation and also provides researchers with targets for insecticide development (Lucas 

et al. 2019). 

Vaccination might also help to fight VBDs but is unlikely to eradicate them. 

For example, there has been an effective vaccine against yellow fever since 1937, 

although the disease is still active due to supply issues and the abundance of natural 

reservoirs of the virus (Barrett 2017). Developing vaccines against malaria or 

trypanosomiases is highly challenging; many groups have been working on this task for 

decades, but there are still no effective vaccines on the market (McGraw and O’Neill 

2013). Only one vaccine against malaria – RTS,S – has passed four phases of clinical 

trials and is now being piloted in three African countries (Adepoju 2019; Coelho et al. 

2017). Although the vaccine is promising in preventing the disease, it does not provide 
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a life-long immunity (Adepoju 2019), which means that the success of the immunisation 

programme would be largely dependent on political and economic stability. A vaccine 

candidate against sleeping sickness has been published only recently (Autheman et al. 

2021). 

1.3. Potential sources of new and newly-emerging VBDs 

1.3.1. Climate change and VBDs 

The spread of VBDs is determined by many environmental and social factors 

such as global travel and trade, urbanisation, and environmental changes (Baylis 2017). 

These factors impact pathogen transmission, changing seasonality and infection paths, 

making them more or less intense or causing diseases to emerge in previously unaffected 

regions (Rocklov and Dubrow 2020). Habitat shifts caused by consequences of climate 

change such as fires, floods and droughts would make the transfer of pathogens from 

animals to humans easier (Brooks and Hoberg 2007; Baylis 2017). It has already been 

shown that suburbanisation contributed to the rise of many known VBDs (Goddard 

2008). 

The geographical distribution of vectors is tightly dependent on climate – 

mainly temperature and humidity (Sutherst 1998). Due to climate change, warmer 

zones are shifting towards the north in the Northern hemisphere, and vectors are 

following (Siraj et al. 2014). Change of vector geographical range combined with global 

tourism provides a perfect scenario for pathogen expansion into new populations 

(Baylis 2017). Warmer conditions can also increase vector population density and thus 

the chance of humans meeting vectors; this has happened with Ixodes ricinus in Europe 

and is arguably the reason for rising rates of Lyme disease (Lindgren, Talleklint, and 

Polfeldt 2000). It has been shown that species non-native for the UK, such as Aedes 

albopictus, were recorded in southern England during the last decade, increasing the 

risk of bringing dengue and chikungunya fever to the UK (Tafilaku and Bunn 2019). 
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Some indirect effects of climate change include human activities such as 

deforestation, claiming territories for agriculture, or new human settlements that also 

disrupt ecosystems and increase VBD emergence (Gubler 2011; Rocklov and Dubrow 

2020). Sociodemographic and economic factors such as poverty, wars and poor 

healthcare systems result in a higher rate of VBDs in populations (‘Global Vector 

Control Response 2017–2030’ 2017).  

1.4. Transformation of life cycle as a potential source of 

new VBDs 

Parasites can adapt to new vectors and thus acquire new territories and new 

vertebrate species by modifying their life cycle. Trypanosomatids could serve as a good 

example of such flexibility; these parasites have a strong tendency for adapting their 

life cycle and expanding to new hosts and vectors. Phylogenetic reconstruction of the 

Kinetoplastida shows that trypanosomatids are monophyletic and evolved from a free-

living heterokont into parasites of insects, and the majority of known diversity remains 

monoxenous (Frolov, Kostygov, and Yurchenko 2021). Only three trypanosomatid 

lineages developed a heteroxenous lifecycle with a vertebrate host (Trypanosoma and 

Leishmania) or plants (Phytomonas) (Lukes et al. 2018). This implies that acquiring a 

second host happened independently at least three times, and there are some 

preadaptations for incorporating a second host into their life cycle.  

Trypanosomatids are able not only to shift from the ancestral monoxenous to 

heteroxenous life cycle but can also expand to other vectors and different vertebrate 

hosts, lose the insect host and become secondary monoxenous, and, as a result, develop 

new transmission strategies (Frolov, Malysheva, and Kostygov 2015). An example of 

a secondary monoxenous trypanosomatid is Trypanosoma equiperdum. This species is 

closely related to Trypanosoma brucei but has lost part of the maxicircles from the 

kinetoplast (mitochondrial) DNA and thus has lost the ability to develop in Glossina 

flies which requires full mitochondrial activity. The parasite becomes “locked” in the 
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vertebrate host population, where it can survive by relying on glycolysis (Lai et al. 

2008). This life cycle change led to the geographical expansion of T. equiperdum beyond 

the tsetse belt (Lai et al. 2008). Such life cycle transformations might look like a dead-

end from the evolutionary point of view, but they could be of serious concern for 

humans, especially considering that evolutionarily young host/pathogen systems often 

cause severe diseases due to lack of coadaptation (Ewald 1983). T. evansi has also 

evolved from T. brucei and lost maxicircles but has retained the heteroxenous life cycle 

using different vectors (Tabanidae). Due to the lack of necessary genes lost with 

maxicircle DNA, the pathogen can only be mechanically transmitted without biological 

development and reproduction. However, this case further demonstrates the capability 

of these pathogens to adapt to a wide range of combinations of vectors and hosts (Lai 

et al. 2008).  

These examples demonstrate the importance of surveillance of natural habitats 

and vectors as potential sources of new VBDs. It is also important to keep track of 

vector distribution changes as new contacts between parasites and possible hosts are 

an obvious prerequisite for vector shift. 

1.4.1. Changing vectorial capacity in Arthropoda 

Vectorial capacity describes a vector’s ability to spread disease among hosts and 

is dependent on interactions between host, pathogen and vector. Initially designed for 

mosquitoes and malaria, the classical vectorial capacity formula includes four 

parameters: ratio of vectors to humans or livestock, the length of parasite incubation 

period, vector survival through one day, and biting rates (Macdonald 1952). Models 

based on these parameters advised that shortening vector lifespan is the most effective 

intervention into the vector/pathogen/host interactions. This conclusion implied the 

broad use of insecticides and larval development site destruction (Macdonald 1952). 

Unfortunately, such formulae consider all vectors, all hosts, and all pathogens as having 

the same traits and infectivity, therefore not considering many factors that influence 

pathogen distribution (Brady et al. 2016). Nowadays, vectorial capacity estimations 
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are expanded to consider pathogen genetic heterogeneity, development of pesticide 

resistance in vectors, differences in vector immune response and effects of vector 

microbiota on parasites (Kramer and Ciota 2015). Such formulae should also include 

harm caused by a pathogen to a vector: decreased lifespan and fecundity (Kramer and 

Ciota 2015). 

The effects of microbiota on vectorial capacity have recently drawn a lot of 

attention as a promising vector control tool. The most successful project – the World 

Mosquito Program – exploits the ability of Wolbachia symbionts to modify host 

longevity, fecundity and susceptibility to pathogenic viruses such as dengue and Zika 

(McGraw and O’Neill 2013). Pilot releases of mosquitoes infected with Wolbachia 

demonstrated a decrease in viral transmission and that the technology was self-

maintaining due to Wolbachia-induced cytoplasmic incompatibility which favours 

infected over uninfected insects (O’Neill 2018). Most of these studies focus on the 

bacterial part of the vector microbiomes (Angleró-Rodríguez et al. 2017), although 

eukaryotic symbionts also can alter vector/pathogen interactions (Cansado-Utrilla et 

al. 2021). Thus, a microsporidian protist restricts Plasmodium from developing in 

mosquitoes (Herren et al. 2020), and a fungus from the Ae. Aegypti gut, on the 

contrary, enhances mosquito ability to transmit dengue virus (Angleró-Rodríguez et 

al. 2017). 

Eukaryotic pathogens can also be affected by vector microbiota; it has been 

shown that the mosquito gut microbiome interferes with Plasmodium cells (Romoli 

and Gendrin 2018). There are many ways the microbiota is involved in anti-pathogen 

tolerance. First of all, the heavy growth of bacteria in the mosquito gut triggers non-

specific immune response; secondly, some gut symbionts produce metabolites that 

hinder Plasmodium development, such as reactive oxygen species or toxins (Dennison 

et al. 2016; Valzano et al. 2016).  
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1.5. Diversity of eukaryotic symbionts associated with 

blood-feeding arthropods 

The research on eukaryotic microorganisms causing VBDs focuses on several 

dozen species affecting human and livestock health. Most studies deal with the 

Apicomplexa group members Plasmodium spp., Hepatozoon spp., Babesia spp., 

Theileria spp., and the Kinetoplastida group members Leishmania spp. and 

Trypanosoma spp. It is noteworthy that the diversity of these genera is very high, 

including pathogens affecting species not of economic importance to humans. Many 

new species are discovered accidentally; for example, a new basal subfamily of 

trypanosomatids was found during the screening of Culex mosquitoes for West Nile 

virus (Van Dyken et al. 2006). It is not clear whether these new trypanosomatids are 

mono- or heteroxenous (Van Dyken et al. 2006), but taking into account that they 

infect blood-feeding mosquitoes, they have an ample chance to jump into mosquito 

prey, including humans. Modern PCR-based methods allow large-scale screening to 

uncover the as-yet-unknown diversity of these groups (Flegontov et al. 2013).  

Environmental sequencing techniques have broadened our knowledge about 

microeukaryotic diversity, but it should be noted that these methods have some 

weaknesses, such as uneven amplification of different organisms. Some groups are well 

represented in sequence datasets obtained using the 18S rRNA gene as a marker; others 

are often missed (Microsporidia, some Alveolata, minor groups of protists such as 

Malawimonada, etc.) (Bass and del Campo 2020). Primers targeted at specific groups 

overcome these limitations, but they result in longer protocols, and there is a chance 

of missing unsuspected species. Another constraint in studying eukaryotic symbiont 

diversity is the ratio between host and symbiont genetic material in the sample, which 

can cause problems with detection of the latter during the PCR and produce false-

negative results (Vestheim and Jarman 2008). 
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1.6. Aims and objectives  

This study aims to develop effective and high-throughput instruments for 

studying host-parasite interactions, gathering insights into interactions between 

pathogens and vectors.  

Chapter II describes the evaluation and development of different methods for 

fuller surveying of microeukaryotic diversity in multicellular hosts to address described 

weaknesses of screening wild populations is crucial for predicting pathogen distribution, 

vectorial capacity, and further understanding of the co-evolution of pathogens with 

their vectors. 

The main aim of Chapter III is to develop a bioinformatic pipeline to 

differentiate between living symbiotic bacteria and the integration of symbiotic 

genomic fragments into the host genome. The computational approach to finding the 

symbiotic insertions into arthropod genomes should allow a wider studying of the 

phenomenon which might help to reveal evolutionary patterns of how genomes or parts 

of genomes of bacterial symbionts of Arthropoda have become incorporated into host 

chromosomes. 

Chapters IV and V explore transcriptomic responses of tick cells to different 

bacterial pathogens. Tick cell lines are widely used to study their interactions with 

pathogens, although knowledge of tick immunity is limited and needs to be further 

investigated. Chapter IV describes the design of single-cell transcriptomic experiment 

with two different tick cell lines and three bacterial pathogens, and Chapter V explores 

the transcriptomic responses of different tick cells to pathogens and compares 

transcriptional patterns between different pathogens and two different tick species.  

Chapter VI summarises the study results, discusses the constraints encountered 

and suggests how the findings could be applied in future research.   
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2. Chapter II Design and evaluation of different 

strategies for finding hidden symbiont 

biodiversity in Arthropoda  

2.1. Introduction  

The impact of microeukaryotes on animal health is as potentially relevant as 

the effect that prokaryotes have, but there is little knowledge about it. The vast 

majority of microbiome studies focus on prokaryotes: 95% of studies describe the 

diversity of bacteria, and only 5% on that of eukaryotes (Campo, Bass, and Keeling 

2020). Such bias is observed not only because there are more pathogens among 

bacteria, and thus they historically attract more attention, but also the technical 

limitations of microbiome research methods (Bass and del Campo 2020). The most 

widely-used approach is metabarcoding with the SSU rRNA gene; Carl Woese proposed 

this method in the late 1970s and proved its utility to reveal the three main domains 

of life (Woese and Fox 1977). Sequencing of the 16S rRNA gene is still the primary 

method for reconstructing microbial taxonomy and phylogenetic trees; however, a price 

reduction of high-throughput sequencing technologies has recently given rise to whole-

genome metagenomics (Hiraoka, Yang, and Iwasaki 2016).  

The same approach – obtaining sequences of the 18S rRNA gene – is often 

applied to assessing eukaryotic diversity (Pawlowski et al. 2012); environmental 

sequencing techniques and technologies have contributed massively to our 

understanding of the microbial world (Bass and del Campo 2020; Bradley, Pinto, and 

Guest 2016; Hadziavdic et al. 2014; Hugerth et al. 2014; Wang et al. 2014). 

Unfortunately, the metabarcoding approach has many limitations, such as uneven 

amplification of organisms from diverse evolutionary branches (Pawlowski et al. 2012), 

varying speed of evolution of the 18S rRNA gene between different branches (Philippe 



14 
 

2000), and the lack of consensus opinion about standard metabarcoding primers within 

the scientific community (Pawlowski et al. 2012). These issues limit the application of 

universal eukaryotic primers in studying natural communities and make it almost 

impossible to apply the same approach to study the eukaryotic part of animal 

microbiomes or any community with a dominant species (Vestheim and Jarman 2008), 

as well as mitochondrial and plastid 16S rRNA genes which contaminate sequencing 

of prokaryotic symbiont communities (Lundberg et al. 2012). The primary constraint 

in studying symbiont diversity is the ratio between host and symbiont genetic material 

in the sample. Considering the small size of the pathogen population within a vector, 

there is always substantially more genetic material from host cells than from symbiont 

cells, which causes multiple problems with its detection during the PCR (Vestheim 

and Jarman 2008). Previous studies of eukaryotic parasites of arthropods also showed 

that while some pathogens are abundant in vector populations, others are very sparse; 

for example, Trypanosoma cruzi is present in up to 50% of specimens (Browne et al. 

2017; Kjos, Snowden, and Olson 2009), while Babesia species are found in 

approximately 1% of the vector population (Diuk-Wasser et al. 2014; Oines et al. 2012; 

Onyiche et al. 2021). 

Although culture‐independent molecular techniques for revealing the 

microeukaryotic part of communities have massively broadened our knowledge in the 

field, it is necessary to develop sensitive methods to target the sequences of interest 

and avoid amplifying the abundant host DNA. This study aims to find the most 

efficient and accurate method for the populational screening of arthropods for 

microeukaryotes. 

2.1.1. Structure of the ribosomal cistron in eukaryotes 

The 18S rRNA gene is a popular metabarcoding marker for Eukaryota 

(Pawlowski et al. 2012). The 18S, 5.8S and 28S rRNAs usually lie together in a single 

transcription unit called a ribosomal cistron or the main transcription unit; the 5S 

rRNA gene is not usually linked to the ribosomal cistron and is transcribed separately. 
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Figure 1 illustrates a general model of rRNA genes based on metazoan models (frog, 

mouse, and fruit fly) (Torres-Machorro et al. 2010). The cistron is organised as head-

to-tail repeats of rDNA units consisting of coding and intergenic regions (Figure 1a). 

Each copy includes genes of three subunits – 18S, 5.8S and 28S, with two internal 

transcribed spacers transcribed in one piece (Figure 1b) and later processed into 

separate SSU and eLSU subunits (Sollner-Webb and Mougey 1991). Similarly, 5S 

rDNA is also present as multiple repeats in tandems but separately from the 18S-5.8S-

28S regions and is regulated by its own promoters (Torres-Machorro et al. 2010). 

 

Considering that eukaryotes evolved as between five and eight independent 

branches according to different authors (Adl et al. 2012; Baldauf 2003; Fabien Burki 

et al. 2020), there is a considerable variation in the organisation and copy numbers of 

rRNA units among eukaryotes. Tandem repeats may be located on one or various 

chromosomes, linked or separated with 5S rDNA (Torres-Machorro et al. 2010). 

Cistron copy numbers can vary from a few copies to thousands (e.g., 4800 in green 

algae from the genus Acetabularia and 9000 in the ciliate Tetrahymena) (J. A. Eisen 

et al. 2006; Spring et al. 1978). Furthermore, the ratio of the main rDNA unit and the 

5S gene may vary several-fold. The gene copy number is believed to be characteristic 

for each organism maintained at a constant level (Torres-Machorro et al. 2010).  

Figure 1 General organisation of ribosomal genes in Metazoa. (a) The ribosomal cistron with 
tandem repeats of 18S, 5.8S, 28S and IGR (intergenic region); (b) A single unit of the rDNA 
comprising NTS (nontranscribed spacer) and ETS (external transcribed spacer) and 18S, 5.8S 
and 28S subunits (from Torres-Machorro et al., 2010) 
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Many microbial organisms from various phylogenetic branches share the typical 

organisation of the rRNA cistron illustrated in Figure 1; it can be found in all 

eukaryotic supergroups: in Excavata (e.g., Leishmania, Trypanosoma, Giardia), 

Amoebozoa (e.g., Acanthamoeba), Ophistokonta (e.g., Nosema, Schizosaccharomyces, 

Hansenula), Chromalveolata (e.g., Toxoplasma, Eimeria) (Torres-Machorro et al. 

2010). Many others have substantial variations. Unlinked and heterogeneous rDNAs 

are characteristic of the Apicomplexa group (Torres-Machorro et al. 2010). Plasmodium 

species have several types of rDNA units expressed during different life stages of the 

parasite: A-type is active in the vertebrate host during the asexual development, whilst 

S-type is active during the sexual phase in mosquitoes (Mercereau-Puijalon, Barale, 

and Bischoff 2002). A third O-type of the rDNA is found in Plasmodium vivax oocysts 

(J. Li et al. 1997). Another peculiar type of rDNA organisation is observed in 

Microsporidia: 22 copies of rDNA loci are located in telomeric regions of all 11 

chromosomes in the obligate intracellular parasite Encephalitozoon cuniculi (Brugère 

et al. 2000).  

In rare cases, the rDNA cistron is located in extrachromosomal molecules. 

Dictyostelium discoideum and Physarum polycephalum (both belonging to the 

Amoebozoa supergroup) have minichromosomes with several head-to-head repeats of 

rDNA genes and another copy of the same operon on chromosome IV (Sucgang et al. 

2003). Ciliates such as Euplotes crassus and Glaucoma chattoni bear extrachromosomal 

rDNA copies as linear molecules in the macronucleus. Paramecium tetraurelia has 

rDNA molecules in both linear and circular forms (Torres-Machorro et al. 2010).  

Typically, the SSU gene is approximately 2 kb long, although its size might 

measure up to 4.5 kb due to insertions into hypervariable regions, as shown for some 

Kinetoplastida and Acanthamoeba (Gunderson and Sogin 1986).  
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It is essential to consider the heterogeneity of organisation, location and size of 

rDNA genes in different microeukaryotes when designing universal or group-specific 

primers. One has to keep in mind the limitation of PCR product length, which might 

vary in size significantly due to insertions. The relative orientation of primers should 

be checked so that they elongate the DNA strand towards each other, which might be 

not the case in some genera such as Nosema (Microsporidia), where the LSU lies 

upstream from the SSU rRNA (Figure 2) (W.-F. Huang et al. 2004) or in circular 

minichromosomes of Entamoeba histolytica (Amoebozoa) or Euglena gracilis 

(Excavata) (Gunderson and Sogin 1986; Loftus et al. 2005). 

2.1.2. Overview of existing metabarcoding methods 

2.1.2.1. Overview of universal eukaryotic primers 

The most commonly used markers for metabarcoding purposes are parts of the 

ribosomal RNA genes. Many sets of universal eukaryotic primers are designed to 

capture as many organisms from the environment as possible (Bradley, Pinto, and 

Guest 2016; Hadziavdic et al. 2014; Hugerth et al. 2014; Wang et al. 2014). Most 

primers used in metagenomic studies produce fragments of either approximately 500 

bp for 454 sequencing or less than 200 bp for Illumina. Such limitations in size make 

the design of universal primers a tricky task as they should generate minimally biased, 

phylogenetically discriminating PCR products covering a wide range of species 

(Hugerth et al. 2014). The 18S rRNA gene has nine variable regions with conservative 

Figure 2 rDNA organisation in Nosema bombycis (Microsporidia). The 5.8S gene is 
linked with 23S rDNA, there is no ITS2, and the LSU fragment is upstream from the 
SSU (from Huang et al., 2004) 
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regions in between (Figure 3). The ideal pair of primers should anneal within two 

conservative regions with variable sequence between the primers. Various authors came 

to different conclusions about the region that best represents the diversity of 

eukaryotes. Bradley and co-authors stated that the V8-V9 region provided the highest 

accuracy in their mock community, and Hugerth et al. suggested that V4 and V5 

fragments are the most information-rich (Bradley, Pinto, and Guest 2016; Hugerth et 

al. 2014). 

Unfortunately, no primer pair covers all known phylogenetic branches of 

eukaryotes evenly. For example, Fungi, Diplomonadida, and Parabasalia are the groups 

that usually escape such assays (Wang et al. 2014). The use of a short fragment of the 

gene leads to inaccurate taxonomic assignment since it does not allow the assignment 

of a read to a particular species. Hugerth et al. stated that read assignment is only 

reliable at the genus level or higher (Hugerth et al. 2014). For example, the SSU rRNA 

has a low species-level resolution in Fungi and is rarely used to assess fungal diversity; 

researchers traditionally use more variable internal transcribed spacers (ITS1 and 

ITS2) (Schoch et al. 2012). Different SSU rRNA regions have different variability 

Figure 3 The schematic representation of variable and conservative regions of the 18S rRNA 
gene and candidate universal primers' position. The dotted grey line represents the entropy; 
the proportion of sequences matching primers is shown with circles connected with the black 
line. (from Hugerth et al., 2014) 
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between taxonomic groups, and the taxonomic composition of the sample hugely 

depends on the primers used. Several authors tested the same communities with 

primers for V4 and V8-9 regions separately, and the results between the two regions 

disagreed substantially (Bradley, Pinto, and Guest 2016; Stoeck et al. 2010). Bradley 

et al. showed that the taxonomic composition was dissimilar at the genus level and 

comparable only at the family level (Bradley, Pinto, and Guest 2016). Stoeck et al. 

demonstrated a diverse number of clusters detected (3993 clusters with V4 primers 

and only 2633 clusters with V9 primers) and different taxonomic profiles of 

dinoflagellate families even though they used longer PCR-fragments compatible with 

454 sequencing (Stoeck et al. 2010). Issues with the low resolution of short PCR 

products should gradually disappear with the rise of long-read sequencing technologies. 

At the same time, the newly-developed approaches also have some limitations, which 

are discussed below.  

2.1.3. Eukaryotic primers biased against Metazoa 

PCR-based methods do not detect minor templates since rare sequences tend to 

be lost in the early stages of the PCR (Kalle, Kubista, and Rensing 2014). Considering 

that symbiont genetic material might comprise only a small fraction of the total DNA 

in the sample, it should result in many false-negative results (del Campo et al. 2019). 

Bower et al. attempted to find amplifying primers biased against Metazoa (uNonMet) 

(Bower et al. 2004). The forward primer they used was universal, while the reverse 

primer provides the specificity against Metazoa (Bower et al. 2004). The reverse primer 

(18s-EUK-1134-R) has several mismatches with the metazoan 18S rRNA gene, 

significantly reducing the metazoan template amplification (Bower et al. 2004).  

uNonMet primers recovered only 2.6% of the metazoan 18S rRNA reads present in the 

SILVA 132 RefNR database with fewer than 1% of reads from bilaterians in the in 

silico evaluation (del Campo et al. 2019). Del Campo et al. concluded that these 

primers could assess most animals’ symbiont diversity, except sponges and perhaps 

ctenophores. However, it is worth mentioning that they tested these primers in vitro 
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with only ten genera from Ctenophora, Cnidaria (corals) and Bilateria (humans) (del 

Campo et al. 2019). Bower et al. initially tested the primers in vitro using 12 genera 

of marine metazoans (Bower et al. 2004).  

These primers were initially designed for downstream analysis with 454 

sequencing, and amplify a fragment of approximately 600 nucleotides (Bower et al. 

2004). Most of the metabarcoding studies use Illumina sequencing, as it is cheaper and 

has a higher throughput, while 454 technology has been discontinued (Slatko, Gardner, 

and Ausubel 2018). The length of six hundred nucleotides is at the high end of the 

limit of most devices based on Illumina technology, and the ends of the amplicons tend 

to have a low quality which restricts the paired-end sequencing of longer fragments 

(Dohm et al. 2008); therefore, there is a need to perform a nested PCR to reduce the 

size of the amplicon and make it compatible with Illumina (del Campo et al. 2019). 

However, nested PCR carries a risk of increased contamination due to additional 

manipulation and might magnify the existing biases of the amplification (Marmiroli 

and Maestri 2007). Nowadays, the use of long-read technologies, such as Oxford 

Nanopore or Pacific Biosciences (PacBio), should solve the limitation in fragment size 

(Delgado et al. 2019; Seshadri et al. 2018). 

2.1.4. Overview of approaches for blocking non-target 

templates 

Another way to avoid dominant host DNA, and at the same time ensure that 

no potential symbiont is missed, is to use universal PCR primers accompanied by 

blocking oligonucleotides. The blocking oligonucleotides compete with the universal 

primers in a mix and block non-target DNA amplification. Blocking oligonucleotides 

can be DNA-based, locked nucleic acid (LNA)-based, peptide nucleic acid (PNA)-

based, and Morpholino-based (Karkare and Bhatnagar 2006; Vestheim, Deagle, and 

Jarman 2011). Based on similar studies and guidelines (Belda et al. 2017; Leray et al. 

2013; O’rorke, Lavery, and Jeffs 2012; Vestheim and Jarman 2008; von Wintzingerode 

et al. 2000) and due to the fact that LNA- and Morpholino-based oligonucleotides are 
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not easily available for custom synthesis, only DNA- and PNA-based were used in the 

present study. 

2.1.4.1. DNA-based blockers 

DNA-based blockers are standard single-strand oligonucleotides with a C3-

spacer at the 3’-end, which does not allow polymerases to extend and, therefore, aborts 

the PCR-product synthesis before reaching a reverse primer. C3-spacer modification is 

a short three-carbon chain attached to the oligonucleotide terminal 3’ hydroxyl group, 

preventing the elongation during the PCR without noticeably influencing its annealing 

properties (Cradic et al. 2004; Vestheim and Jarman 2008). Figure 4a shows an 

elongation arrest blocker targeting some sequence pattern which is unique to the 

unwanted template between the amplifying primers, so that the DNA polymerase 

cannot extend the strand when it comes to the blocking oligo. Figure 4b shows a 

double-priming oligo (DPO) blocker: the start of a DPO overlaps with the amplifying 

primer and outcompetes it if the second part, unique to the unwanted template, finds 

the complementary sequence. DNA polymerase cannot use the DPO primer for 

extension. The design of both types of blockers requires a unique region within the 

amplified sequence to be blocked and a melting temperature of several degrees higher 

than that of the amplifying primers so that blocking primers would anneal first 

(Vestheim and Jarman 2008). The efficacy of this approach shows significant 

variability between various experiments: Vestheim et al. reported a 70% reduction of 

Figure 4 Schematic illustration of blocking oligonucleotide types. Amplifying primer shown in 
blue, blocking oligos shown in red. 
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a non-target template (Vestheim, Deagle, and Jarman 2011), while Belda et al. 

reported a similar approach to be ineffective (Belda et al. 2017).  

2.1.4.2.  PNA-based blockers 

Peptide nucleic acid is an artificially synthesised polymer similar to DNA or 

RNA but with N-(2-aminoethyl)-glycine replacing the regular pentose-phosphate 

backbone, as shown in Figure 5 (Malhotra and Ali 2018). PNA-mediated PCR 

clamping relies on the two unique properties of PNA oligomers: PNA-DNA duplexes 

generally have higher thermal stability than the corresponding DNA-DNA duplexes, 

and DNA-polymerases do not recognise PNA oligomers and consequently do not 

amplify the blocked region (von Wintzingerode et al. 2000; Sforza et al. 2014). 

 

Figure 5 Chemical structure of DNA and PNA molecules (from Malhotra and Ali 2018) 
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Figure 6 shows the principle of PCR reaction with PNA blockers. After 

denaturation, PNA anneals specifically to cognate templates via base pairing. 

Depending on the design, PNA either directly blocks primer annealing or blocks the 

elongation of the nascent strand (Lundberg et al. 2013). This approach was shown to 

be very effective in silencing the host DNA of Anopheles mosquitoes and allowed 

detection of symbiotic microeukaryotes, including Plasmodium, which was not possible 

without blocking or when using DNA-based blockers (Belda et al. 2017).  

2.1.4.3. Removing non-target templates by restriction 

Restriction enzymes can be applied before or after amplification. This method 

requires a unique cutting site in the unwanted sequence. Considering that restriction 

sites are usually short, spanning 4-8 nucleotides (Roberts 2005), finding a unique 

pattern for a target template is difficult. Furthermore, it would not work if the 

dominant DNA outweighed the minor templates totally in the PCR, resulting in loss 

of the latter (Vestheim and Jarman 2008); therefore, eliminating the unwanted DNA 

before amplification appears more promising. Green and Minz attempted to develop a 

method for enhancing amplification of the minor template using the Suicide polymerase 

Endonuclease restriction (SuPER) to cut only target DNA in a mix prior to PCR 

(Green and Minz 2005). This method has not achieved wide acceptance as it requires 

several extra handling steps and generally needs a unique restriction site specific to 

host DNA. The method can be augmented using a new CRISPR-Cas9 technology, 

Figure 6 The principle of PCR with PNA blockers (adapted from Lundberg et al., 2013) 



24 
 

which allows choice of more extended target sites and thus is more precise (Jinek et 

al. 2012). 

2.1.5. Aims and objectives 

The aim of this chapter is to discover and create an effective and efficient 

method for detecting eukaryotic symbionts in Arthropoda. In order to achieve this 

goal, several objectives have been outlined. Firstly, a review of existing methods for 

silencing unwanted templates will be conducted. Secondary, experimental approaches 

for silencing unwanted templates will be tested. Finally, the sequences of the ribosomal 

genes will be analysed in detail, and primers biased against Metazoa will be developed. 

2.2. Materials and methods 

DNA extracted from different arthropod species (Glossina spp., Ixodes ricinus, 

Lipoptena cervi, Ceratitis capitata, Macrosiphum euphorbiae) available in the Darby 

lab were used for the initial testing, the full list of samples with the detailed information 

can be found in the Supplementary table 1. 

Adult ticks (Ixodes ricinus) and deer keds (Lipoptena cervi) were collected in 

September 2017 from culled deer at Powys Castle, Wales, by kind permission of the 

National Trust. Ticks and keds were frozen at -20°C before DNA extraction.  

Glossina morsitans flies bearing a putative eukaryotic symbiont thought to be 

a gregarine (Dr Lee Haines, personal communication) or Trypanosoma brucei, were 

provided by Dr Lee Haines of the Liverpool School of Tropical Medicine (LSTM). Some 

of the flies were fed on deer blood before DNA extraction; others were provided unfed 

after emerging. Some flies were homogenised in the lysis buffer using pestles prior to 

DNA extraction, other individuals were dissected, and only their internal organs were 

used for DNA extraction (full details can be found in Supplementary table 2). DNA 

was extracted by the following methods:  
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• DNeasy Blood & Tissue kit (Qiagen, UK) according to the manufacturer’s 

protocol; 

• Phenol-chloroform extraction (Sambrook, Fritsch, and Maniatis 1989); 

• CTAB extraction protocol: 

­ lysis in 2% CTAB buffer: 2% CTAB (hexadecyltrimethylammonium 

bromide), 100 mM Tris-HCl (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 0.2% 

β-mercaptoethanol, 0.1 mg/mL proteinase K; 

­ incubation at 60°C for 30 min; 

­ phase separation, DNA precipitation and resuspension as in Phenol-

chloroform extraction. 

A female G. morsitans fly from the LSTM colony was dissected under a Zeiss 

laser microdissection microscope with PALM microbeam in the Single Cell Genomics 

Laboratory at the Centre for Genomic Research at the University of Liverpool, and 

ten cells of the putative eukaryotic symbiont were collected. These cells were used for 

DNA extraction with the DNeasy Blood & Tissue kit (Qiagen, UK) according to the 

manufacturer’s protocol. The DNA was used for whole genome amplification (WGA) 

with a REPLI-g kit (Qiagen, UK) according to the manufacturer’s protocol.  

All extracted DNA was stored at -20°C. The full list of DNA samples used in 

this chapter can be found in Supplementary table 2. 

To visualise the putative eukaryotic symbiont of G. morsitans, salivary glands 

and parts of midgut were dissected from several flies; dissected tissues were 

immediately placed on a microscopic slide in a small drop of sterile 1X PBS buffer and 

covered with a cover slip to flatten the tissues. Photomicrographs were taken using a 

Leica DM2500 camera with differential interference contrast (DIC). 
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2.2.1. Testing different sets of amplifying primers  

2.2.1.1. Universal eukaryotic primers 

PCR reactions were carried out in a volume of 20 µl containing 1µl of template 

DNA, 10 µl NEBNext HighFidelity Master Mix (New England Biolabs), 0.5µl of each 

primer at 10mM concentration and 8 µl PCR-clean water. Thermal cycling conditions 

were: 96°C for 5 min, 30 cycles of 96°C for 15 sec, 55°C for 15 sec, 72°C for 60 sec, final 

elongation at 72°C for 5 min. LongAmp Taq DNA polymerase (M0323S, New England 

Biolabs) was used with all the same parameters except for elongation temperature, 

which was 65°C. PCR with a gradient of temperatures from 45°C to 58°C was 

performed to find an optimal annealing temperature for EukA & EukB primers. Primer 

sequences are given in Table 2-1. 

Primer 5’-3' sequence Reference 

EukA AACCTGGTTGATCCTGCCAGT (Medlin et al., 1988) 

EukB TGATCCTTCTGCAGGTTCACCTAC (Medlin et al., 1988) 

V4f CCAGCASCYGCGGTAATTCC (Bradley et al., 2016) 

V4r ACTTTCGTTCTTGAT (Bradley et al., 2016) 

V8f ATAACAGGTCTGTGATGCCCT (Bradley et al., 2016) 

V9r CCTTCYGCAGGTTCACCTAC (Bradley et al., 2016) 

F574 GCGGTAATTCCAGCTCCAA  (Hadziavdic et al., 2014) 

F1183 AATTTGACTCAACACGGG (Hadziavdic et al., 2014) 

R1631 TACAAAGGGCAGGGACG (Hadziavdic et al., 2014) 

PCR products were visualised by conventional electrophoresis in a 0.8% agarose 

gel with TAE 1X buffer (40 mM Tris-HCl pH 7.4, 20 mM sodium acetate, 1.0 mM 

Na2-EDTA) and stained with ethidium bromide. PCR products were purified with a 

Table 2-1 Universal eukaryotic primers for the 18S rRNA gene used in the study 
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QIAquick Gel Extraction Kit (QIAGEN, Cat No. 28115) and quantified with the Qubit 

dsDNA High-Sensitivity assay (Life Technologies). Sanger sequencing was performed 

by a commercial company (Eurofins Genomics, Germany). 

2.2.1.2. Primers biased against Metazoa (UNonMet) 

PCR reactions were carried out in a volume of 20 µl containing 1µl of template 

DNA, 10 µl NEBNext 2x HighFidelity Master Mix (M0541S, New England Biolabs), 

0.5µl of each primer at 10mM concentration and 8 µl PCR-clean water. Primers 

sequences were 5’-GTGCCAGCAGCCGCG-3’ for the forward 18S-EUK581-F primer 

and 5’-TTTAAGTTTCAGCCTTGCG-3’ for the reverse 18s-EUK-1134-R primer 

(Bower et al. 2004). Thermal cycling conditions were: 96°C for 5 min, 30 cycles of 96°C 

for 15 sec, 50°C for 15 sec, 72°C for 45 sec, final elongation at 72°C for 5 min. LongAmp 

Taq DNA polymerase (M0323S, New England Biolabs) was used with all the same 

parameters except for elongation temperature of 65°C. Gel electrophoresis, bands 

visualisation, extraction, and sequencing were performed as described in section 2.2.1.1. 

2.2.2. Testing methods of blocking host DNA 

2.2.2.1. Restriction-based approach 

The online tool Restriction Mapper was used to find restriction sites within 

target sequences (restrictionmapper.org). The following sequences were used for 

restriction enzyme selection:  

• Gregarines: FJ832160.1 Gregarinidae sp. from Tubulanus polymorphus, 

LN901450.1 Lecudina tuzetae, KR024702.1 Lankesteria sp., KJ736741.1 

Gregarina ormierei, JX426618.1 Trichotokara eunicae, JX131300.1 

Ascogregarina taiwanensis, FJ865355.1 Psychodiella sp., EU670240.1 

Lankesteria chelyosomae; 

• Tsetse fly: KC177312.1 G. morsitans.  
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Aliquots of 40 ng or 500 ng of total DNA were incubated at 37°C for 30 min 

with 1 µl of SmaI (ThermoFisher, FD0663) and/or 1 µl AanI (ThermoFisher, FD2064) 

restriction enzymes and inactivated at 65°C for 5 min. The restriction was followed by 

the PCR with EukA & EukB and V4f & V4r universal primers as described in 2.2.1.1.  

2.2.2.2. DNA-blocking approach 

DNA-blockers were designed based on the following sequences: KC177312.1 

G. morsitans; AF322431.1 Glossina palpalis, AF322426.1 L. cervi, KC177300.1 

Ceratitis capitata, KP322979.1 Ustilago maydis, XR_002989946.1 Trypanosoma 

brucei, so that blocking oligonucleotides were identical with the Diptera sequences and 

had at least three mismatches with T. brucei and U. maydis.  

Two types of DNA-based blocking primers were designed as shown in Figure 7: 

 V4-EA, elongation arrest blocker with C3 spacer on 3’ end; 

CTTCATACGGGTAGTACAACTATA/3SpC3/ 

 V8-DPO, annealing inhibiting dual priming oligonucleotide, containing two 

separate priming regions joined by a polydeoxyinosine linker (ideoxyI); the left 

part is overlapping the universal primer, and the right part anneals to a tsetse-

specific region and has a C3 spacer at the 3’ end; 

CCCTTAGATGT/ideoxyI//ideoxyI//ideoxyI//ideoxyI//ideoxyI/CTAGACC

GAGAG/3SpC3/ 

Figure 7 Schematic representation of universal amplifying primers and blocking 
oligonucleotides at the 18S rRNA gene. Green arrows show primers, red lines show 
blocking primers. Dashed lines between V8f and V8-DPO blocker show the overlap 
between them. 
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Blocking oligonucleotides were synthesised by a commercial company 

(Integrated DNA Technologies, Belgium). Seven different ratios of amplifying and 

blocking primers from 2X to 50X were tested. PCR reactions were used corresponding 

to the primers as described for amplifying primers in 2.2.1.1.  

2.2.2.3. PNA-blocking approach 

PNA oligonucleotides were designed based on the SILVA 132 NR99 database 

(Quast et al. 2013; Yilmaz et al. 2014). All prokaryotic sequences were removed, and 

all eukaryotic 18S rRNA sequences were divided into two groups – Arthropoda and all 

other Eukaryota except for Metazoa (“others”). All possible 15-mers were produced 

with jellyfish v. 2.1.3 (Marcais and Kingsford 2011) and aligned to two groups using 

bowtie2 with options --very-sensitive-local and --all (Langmead and Salzberg 2012). 

Samtools v.1.11 was used for sorting and filtering the alignments (H. Li et al. 2009). 

k-mers were sorted according to maximum matches in the “Arthropoda” group and 

minimum matches in the “others” group.  

Melting temperature and quality control of PNA blockers were performed with 

the PNA tool from PNAbio (http://pnabio.com/support/PNA_Tool.htm). PNA 

oligonucleotides were synthesised by a commercial company (Biomers, Germany). 

PNA blockers were tested in different concentrations: from 1X to 100X ratio to 

amplifying primers. Thermal cycling conditions were: 

 (3-step PCR) 96°C for 5 min, 30 cycles of 96°C for 15 sec, 50°C for 15 sec, 72°C 

for 60 sec, final elongation at 72°C for 5 min; 

 (4-step PCR) 96°C for 5 min, 30 cycles of 96°C for 15 sec, 65°C for 15 sec, 50°C 

for 15 sec, 72°C for 60 sec, final elongation at 72°C for 5 min. 

Gel electrophoresis, band visualisation, extraction and sequencing were 

performed as described in the section 2.2.1.1. 
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2.2.3. Design of a new set of non-Metazoan primers 

Primers were designed with the assistance of Dr Alexander Predeus, Wellcome 

Sanger Institute, Hinxton, as follows. SSU database release 138 was used (Quast et al. 

2013). The downloaded files contained 95286 sequences for the LSU gene and 510508 

for the SSU gene; prokaryotic records were removed. Sequence names were 

standardised and parsed to reduce the impact of model organisms and make a unique 

set of species with one corresponding sequence. The dataset was divided into two parts: 

all Metazoa and “other eukaryotes”. The tool fsm-lite was used to generate k-mers 

between 18 and 24 nucleotides (https://github.com/nvalimak/fsm-lite). The length of 

k-mers was chosen as the optimal for PCR primers. Pyseer GWAS suite was used to 

select k-mers associated with a group of non-Metazoans, and to filter them by 

occurrence frequency (Lees et al. 2018). The results were filtered by allele frequency 

greater than 0.3 and effect size lower than -1. The resulting selected k-mers 

overrepresented in non-Metazoa (688 for 18S and 824 for 28S) were aligned back to all 

18S or 28S sequences using bowtie2 (Langmead and Salzberg 2012). The resulting 

alignments were overlapped to generate five distinct regions (3 regions in 18S and 2 

regions in 28S). A consensus sequence for each region was extracted and mapped to all 

18S and 28S sequences using the Smith-Waterman algorithm (water program from 

EMBOSS tools v6.6.0.0), in both forward and reverse mode (P. Rice, Longden, and 

Bleasby 2000). Alignments were then parsed using Perl script (parse_for_weblogo.pl) 

to extract the matching sequence from each reference, together with metazoan/non-

metazoan assignment from the phenotype file and with taxonomy data. The resulting 

sequences were grouped into the following categories: Bilateria, other Metazoa, 

Microsporidia, other Fungi, Choanoflagellata, Amoebozoa, Alveolata, Rhizaria, 

Stramenopila, Discicristatata, Metamonada, Archaeplastida, Ichthyosporea, Jakobida, 

Cryptista and Haptista. Sequence consensus for each category was visualised using the 

weblogo package for R (Crooks et al. 2004). 
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2.2.4. Sequencing of PCR-products with Oxford Nanopore 

technology 

Oxford Nanopore SQK-LSK109 kit with barcoding expansion kit EXP-NBD104 

was used according to the manufacturer’s protocol. Reads were basecalled and 

demultiplexed using ONT Guppy software v.2.3.5. Reads were taxonomically assigned 

using Centrifuge against the ‘nt’ database  (Kim et al. 2016). 
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2.3. Results 

2.3.1. Testing different sets of amplifying primers  

2.3.1.1. Universal eukaryotic primers 

Five pairs of universal primers were chosen from the literature and tested: EukA 

& EukB for the full-length 18S rDNA gene (Medlin et al. 1988), V4f & V4r and F574 

& V4r for the V4 variable region, and V8f & V8r and F1183 & R1631 for the V8-V9 

variable regions (Bradley et al., 2016; Hadziavdic et al., 2014). EukA & EukB amplify 

almost the whole SSU rRNA gene resulting in a 1800-2000 bp fragment. V4f & V4r, 

F574 & V4r, and V8f & V9r primers amplify approximately 400 bp, and F1183 & 

R1631 produce a 450 bp fragment.  

Several species of tsetse flies from Burkina Faso (G. morsitans, Glossina 

tabaniformis, Glossina palpalis gambiensis and Glossina medicorum) were tested with 

EukA & EukB primers. Most of the tested samples gave only one band of 

approximately 2 kb, which corresponded to the length of the 18S gene; approximately 

one quarter of the samples showed more than one band on the gel, which might result 

from symbionts present in the samples. Figure 8 shows eight samples (details about 

the species of flies are available in Supplementary table 2), three of which resulted in 

the double band (indicated with yellow arrowheads). The observed bands were very 

close in size, so it was necessary to run the gels slowly at approximately 1 V/cm for 

10-12 hours to separate them. Electrophoresis at a higher voltage did not allow the 

resolution of these bands, and they appeared as a single thick band. The bands which 

were visually distinct in the gel (TPf14, HSKm21, Hm17) were independently cut from 
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the gel; the PCR products were extracted and sent for Sanger sequencing, which 

revealed the presence of Penicillium sp. and Trypanosoma sp. in the samples.  

2.3.1.2. Primers biased against metazoans  

UNonMet primers should amplify a fragment of approximately 0.5 kb, which 

includes the V4 and V5 variable regions of the 18S rRNA gene (Figure 9). The size 

range of PCR products is higher than the theoretical expectation, spanning up to 2 kb. 

Figure 9 Schematic representation of alignment of the UNonMet primers on the 18S rRNA 
gene. 

Figure 8 PCR products of eight samples of Glossina spp. amplified with universa  
eukaryotic primers EukA & EukB. HyperLadderI from BioLine was used. Samples 
indicated with yellow arrowheads gave a visible second band in addition to the main 
Glossina 18S band. The gel was run at 30V (approximately 1V/cm) for 10 hours in 
0.7% agarose on 0.5X TBE. 
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Figure 10 shows PCR products from several insect samples: aphid Macrosiphum 

euphorbiae (Meuph), medfly C. capitata (Ccapi), deer ked L. cervi (Lcerv K10), and 

tsetse flies G. morsitans (Gmors W24), Glossina medicorum (Gmedi TPf8) and 

G. palpalis (Gpalp HSKf21 & Gpalp TPf14). Sanger sequencing revealed the following 

organisms: 1 – mixed products; 2 – Myzus persicae; 3 – Myzus persicae; 4 – 

Penicillium sp.; 5 – C. capitata; 6 – Cutibacterium sp.; 7 – Propionibacterium sp.; 8 – 

Cutibaterium sp.; 9 – Dactyella sp.; 10 – L. cervi; 11 – Trypanosoma grayi; 12 – 

G. palpalis; 13 – Hepatozoon sp.; 14 – Glossina sp.; 15 – T. grayi; 16 – Penicillium sp. 

The amplification resulted in multiple bands in all tested samples, including weak high-

molecular bands, which could not be sequenced with the Sanger technology due to the 

small amount of material. These bands might be the result of non-specific annealing of 

the primers. 

Figure 10 Results of the PCR with UNonmet primers. Quick-Load Purple 1 kb DNA Ladder 
from NEB is used. Numbered bands were extracted and sent for Sanger sequencing. 
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2.3.2. Testing methods of blocking host DNA 

2.3.2.1. Restriction-based approach 

The restriction enzymes AanI and SmaI were chosen; they target the 18S rRNA 

gene of G. morsitans and avoid several species of Gregorina (Apicomplexa). There are 

several possible restriction sites inside the 18S rRNA gene of G. m. morsitans 

(GenBank: KC177312.1), and only two do not have targets in the selected gregarine 

sequences.  

Amplification of the tsetse fly DNA (flies from LSTM with the suspected 

symbiont of gregarine origin: G1, G2, G3, G6a, G13, G14, G16, details in 

Supplementary table 2) after restriction with one or both restriction enzymes yielded 

no products. This indicates that the restriction of the SSU rRNA gene templates was 

successful. There are two possible reasons for absence of symbiont products in the 

PCR: first, the concentration of the symbiont DNA could be below the level of PCR 

sensitivity, or there might be no symbionts present; second, as the restriction 

recognition sites are relatively short (6 nt), there is a chance that possible symbionts 

have the same pattern within their 18S rRNA genes as the tsetse flies and are also 

affected by the restriction.  

Figure 11 Results of the restriction of PCR products of EukA & EukB universal primers with 
AanI (a) and SmaI (b) enzymes applied to samples of Glossina morsitans from the LSTM. PCR-
products without restriction shown in panel ‘c’. HyperLadder I from BioLine was used. The 
description of the samples can be found in Supplementary table 1. 
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The opposite approach – cutting host templates after the PCR – was also not 

found to be effective. Figure 11 shows the results of cutting PCR products with two 

restriction enzymes, with the unmodified PCR products as a control. The size of PCR 

products after amplification with EukA & EukB primers is approximately 2 kb. 

Cutting PCR products with the AanI restriction enzyme resulted in 1500 and 500 bp 

fragments, and SmaI cut the products into 1200 and 800 kb fragments. The uniformity 

of the restricted bands in all tested samples most likely means that the PCR product 

is the same, namely the 18S rRNA of G. morsitans. PCR products of EukA & EukB 

primers produced fragments of a very similar length from different organisms, so two 

or more products might look like a single product, but the restriction should have 

amplified and revealed differences between heterogeneous sequences. Thus, we can 

conclude that there are no other sequences amplified apart from the host in this case. 

It could have resulted from absence of symbionts in the samples or a minimal amount 

of symbiont DNA, which was lost in the first rounds of the PCR. 

2.3.2.2. DNA-blocking approach 

The next approach was to block the amplification of host DNA with blocking 

primers, as shown in previous studies (Vestheim and Jarman 2008; Leray et al. 2013). 

Two types of blocking primers were designed: elongation arrest blocker and annealing 

inhibiting dual priming oligonucleotide. The elongation arrest blocker was designed to 

target the tsetse-specific region and ignore the SSU gene of symbionts. The dual 

priming oligonucleotide contains two separate priming regions joined by a 

polydeoxyinosine linker; its left part overlaps with the universal primer. The right part 

anneals to the tsetse-specific region and has the C3 spacer at the 3’ end, which should 

arrest the elongation. Preliminary experiments showed this approach to be ineffective. 

The elongation arrest blocker designed for the V4 region of the SSU gene did not affect 

the outcome of PCRs. Figure 12 (a, b) shows PCR results with a template of DNA 

extracted from a tsetse fly infected with T. brucei and two pairs of primers for the V4 

region and V4 elongation arrest blocker (V4-EA). All combinations of the primers and 
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oligonucleotides resulted in almost identical outcome – two bands corresponding to 

G. morsitans and T. brucei. There was no substantial or uniform reduction of the host 

signal. 

The second blocker was designed to target the V8 region of the SSU gene as an 

annealing inhibiting dual priming oligonucleotide (V8-DPO). The V8-DPO primer 

seemed to block all amplification non-selectively. Figure 12 (c, d) shows PCR results 

with a template of DNA extracted from a tsetse fly and two pairs of primers (V8f & 

V9r and F1183 & R1631) for the V8/9 regions and V8-DPO blocker. Different 

amplifying and blocking primer ratios were tested, with ten concentration ratios from 

2X to 50X, with the same result. 

  

Figure 12 PCR amplification of sample W20 (Glossina morsitans with Trypanosoma 
brucei) with four pairs of primers and two DNA-blockers. All combinations were tested 
in 0X, 30X and 50X ratios of amplifying and blocking oligos. (a) amplifiying primers 
V4f & V4r with V4-EA blocker (b) primers F574 & V4r with V4-EA blocker; (c) 
primers V8f & V9r with V8-DPO blocker; (d) primers F1183 & R1631 with V8-DPO 
blocker. 
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2.3.2.3. PNA-blocking approach 

Considering that PNA-based oligonucleotides are about 100 times more 

expensive than DNA-based oligonucleotides, blocking oligonucleotides were designed 

to be universal for most Arthropoda species (Table 2-2). Several short sequences were 

almost universal for arthropods (0 or 1 mismatch with up to 97.7% of arthropod species 

from the SILVA database) and almost non-existent in other eukaryotic lineages 

(approximately 6% of non-Metazoan eukaryotic records in the SILVA database).  

Block
er 

Target 
5’-3’ 

sequence 

DNA/PNA 
duplex 
melting 

temperatur
e at 4µM, 

°C 

Comments from the 
PNA-tool 

Arthr
opoda 
block
ed, % 

“others
” 

blocked
, % 

ART3 Arthropoda, 
V4 region 

ATTCTT
GGACCG
TCG 

72.1 
Self-complementarity: 
Good 

85.2 6.0 

ART4 Arthropoda, 
V4 region 

GCGGTA
TCTGAT
CGC 

74.6 
Self-complementarity: 
Good 

97.7 6.9 

Figure 13 shows the alignment of PNA blockers of species of interest available 

for testing in the lab: castor bean tick I. ricinus, deer ked Lipoptena cervi, medfly 

Ceratitis capitata, tsetse flies G. morsitans and G. palpalis, Basidiomycota fungi 

U. maydis, and T. brucei. Both blockers target the V4 variable region of the 18S rRNA 

gene and could be used with the following sets of universal amplifying primers: 

 ART3: EukA & EukB, V4f & V4r, F574 & V4r 

 ART4: EukA & EukB 

Both blockers aligned perfectly to the target species and had more than three 

mismatches with non-arthropod species, which should be enough to reduce the 

annealing (Figure 14).  

  

Table 2-2 PNA blockers designed for the study 
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Figure 14 Schematic representation of PNA-blockers and amplifying primers for the 18S 
rRNA gene. Green arrows show primers, red lines show PNA blocking oligonucleotides. 

Figure 15 Alignment of PNA blockers with some arthropod  and non-arthropod species of 
interest. Both blockers do not have mismatches with Arthropoda species and enough 
mismatches with non-arthropod species. 

Figure 13 Results of PCR with universal eukaryotic primers EukA & EukB without blocking 
(b) and with ART3 blocker (a) and ART4 blocker (c). Umav (U. maydis, fungi) sample was 
used as a control 
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Both PNA blockers visually reduced arthropod bands on the gel. Figure 15 

illustrates amplification of the 18S gene from five different samples of arthropods and 

one fungal sample as a control. There is a significant difference in band intensity for 

samples Irici I38, Gmors W24, Lcerv K10 and Ccapi between amplification without 

blocking and amplification with ART3 or ART4 blockers. According to the intensity 

of the bands, the ART4 blocker seems to be more effective than ART3, and in the case 

of Gmors W24, it eliminated the upper band, which came from G. morsitans. There 

was no difference in the amplification of the control fungal DNA (Umav). The G19 

DNA sample did not yield bands in any condition, which is probably the result of DNA 

template degradation; the template could be amplified in previous experiments.  

Three pairs of PCR products (without blocking and with ART4 blocker) were 

sequenced with long-read Oxford Nanopore technology to confirm the result. The top 

five taxa for each sample are given in Table 2-3. Samples Gmors W24 and Ccapi 

showed a significant reduction in reads of Arthropoda origin from 58% to 4% and from 

7% to 1.5%, respectively. There was no decrease in arthropod reads in Lcerv K10, 

presumably because this sample did not contain any templates other than arthropod; 

less than 0.3% of reads belonged to four other taxa, which was below the threshold for 

ONT sequencing and may have been the result of high error rate and barcodes cross-

talk. The decrease in band intensity was indirectly confirmed by decreasing the total 

number of reads: 12,798 reads without blocking and 9,881 reads when amplifying with 

ART4 blocker.  

While these results seemed promising, in later experiments, PNA blockers 

produced very inconsistent results. For example, the same PCR mixtures with ART3 

and ART4 blockers resulted in different bands depending on the particular PCR 

machine used or placement of the tube within the PCR machine (edge wells vs central 

wells).  
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 Gmors W24 Lcerv K10 Ccapi 

 no 
blocking 

ART4 
no 

blocking 
ART4 

no 
blocking 

ART4 

Arthropoda 58.01 4.11 98.88 98.72 7.03 1.56 
Basidiomycot
a 21.18 46.25 - - - - 

Ascomycota 9.35 24.86 - - 80.47 88.41 
Mucoromycot
a 2.64 6.32 0.19 0.24 4.32 4.62 

Apicomplexa 2.2 5.03 - - - - 
Proteobacteri
a - - 0.21 0.28 - - 

2.3.3. In silico evaluation of new primers biased against 

Metazoa 

The biggest curated database of SSU and LSU rRNA genes for Eukaryotes is 

SILVA (Quast et al. 2013; Yilmaz et al. 2014). SILVA v138 was used for this analysis 

with 32270 sequences for the SSU gene and 9714 for the LSU gene after filtering and 

reducing redundancy. Three regions within the SSU rRNA gene and two regions within 

the LSU rRNA gene were considered promising as amplifying primers biased against 

Metazoa, or more specifically, Bilateria (Figure 16). Highlighted in yellow are positions 

where Bilateria has nucleotides different from all other eukaryotic groups. The 

summary of these positions is shown in Table 2-4. The following degenerate primers 

were designed based on the in silico analysis: 

 SSU-rg1-F 5’-GGTGAAAWTMKYDGAYBH-3’ 

 SSU-rg2-F 5’- GGKASTAYGDHCGCAAG-3’ 

 LSU-rg1-R 5’-MSGWTCAWYCCKYDT-3’ 

 LSU-rg2-R 5’-RMARRTRTGCCKYCCCAGC-3’ 

Constraints of time precluded in vitro testing of these primers during the study. 

Table 2-3 Sequencing results of PCR-products of samples Gmors W24, Lcerv K10 and Ccapi, 
without blocking and with ART4 blocker, showing the percentage of the total number of reads 
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 Bilateria Other groups Exceptions 
SSUrg1 nucl 3 T with minor G C G in Microsporidia and 

Haptista 
No consensus in 
Metamonada and 
Amoebozoa 

SSUrg1 nucl 23 C T G in Microsporidia 
C in Discicristata and 
Haptista and some 
Amoebozoa and 
Metamonada 

SSUrg1 nucl 24 G T A in Microsporidia and 
Haptista 
C in Rhizaria and some 
Amoebozoa  
G in Discicristata 

SSUrg2 nucl 6 G/A G T in Microsporidia 
SSUrg2 nucl 15 C/T C - 
SSUrg3 nucl 1 G with minor A mostly T C in Discicristata 

G/A in Haptista 
SSUrg3 nucl 2 G A G/A in other Fungi 

T/C in Discicristata 
LSUrg1 nucl 21 C A - 
LSUrg1 nucl 24 T C T in Amoebozoa 

A in Alveolata 
C/A in Discicristata 
No consensus in 
Metamonada 

LSUrg1 nucl 35 A G A in Amoebozoa 
T in Alveolata 
No consensus in 
Metamonada 

LSUrg2 nucl 10 A with minor G G - 
LSUrg2 nucl 20 T with minor C C - 

 

Table 2-4 Summary of positions in the SSU and LSU rDNA genes discriminating Bilateria 
from other groups of eukaryotes 



43 
 

 

Figure 16 Consensus sequences for regions of interest for the SSU and LSU rRNA genes of the main groups of Eukaryotes. 
Positions where Bilateria has nucleotides different from all other groups of eukaryotes are highlighted in yellow. 
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2.4. Discussion 

2.4.1. Restriction-based approach 

Although the restriction of the non-target 18S rRNA gene of G. morsitans did 

not give a positive outcome, this result cannot be considered conclusive. The described 

experimental design was based on the assumption that G. morsitans samples from the 

LSTM colony carry a symbiont of supposedly apicomplexan origin (Dr Lee Haines, 

personal communication) (Figure 17). After several attempts to identify this symbiont, 

it is not certain that this assumption is reasonable, and the experiment should have 

been designed differently. Although there is a high probability of finding an applicable 

restriction enzyme for most host/symbiont systems, this method seems to have a 

limited scope. It is reasonable to design such an experiment if one deals with a large 

set of unified samples – looking for one or a few particular symbionts in one host when 

18S rRNA gene sequences for them are known. If a researcher targets several 

symbionts, especially if some are obscure, results become unreliable. Considering the 

recent development of CRISPR-Cas9 technology that recognises patterns of 

approximately 20 bp (Nachmanson et al. 2018), that might be a more targeted and 

precise alternative to restriction.  

Figure 17 A cell seen in Glossina morsitans 
tissues that could be the putative eukaryotic 
symbiont of G. morsitans  
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2.4.2. Universal primers and UNonMet primers 

Universal eukaryotic EukA & EukB primers produced single, double or triple 

bands in PCR products (Figure 8). Nevertheless, such approach does not seem 

practical. If the amount of different DNA templates differs by several orders of 

magnitude, as is the case in many symbiotic systems with a multicellular host, then 

minor templates tend to be lost during the first rounds of PCR (Kalle, Kubista, and 

Rensing 2014).  

Non-Metazoan primers UNonMet, designed by Bower et al. (Bower et al. 2004), 

resulted in higher variability of bands on the gel (Figure 10). Separate sequencing of 

UNonMet products revealed not only the host sequences but also DNA of minor 

symbionts, both prokaryotic and eukaryotic. Comparison of amplification of samples 

TPf8 and TPf14 with universal EukA & EukB (Figure 8) and UNonMet primers 

(Figure 10) showed similar results: one main band for the TPf8 and at least two bands 

for TPf14. However, the UNonMet PCR products were shorter and had a greater 

difference in size, making them more convenient for screening. On the other hand, the 

universal primers do not amplify prokaryotic sequences, which are not of interest when 

screening for eukaryotic symbionts. 

2.4.3. Blocking approach 

Two blocking methods were tested, DNA-based and PNA-based. Neither 

method yielded a satisfactory result. The DNA-blocker for the V4 region did not affect 

the PCR outcome, and the blocker for the V8 region non-specifically blocked all 

amplification. These results are indirectly confirmed in the recent article from Belda 

et al. on preferential suppression of Anopheles gambiae host sequences (Belda et al. 

2017). The authors claimed ineffectiveness of DNA blocking primers using the example 

of Anopheles and its microbiome, and proposed another approach to outcompete host 

DNA with the help of peptide-nucleic acid (PNA) oligonucleotide blockers that 
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effectively reduced mosquito 18S rRNA gene sequences by more than 80% for the V4 

hypervariable region (Belda et al. 2017).  

Considering the high cost of PNA synthesis, it was decided to design blockers 

that can be used with any Arthropoda species. However, it was not possible to find a 

pattern that was unique and universal for all Arthropoda species. The best result was 

the ART4 blocker, which in silico blocked 97.7% of arthropod species from the SILVA 

database and only 6.9% of non-Metazoan eukaryotic organisms (Table 2-2). The ART3 

oligo should block a narrower range of arthropods (85.2%) and 6% of other eukaryotes. 

Unfortunately, performance of PNA blockers was inconsistent, sometimes giving 

a noticeable reduction in a host DNA and completely failing at other times. Thus, this 

approach cannot be recommended as a method of choice.  
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2.4.4. Design of novel non-Metazoan primers 

2.4.4.1. Groups included in the analysis 

The field of microeukaryotic phylogeny is rapidly changing nowadays, so it is 

impossible to find a definitive version of microeukaryotic taxonomy; thus, this analysis 

was based on the trees from Adl et al., 2012 and Burki et al., 2020 and the taxonomic 

assignment from SILVA which was not always consistent with the trees (Adl et al. 

2012; Fabien Burki et al. 2020). The major supergroups included in the analysis were 

SAR (Stramenopiles, Alveolates, Rhizaria), Archaeplastida, Excavata, Amoebozoa, 

Opisthokonta, Cryptista, and Haptista.  

The supergroup Opisthokonta was later downgraded to be part of the Amorphea 

supergroup within the clade of Obazoa (Burki et al. 2020). However, considering that 

opisthokonts are disproportionately well-studied and include Metazoa, which is the 

group of particular interest in this study, it was included in the analysis not as one 

group but as six sub-groups. Another reason to examine the subdivisions of 

Figure 18 Alignment of the regions of interest for seven groups of Fungi. Only two 
groups – Microsporidia and Zoopagomycota – show noticeable variations within these 
sequences, as shown for the SSU. No 28S rRNA gene information for organisms from 
these two taxa is available in the SILVA database. 
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Opisthokonta separately was that one of its branches – Fungi – is rich with diverse 

parasitic species. According to the SILVA database, the group Fungi has six branches: 

Blastocladiomycota, Chytridiomycota, Dikarya, Zoopagomycota, Cryptomycota, and 

Microsporidia. The first five branches have a very similar profile of the chosen regions 

of 18S and 28S rRNA genes (Figure 18). The only group of Fungi with a differing 

consensus of the SSU gene is Microsporidia, which is of great interest for the analysis 

as all major groups of animals host microsporidia, and they are very likely to be found 

in blood-feeding arthropods (Cali, Becnel, and Takvorian 2017). 

According to SILVA and Adl et al. (2012), there are three clades within the 

SAR supergroup – Stramenopiles, Alveolata and Rhizaria (Adl et al., 2012). Since 2020, 

the SAR supergroup has been united with Telonemia (Burki et al. 2020), but the latter 

was omitted from the analysis because the SILVA database contains only 78 records, 

76 of which are derived from environmental samples, and this group of mainly marine 

heterotrophs is considered unlikely to contain symbiotic species (Bass and del Campo 

2020; Strassert et al. 2019).  

The Amoebozoa clade composition has changed since 2012, and some groups 

were taken away into the separate supergroup CRuMs, but these organisms were herein 

analysed within Amoebozoa following the SILVA taxonomy (Burki et al. 2020). 

Nevertheless, the three groups from CRuMs would not significantly impact the 

analysis, as they are poorly studied (Mantamonas has four records, Diphylleida – two 

records, and Rigifilida – three records) and have no symbiotic species described (Bass 

and del Campo 2020). The same applies to Glaucophyta – a clade within 

Archaeplastida: very few described species and even fewer records are available in 

SILVA, and all described species are free-living (Price et al. 2017). 

The Excavata supergroup is one of the main groups of interest as it has many 

symbiotic protists described. Although its monophyly is nowadays doubted (Burki et 

al. 2020), it was included in the analysis as one group.  
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The 28S rRNA part of the SILVA database is much smaller than the 18S part. 

Figure 19 compares the number of records per group for the SSU and LSU rDNA 

genes. Many understudied groups have few records for the SSU gene and none for the 

LSU gene. The lack of records for some groups such as Ctenophora or Haptista is not 

crucial as no symbionts from them have been described to date (Bass and del Campo 

2020), but many important groups are also missing, e.g., Microsporidia, Jakobida, and 

Ichthyosporea.  

  

Figure 19 Numbers of records for the SSU and LSU rRNA genes for different taxa in the 
SILVA v138 database 
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2.4.4.2. SSU rg1 primers 

There are three positions within the first SSU region (SSU rg1) (Figure 20, nucl 

3, 23, and 24), which can discriminate Bilateria from most other groups. Unfortunately, 

these variable nucleotides are quite distant from each other. They could be included 

in one primer, but mismatches on the 5’ end of primers do not affect the efficacy of 

the PCR (Stadhouders et al. 2010), so depending on the direction of the primer, either 

nucleotide three or nucleotides 23-24 will not affect the amplification outcome. This 

region is located in the middle of the SSU rRNA gene, so it is sensible to make it a 

forward primer so that the extension proceeds towards ITS regions and 5.8S and 28S 

subunit genes. Therefore, the proposed primer can start with the conserved region from 

position 7 to the end of the chosen region; the optimal primer length is 18 bp, starting 

with two purine bases ensuring stronger annealing (van Pelt-Verkuil, van Belkum, and 

Hays 2008). 

Figure 20 Consensus sequences for the SSU region1 of the 18S rRNA gene. SSU-
rg1-F is the provisional non-Metazoan primer. Red arrow shows the direction of 
the primer. Positions which discriminate Bilateria from other eukaryotes are 
highlighted with yellow. All non-Metazoan groups that do not have much variation 
in the consensus are combined together. The detailed weblogo is shown in Figure 
16. 
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The most frequent sequence among non-Metazoan groups is 5’-

GGTGAAATTCTTGGATTT-3’. The majority of Bilateria have “CG” in the last two 

positions, while most of the other eukaryotes have “TT”. However, there are five target 

groups – Microsporidia, Amoebozoa, Discicristata, Metamonada, and Haptista – which 

also have the two last nucleotides different from the consensus and therefore, there is 

a chance that this primer will neglect these groups of interest. Variations include “GA” 

in Microsporidia, “CC” in Amoebozoa and Metamonada, “TC” in Rhizaria, “CA” in 

Haptista, and, unfortunately, “CG” in Discicristata, which coincides with Bilateria and 

thus cannot be resolved. All other variations can be included in the reaction as 

degenerated nucleotides:  

5’-GGTGAAA[T|A]T[C|A][T|G][T|C][G|T|A]GA[T|C][T|G|C][T|A|C]-3’ or 5’-

GGTGAAAWTMKYDGAYBH-3’. This primer would be unlikely to pick up any 

Discicristata. 

2.4.4.3. SSU rg2 primers and analysis of the 18s-EUK-1134-R 

primer 

The non-Metazoan reverse primer 18s-EUK-1134-R designed by Bower et al. 

(Bower et al. 2004) lies within the second SSU region (SSU rg2) and, according to this 

analysis, has one or two nucleotide differences between Metazoa and other groups 

(Figure 21, positions 15 and 20). Position 15 has either “C” or “T” nucleotide in 

Bilateria, but strictly “C” in other groups; position 20 is either “G” or “A” in Bilateria, 

while other groups have a consensus “G”. Consequently, the 18s-EUK-1134-R primer 

was designed to complement “C” and “G” nucleotides in these positions (Figure 21 

shows the alignment of the reverse complement of the primer). A closer look at the 

taxonomic distribution of these altering nucleotides within Bilateria shows that most 

arthropods have “T” and “A” in these positions, which confidently discriminates them 

from other groups. Only 539 (3.3%) of Metazoan sequences in SILVA have a perfect 

match with the 18s-EUK-1134-R primer, 280 of which belong to Porifera and 206 

belong to Cnidaria, while the present study focuses on blood-feeding Arthropoda. It is 
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worth mentioning that both mismatches are in the 3’ end of the primer, making the 

discrimination more effective. It has been demonstrated that PCR efficiency 

significantly decreases with mismatches in the 3′ region and can even be prevented by 

a single mismatched base at the 3′ end (Bru, Martin-Laurent, and Philippot 2008).  

Although the EUK-1134-R primer performed well in reducing the amplification 

of templates from Arthropoda, as shown in 2.3.1.2, it has several mismatches with 

Microsporidia and Discicristata (Figure 21); both of these groups were of significant 

interest to this analysis. Like many other parasites, microsporidia have genetically 

divergent 18S genes and are rarely detected in environmental samples (Bass and del 

Campo 2020; B. A. P. Williams et al. 2018). Four mismatches between the EUK-1134-

R primer and Microsporidia SSU rRNA gene sequence could theoretically reduce 

amplification of these symbionts. The same applies to the two mismatches within the 

Discicristata. Taking into account these mismatches, a mixture of primers based on 

EUK-1134-R and targeting the following variations of the sequence could improve the 

amplification of these groups (positions different from the EUK-1134-R primer are 

shown in bold):  

• CGCAAGGCTGAAACTTAAA (EUK-1134-R) 

• CGCAAGTTTGAAACTTGAA (EUK-1134-R-1 favouring Microsporidia) 

• CGCAAGGCTGAAACTTGAA (EUK-1134-R-2 favouring Metamonada) 

• CGCAAGAGTGAAACTTGAA (EUK-1134-R-3 favouring Discicristata).  

SSU rg2 has another variable position not included in the original EUK-1134-R 

primer (Figure 21, position 6). There is a possibility that a primer which included all 

three discriminating nucleotides might perform better than the original EUK-1134-R 

primer. Another reason for redesigning this primer is changing the direction. The EUK-

1134-R primer is a reverse primer, which means that it can amplify a maximum 1kb 

fragment if used with the universal primer at the beginning of the 18S rRNA gene 

(e.g., EukA, Figure 7). If the primer from the same region is orientated in the other 

direction, theoretically it can amplify 800 bp of the 18S rRNA gene and both ITS 
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regions, 5.8S and part of the 28S rRNA gene. Such coverage should give a better 

resolution on several levels down to the strain level, even in groups with conserved 

SSU genes. The “G” nucleotide in position 20 (Figure 21) is the perfect candidate to be 

the 3’-end nucleotide in the new primer. The following 17 base pairs were chosen for 

the candidate primer 5’-GGGAGTATGGTCGCAAG-3’. Figure 21 shows the 

alignment of the original non-Metazoan EUK-1134-R primer and the proposed 

improved primer – SSU-rg2-F. SSU-rg2-F has one more mismatch with Bilateria and 

has an opposite direction, making it possible to pair it with a reverse primer located 

in the 28S rRNA gene. Some positions are made degenerate to improve the 

amplification of Microsporidia, Discicristata and Metamonada:  

5’-GG[G|T]A[G|C]TA[T|C]G[G|T|A][T|A|C]CGCAAG-3’ or 

5’- GGKASTAYGDHCGCAAG-3’. 

Figure 21 Consensus sequences for the SSU rg2 region of the 18S rRNA gene. Alignment 
of the reverse complement of the EUK-1134-R primer with Bilateria and some groups of 
interest is shown. SSU-rg2-F is the new primer designed in this study. Red arrows show 
the direction of primers. Positions, which discriminate Bilateria from other eukaryotes, are 
highligted with yellow. All non-Metazoan groups which don’t have much variation in the 
consensus are combined together. The detailed weblogo is shown in Figure 16. 
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2.4.4.4. SSU rg3 primers 

The third region of interest within the 18S rRNA gene starts with two 

nucleotides (Figure 16), which should discriminate Bilateria from all other groups, 

including other metazoans, and the following region is conserved in most groups except 

for Microsporidia, Discicristata and Metamonada. Unfortunately, these groups have 

high variability in the first two positions and the 4-5 following nucleotides, so it is 

challenging to design a degenerate primer. Moreover, this primer can only be reverse, 

as the variable nucleotides should be at the 3’ end. Considering that EUK-1134-R is 

located close to this region, the fragment size and region will be very similar and, as 

EUK-1134-R has already proved to be effective, there is no need to design another 

primer.  

2.4.4.5. LSU rg1 primers 

This first LSU region (LSU rg1) has three variable nucleotides (positions 21, 24 

and 35 shown in Figure 22), which seem promising in discriminating Bilateria. Analysis 

of the structure of the 28S rRNA gene in different Eukaryota revealed that this gene 

Figure 22 Consensus sequences for the LSU region1. LSU-rg1-R is the provisional 
non-Metazoan primer. Red arrow shows the direction of the primer. Positions, which 
discriminate Bilateria from other eukaryotes, are highlighted with yellow. 
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might be separated into different sub-parts and relocated to different sites in the 

genome; the second part of the LSU gene is more likely to contain introns and overall 

be more variable than the start of the gene (Torres-Machorro et al. 2010). Taking this 

into account, it seems rational to design the oligonucleotide as a reverse primer to 

amplify a part of the 28S rRNA gene and other parts of the ribosomal cistron.  It is 

advantageous to place nucleotides 21 and 24 at the 3’-end of the reverse primer. The 

degenerate primer 5’- MSGWTCAWYCCKYDT -3’ was designed to pick up groups 

with a variable sequence in this region – Alveolata, Discicristata, Metamonada (Figure 

22). 

2.4.4.6. LSU rg2 primers 

Two variable nucleotides discriminating Bilateria are found in the second LSU 

region (LSU rg2) – positions 10 and 20 (Figure 23). Nucleotides from 21 to 28 are 

relatively conserved among all presented groups, so the primer is designed to be reverse 

Figure 23 Consensus sequences for the LSU region 2. LSU-rg2-R is the 
proposed primer. Red arrow shows the direction of the primer. Positions, 
which discriminate Bilateria from other eukaryotes, are highligted with 
yellow. 
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and start at position 28 and have the 3’-end base pair different between Bilateria and 

all others.  

This region is located close to the end of the 28S rRNA gene, making it less 

attractive, considering the multiformity of the second half of the 28S rRNA gene 

(Torres-Machorro et al., 2010). Thus, this primer is less likely to result in a thorough 

coverage of diversity.  

2.4.5. Method of choice for screening of arthropod populations 

All described methods have their limitations. One major limitation is based on 

the scarcity, bias and irregularities of the genomic databases. Some branches and model 

species such as Metazoa and model organisms are well covered, while other divisions 

contain only a few records (such as Microsporidia or Malawimonada). Due to the 

explosion in new technologies, most of the genomic data has been acquired during the 

last decade. Understandably, the plethora of new data for phylogenetic reconstruction 

has led to many inconsistencies in taxonomy in the databases, which might also affect 

the analysis quality (Edgar 2018). The tree of life has been rearranged several times, 

especially in the eukaryotic part, where new technologies revealed new clades of 

microeukaryotes completely missed before the genomic era (Burki et al. 2020).  

DNA- and PNA-blocking approaches do not seem to be effective in such 

experiments. PNA blocking has several disadvantages; first, PNA synthesis is 

expensive; second, the PCR with PNA blockers needs fine-tuning, including a 4-step 

PCR. Even with all the precautions, the results were inconsistent. Therefore, DNA- or 

PNA- blocking cannot be considered the method of choice for this study. 

When designing the metabarcoding experiments, one must understand that it 

is impossible to find a pair of primers that gives complete and unbiased results. First 

of all, each step of the experiment introduces various biases. Different extraction 

methods might differ in efficacy, and some protists might have cell walls which would 

make them less susceptible to digestion (Santos et al. 2015). PCR templates have a 
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different affinity with primers depending on the number and position of mismatches 

and nature (G/C vs A/T). As in the 16S rRNA gene metabarcoding, such results 

cannot be used to assess the ratio of different organisms in the sample because of bias 

introduced with uneven DNA extraction and PCR amplification and different copy 

numbers of ribosomal genes in different organisms. It is impossible to find a pair of 

primers covering all eukaryotes except for Bilateria. One should find a balance between 

reducing the amplification of Bilateria and not missing organisms from other groups. 

The most difficult groups to amplify with universal primers are Microsporidia, 

Discicristata and Metamonada. One of the solutions to this issue is to use degenerate 

primers. If there is a position where a nucleotide is different between Bilateria and the 

other taxa, and alters between the three above-mentioned taxa, it should be possible 

to cover all desired diversity using a mixture of primers.  

Some primers look more promising than others, but all the proposed primers 

designed in silico will need to be evaluated in vitro. The EUK-1134-R primer has 

already shown a satisfactory reduction of the host signal, so even if other proposed 

primers are not as effective, this approach is the most reliable and straightforward to 

access the symbiont diversity of arthropods and other animals. One of the enormous 

advantages of this method is its comparatively low price. The set of amplifying primers 

should cost no more than £100, and the following ONT sequencing run can be 

multiplexed up to 96 samples, which means that the analysis of one specimen should 

cost about £10-£15. This price can be further reduced with an additional check of the 

PCR-products with gel-electrophoresis and excluding specimens that produced a single 

band. However, this step is time-consuming and not always reliable, as a PCR product 

from the host and the same fragment from a symbiont might be very close in size and 

therefore be visualised as a single band. 
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3. Chapter III Bioinformatic approach to look 

for prokaryotic insertions in genomes of 

Arthropoda 

3.1. Introduction 

Horizontal gene transfer (HGT) in eukaryotes appears to be a rare event 

(Hotopp et al. 2007). The early segregation of germline cells during development is 

believed to protect eukaryotic genomes from HGT events, although there may be 

symbionts residing within a germline (Blaxter 2007). The perfect example of this is 

Wolbachia bacteria transmitted within host germline cells which might have enabled 

the migration of their genetic material to a host genome (Dunning Hotopp 2011; Serbus 

and Sullivan 2007). Bacteria from the genus Wolbachia are found in more than 40% of 

insect species, as well as in filarial nematodes, crustaceans and arachnids (Zug and 

Hammerstein 2012). Insertions of Wolbachia genomes into arthropod genomes have 

been described in pea aphids (Nikoh et al. 2008), mosquitoes (Klasson et al. 2009), 

beetles (Aikawa et al. 2009), fruit flies and parasitoid wasps (Dunning Hotopp 2011). 

These occurrences seem to be independent from the evolutionary perspective as the 

fraction of the Wolbachia genome, and the localisation in the host genome varies 

(Dunning Hotopp 2011). For example, the entire chromosome of Wolbachia has been 

integrated into chromosome 2 of Drosophila ananassae (Klasson et al. 2014), and only 

30% of the Wolbachia genome is found in the X-chromosome of the bean beetle 

Callosobruchus chinensis (Nikoh et al. 2008).  

The bovine lungworm Dictyocaulus viviparus, a parasitic nematode of cattle, is 

not known to bear Wolbachia bacteria, although its genome sequencing revealed 

extensive insertions of Wolbachia fragments into the nematode chromosomes 

(Koutsovoulos et al. 2014). The authors identified 193 contigs of Wolbachia origin 
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within the worm assembly. They claimed that these contigs do not belong to a living 

symbiont but are fossils of an old Wolbachia insertion based on the level of 

fragmentation of the sequenced fragments, their interspersion with the host contigs, 

essential genes missing or containing deleterious mutations. Most predicted Wolbachia 

genes had insertions, deletions, frameshifts or nonsense codons compared with living 

bacteria (Koutsovoulos et al. 2014).  

A significant technical issue in recognising such insertions arises from the fact 

that a host might bear the both bacterial symbiont and the insertion (Boothby et al. 

2015; Koutsovoulos et al. 2016; W. F. Martin 2017). Some research groups made a 

successful effort to get rid of symbiotic bacteria in order to pinpoint sequences 

incorporated into the host genome (Alam et al. 2011), and vice versa – remove the 

insertion to obtain a symbiont genome not contaminated by insertions (Gasser et al. 

2019). Such an approach is not always possible and requires comparatively long 

laboratory cultivation of arthropods and complex genetic manipulations like 

introgressive hybridisation (Gasser et al. 2019; Klasson et al. 2014).  

Many false claims of HGT have been made, which later were doubted and 

assigned to contamination (Boothby et al. 2015; Koutsovoulos et al. 2016; Martin 

2017). Therefore, there is a strong demand to develop an assay that effectively 

distinguishes true pathogens and bacterial insertions in the host genome. This study 

attempts to solve this issue using state-of-the-art sequencing technologies and 

bioinformatic analysis. 

Two species of Arthropoda were chosen for the study; first, a tsetse fly Glossina 

morsitans was used as a testbed for the pipeline formulation as it has been described 

in literature that G. morsitans bore large insertions of Wolbachia genome fragments 

into its nuclear genome (Brelsfoard et al. 2014; Doudoumis et al. 2012). Generally, 

Wolbachia is famous for its ability to integrate into host genomes and is quite 

thoroughly studied which makes it a good system for method developing. 
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Second object, a tropical bont tick Amblyomma variegatum cell line maintained 

in the Tick Cell Biobank at the University of Liverpool was suspected to have a 

rickettsial insertion in its nuclear genome (personal communication from Prof 

Makepeace, Prof Darby and Dr Bell-Sakyi). Rickettsia have been found to reside in 

ovaries of their hosts and can be vertically transmitted, but it is the first case of 

rickettsial insertion into the nuclear genome of the host.  

3.1.1. The case of Wolbachia insertion into the Glossina 

morsitans genome 

Wolbachia insertions in G. morsitans were first described in 2012 (Doudoumis 

et al. 2012) and then sequenced in 2014 along with the cytoplasmic Wolbachia 

(Brelsfoard et al. 2014). A thorough examination of sequences showed three different 

insertions found on the X, Y and B chromosomes. This result was confirmed by 

visualisation using in situ hybridisation of the fly’s mitotic chromosomes with 

Wolbachia-specific probes (Brelsfoard et al. 2014). It has also been shown that 

insertions reside in heterochromatic regions, likely to protect them against negative 

selection. It has been reported for other species with Wolbachia insertions that some 

of their genes are actively transcribed (Hotopp et al. 2007; Klasson et al. 2009), 

although not in the case of the X-chromosome as in the bean beetle in which Wolbachia 

genes are transcriptionally inactive (Kondo et al. 2002). It is yet to be determined 

whether any of the insertion genes in G. morsitans are expressed. Considering the large 

size of insertions, A and B (527,507 and 484,123 bp) and their phylogenetic similarity, 

they likely originate from a comparatively recent single insertion event (Brelsfoard et 

al. 2014).  

3.1.2. The hypothesis of the Rickettsia africae insertion into 

the Amblyomma variegatum genome 

There is a strong suspicion that the cell lines of A. variegatum, created and 

maintained at the Tick Cell Biobank at the University of Liverpool by Dr Bell-Sakyi 
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(Lesley Bell-Sakyi et al. 2000; L Bell-Sakyi 2004), have a rickettsial genome or its parts 

inserted into the nuclear genome ((M. P. Alberdi, Dalby, et al. 2012), personal 

communication from Prof Makepeace and Dr Bell-Sakyi). Cell lines AVL/ CTVM13 

and AVL/CTVM17 were Rickettsia-positive in the PCR assay using SSU rDNA, sca4, 

and ompB genes, but no sign of bacterial infection has been visually spotted in the 

cells by means of either light or electron microscopy (M. P. Alberdi, Dalby, et al. 2012). 

This might mean either an extremely low infection rate of the cell lines or the templates 

for the amplification are located within the host genome. Another indirect evidence for 

the insertion is the lack of amplification of genes mutS and rpoH (personal 

communication from Dr Al-Khafaji, Prof Makepeace, and Dr Bell-Sakyi). These genes 

are important for rickettsial metabolism: mutS is responsible for mismatch repair (S. 

G. E. Andersson et al. 1998) and rpoH, RNA polymerase sigma-32 factor, is believed 

to play a role in the heat shock response (Ge et al. 2004); the genes are present in all 

published assemblies of Rickettsia species. Results of qPCR for the single-copy genes 

(gltA gene of R. africae and the rpl6 gene of A. variegatum) showed an approximate 

1:1 ratio between these genes in the samples (personal communication from Prof 

Makepeace), reinforcing the hypothesis about the insertion. 

3.1.3. Overview of the species of Arthropoda used in the 

present study 

3.1.3.1. Tsetse fly G. morsitans and its symbionts 

There are 31 species and sub-species (depending on classification) of tsetse flies 

on the African continent, and six of them are recognised as vectors of sleeping sickness 

and thirteen species as vector of nagana diseases of livestock (Krinsky 2019). Given 

the medical, veterinary and agricultural significance of the Glossina genus, knowledge 

of the genomic aspects of the vector and vector-pathogen interactions are a high 

priority. Male and female tsetse flies are the cyclical vectors of the trypanosomes that 

cause African sleeping sickness in humans and nagana in animals (Fevre et al. 2008). 

Considering that there are no vaccines for trypanosomiasis and drugs used for sleeping 
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sickness treatment are often dangerous and not practical due to increasing resistance 

of Trypanosoma spp., tsetse control remains the most effective option (Aksoy et al. 

2005). Current methods to control tsetse flies are insect trapping and insecticides, 

which are not very effective due to the difficulties in reaching some geographic regions 

and environmental concerns about insecticide safety (Bouyer et al. 2013). Insecticides, 

e.g., DDT, dieldrin, and γ-BHC, affected populations of reptiles, fish, birds, and insects 

other than tsetse flies in South Africa (Grant 2001). Some tsetse fly control methods, 

such as tsetse habitat destruction or elimination of tsetse reservoir hosts, have been 

discontinued because of ecological and environmental concerns (Kebede, Ashenafi, and 

Daya 2015). 

A less environmentally harmful and highly effective method to reduce the vector 

population is the sterile insect technique (SIT); any mating with a sterile male will 

prevent females from giving birth to any offspring (Dame and Schmidt 1970). The 

technique effectively eradicated Glossina austeni from Unguja island in Zanzibar 

(Vreysen et al. 2000). However, the cost of SIT is exorbitant, and the mass rearing of 

the flies is a significant problem as large numbers of male flies are needed to be released 

to out-compete the wild population (Vreysen et al. 2000). 

When studying the genomics of a tsetse fly, one must remember that it is never 

just one fly; it comprises genomic material from many organisms, including bacterial 

symbionts, trypanosomes, nematodes, phages and baculoviruses (Welburn et al. 2001). 

Wigglesworthia is described in all G. morsitans flies as an obligate symbiont necessary 

for providing vitamins that the tsetse fly diet lacks and that affects host fecundity, 

larval development and the immune system (Pais et al. 2008; Weiss, Wang, and Aksoy 

2011; Aksoy 1995). Wigglesworthia bacteria are essential for tsetse flies to neutralise 

the dietary limitations of a hematophagous lifestyle. The facultative symbiont Sodalis 

glossinidae is not present in all natural populations and has been recently linked to the 

ability of tsetse flies to transmit trypanosomes and therefore is a promising target for 

disease control (Farikou et al. 2010). Wolbachia symbionts are also not essential for 
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tsetse flies; examined natural populations of G. morsitans may have from 37.5% to 

100% Wolbachia infection rate (Doudoumis et al. 2012). Wolbachia are known to 

control the reproductive abilities of insects induing individuals with cytoplasmic 

incompatibility (CI) of infected individuals with aposymbiotic flies (Brelsfoard et al. 

2014). A better understanding of tsetse genomics and genomics of their symbionts can 

improve existing control strategies aimed directly at the fly or its parasite transmission 

ability (Aksoy et al. 2005).  

3.1.3.2. Current genomic data available for G. morsitans 

There are two published assemblies of the G. morsitans genome: the UC 

Berkeley group used short-read technology resulting in a 348 Mb genome assembled 

into 32,924 scaffolds with N50 of 9,802 bp (Vicoso and Bachtrog 2015), and the 

Wellcome Trust Sanger Institute produced an assembly of 366 Mb in 13,807 contigs 

with N50 of 120,413 bp (International Glossina Genome Initiative et al. 2014). The 

latter assembly is considered representative at the moment. The genome is 

exceptionally useful for understanding the biology of G. morsitans and all experiments 

involving genomic analysis, such as transcriptomic experiments. However, there is room 

for improvement. None of the listed assemblies dealt with a male individual of 

G. morsitans; one group used solely female flies, the other used a mixture of male and 

female flies, so obtaining an assembly of a male individual might lead to new insights 

in sex determination in tsetse flies as well as more details of a Wolbachia insertion 

which has been shown in the Y chromosome (Brelsfoard et al. 2014). It is worth 

mentioning that modern long-read technologies allow better assembling of genomes 

aiming for chromosome-level assemblies.  

3.1.3.3. Overview of the tropical bont tick A. variegatum 

Amblyomma variegatum ticks are of high importance for human and veterinary 

medicine as vectors of several pathogens, mainly Ehrlichia ruminantium (previously 

known as Cowdria ruminantium) causing heartwater disease in ruminants (Allsopp 



64 
 

2015), and R. africae causing African tick bite fever in humans, as well as benign 

African theileriosis (Theileria mutans and Theileria velifera), bovine dermatophilosis 

(Dermatophilus congolensis), and several viral diseases (Jongejan and Uilenberg 2004; 

Pagel Van Zee et al. 2007). A. variegatum are three-host ticks; they can acquire 

pathogens either from a blood meal or transstadial from the nymphal to adult stage 

(Yonow 1995). Transovarial transmission has not been recorded for E. ruminantium, 

although it has been demonstrated for R. africae (Socolovschi et al. 2009). 

A. variegatum is causing serious concerns because of its geographical expansion. It 

originated in sub-Saharan Africa (J. B. Walker and Olwage 1987), then invaded the 

Caribbean Basin with livestock trade in the 19th century, and recently has been 

detected in Madagascar and Yemen (Barre and Uilenberg 2010) and Italy (Pintore et 

al. 2021). There is a potential for spread into large areas of South and North America 

(Leger et al. 2013; Estrada-Peña et al. 2007). 

There are no whole genomes sequenced from A. variegatum or any Amblyomma 

species at the time of writing. There are only published genomes for nine species of 

ixodid ticks to date, six of which were only published two years ago (Gulia-Nuss et al. 

2016; Barrero et al. 2017; Cramaro et al. 2017; Guerrero et al. 2019; Jia et al. 2020). 

The genomics of hard ticks is poorly studied mainly because of their genome size – 

those that have already been sequenced have enormous genomes spanning from 1.7 to 

2.8 Gb (Table 3-1). Pregenomic genome size estimations for several hard ticks approach 

7-9 Gb; so Ullmann and co-authors analysed reassociation kinetics of DNA and 

estimated the genome of R. microplus to be 7.1 Gb and I. scapularis to be 2.1 Gb 

(Ullmann et al. 2005). The current high-quality assembly of R. microplus is much 

smaller – only 2.53 Gb (Jia et al. 2020); this discrepancy might result from the 

erroneous estimation, difficulties in assembling repetitive regions, or both. The 

assembly size of 2.53 Gb corresponds better to the known range of hard tick genome 

sizes (Table 3-1). The haploid genome of I. scapularis was also estimated to be slightly 

above 2 Gb by flow cytometry (Geraci et al. 2007), and this size was later confirmed 

by whole-genome sequencing from two independent groups (Miller et al. 2018; Gulia-
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Nuss et al. 2016). There are several genome size estimations for members of the 

Amblyomma genus: 3.1 Gb for Amblyomma americanum, 2.7 Gb for Amblyomma 

cajennense, and 2.9 Gb for Amblyomma maculatum (Geraci et al. 2007). Previous 

attempts to sequence the A. variegatum genome indicated the genome size to be 

approximately 5-6 Gb (personal communication from Prof Alistair Darby). 

Tick Genome size, Gb Reference 

Dermacentor 
silvarum 2.47 (ASM1333974v1) (Jia et al. 2020) 

Haemaphysalis 
longicornis 

2.56 (ASM1333976v1) or 7.36 
(HLAgriLifeRun1) 

(Jia et al. 2020) 
(Guerrero et al. 2019) 

Hyalomma 
asiaticum 1.71 (ASM1333968v1) (Jia et al. 2020) 

Ixodes 
persulcatus 1.9 (BMI_IPER_1.0) (Jia et al. 2020) 

Ixodes scapularis  2.23 (ASM1692078v2), 2.08 
(ISE6_asm2.2_deduplicated)  

(direct submission to 
NCBI, unpublished) 
(Miller et al. 2018) 

Ixodes ricinus  0.52 (partial assembly 
ASM97304v2) 

(Cramaro et al. 2015) 

Rhipicephalus 
sanguineus 2.37 (ASM1333969v1) (Jia et al. 2020) 

Rhipicephalus 
microplus 

2.53 (ASM1333972v1) or 2.01 
(Rmi2.0) 

(Jia et al. 2020) 
(Barrero et al. 2017) 

Rhipicephalus 
annulatus 2.76 (TxGen Rann) 

(direct submission to 
NCBI, unpublished) 

 

  

Table 3-1 Published assemblies for Ixodidae ticks 
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3.1.4. Aims and objectives 

This chapter aims to develop a bioinformatic pipeline to differentiate between 

living symbiotic bacteria and the integration of symbiotic genomic fragments into the 

host genome. The current approach involves complex experiments which require 

substantial laboratory resources and highly skilled personnel; the bioinformatic 

approach aims to make the evaluation faster and cheaper.  

The confusion between living symbiotic bacteria and bacterial insertion can 

introduce biases populational studies of Rickettsia in ticks as such studies use genes 

that are likely to be relocated to the host genome in case of insertion. In particular, 

screening for R. africae, the agent of African tick-bite fever, usually utilise ompB and 

gltA genes (Lorusso et al. 2013; Pintore et al. 2021; Iweriebor, Nqoro, and Obi 2020; 

Popov et al. 2007; 2007), which might lead to erroneous conclusions about the presence 

and density of the pathogen in natural populations and affect the choice of control 

measures.  

To accomplish this aim, a number of specific objectives have been outlined. 

Firstly, high quality assemblies of two arthropod species will be obtained using a long-

read sequencing technology: a genome of a male G. morsitans fly and A. variegatum 

tick. Secondary, an algorithmic approach to differentiate symbiotic bacteria from 

insertions of bacterial sequences into the host genome will be developed based on these 

assemblies. 
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3.2. Methods 

3.2.1. Material collection and preparation 

3.2.1.1. Glossina morsitans 

Dr Lee Haines of the LSTM kindly provided tsetse flies (G. morsitans). Flies 

were maintained in a laboratory colony at 26°C and 65–70% relative humidity and 

were allowed to feed on defibrinated horse blood every 48h using an artificial membrane 

system.  

High molecular weight DNA for long-read sequencing was extracted from a 

single male tsetse fly using a modified phenol-chloroform protocol with phase-lock gel 

tubes (Quick 2008). Single fly individual of G. morsitans were crushed with a pestle 

to make the internal organs of the fly available for lysis. 600 µl of ATL buffer 

(QIAGEN) and 20 µl of RNase A (R4642-50MG, Sigma Aldrich) were added to the 

sample and incubated at 37°C for 30 min. Then 20 µl of proteinase K (20 mg/ml) were 

added and incubated at 56°C for 4 h with slow rotations performed every 30 min. The 

mixture was decanted into 2 ml centrifuge tubes containing MaXtract High-Density 

phase-lock gel (QIAGEN) along with 600 µl of phenol/chloroform/isoamyl alcohol 

mixture (25/24/1) (77617-100ML, Sigma Aldrich). The tubes were incubated at room 

temperature on a Hula mixer for 10 min and then centrifuged at 1500 rcf at 4°C for 10 

min. The top aqueous phase was poured into a new tube with the phase-lock gel, while 

the phenol/chloroform phase was locked with a gel at the bottom of the tube. 600 µl 

of chloroform/isoamyl alcohol mixture (25:1) was added to the aqueous phase, rotated 

for 10 min at RT and centrifuged at 1500 rcf at 4°C for 10 min. The aqueous phase 

was poured into a clean 5 ml tube. 1.8 ml of ice-cold absolute ethanol and 240 µl of 

5M ammonium acetate were added and mixed by slow tube rotation ten times. The 

jelly-like DNA precipitate was slowly transferred into a 1.7 ml tube with a wide-bore 

1 ml tip and washed twice with 70% ethanol. The tube was centrifuged for 10 min at 

1500 rcf to remove the ethanol residues and air-dried for 30 min. The DNA was 
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submerged in 50 µl of nuclease-free water and kept overnight at 4°C for resuspension. 

The DNA quality was assessed with Nanodrop ND-1000 Spectrophotometer 

(Thermofisher, USA), and quantity was estimated with Qubit using Quant-iT dsDNA 

HS Assay Kit (Thermofisher, USA). 

Sequencing libraries for ONT sequencing were prepared according to SQK-

LSK108 and SQK-RAD004 protocols with a starting amount of 1 – 1.2 µg DNA and 

sequenced with MIN106 (R 9.4.1) flowcells for MinION (Oxford Nanopore 

Technologies, UK). Raw nanopore fast5 files were basecalled with ONT Guppy 

basecalling software v.5.0.11 using dna_r9.4.1_450bps_sup configuration. Reads were 

analysed, filtered, trimmed and split according to quality using Filtlong tool v.0.2.1 

(github.com/rrwick/Filtlong). Read quality and length distribution were assessed 

using NanoPlot v.1.38.1 (De Coster et al. 2018). 

3.2.1.2. A. variegatum 

Dr Lesley Bell-Sakyi of the Tick Cell Biobank (TCB) at the University of 

Liverpool kindly provided cultures of the A. variegatum cell line AVL/CTVM17 at 

passage 125-127, maintained as described previously (L Bell-Sakyi 2004). 

High molecular weight DNA for long-read sequencing was extracted from 

approximately 2.2 ml of AVL/CTVM17 cell culture Dneasy Blood & Tissue kit 

(Qiagen, UK) according to the manufacturer’s protocol. Sequencing libraries for ONT 

sequencing were prepared according to SQK-LSK109 protocol with a starting amount 

of 2 µg DNA and sequenced with MIN106 (R 9.4.1) flowcells for MinION (Oxford 

Nanopore Technologies, UK). Basecalling, quality control, trimming and filtering were 

performed as described in the section 3.2.1.1. 

Prof Matthew Loose and Dr Inswasti Cahyani of the University of Nottingham 

kindly provided part of the ONT data for A. variegatum. The DNA was extracted as 

described in the protocol by Cahyani et al. (Cahyani 2021). Ultra-Long DNA 

Sequencing Kit SQK-ULK001 was used for the library preparation and sequenced on 
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GridION and PromethION (Oxford Nanopore Technologies, UK) devices at the 

University of Nottingham. 

PacBio library preparation and sequencing were performed in the Centre for 

Genomic Research at the University of Liverpool (CGR). TruSeq PCR-free paired-end 

libraries (2x150 bp) with a 350 bp insert were generated and sequenced with HiSeq 

4000. The CGR performed the following read curation: the raw fastq files were trimmed 

for the presence of Illumina adapter sequences using Cutadapt v.1.2.1 with option -O 

3 (M. Martin 2011); the reads were further trimmed using Sickle v.1.200 with a 

minimum window quality score of 20 (github.com/najoshi/sickle); reads shorter than 

20 bp after trimming were removed. 

3.2.2. Genome assemblies and curation 

3.2.2.1. Arthropod genomes 

Genomes were assembled using the following software: 

• ONT long-reads: flye v.2.8.3 (Kolmogorov et al. 2020), wtdbg2 v.2.5 (Ruan and 

Li 2020), raven v.1.1.10 (Vaser and Šikić 2021), shasta v.0.5.1 (Shafin et al. 

2020) 

• PacBio long-reads: flye v.2.8.3, wtdbg2 v.2.5, hifiasm v.0.15.1 (H. Cheng et al. 

2021), hicanu v.2.1 (Nurk et al. 2020), IPA v.1.3.1 

(https://github.com/PacificBiosciences/pbipa) 

• Illumina short-reads: AbySS v.2.2.4 (Nielsen et al. 2009), Spades v.3.13.2 

(Bankevich et al. 2012). 

All long-read assemblers were used with default parameters; if the genome size 

was required on input, it was estimated as 300 Mb for G. morsitans and 5 Gb for 

A. variegatum. AbySS was run with k-mer sizes of 50, 60, 70, 80, 90, 100, 110 and 120. 
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The ONT-based assembly of G. morsitans was polished with ONT raw reads 

using Medaka (nanoporetech.github.io/Medaka) followed by five rounds of Racon 

polishing with Illumina reads (Vaser et al. 2017). Each round of Racon polishing was 

evaluated with BUSCO score using the ‘diptera_odb10’ dataset to assess the genome 

completeness (Seppey, Manni, and Zdobnov 2019). The assembly showing the best 

BUSCO score was then polished for 15 rounds with Illumina reads using Pilon (B. J. 

Walker et al. 2014), which was then evaluated with the BUSCO score and the number 

of changes made by Pilon. 

Reads were taxonomically assigned using blastn v.2.11.0 (Camacho et al. 2009) 

versus ‘nt’ database built on April 28th, 2021. Blobtools package v.1 was used to 

visualise the assembly with the taxonomical distribution of contigs and their coverage 

(Laetsch and Blaxter 2017). 

Bowtie2 v.2.2.4 (Langmead and Salzberg 2012) and minimap2 v.2.17 (Heng Li 

2018) were used to align short and long reads, respectively. Samtools toolset was used 

for sorting and indexing alignments (H. Li et al. 2009). Alignments were visualised in 

Integrative Genome Viewer (IGV) (Thorvaldsdottir, Robinson, and Mesirov 2013). 

Illumina reads were aligned to the polished assembly, and contigs with zero Illumina 

coverage were removed.  

Mitochondrial genomes were assembled using the following approach: raw reads 

were aligned to the closest publicly available mitochondrial genome of the species 

(KY457513.1 Amblyomma hebraeum for A. variegatum, NC_037368.1 Melophagus 

ovinus for G. morsitans), aligned reads were extracted with seqtk toolset 

(github.com/lh3/seqtk) and assembled with flye v.2.8.3 (Kolmogorov et al. 2019) 

2019b) in case of PacBio reads, and unicycler (Wick et al. 2017) for ONT and Illumina 

reads. The mitochondrial genomes were annotated on the MITOS2 webserver (Donath 

et al. 2019) using the RefSeq 81 Metazoa reference, the genetic code 5 for Invertebrata 

and the other parameters set to default. 
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Pairwise comparisons of assemblies were performed with minimap2 v.2.17 (Li 

2018), mashmap (Jain et al. 2018) and visualised with dotPlotly.R scripts 

(github.com/tpoorten/dotPlotly) or with the custom script generateDotPlot.pl 

provided by the Mashmap authors 

(github.com/marbl/MashMap/blob/master/scripts/generateDotPlot).  

3.2.2.2. Symbiotic bacteria genomes 

G. morsitans ONT reads were taxonomically classified using kraken2 v.2.1.2 

(Wood, Lu, and Langmead 2019) versus the ‘nt’ database downloaded on 27.01.2020. 

Reads assigned to the genera Wolbachia, Sodalis and Wigglesworthia were taken out 

into three separate files and used for the further assembly with flye v.2.8.3 

(Kolmogorov et al. 2019). The resulting assemblies were compared with the published 

assemblies of these symbionts (Sodalis glossinidius str. ‘morsitans’ 

(GCA_000010085.1), Wigglesworthia glossinidia (GCF_000247565.1), Wolbachia 

endosymbiont of G. morsitans wGmm (GCF_000689175)) using the D-Genies tool 

(Cabanettes and Klopp 2018).  

A. variegatum ONT and PacBio HiFi reads were taxonomically classified using 

kraken2 v.2.1.2 (Wood, Lu, and Langmead 2019) versus the ‘nt’ database downloaded 

on 27.01.2020. Reads assigned to genus Rickettsia were taken out into a separate file 

and used for the further assembly with flye v.2.8.3 (Kolmogorov et al. 2019). The 

resulting assemblies were compared with the reference R. africae genome 

(GCF_000023005.1) using the D-Genies tool (Cabanettes and Klopp 2018). Raw ONT 

and PacBio reads were aligned back to assemblies using minimap2 v.2.24 (Li 2018).  

The resulting assemblies were annotated with Prokka v.1.14.6 (Seemann 2014). 

Gene lengths were collected from Prokka annotation files and plotted in R using 

ggplot2 package (Wickham 2016).  
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3.2.3. Searching for sequences of mixed origin 

3.2.3.1. Searching for R. africae insertion in the A. variegatum 

assembly 

All of the published complete genomes of Rickettsia (73 assemblies as for June 2021, 

see Supplementary table 4) and the only assembly of R. africae (GCF_000023005.1) 

were used for the analysis. All genomes were sliced with 1 bp step and 30 bp window 

using the seqkit tool v.0.16.1 (Shen et al. 2016). The resulting datasets were aligned to 

the curated assemblies and raw reads obtained from the AVL/CTVM17 cell DNA 

using bowtie2 v.2.2.4 (Langmead and Salzberg 2012); samtools toolkit v.1.9-47 (Li et 

al. 2009) was used for filtering, sorting and indexing resulting alignments. Igvtools 

v.2.5.3 (Thorvaldsdottir, Robinson, and Mesirov 2013) was used for average coverage 

density calculation. Contigs and reads covered with bacterial fragments were chosen 

for further analysis. Alignments were visualised with the IGV browser (Robinson et al. 

2011).  

Raw ONT and PacBio reads were filtered by length using the Filtlong tool 

v.0.2.1 (github.com/rrwick/Filtlong); only reads longer than 1000 bp were used for the 

analysis. All complete Rickettsia assemblies (Supplementary table 4) were aligned to 

raw reads using minimap2 v.2.17 (Li 2018).  

3.2.3.2. Searching for Wolbachia insertion in the G. morsitans 

assembly 

All of the published complete genomes of Wolbachia (46 assemblies as for June 

2021, see Supplementary table 5), as well as contig-level assemblies of S. glossinidius 

str. ‘morsitans’ (GCA_000010085.1), W. glossinidia (GCF_000247565.1), and 

Wolbachia endosymbiont of G. m. morsitans wGmm (GCF_000689175) were used for 

the analysis. All genomes were sliced and aligned to the G. morsitans assembly as 

described for A. variegatum (see 3.2.3.1). 
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Raw ONT reads were filtered by length using the Filtlong tool v.0.2.1 

(github.com/rrwick/Filtlong); only reads longer than 5000 bp were used for the 

analysis. G. m. morsitans wGmm (GCF_000689175) and 73 complete genomes of 

Wolbachia spp. (see Supplementary table 5) were aligned to raw reads using minimap2 

v.2.17 (Li 2018). Reads were manually separated into three groups: (1) evenly covered 

with bacterial sequences; (2) left part of a read covered with bacterial sequences whilst 

right part had no matches in them; (3) right part of a read covered with bacterial 

sequences whilst left part had no matches in them. 

  



74 
 

3.3. Results  

3.3.1. Sequencing and assembly of Glossina morsitans genome 

The single male tsetse fly used for sequencing yielded approximately 3.7 mg of 

DNA with a 74 µg/ml concentration and 260/280 and 260/230 ratios of 1.95 and 2.4, 

respectively. 15.6 Gb of long-read sequences were obtained from three ONT runs with 

N50 read length of 12,395 bp. The longest read was 190,894 bp. Reads longer than 10 

kb comprised 8.9 Gb, 405 reads were longer than 100 kb and comprised 47 Mb (Table 

3-2). The latest estimation of G. morsitans genome size is 0.366 Gb (International 

Glossina Genome Initiative et al. 2014), which means that this data amounted to 

roughly 42X coverage, with at least 24X coverage with reads longer than 10 kb and 

1X coverage with ultra-long reads (>100 kb). 

 
Before filtering After filtering 

(Q>7) 
Mean read length (bp): 5,822 5,966 

Mean read quality: 12.7 13.3 
Median read length (bp): 2,892 2,974 

Median read quality: 12.8 13.3 
Number of reads: 2,676,241 2,458,373 

Read length N50 (bp): 12,39 12,692 
Total bases (bp): 15,583,390,495 14,666,828,975 

Megabases of reads above quality cut-
offs (and percentage of all reads) 

  

>Q5: 15301.2Mb (97.2%)  14666.8Mb 
(100.0%) 

>Q7: 14666.8Mb (91.9%)  14666.8Mb 
(100.0%) 

>Q10: 12422.4Mb (75.3%)  12422.4Mb 
(82.0%)  

>Q12: 10052.3Mb (56.5%)  10052.3Mb 
(61.5%)  

>Q15: 6192.2Mb (31.0%) 6192.2Mb (33.8%)  
Top 5 longest reads (mean quality score) 

  

#1 190,894 bp (10.2) 190,894 bp (10.2) 

Table 3-2 Glossina morsitans ONT reads length and quality distribution 
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#2 173,743 bp (9.9) 173,743 bp (9.9) 
#3 173,287 bp (11.2) 173,287 bp (11.2) 
#4 173,107 bp (11.0) 173,107 bp (11.0) 
#5 169,316 bp (17.1) 169,316 bp (17.1) 

Long reads were assembled with several assemblers (see Methods 3.2.2 and 

Supplementary table 3). Flye and raven assemblers resulted in the lowest number of 

contigs (708 and 941, respectively) and showed the best BUSCO scores (3177 complete 

BUSCOs in both assemblies). The length of both assemblies was slightly longer than 

the current representative genome, 370,719,651 bp for Flye and 388,584,165 bp for 

Raven. Such metrics as N50 and L50 and the longest contig were better in flye assembly 

than in raven: N50 of 9,302,271 bp vs 3,246,851 bp, L50 of 12 contigs vs 32 contigs, 

and the largest contig of 30,116,467 bp vs 20,010,946 bp. The flye assembly was chosen 

for further genome polishing. 

Polishing with ONT raw reads using Medaka reduced the number of missing 

BUSCOs from 56 to 36. The following rounds of Racon polishing with Illumina reads 

decreased this number to 17-19. The assembly after the first and third rounds of Racon 

polishing was exhaustively polished with Pilon. After seven rounds of Pilon polishing, 

the best BUSCO score was obtained. The complete statistics on described steps of 

assembly and polishing can be found in Supplementary table 3. 

The polished assembly was 370,683,298 bp long and assembled in 723 contigs 

with N50 of 8,605,315 bp and L50 of 13 contigs. Two largest contigs were 24 Mb long 

(scaffold_279_segment0 and scaffold_304_segment0). A total of 3259 complete 

BUSCOs were found, of which 3200 were single-copy and 59 duplicated, nine genes 

were fragmented, and 17 were missing. The currently available RefSeq assembly 

GCA_001077435.1 has 3188 complete BUSCOs and 49 missing.  

Manual curation of the assembly 

Sixty-five contigs had zero coverage with Illumina reads, implying that these 

sequences did not belong to the assembly and were removed. Very short contigs (145 
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contigs less than 1000 bp) were aligned against the rest of the assembly, and 128 of 

them had a match in the rest of the assembly. This might mean that these fragments 

belonged to repetitive or heterogeneous regions of the genome and, combined with a 

high ONT error rate, these parts were misassembled. These contigs were removed from 

the assembly as they were unlikely to contain information valuable for this study. The 

seventeen short contigs which did not match the rest of the assembly were searched 

with blast, and the results are presented in Table 3-3. Four of them did not have any 

match in the ‘nt’ database and were also removed from the dataset. Ten contigs clearly 

belonged to W. glossinidia, and thus were kept for further analysis. Two contigs 

belonged to Bacteria and, considering their short length and low identity with the hit, 

these contigs might have had originated from conserved genomic regions of the tsetse 

fly bacterial symbionts. One contig was assigned to Drosophila melanogaster and most 

likely originated from the region of the G. morsitans genome which is conserved among 

Diptera. 

 
leng
th, 
bp 

Top hit Top hit name 
per. 

Ident, 
% 

e-
valu

e 

scor
e 

query 
cover, % 

contig_1000
_segment0 

772 CP003315.1 
Wigglesworthia 
glossinidia of Glossina 
morsitans 

100 0 1426 100 

contig_1050
_segment0 

607 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1122 100 

contig_1060
_segment0 

837 CP003315.1 
W. glossinidia of 
G. morsitans 99.9 0 1541 100 

contig_1061
_segment0 

550 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1016 100 

contig_1062
_segment0 

823 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1520 100 

contig_1063
_segment0 

608 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1123 100 

contig_164_
segment0 

180 - - - - - - 

contig_202_
segment0 

207 CP023338.1 
Drosophila 
melanogaster 97.1 

2.28
E-39 

174 49 

contig_236_
segment1 

111 - - - - - - 

Table 3-3 Blast search results for short contigs which had no match within the rest of the 
G. morsitans assembly 
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contig_311_
segment0 

644 - - - - - - 

contig_656_
segment0 

516 CP045970.1 Listeria monocytogenes 72.5 
3.89
E-21 

115 74 

contig_659_
segment0 

750 CP034900.1 Buchnera aphidicola 74 
4.50
E-17 

102 35 

contig_824_
segment0 

230 - - - - - - 

contig_877_
segment0 

846 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1563 100 

contig_926_
segment0 

673 CP003315.1 
W. glossinidia of 
G. morsitans  100 0 1243 100 

contig_994_
segment0 

725 CP003315.1 
W. glossinidia of 
G. morsitans  100 0 1339 100 

contig_999_
segment0 

695 CP003315.1 
W. glossinidia of 
G. morsitans 100 0 1284 100 

Table 3-4 shows the main characteristics of the polished and curated assembly 

used for further analysis compared with published assemblies. The overall curated 

assembly with the working title “Gmors_asm_v2” spanned 365,558,824 bp in 566 

contigs, with the largest contig of 24,922,338 bp and GC content of 34.25%. N50 and 

N75 were 9,323,236 and 4,442,315, respectively. Figure 24 demonstrates the cumulative 

length of contigs for the assembly generated in this study (“Gm_male_v2”), the 

representative assembly from the VectorBase and another assembly available from 

GenBank. It is obvious from the plot that most of the “Gm_male_v2” assembly 

comprised long contigs; L50 and L75 were 12 and 27 fragments, respectively. Sequences 

of bacterial symbionts were kept in the assembly. 

Figure 24 The cumulative plot of the curated assembly from this study 
(Gm_male_v2) with the published G. morsitans assemblies. 
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The nucleotide sequence of the curated G. morsitans “Gm_male_v2” assembly 

can be found in Digital supplementary material. 

 Gmors_asm_
v2 

GCA_001077
435.1_ASM10

7743v1 

GCA_001014
515.1_ASM10

1451v1 

VectorBase-
54_Gmorsita

nsYale 
Number of contigs 566 24071 32924 13807 

Total length, bp 365,558,824 363,107,242 348,062,779 366,195,856 
Largest contig, bp 24,922,338 538,223 309,339 25,362,821 

GC, % 34.25 34.12 34.03 34.12 
N50, bp 9,323,236 49,788 20,491 120,413 

L50 12 2,011 4,597 570 
N’s per 100 kbp 0.01 0 3665.11 842.94 

Complete BUSCOs 3240 3188 3036 3216 
Single-copy BUSCOs 3186 3147 3006 3168 
Duplicated BUSCOs 54 41 30 48 

Fragmented BUSCOs 16 48 124 30 
Missing BUSCOs 29 49 125 39 

3.3.2. Targeted assemblies of symbiotic bacteria from 

G. morsitans 

The nucleotide sequences of assemblies of symbiotic bacteria from G. morsitans 

can be found in Digital supplementary material. 

Taxonomical assignment revealed 47,755 (1.78% of all ONT reads), 29,750 

(1.11%), and 16,550 (0.62%) reads belonging to Sodalis, Wigglesworthia and Wolbachia 

genera, respectively. These subsets of reads were separately assembled with flye 

resulting in three assemblies shown in Table 3-5.  

The genome of S. glossinidius was assembled in 16 fragments, of which six were 

circular, the biggest contig (contig_3_len_4208665_cov_33_circular) spanned 4.2 

Mb and matched the chromosome of S. glossinidius str. ‘morsitans’ 

(GCA_000010085.1) (Figure 25a). Three circular fragments were very closely matched 

with pSG2, pSG3 and pSG4 plasmids (see Table 3-6). The pSG1 plasmid was also 

Table 3-4 Comparison of published assemblies of G. morsitans and the assembly generated in 
this study (“Gmors_asm_v2”) 
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present but was not assembled correctly, and it matched with two non-circular 

fragments of 80 kb and 0.8 kb. One of the circular fragments of 36.4 kb matched with 

part of the S. glossinidius chromosome; perhaps it was a misassembly due to a 

repetitive region. Another eight non-circular fragments belonged to the S. glossinidius 

chromosome and consisted of different repetitive regions.  

 

 Total 
length, bp 

Fragments N50, bp Largest 
contig, 
bp 

Mean 
coverage  

Sodalis glossinidius 4,465,608 16 4,208,665 4,208,665 43 
Wigglesworthia 
glossinidia  

718,367 1 718,367 718,367 320 

“Wolbachia sp.” 1,721,369 50 91,660 386,408 58 
  

Table 3-5 Assembly statistics for three G. morsitans bacterial symbionts 



80 
 

Contig Blast top hit Top hit ID 
Query 
covera
ge, % 

Identi
ty, % 

contig_2_len_23236_c
ov_407 

Sodalis glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 99.76 

contig_3_len_4208665
_cov_33_circular 

n/a n/a n/a n/a 

contig_5_len_1103_co
v_40 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 100 

contig_6_len_806_cov
_9 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 100 

contig_7_len_2002_co
v_37 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 99.95 

contig_8_len_512_cov
_10 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 99.61 

contig_9_len_36475_c
ov_542_circular 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 99.97 

contig_12_len_892_co
v_86 

S. glossinidius str. ‘morsitans’ 
isolate B4, pSG1 

LN854558.1 100 100 

contig_13_len_21631_
cov_124_circular 

S. glossinidius pSG4 plasmid from 
Glossina palpalis AJ868438.1 100 99.97 

contig_14_len_24017_
cov_203 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 54 92.89 

contig_15_len_10086_
cov_80 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 99.94 

contig_16_len_4248_c
ov_121 

S. glossinidius str. ‘morsitans’ 
isolate B4, chr: SgGMMB4 

LN854557.1 100 100 

contig_17_len_27219_
cov_195_circular 

S. glossinidius pSG2 from Glossina 
austini AJ868436.1 100 99.91 

contig_18_len_19503_
cov_224_circular 

S. glossinidius pSG3 plasmid from 
G. palpalis AJ868437.1 98 99.99 

contig_19_len_80607_
cov_91 

S. glossinidius str. ‘morsitans’ 
isolate B4, pSG1 

LN854558.1 100 99.95 

     

 

  

Table 3-6 Blast results for Sodalis glossinidius contigs 
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The W. glossinidia genome was assembled into one contig, which had a 99.82% 

match with the reference assembly ASM24756v1 (Figure 25b). 

The Wolbachia genome was assembled into fifty contigs, none of which matched 

the known Wolbachia endosymbiont of G. morsitans wGmm (Figure 25c). This implies 

that the sequenced tsetse fly did not bear a cytoplasmic Wolbachia and that the contigs 

belonged to a Wolbachia insertion into the host genome.  

The analysis of genes used for the MLST (multi-locus sequence typing) analysis 

revealed that the assembled Wolbachia sequences most likely originated from a 

Wolbachia belonging to the group A, which are found in flies and bees. The top hit for 

a coxA gene were group A Wolbachia from different bees (99.25% identical with coxA 

genes from Sphecodes monilicornis, Nomada fabriciana, Andrena fbphaemorrhoa, 

Lasioglossum morio, accession numbers OX366400.1, OX366351.1, OX366326.1, 

OX366318.1 respectively). Cell division protein ftsZ was 99.41% identical with 18 

sequences from group A Wolbachia including four species listed above and several 

Figure 25 Dot-plot comparison of reference assemblies of three bacterial symbionts of 
Glossina morsitans with assemblies produced in this study. (a) Sodalis glossinidius str. 
‘morsitans’ (GCA_000010085.1); (b) Wigglesworthia glossinidia 
(GCF_000247565.1); (c) Wolbachia endosymbiont of G. morsitans wGmm 
(GCF_000689175). 
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Wolbachia from Drosophila flies. The gatB gene for glutamyl-tRNA amidotransferase 

subunit B was split into two parts and the top hit for it was another group A Wolbachia 

from Gymnosoma rotundatum, OX366347.1 with 96.6% identity. Fructose-biphosphate 

aldolase fbpA gene was 99.44% identical with the group A Wolbachia from Drosophila 

pseudotakahashii and other species mentioned above. Surface protein wsp gene 

sequence was 99.71% identical with Wolbachia from G. rotundatum and Phyllotreta 

cruciferae. No hcpA genes was found in the contigs. Wolbachia strain wGmm from 

G. morsitans (NZ_AWUH01000190.1) was not in the top 100 hits for the described 

marker genes.  

The 16S rRNA gene was substantially shorter than it supposed to be, Figure 26 

shows the comparison of 16S rRNA gene from the closest match, Wolbachia strain 

wIrr, only two fragments of the gene are present. 

3.3.3. Sequencing and assembly of A. variegatum genome 

The A. variegatum genome was sequenced in three batches:  

• 4.4 ml of AVL/CTVM17 culture yielded approximately 40 µg of DNA with a 9.9 

µg/ml concentration. Approximately 10 µg of the DNA were sent to the CGR for 

the PacBio Sequel II sequencing yielding 92.5 Gb of HiFi reads with the read 

quality above Q20 and median accuracy Q32. Mean and median read lengths were 

14,295 bp and 13,532 bp, respectively; 

• 2 µg of the same DNA extraction were used for ONT sequencing yielding 22.3 Gb 

of long-reads with N50 read length of 14,489 bp. The longest read was 220,142 bp. 

Figure 26 Comparison of 16S rRNA gene from Wolbachia strain wIrr and fragments of 16S 
rRNA gene from Wolbachia assembly obtained in this study. Black lines represent the missing 
region. 
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Reads longer than 10 kb comprised 13.3 Gb, reads longer than 100 kb comprised 

54.1 Mb; 

• AVL/CTVM17 cell cultures were sent to the University of Nottingham, where 

Prof Matthew Loose and Dr Inswasti Cahyani extracted high-molecular-weight 

DNA with a concentration of 56 ng/µg and 260/280 and 260/230 readings of 2.4 

and 1.8, respectively. Sequencing runs yielded 44.1 Gb of data with N50 93,314 bp 

and the longest read spanning 2,536,912 bp. Reads longer than 10 kb comprised 

38 Gb, and ultra-long reads longer than 100 kb comprised 21 Gb. 

Table 3-7 contains characteristics of the resultant data. 

The datasets were used for genome assembly with several different assemblers, 

and four of them produced reasonably good assemblies shown in Table 3-8. IPA and 

hifiasm assemblers produced the assembly with the least number of contigs and highest 

N50. The high number of duplicated BUSCO genes in the “flye” assembly might have 

resulted from haplotypes that were not merged. 

The nucleotide sequence of the A. variegatum assemblies can be found in Digital 

supplementary material. 
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ONT data 

before 
filtering 

ONT data 
after 

filtering 
(Q>7) 

PacBio data 

Mean read length (bp): 5,191.2 5,835 14,295 
Mean read quality: 11.7 13.4 32 

Median read length (bp): 665 516 13,532 
Median read quality: 12.3 13.2 31.6 

Number of reads: 12,795,503 6,254,812 6,467,236 
Read length N50 (bp): 45,249 99,278 14,283 

Total bases (bp): 66,424,146,478 36,500,413,644 92,448,861,707 
Megabases of reads above 

quality cut-offs (and percentage 
of all reads) 

   

>Q5: 64621.0 Mb 
(96.1%) 

36500.4 Mb 
(100%) 

n/a 

>Q7: 60852.3 Mb 
(89.1%) 

36500.4 Mb 
(100%) 

n/a 

>Q10: 52927.7 Mb 
(74.1%) 

36500.2 Mb 
(100%) 

n/a 

>Q12: 42466.7 Mb 
(53.5%) 

30510.6 Mb 
(73.4%) 

n/a 

>Q15: 14513.0 Mb 
(12.8%) 

11394.3 Mb 
(16.4%) 

92448.9Mb 
(100%) 

Top 5 longest reads (mean 
quality score) 

   

#1 2,536,912 
(14.4) 

2,536,912 
(14.4) 

50,290 (21.1) 

#2 
1,547,154 (6.5) 

1,270,861 
(11.8) 

50,189 (20.5) 

#3 1,270,861 
(11.8) 

1,210,236 
(14.3) 

50,022 (20.1) 

#4 
1,219,144 (6.9) 

1,128,272 
(12.3) 

49,899 (20.1) 

#5 1,210,236 
(14.3) 

1,123,993 
(15.5) 

49,853 (21.8) 

  

Table 3-7 Amblyomma variegatum cell line raw data length and quality distribution. Data from 
the two ONT batches were combined (22.3 Gb from the University of Liverpool and 44.1 Gb 
from University of Nottingham). PacBio HiFi reads did not require filtering by quality. 
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Assembler flye IPA Hifiasm wtdbg2 
Number of contigs 97,461 9,692 21,134 87,197 

Assembly length, bp 9,411,593,811 4,963,502,940 8,352,857,305 3,868,746,216 
Largest contig, bp 10,815,541 7,368,898 39,392,054 3,204,649 

GC (%) 47.4 47.38 47.38 47.47 
N50, bp 244,846 871,606 874,674 119,803 
N75, bp 99,942 451,084 388,716 36,103 

L50 9,454 1,605 2,133 7,176 
L75 24,435 3,576 5,726 22,388 

N’s per 100 kb 0.39 0.6 0 0 
Complete BUSCOs 2,698 2,068 2,711 2,758 

Single-copy BUSCOs 1,889 1,940 2,548 2,235 
Duplicated BUSCOs 809 128 163 523 
Fragmented BUSCOs 106 86 80 80 

Missing BUSCOs 130 780 143 96 

  

Table 3-8 Amblyomma variegatum cell line assembly characteristics and BUSCO scores. The 
best values are shown in bold. 

Figure 27 The cumulative plot of four assemblies of Amblyomma variegatum cell line 
generated in this study. 
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3.3.4. Targeted assemblies of R. africae 

All ONT and PacBio HiFi reads were classified with kraken and reads assigned 

to the genus Rickettsia were extracted into separate files and assembled with Flye. The 

assembly of ONT reads resulted in an assembly slightly bigger than the reference 

genome (1.52 Mb vs 1.29 Mb), although the assembly was quite similar to the reference 

genome in terms of nucleotide identity and contigs arrangement (Figure 28). Red 

dashed lines in Figure 28 delineate the region of the reference genome missing from the 

assembly, which is approximately 55 Kb. PacBio reads yielded an assembly almost 

twice as big as the expected size (2.4 Mb) due to numerous repetitive regions as seen 

in Figure 28b. The same region of the reference genome was missing (Figure 28b).  

There was an approximately 230 Kb region of the assembly (part of 

“scaffold_11”) which was missing from the reference genome (Figure 28a, between blue 

dashed lines). Figure 29 shows the “scaffold_11” in more details, focusing on transition 

of the left “non-rickettsial” part of the scaffold to the right “rickettsial” part of the 

scaffold. Figure 29a shows the overview of the “scaffold_11”; the top track 

demonstrates that the right part of the scaffold had a good match within the reference 

R. africae genome, and the left part had no matches in it. Figure 29b focuses on the 

central region of the scaffold where the transition occurred. The top track shows the 

alignment of raw ONT reads which were taxonomically assigned to Rickettsia spp. and 

used to produce the R. africae assembly; the resulting assembly was 5-25 times covered 

by such reads. There were reads which continuously covered the discussed region. The 

second track shows the full set of raw ONT reads aligned to the R. africae assembly; 

there was an obvious drop in coverage between the left and the right parts of the 

assembly. The majority of reads, which were aligned to the left part of the scaffold, 

had been soft-clipped at the same position (Figure 29b). The reason for such alignment 

pattern is not clear, there is a chance that this scaffold was chimeric and resulted from 

the erroneous assembly. A search for matches of the left part of the scaffold in the ‘nt’ 

database did not result in any hits, except for six predicted genes (see below). 
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The annotation of the assembly on the ONT reads revealed 2113 CDSs in 1.52 

Mb assembly. There were 127 annotated genes split by stop codons into two or more 

parts in the assembly of ONT reads, which might have resulted from the fact that the 

assembly was unpolished, thus this is not a final result. The same annotation approach 

found only 29 broken genes in the reference genome of R. africae.  

Interestingly, the section missing from the reference genome region of 

“scaffold_11” (Figure 28a, between blue dashed lines, and Figure 29a) contained 154 

predicted proteins according to Prokka annotation, although all of them were 

annotated as “hypothetical” (Figure 29a, red arrow region). This region had noticeably 

less dense gene coverage compared with the right part of the scaffold, and the genes 

were shorter (Figure 29c). The mean length of the subset of the genes from the left 

part of the “scaffold_11” was 373 bp, whereas the mean length of the genes from the 

right part was 497 bp (Figure 29c, dashed lines). Only six of these 154 hypothetical 

proteins found matches in the ‘nt’ database, and top hits for these six genes were from 

either tick or insect genomes (Table 3-9).  

Figure 28 Dot-plot comparison of the reference Rickettsia africae genome with two 
assemblies based on ONT reads (a) and PacBio HiFi reads (b). Red dashed lines delineate 
the region of the reference genome missing from both assemblies. On the contrary, blue 
dashed lines in the panel ‘a’ confine the region in the “scaffold_11” of the assembly from 
ONT reads missing from the reference genome.  
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Predicted 
gene 

Blast top hit Top hit ID Identi
ty, % 

e-
value 

ONT_Ra_0
1680 

XM_037426675.1 Rhipicephalus microplus uncharacterized 
LOC119175721 

76.1 0 

ONT_Ra_0
1796 

EU018131.1 Rhipicephalus appendiculatus isolate 
RAHD_87 Ruka SINE elements 

82.6 
1.70E
-31 

ONT_Ra_0
1797 

XM_037414893.1 Rhipicephalus microplus calcium-dependent 
secretion activator 

83.3 
1.71E
-65 

ONT_Ra_0
1798 

XR_005181519.1 Rhipicephalus sanguineus uncharacterized 
LOC119382390 

83.7 
2.00E
-34 

ONT_Ra_0
1809 

XR_005191321.1 Dermacentor silvarum uncharacterized 
LOC119450099 

89.0 
8.40E
-14 

ONT_Ra_0
1819 

OV277349.1 Sicus ferrugineus chromosome 2 
100 0.006 

Table 3-9 Blast ‘nt’ hits of six hypothetical proteins from the R. africae assembly based on 
ONT reads 
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Figure 29 The schematic representation of “scaffold_11” from the assembly based on the ONT 
reads.  

(a) Overview of the 454 Kb scaffold; top track demonstrates the alignment of the assembly with 
the reference Rickettsia africae genome; red arrow shoes the region with no match with the 
reference R. africae genome and only hypothetical proteins in the annotation; green arrow 
shows the region which matched the reference genome and its annotation.  

(b) The central region of the “scaffold_11”; top track shows the alignment of ONT reads which 
were used for the assembly, the coverage range shown is 0-25X; the bottom track shows the 
alignment of all ONT reads, the coverage range shown is 0-150X.  

(c) Comparison of gene length distribution between the left region with hypothetical genes and 
right region with R. africae genes. The dashed lines show the mean value for each dataset.  
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3.3.5. Searching for bacterial insertions within the resultant 

assemblies 

3.3.5.1. Wolbachia and other bacterial sequences within the 

G. morsitans assembly 

Figure 30 represents a schematic overview of contigs from the curated 

G. morsitans assembly “Gm_male_v2”. The position of circles depends on the contig 

coverage and GC-content, color corresponds to the taxonomic affiliation of the contig, 

and the size is proportional to the size of the contig. The biggest contig assigned to 

Anaplasmataceae (Wolbachia) was 17 Mb, whereas the typical Wolbachia genome size 

should be 6-20 times smaller. The blast algorithm sometimes assigns the whole contig 

to the taxon even if only parts of the contigs correspond to the taxon if other parts of 

the sequence have no good hits. This contig contained three regions of Wolbachia motifs 

3 Kb, 4 Kb and 130 Kb in size (Figure 31a). There were 37 contigs from 1.1 Kb to 17 

Mb assigned to Anaplasmataceae by blastn algorithms; none of them contained 

Wolbachia regions longer than 130 Kb while previous studies claimed bigger segments 

(528 Kb and 484 Kb) incorporated into the tsetse fly genome. The third insertion was 

reported as only 2 Kb (Brelsfoard et al. 2014).  

Another attempt to understand the nature of the Wolbachia sequences within 

the G. morsitans assembly was to assemble the bacterial reads separately from the 

host reads. This approach – classify reads according to taxonomical assignment, extract 

reads of taxon of interest, assemble these reads separately – proved to result in high 

quality complete or almost complete assemblies with many symbiotic bacteria. For 

example, S. glossinidius and W. glossinidia were assembled in full into 16 and 1 

fragments, respectively (see Figure 25(a, b) and section 3.3.2 for details). At the same 

time reads assigned to Wolbachia were assembled in 50 contigs spanning 1.72 Mb with 

the 58X mean coverage, and this fragmented assembly was not similar to the wGmm 

genome (Figure 25c) or any other published Wolbachia genome. 
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Figure 31 ‘Blobplot’ representation of the “Gm_male_v2” assembly, contigs are placed in 
the graph depending on the coverage and GC content. Circle sizes represent size of contigs. 
Circle colours represent taxonomic assignment of contigs on the family level.  

Figure 30 (a) Left flank of the 17 Mb contig from G. morsitans "flye" assembly with three 
Wolbachia motifs; the top dark-red track shows coverage of the contig with 30-mers derived 
from Wolbachia wGmm reference assembly, the bottom blue track shows coverage with short 
Illumina reads. (b) The 276 Kb contig with the Wolbachia motif in the middle.  
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The fragmented nature of the Wolbachia assembly, its dispersion across 

G. morsitans contigs, and low identity with the Wolbachia assemblies suggest that the 

Wolbachia sequences did not belong to the living symbiont and were incorporated into 

host genome. However, these arguments can serve only as indirect evidence and further 

experiments are required to understand the nature of these Wolbachia fragments. The 

pattern of Wolbachia sequence distribution is different from those described by 

Brelsfoard and coauthors (Brelsfoard et al. 2014), which might indicate a further 

degradation of insertions within the host genome. 

3.3.5.2. R. africae sequences within the A. variegatum assembly 

Two assemblies and raw reads were aligned to the reference R. africae assembly 

as shown in the Figure 32. Most of the assembly matched the reference genome except 

for one region shown as two flanking regions highlighted with grey boxes (the reference 

R. africae genome is circular, and is split within this region for the illustration 

purposes). This region was approximately 55 kb and contained genes tolB, rpoH, tolQ, 

tolR, asd, hslU, lpxB, mltG, topA, ruvX, mutS and rpiB, as well as genes without any 

assigned function (not labelled in Figure 32). The lack of rpoH and mutS genes 

(highlighted in red) corresponded well with the lack of amplification of these genes in 

A. variegatum AVL/CTVM13 and AVL/CTVM17 cell lines as mentioned in the 

introduction to this chapter (see section 3.1.2).  

Aligning 30-mers derived from the R. africae reference genome and the 

collection of 72 published complete genomes of Rickettsia spp. to the “flye” assembly 

revealed 28 contigs, from 30 kb to 323 kb, which were entirely or almost entirely 

covered with rickettsial sequences. Such contigs could be equally a part of the symbiotic 

Rickettsia genome or of the rickettsial insertion, so they were of no use for the current 

analysis. Another two contigs (contig_69393, 275 kb, and contig_16902, 977 kb) had 

a distinct pattern with only a fraction of the contig matching rickettsial sequences; the 

rest of the contig only had matches to different genes of hard ticks (Figure 33, tracks 

“R. africae k-mers” and “Rickettsia spp. k-mers”). There was no substantial change in 
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coverage between the “tick” part of these contigs and the “rickettsial” part (Figure 33, 

tracks “ONT reads” and “PacBio reads”). 
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Figure 32 Rickettsia africae reference assembly (GCF_000023005.1) aligned with two assemblies ("flye" and "hifiasm") and raw ONT and 
PacBio reads derived from the A. variegatum cell line AVL/CTVM17. The overview of the full R. africae chromosome with four coverage tracks 
is shown on the top. The bottom row shows left and right flanking regions with a drop of coverage in all four tracks. Two genes in red – rpoH 
and mutS – could not be amplified with PCR assays on tick cells and were clearly not present in the genomic data. 
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Figure 33 Two contigs from the "flye" A. variegatum cell line assembly which had indicated a partial match to rickettsial genome 
compendium. Top track on each plot indicates k-mers matched to the published genome of R. africae, and second from top track indicates 
k-mers matched to a compendium of all complete Rickettsia genomes from NCBI. Two bottom tracks indicate the coverage by ONT and 
PacBio HiFi reads.  
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3.4. Discussion 

Two genome assemblies of important Arthropoda species were generated in this 

study. The chromosome level assembly of G. morsitans, a vector of trypanosomiases, 

had a higher continuity and completeness than currently available in the public 

databases. The first assembly for A. variegatum and for the genus Amblyomma, vectors 

of numerous human and livestock pathogens, was obtained. Due to the large size of 

the genome and its complex structure, the A. variegatum assembly needs further 

curation, although formal quality assessment (the best BUSCO score was 94%) 

indicates that the assembly can already be used as a reference genome for tasks such 

as transcriptomic experiments or pathway reconstruction. In this study the assemblies 

were used to confirm or reject the hypotheses of the rickettsial insertion in the 

A. variegatum nuclear genome and Wolbachia insertion in the G. morsitans genome. 

While the transfer of genetic material from Wolbachia to its hosts has been 

confirmed in multiple symbiotic systems (e.g., tsetse flies (Doudoumis et al. 2012), pea 

aphids (Nikoh et al., 2008), mosquitoes (Klasson et al., 2009), beetles (Aikawa et al., 

2009)), Rickettsia bacteria are not known to undergo integration into the host nuclear 

genomes. The A. variegatum cell line did not show any physical presence of R. africae, 

although was positive in molecular screening assay based on amplification of marker 

genes. This study attempted to confirm the nature of rickettsial sequences in the tick 

cells by aims of bioinformatic analysis.  

3.4.1. Rickettsial insertion in the A. variegatum nuclear 

genome 

Two approaches were used to analyse R. africae sequences from the 

A. variegatum assembly. First, all reads were filtered according to their taxonomical 

assignment and only “rickettsial” reads were used for the assembly. The resulting 

assembly was compared with the reference genome of R. africae. The comparison 
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revealed two interesting differences between the assembly obtained in this study and 

the reference assembly of R. Africae: an approximately 55 Kb region of the reference 

genome which was absent from our assembly and an approximately 230 Kb region 

which was on the contrary present in our assembly and not present in the reference 

R. africae genome (Figure 28).  

The 55 Kb region absent from our assembly contained several gene essential for 

Rickettsia, which are found in all other complete assemblies of Rickettsia spp. The 

genes tolB, tolR and tolQ are described as integral membrane proteins of the Tol–Pal 

system essential for active transport across the outer membrane and to maintain cell 

envelope integrity (Cascales, Lloubès, and Sturgis 2008). Although some authors 

claimed that Rickettsia prowazekii lacked this system (Sturgis 2001), a later complete 

assembly of R. prowazekii of a better quality contains three listed genes 

(GCA_000277165.1 ASM27716v1). All other complete rickettsial assemblies (70 

assemblies listed in Supplementary table 4) also contained two copies of all three genes 

with the exception of two assemblies of Rickettsia parkeri, which lacked tolR. The rpiB 

gene was absent only in three assemblies – two Rickettsia canadensis and Rickettsia sp. 

from Bemisia tabaci. All other genes which fall into the absent region (rpoH, asd, hslU, 

lpxB, mltG, topA, ruvX, and mutS) are present in all complete rickettsial assemblies. 

Such result suggests that these genes are essential for rickettsial metabolism and are 

unlikely to be absent in fully-functional symbiotic bacteria.  

The 230 Kb region which is present in our assembly and not present in the 

reference genome of R. africae had no matches within bacterial assemblies in the ‘nt’ 

database. The annotation revealed only hypothetical genes in this region, of which only 

six had any similarities with known genes (Figure 29a). These six genes were similar 

to Arthropoda genes, and not bacterial genes (Table 3-9), which might indicate that 

this scaffold captured the transition between host genome and bacterial insertion. 

However, it must be noted that there were many reads which aligned to this region 
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and were clipped at the point of the transition, so theoretically this scaffold might be 

the result of misassembly.  

The second approach was to find rickettsial fragments in the whole 

A. variegatum assembly. Two A. variegatum assemblies were aligned with the 

R. africae reference genome and all possible 30-mers from complete Rickettsia 

assemblies to find contigs or parts of contigs with bacterial motifs. Several contigs 

wholly matched rickettsial sequences, and thus were of no interest for further analysis, 

they could equally possibly come from the living symbiont or from the insertion. Two 

contigs of 275 Kb and 976 Kb were found were found to comprise tick sequences flanked 

by rickettsial sequences (Figure 33). It is important to note that there was no abrupt 

change in raw reads coverage within these contigs as is often the case between the host 

genome and symbiont genome; bacteria are often present in several or many copies per 

host cell. A good example of such difference in coverage is the S. glossinidius and 

W. glossinidia and the host sequences (Figure 30). Most of the fly contigs lay in the 

range of 20-40X coverage with exception of several outliers, whereas S. glossinidius 

contigs were covered approximately 85 times, and W. glossinidia contigs were covered 

in the range of 200-400X (Figure 30). This means that in case of a misassembly when 

bacterial sequence is erroneously joined with the host sequences, there is likely to be a 

clear discrepancy in coverage.  

Many indirect arguments have been collected in this study supporting the 

hypothesis that rickettsial sequences are incorporated into the A. variegatum cell line 

genome. Such features as the lack of essential genes, contigs consisting of bacterial and 

tick parts, similar coverage of bacterial and tick fragments indicate that the genetic 

material was more likely to originate from the insertion rather than the living 

symbiont. However, there is a need to experimentally confirm the presence of the 

rickettsial insertion in the A. variegatum genome, which could be done with in situ 

hybridisation of insertion-specific probes with the tick chromosomes.  
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3.4.2. Wolbachia insertion in the G. morsitans nuclear genome 

Wolbachia fragments were likely to originate from the insertion based on such 

features as the high level of fragmentation of Wolbachia assembly, the failure to 

assemble a Wolbachia genome of the quality similar to other two cytoplasmic 

symbionts, the dissimilarity of the assembled Wolbachia contigs from the Wolbachia 

wGmm assembly and all other published Wolbachia assemblies. Interestingly, the 

pattern of the Wolbachia fragments placement in the G. morsitans assembly was 

different from the described by Brelsfoard and coauthors (Brelsfoard et al. 2014): there 

were more Wolbachia fragments and they were substantially shorter. The higher level 

of dispersion of the Wolbachia motifs within the G. morsitans assembly might indicate 

an ongoing degradation of the inserts within the host genome. The analysis of the main 

marker genes used for taxonomical assignment of Wolbachia revealed that the obtained 

sequences originated from some Wolbachia from the supergroup A, but not from 

wGmm as was described by Brelsfoard and co-authors (Brelsfoard et al. 2014).  

The original idea was to use the improved, more contiguous G. morsitans 

assembly as a testbed for bioinformatic search for bacterial insertions, since the 

Wolbachia insertion into the G. morsitans genome was well known and described in 

literature (Brelsfoard et al. 2014; Doudoumis et al. 2013; 2012). Unfortunately, it 

turned out that the sequences of the described insertions are not publicly available. 

This made the direct detection of the Wolbachia insertion impossible. Thus, the 

analysis of the Wolbachia sequences within the G. morsitans assembly was based on 

the sequence comparison of cytoplasmic Wolbachia, Wolbachia symbiont from 

G. morsitans (wGmm) in particular, and the localisation of bacterial patterns within 

the host assembly.  

It is important to mention that the tsetse fly colony maintained at the LSTM 

and used in this study was affected by heat and went through a bottle neck (personal 

communication with Dr Lee Haines). This heat stress may have affected the Wolbachia 

presence in the colony as environmental stresses can reduce or kill Wolbachia 
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populations (Ulrich et al. 2016). There is a hypothesis that it is the induction of phage 

WO that triggers loss of Wolbachia (Sarah R. Bordenstein and Bordenstein 2011) and 

Wolbachia chromosome undergoes degradation during the bacteriophage lytic cycle 

(Seth R. Bordenstein et al. 2006). The heat shock is known to cause DNA breaks 

(Velichko et al. 2012) and alter membrane integrity (Niu and Xiang 2018), which 

couples with the Wolbachia DNA degradation might lead to further incorporation of 

Wolbachia genetic material into host genome. So the heat stress event might explain 

the differences between Wolbachia insertion patterns observed in this study and those 

published previously (Brelsfoard et al. 2014).  

3.4.3. Limitations of the bioinformatic approach for insertion 

search 

The bioinformatic approach for bacterial insertions analysis has its limitations. 

First of all, this analysis depends on the quality of reference assemblies. For example, 

neither the R. africae nor the Wolbachia wGmm assemblies were derived from axenic 

cultures but instead were derived from mixed samples: infected Vero cells in the case 

of R. africae (Fournier et al. 2009) and G. morsitans ovaries in the case of Wolbachia 

(Brelsfoard et al. 2014). These assemblies were based on short-read data, which means 

a high probability of misassemblies and contamination by host sequences. Such 

contaminations can be minimised by relying on complete genomes of other species of 

Rickettsia and Wolbachia, as complete circularised bacterial assemblies have a smaller 

chance of contamination. 

Considering that more and more genomes of animals are sequenced nowadays, 

the described analysis of bacterial fragments within host assemblies should be helpful 

for at least preliminary assessment of the data, although the results of the in silico 

analysis should be further confirmed by experimental techniques such as in situ 

hybridisation.  
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3.4.4. Future work and the potential use of the resultant 

assemblies 

By employing a bioinformatic assessment technique for identifying the source 

of bacterial sequences, the investigation of bacterial insertions into host genomes can 

be simplified, leading to a better understanding of the occurrence rate and patterns of 

such insertions, as well as the evolutionary destiny of the inserted bacterial fragments. 

The high quality assemblies will produce a better genomic annotation and could 

also result in the discovery of novel genomic structures such as tandem repeats 

(Torresen et al. 2017), better resolution of coding and non-coding regions, improving 

gene models (Satou et al. 2008) and identification of previously unknown genes and 

pathways (E. S. Rice et al. 2017). Assemblies obtained from a single individual and 

based on long reads are helpful for resolving haplotigs and thus reducing erroneous 

duplications from genomes (Guan et al. 2020). 

The assemblies produced here can be further improved. While we were able to 

produce chromosome-size scaffolds for G. morsitans, they remain unlocalised to a 

particular chromosome. The chromosome set within the G. morsitans species complex 

is not stable (Gariou-Papalexiou et al. 2002). The karyotype of G. morsitans consists 

of two pairs of autosomes (L1 and L2), a pair of sex chromosomes (XX for female 

individuals and XY for males) and from zero to seven S-chromosomes (supernumerary) 

or B-chromosomes (Gariou-Papalexiou et al. 2002; Itard 1973).  

The assembly produced for G. morsitans in this project should be helpful for 

insights about sex determination in tsetse flies and Diptera in general. Currently, 

available assemblies originate either from a mixture of sexes or from female flies; the 

assembly generated in this study was obtained from a single male fly, so the comparison 

between female and male assemblies should lead to better understanding of the Y 

chromosome structure.  
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4. Chapter IV Single-cell transcriptomics of tick 

cell lines: preparing materials and data 

4.1. Introduction 

Single-cell sequencing experiments require a lot of prior preparation and data 

collection for successful analysis, especially when working with non-model organisms 

(Lafzi et al. 2018) For this study, it was necessary to choose appropriate tick cell 

cultures and symbiotic bacteria capable of growing in the selected cells. It was 

necessary to take into account such factors as availability and variability of cell 

cultures, the economic and epidemiological importance of tick species, and the range 

of symbionts maintained in the culture.  

4.1.1. Cell lines in tick-pathogen research 

The research using field ticks or laboratory tick populations has many 

limitations. In the case of using field ticks, the most serious difficulty is the limited 

accessibility of material and the seasonality of material collection; this is why field 

collection is mainly used in population screening studies. Maintaining and propagating 

tick colonies in laboratory conditions requires a complicated setup and is therefore 

costly and time-consuming (Salata et al. 2021). In order to be successfully colonised, 

live ticks require either live animals to feed on or artificial feeding assays. Using live 

animals for feeding is expensive and raises ethical concerns, as they might suffer from 

skin inflammation, anaemia, and other consequences of tick infestation (Krober and 

Guerin 2007). Designing an in vitro assay for tick feeding is challenging because it has 

to be developed separately for each species because of differences in feeding time and 

structure of mouthparts (Krober and Guerin 2007). Furthermore, ticks require 

particular chemical and physical stimuli to start the feeding process (Guerin et al. 

2000) and a system that permits some ticks to feed and detach when replete and not 
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at the same time for all (Krober and Guerin 2007). For example, Kuhnert and 

coauthors induced attachment of ticks to a feeding membrane “with combinations of 

host hair, tick faeces, a bovine pelage extract and a synthetic aggregation-attachment 

pheromone mixture” (Kuhnert, Diehl, and Guerin 1995). It should also be noted that 

ticks feed and develop slowly, some ticks are able to complete their life cycle in six 

weeks under favourable conditions (Senbill et al. 2018), for other species (e.g., I. ricinus 

in cold areas of Europe) it might take 3-11 days for each blood meal and 3–6 years for 

the whole life cycle in nature, limiting the scope of experiments on live ticks (Vechtova 

et al. 2020).  

Tick cell lines are cheaper to maintain; they grow faster, in many cases doubling 

the number of cells approximately every week, and can be easily transferred between 

labs. Tick cell lines also do not require a considerable amount of paperwork for the 

ethical justification of experiments. Therefore, tick cell lines play a significant role in 

tick and tick-borne pathogen research, including tick biology, host-pathogen 

relationships, genetic manipulation, genomics and proteomics (Lesley Bell-Sakyi et al. 

2018). 

The first continuous tick cell lines were established in 1975 (Varma, Pudney, 

and Leake 1975). Nowadays, there are more than 70 tick cell lines available, and it is 

possible to use them to propagate a wide range of pathogens vectored by ticks: 61 

viruses, 18 bacteria and at least three protists have been described (Salata et al. 2021; 

Lesley Bell-Sakyi et al. 2012). This expanded the tick-borne disease research as many 

agents (e.g., some Anaplasma, Rickettsia and Borrelia species) cannot be grown in 

vitro in any other culture system (Lesley Bell-Sakyi et al. 2007). Although not a 

replacement for the whole organism, tick cell lines enable studies at the cellular and 

molecular level and provide a more accessible, more ethical, and less expensive in vitro 

alternative to in vivo tick feeding experiments (Al-Rofaai and Bell-Sakyi 2020). Of 

course, there are limitations to research using tick cell lines, such as lack of information 

about pathogen dynamics, the location and route of a pathogen within a host, and 

symptoms of infection.  
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Tick cell lines are established from whole embryos, larvae or nymphs without 

attempts to select particular tissue types, so cell lines might consist of several cell types 

(Bell-Sakyi 1991; Bell-Sakyi et al. 2007). Different cell types are believed to be essential 

for cell line survival as all attempts to clone cells from cell lines or individual organs 

failed (Munderloh et al. 1994). Cells in cultures divide relatively slowly, grow to high 

densities (106 – 107 cells per ml), and many lines do not require regular subculture, 

making them particularly suitable for the isolation of slow-growing microorganisms 

(Lesley Bell-Sakyi et al. 2007). 

Tick cell lines are widely used in tick-pathogen research and have drastically 

broaden the field (Lesley Bell-Sakyi et al. 2007). There are studies that have shown 

that cell lines may serve as an in vitro method for examining the ways in which tick-

borne pathogens interact with tick physiology (Mateos-Hernandez et al. 2021) and 

participate in bacterial interplay (Solyman et al. 2022; Skinner et al. 2022). 

4.1.2. Overview of species used in the study 

Ixodid ticks have a rigid chitinous shield covering the entire dorsal surface of 

the adult male, reflected in their common name – hard ticks. Ixodidae may be one-, 

two- or three-host species depending on how many species of host animals they attach 

on to feed. There are at least 702 species of Ixodidae ticks described to date 

(Guglielmone et al. 2010). Seventy-five species affect the human economy, being either 

a vector of human and livestock diseases or causing severe reactions such as allergies 

or toxicosis (Jongejan and Uilenberg 2004). Tick-borne diseases affect at least three 

aspects of the human economy: human health, e.g., Lyme disease, tick-borne 

encephalitis; damage to livestock, e.g., bovine anaplasmosis, babesiosis and theileriosis; 

and diseases of pets, such as cats and dogs, who can suffer from numerous pathogens 

transmitted by ticks (Pfaffle et al. 2013). Most genomic and transcriptomic studies are 

carried out with Ixodes species as they are widespread and thus important for North 

America (I. scapularis) and Europe (I. ricinus) as well as their cell lines have been 

widely distributed since (Jongejan and Uilenberg 2004). 
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One of the limiting factors when choosing tick cell lines is the availability of a 

high-quality reference genome assembly and a well-curated annotation. During the 

planning of the experiments described below, the availability of public genomic data 

was a very important criterion as hard ticks have very large genomes spanning from 

1.7 to 2.8 Gb, and the project budget did not include de novo tick genome assembly 

and annotation on such a scale. To date, the genomes of only nine species of ticks of 

the family Ixodidae have been sequenced (see Table 3-1). 

4.1.2.1. Ixodes scapularis 

I. scapularis, also known as the deer tick or black-legged tick, is the primary 

tick vector in North America of Lyme disease as well as the relapsing fever spirochete 

Borrelia miyamotoi, causative agents of human granulocytic anaplasmosis and 

babesiosis; and Powassan encephalitis virus (R. J. Eisen, Eisen, and Beard 2016; Thapa, 

Zhang, and Allen 2019). This tick has a three-host life cycle which might last for up 

to four years (Vandyk et al. 1996). Lyme disease has been on the rise during the last 

decades with 30-40 thousand cases reported each year (Kugeler et al. 2021). Even this 

number is believed to be an underestimate, with the real number of cases being up to 

10 times higher (Kugeler et al. 2021). I. scapularis is also spreading to the north into 

Canadian habitats where it has not previously occurred; the number of areas with 

I. scapularis has increased from one to seven in ten years from 1993 to 2003 (Ogden 

et al. 2005).  

Due to its importance, I. scapularis was the first hard tick chosen to be 

sequenced; the sequencing project was initiated in 2004 (Hill and Wikel 2005), some 

intermediate results were made public a few years later (Pagel Van Zee et al. 2007) 

and the assembly was completed in 2016 (Gulia-Nuss et al. 2016). This assembly has 

supported many molecular studies such as transcriptomic experiments which are not 

possible without a good-quality reference genome. Despite its importance, no 

mitochondrion contig was present in the assembly.  
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4.1.2.2. Ixodes ricinus 

I. ricinus, or the castor bean tick, is the most important tick vector in Europe 

and Northern Africa (Cramaro et al. 2015), and its distribution has recently expanded 

to the north and to higher altitudes (Rizzoli et al. 2014; Jaenson et al. 2012). It 

transmits many pathogens relevant to humans and livestock: Borrelia burgdorferi 

sensu lato, the agent of Lyme disease, tick-borne encephalitis virus, Anaplasma spp, 

Babesia spp. and Rickettsia spp. (Rizzoli et al. 2014). I. ricinus has a three-host life 

cycle, involving a wide range of vertebrate hosts, including birds, lizards and mammals 

of all sizes (Mysterud et al. 2015). The genome assembly of I. ricinus is smaller 

compared to other hard ticks, only 514 Mb according to the only available assembly 

as for November 2021 (Cramaro et al. 2015), although the flow cytometry-based 

analysis revealed a haploid genome size of 2.65 Gb for I. ricinus ticks and 3.80 Gb for 

the I. ricinus cell line” (Cramaro et al. 2017). 

4.1.2.3. Rhipicephalus microplus (formerly Boophilus 

microplus) 

R. microplus is considered the most important livestock pest in tropical and 

subtropical areas of the world, where it infests various livestock species, including 

cattle, horses, goats, sheep, and pigs (Jongejan and Uilenberg 2004). It is known as the 

Asian blue tick, Australian cattle tick, southern cattle tick, Cuban tick, Madagascar 

blue tick, and Porto Rican Texas fever tick; the variety of names represents its wide 

geographical distribution. R. microplus co-evolved with Asian bovines and spread 

across tropical and sub-tropical regions due to the global migration of Bos taurus cattle 

breeds for the dairy industry during the 18th and 19th centuries (Tabor et al. 2017). 

R. microplus transmits anaplasmosis and babesiosis and yearly global losses were 

estimated at US$13–18 billion at the end of the last century (de Castro 1997). 

R. microplus has been eradicated from the US since the 1940s and is controlled by 

Permanent Quarantine Zone at the border of the US and Mexico (Knolhoff and Onstad 

2014). Still, due to the global warming, R. microplus is expected to migrate to the 
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north more intensively and sneak into northern territories via wildlife corridor, making 

the species more relevant for US economics (Marques et al. 2020; Showler, Pérez de 

León, and Saelao 2021). Despite its high impact on many countries, less omics research 

is carried out with this species partly because the high-quality genome assembly was 

only published last year (Jia et al. 2020). The first version of R. microplus genome was 

published in 2012 although due to the large size and high complexity of the genome 

the assembly was not widely used for omics research; even the coding part of the 

genome wasn’t sequenced with the satisfactory coverage (0.9X) (Bellgard et al. 2012). 

The high quality assembly based on long reads was published recently (Jia et al. 2020). 

There are two independent submissions of mitochondrial genomes for R. microplus. 

One comes from the recent genome assembly, CM023492.1 (Jia et al. 2020), the second 

was sequenced previously separately from the nuclear genome, NC_023335.1, which is 

included in the RefSeq database (Burger, Shao, and Barker 2014).  

4.1.3. Tick-borne pathogens  

4.1.3.1. Ehrlichia minasensis 

Bacteria from the genus Ehrlichia are obligate intracellular pathogens of 

mammals; some species are capable of infecting humans (Cabezas-Cruz et al. 2016). 

The natural cycle of Ehrlichia spp. pathogens involves an arthropod vector and a 

definitive mammalian host and might include incidental hosts such as humans (T. B. 

Saito and Walker 2016). Human ehrlichioses usually appear as non-specific fever and 

malaise, although might result in serious complications such as meningoencephalitis, 

pneumonia, hepatocellular death, erythrophagocytosis, myeloid hyperplasia, and others 

(Saito and Walker 2016).  

E. minasensis is a pathogen of cattle initially isolated into IDE8 cells, and can 

be maintained in tick cultures of I. scapularis, I. ricinus, R. microplus, Rhipicephalus 

decloratus, Ornithodoros moubata or canine macrophages (Cabezas-Cruz et al. 2016; 

Zweygarth et al. 2013). Bacteria form small colonies inside vacuoles in the cytoplasm 
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surrounded by mitochondria and cisternae of rough endoplasmic reticulum (Cabezas-

Cruz et al. 2013). The genome of E. minasensis is 1.4 Mb with 30.36% GC-content 

(Cabezas-Cruz et al. 2015). There are two public draft assemblies available as for 

November 2021; both are based on short reads and are fragmented (Cabezas-Cruz et 

al. 2015; Aguiar et al. 2019). 

4.1.3.2. Spiroplasma sp. 

The genus Spiroplasma belongs to the phylum Tenericutes, class Mollicutes. 

The cells are pleomorphic, of various shape and size, typically thin filaments of 100-

200 nm in diameter and 3-5 µm in length; they form colonies within vacuoles in host 

cells (Williamson et al. 2015). Spiroplasmas are found in a wide range of hosts among 

plants and arthropods; some of them are considered to be pathogenic, others seem to 

be harmless or mutualistic (Binetruy et al. 2019). The first Spiroplasma from ticks was 

isolated in in 1964 from Haemaphysalis leporispalustris (Clark 1964), later in 1981 

found in Ixodes pacificus and was named S. ixodetis (Tully et al. 1981). Since then, 

this species was noticed in many other arthropods (Binetruy et al. 2019). S. ixodetis is 

transovarially transmitted and might induce early male killing, although the male 

killing trait was only observed in Coleoptera and Lepidoptera and not in ticks 

(Engelstädter and Hurst 2009). The Spiroplasma sp. DMAR11 used in this study was 

isolated from Dermacentor marginatus ticks from Spain; based on 16S rDNA, ITS, and 

rpoB gene sequences, this strain is closely related to Spiroplasma sp. Bratislava1 from 

I. ricinus and S. ixodetis (Palomar et al. 2019). 

4.1.3.3. Rickettsia raoultii 

R. raoultii was first isolated from Dermacentor ticks collected in Russia and 

France, later found in many Asian countries such as China, Thailand and Kazakhstan 

(Mediannikov et al. 2008; Parola et al. 2013). These bacteria are Gram-negative, non-

motile, rod-shaped obligate intracellular endosymbionts from the spotted fever group 

rickettsias (Mediannikov et al. 2008). At first, the species was not linked to any human 
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diseases, although later it was found to be associated with tick-borne lymphadenopathy 

in Europe and China (Switaj et al. 2012; Foldvari, Rigo, and Lakos 2013; Jia et al. 

2014) and meningeal syndrome and neurological abnormalities (Igolkina et al. 2018; 

Dong et al. 2019). R. raoultii has varying growth rates in cell lines derived from 

different tick species (R. microplus, Rhipicephalus sanguineus and I. scapularis) (Husin 

et al. 2021).  

4.1.3.4. St. Croix River virus 

St. Croix River virus (SCRV) is an endogenous tick virus belonging to the genus 

Orbivirus within the family Reoviridae. It can only infect tick cells and was first 

detected in an I. scapularis cell line (Attoui et al. 2001), although later its presence 

was reported in cell lines derived from another tick genus from a different continent 

(Lesley Bell-Sakyi and Attoui 2016; M. P. Alberdi, Dalby, et al. 2012). The genome 

consists of 10 segments spanning 18.5 Kb, and phylogenetic analysis revealed that 

SCRV is ancestral to other tick- and insect-borne viruses (Lesley Bell-Sakyi and Attoui 

2013). Since recently it is believed that most tick cell lines bear endogenous viruses, 

although most of them remain uncharacterised (Bell-Sakyi and Attoui 2013).  

4.1.4. Tick cell lines and bacterial pathogens available at the 

Tick Cell Biobank 

The TCB maintains a wide range of tick cell lines including those for the above-

mentioned species. At the time of writing, there are five cell lines derived from 

I. scapularis, four from I. ricinus and nine from R. microplus according to the TCB 

website (‘Tick Cell Lines - Liverpool Shared Research Facilities - University of 

Liverpool’ 2021).  

Table 4-1 shows which bacteria can be maintained in each of the three tick cell 

lines used in the present study. The R. microplus cell line BME/CTVM23 (M. P. 

Alberdi, Nijhof, et al. 2012) and the I. scapularis IDE8 (Munderloh et al. 1994) cell 

lines both support growth of at least three of four pathogens (M. P. Alberdi, Dalby, et 
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al. 2012; Palomar et al. 2019); L. Bell-Sakyi, personal communication), while 

IRE/CTVM20 (Lesley Bell-Sakyi et al. 2007) is known to support three of the bacteria 

(Palomar et al., 2019; L. Bell-Sakyi personal communication), and there is no published 

data on R. raoultii in this cell line. A. marginale and E. minasensis are 

phylogenetically and phenotypically very close, they both belong to the same family 

Anaplasmataceae within the Alphaproteobacteria, and form a similar pattern of 

infection – both species reside within vacuoles in the cytoplasm where they form 

colonies. R. raoultii also belongs to the Alphaproteobacteria although its infection 

process differs from A. marginale and E. minasensis as the bacterial cells lie freely in 

the cytoplasm of the host cell. Spiroplasma spp. are phylogenetically distant from the 

other listed bacteria, they also reside within vacuoles in the host cell cytoplasm forming 

large colonies.  

Tick cell line \ Symbiont Rickettsia 
raoultii 

Ehrlichia 
minasensis 

Spiroplasma 
spp. 

R. microplus BME/CTVM23 + + + 
I. ricinus IRE/CTVM20 ? + + 
I. scapularis IDE8 — + + 

  

Table 4-1 The ability of the bacteria to grow in tick cell lines. ‘+’ means that pathogens can 
be cultivated in the cell line, ‘—’ means that this pathogen cannot be grown in the cell line, 
‘?’ means that there is no data for such combination.  
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4.1.5. Aims and objectives 

The primary aim of the chapter is to develop an experimental design that 

involves the assessment of tick cell lines, selection of bacterial symbionts, and 

determination of the appropriate time points for infection. In order to achieve this goal, 

several objectives have been outlined. Fisrtly, the phenotypic heterogeneity of tick cell 

lines will be evaluated. Secondary, bacterial growth pattens in the chosen tick lines 

will be studied. Finally, the design of the transcriptomic experiment will be formulated 

using the collected information.  

Additionally, the chapter outlines the collection of all genomic information 

required for subsequent bioinformatic analysis.  
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4.2. Materials & methods 

4.2.1. Tick cell line maintenance 

The TCB at the University of Liverpool provided all tick cell lines and bacterial 

species (Lesley Bell-Sakyi et al. 2007; 2018). The tick cell lines and bacteria used in 

the study are described in Table 4-2 and Table 4-3. The IDE8 cell line was used by 

kind permission of Prof. Ulrike Munderloh, University of Minnesota. 

Culture medium was prepared freshly on the day of use. The BME/CTVM23 

cells were maintained in L15 (Leibovitz) medium supplemented with 10% tryptose 

phosphate broth (TPB), 20% fetal bovine serum (FBS), 2 mM l-glutamine, 100 U/ml 

penicillin, and 100 µg/ml streptomycin (complete L-15). IDE8 cells were maintained 

in L15-B medium (Munderloh and Kurtti 1989) supplemented with 10% TPB, 10% 

FBS, 0.1% bovine lipoprotein (MP Biomedicals) and L-glutamine and antibiotics as 

above (complete L-15B). IRE/CTVM20 cells were maintained in a 1:1 mixture of 

complete L-15 and complete L-15B. Cell lines were maintained in 10 ml flat-sided 

culture tubes (Nunc) in 2.2 ml of complete medium and incubated at 28°C or 32°C. 

Medium was changed weekly and subcultures were carried out as required every 2-4 

weeks. 

 
Tick 
species 

Origin 

Incubatio
n 
temperat
ure 

Passag
e 

Reference 

IDE8 
Ixodes 
scapularis USA 

32°C - 
34°C 

84 
(Munderloh et 
al. 1994) 

IRE/CTVM2
0 

Ixodes 
ricinus UK 28°C 180 

(Bell-Sakyi et 
al. 2007) 

BME/CTVM
23 

Rhipicephalu
s microplus 

Mozamb
ique 

32°C 73-77 
(Alberdi, Nijhof, 
et al. 2012) 

 

Table 4-2 Embryo-derived tick cell lines used in the experiment 



113 
 

Species Strain 
Host 
species 

Origin 
Isolated 
in 

Reference 

Ehrlichia 
minasensis 

UFMG-
EV 

Rhipicephal
us microplus Brazil IDE8 

(Cabezas-Cruz 
et al. 2016) 

Rickettsia 
raoultii Białystok 

Dermacento
r reticulatus Poland 

BME/CTV
M23 

(Palomar et al. 
2019) 

Spiroplasma
 sp. DMAR11 

Dermacento
r 
marginatus 

Spain 
BME/CTV
M23 

(Palomar et al. 
2019) 

4.2.2. Tick cell morphometry 

Pictures of tick cell cultures were obtained using an inverted Zeiss Axio 

Observer microscope with 40X magnification. Pictures were analysed using Fiji 

software (Schindelin et al. 2012). Two to three hundred cells for each cell line were 

measured and classified as one of three shapes – round, spindle-shaped or dendritic.  

4.2.3. Evaluating the infection rate of pathogens within the 

tick cells 

4.2.3.1. Preparation of Giemsa-stained cytocentrifuge smears  

Approximately 50 μl of resuspended tick cell culture were put inside a cytospin 

well and centrifuged at 1000 rpm for 5 min (Shandon Cytospin 3). Slides were air-dried 

for 1 min, fixed in methanol for 3 min, stained for 40 min in 5% Giemsa stain with 

added Azur II (2 g/l of undiluted stain; Merck), and rinsed in two changes of distilled 

water buffered to pH 7.2 (Shute 1966). The smears were examined using a Leitz 

Orthoplan microscope at x1000 magnification with oil immersion; at least 100 cells per 

slide were examined for the presence of bacteria.  

4.2.3.2. Evaluation of culture infection rates by qPCR 

DNA extraction was performed from 200 μl of infected, resuspended tick cell 

cultures (BME/CTVM23 infected with R. raoultii, BME/CTVM23 infected with 

Table 4-3 Bacterial species used in the experiment 
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E. minasensis, BME/CTVM23 infected with Spiroplasma sp., and IDE8 infected with 

E. minasensis) using a DNeasy Blood & Tissue extraction kit (QIAGEN, UK) 

according to the manufacturer’s protocol. All DNA samples were diluted to the 

concentration of 10 ng/µl. The qPCR assay was carried out with a LightCycler 480 

(Roche, Basel, Switzerland). The reactions were performed in 20 μl volumes containing 

1x SensiMix SYBR (Bioline), 0.5 µM of each primer, and 1 µl (10 ng) of DNA template. 

Thermocycling conditions were as follows: 94°C for 300 s, then 45 cycles of 94°C for 10 

s, 60°C for 10 s and 72°C for 10 s. Samples and standards were analysed in triplicate. 

Quantification was performed using the synthetic standards in concentrations from 5 × 

106 to 5 × 10-1 copies/µl in 100 ng/µl yeast tRNA (Invitrogen) (Table 4-4). 

 
Forward, 
5’-3’ 

Reverse, 
5’-3’ 

Ampl
icon 
lengt
h, bp 

Standard, 5’-3’ Reference 

Ixodes scapularis 
ribosomal 
protein L6 
nuclear gene, 
rpl6 

CCGGTC
CAAGAT
GTTCCA
CA 

TGCGCT
TCCTCT
TCTCCT
TG 
 

77 

CCGGTCCAAGATGTTCC
ACAAGCGGGGCCTGTTT
AAGGTGAAGCACGCCCC
TCCGACCAAGGAGAAGA
GGAAGCGCA 

(Al-Khafaji 
2018) 

Spiroplasma sp. 
16S rDNA gene 

AACCGT
GCTTTA
ATGGGA
GC 

ACTCAA
CACCCG
TACCAA
CA 

88 

AACCGTGCTTTAATGGG
AGCTAATATGCAACGTC
AAGCAATTCCATTATTA
AAACCCCAAACACCAAT
TGTTGGTACGGGTGTTG
AGT 

This study 

Rickettsia 
rickettsii citrate 
synthase 
gene, gltA 

TCGCAA
ATGTTC
ACGGTA
CTTT 

TCGTGC
ATTTCT
TTCCAT
TGTG 

74 

TCGCAAATGTTCACGGT
ACTTTTTGCAATAGCAA
GAACCGTAGGCTGGATG
GCACAATGGAAAGAAAT
GCACGA 

(Stenos, 
Graves, and 
Unsworth 
2005) 

Ehrlichia 
minasensis SSU 
rDNA gene  

TTGCTA
TTAGAT
GAGCCT
ATATTA
G 

GTGTGG
CTGATC
ATCCTC
T 

97 

GCTATTAGATGAGCCTA
CGTTAGATTAGCTAGTT
GGTAAGGTAATGGCTTA
CCAAGGCTATGATCTAT
AG 
CTGGTCTGAGAGGACGA
TCAGCCACAC 

(Makepeace, 
Rodgers, and 
Trees 2006) 

Table 4-4 Primers and standards used in the study 
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4.2.4. Detecting the presence of SCRV in cell lines 

RNA was extracted from 0.5 µl of resuspended tick cell cultures with RNeasy 

Mini kit (QIAGEN), purified with a TURBO DNase-free kit (Invitrogen) and first-

strand cDNA synthesis was carried out with a SuperScript III Reverse Transcriptase 

kit (ThermoFisher) according to the manufacturer’s protocols. PCR amplification was 

performed with primers targeting a 358 bp region of segment 2 of the SCRV genome 

as described previously (Alberdi, Dalby, et al. 2012). 

4.2.5. Generating reference genomes and annotations 

4.2.5.1. Sequencing of Spiroplasma sp. genome 

Two samples of 2.2 ml suspension of BME/CTVM23 cell heavily infected with 

Spiroplasma sp. (DMAR11) were each semi-purified as follows: the cell suspension was 

centrifuged at 1500 × g for 5 min to pellet the cells, the supernatant containing 

extracellular bacteria was saved, the pellet was mixed with 0.5 ml of trypsin solution 

(500 µg/ml in 1X PBS) and incubated at 37°C for 20 min. After incubation the mixture 

was passed 10 times through a bent 26G needle and the saved supernatant was added 

to it to deactivate the trypsin, the mixture was centrifuged at 1500 × g for 5 min to 

remove the cell debris, the supernatant was transferred to a clean tube and centrifuged 

at 21000 × g for 10 min to pellet the bacteria. The bacterial pellet was kept at -20°C 

until DNA extraction. DNA was extracted with a DNeasy Blood & Tissue extraction 

kit (QIAGEN, UK) according to the manufacturer’s protocol. One microliter of DNA 

was measured with the Qubit dsDNA HS Assay Kit (QIAGEN). The DNA was then 

checked for the integrity by running overnight 10 µl of each DNA extraction on a 0.7% 

agarose gel in 1X TAE buffer, and submitted to the Centre for Genomic Research at 

the University of Liverpool for library preparation and sequencing with PacBio 

technology (Pacific Biosciences Inc.). Initial data quality control was performed by the 

bioinformatics team of the Centre for Genomic Research. The genome was assembled 
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with flye v.2.8.3 (Kolmogorov et al. 2019). The resulting assembly was annotated using 

Prokka v1.14.6 against the generic bacterial database (Seemann 2014). 

4.2.5.2. Sequencing the E. minasensis genome 

Two milliliters of IDE8 cell suspension infected with E. minasensis were 

processed as described in 4.2.5.1. Briefly, semipurification, DNA extraction, and quality 

assessment (except for gel DNA integrity check) were carried out as described in the 

section 4.2.5.1. The sequencing library for ONT sequencing was prepared according to 

the manufacturer’s protocol for SQK-LSK108 ligation, and sequenced using MIN106 

(R 9.4.1) flowcells for MinION (Oxford Nanopore Technologies). The raw signal was 

then basecalled using Guppy v5.0.11 with the “super-accuracy” basecalling model 

(dna_r9.4.1_450bps_sup.cfg).  

Kraken v2.1.2 with ‘nt’ database was used to classify the reads (Wood, Lu, and 

Langmead 2019). Bacterial reads were selected using the custom-made script and seqtk 

toolkit (https://github.com/lh3/seqtk). Filtlong v0.2.0 was used to select 

longest/highest quality reads with options “--min_length 1000 --target_bases 

280000000” (https://github.com/rrwick/Filtlong). These reads were assembled using 

Flye 2.9-b1768 (Kolmogorov et al. 2019). To polish the assembly, 500,000 faux error-

free 500 bp single-end reads from the assembled genome, using randomreads.sh utility 

from BBmap v38.07, with options “len=500 reads=500000 adderrors=f” (Bushnell 

2014). Errors were polished using Racon v1.4.20 for two iterative rounds, with “-w 100” 

option (Vaser et al. 2017). The resulting assembly was annotated using Prokka v1.14.6 

against the generic bacterial database (Seemann 2014). 

4.2.5.3. Amending the mitochondrial genome of R. microplus 

The RefSeq mitochondrial assembly (NC_023335.1 Rhipicephalus microplus 

isolate BomiB mitochondrion) was polished using the combined R2 reads from the 

R. microplus single cell RNA sequencing (described in Chapter V, section 5.2.2) and 

Racon v1.4.20. The assembly was then rotated to start with the small rRNA subunit. 
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The final 14,905 bp long assembly was annotated with MITOS2 using the RefSeq 81 

Metazoa reference, the genetic code 5 for Invertebrata and the other parameters set to 

default (Donath et al. 2019). Only rRNA and protein coding genes were retained for 

the final annotation. Additionally, one of the chromosomes of the R. microplus nuclear 

genome contained a 9,000 bp fragment exactly matching mitochondria. This 

chromosomal mitochondrial insert was hard masked. 

4.2.5.4. Assembling the mitochondrial genome of I. scapularis 

The mitochondrial sequence of I. scapularis was absent from the published 

RefSeq genome, and it was necessary to assemble it separately. This was done using a 

two-step process: 1) identification of short and long reads that originated from 

mitochondria; 2) hybrid assembly of the resulting selection. To this end, a crude 

mitogenome assembly was first generated using Novoplasty (Dierckxsens, Mardulyn, 

and Smits 2016) and the mitochondrion of I. ricinus as a seed (GenBank: JN248424.2 

(Montagna et al. 2012)) with Illumina reads obtained from the I. scapularis ISE6 cell 

line (SRR5252948 (Miller et al. 2018)). All Illumina reads were mapped back to the 

resulting draft assembly using bowtie2 package (Langmead and Salzberg, 2012), and 

successfully aligned reads were extracted with seqtk package (github.com/lh3/seqtk). 

The same was done with PacBio reads obtained from the ISE6 cell line (SRX3593705 

(Miller et al. 2018)) using the minimap2 (Li 2018) long read aligner. Finally, the 

resulting selection of mitochondrion-derived short and long reads were assembled with 

Unicycler v0.4.8, a hybrid assembler known to produce high-accuracy circularized 

bacterial genomes (Wick et al. 2017). 

Raw reads from the scRNA-seq I. scapularis IDE8 samples (described in 

Chapter V, section 5.2.2) were then aligned to the assembled mitochondrion using 

bowtie2 and samtools (Li et al. 2009) packages. Successfully aligned reads were 

extracted using samtools and used for three rounds of polishing the mitochondrial 

sequence with Racon v1.4.12 (Vaser et al. 2017) and one round of polishing with Pilon 

(B. J. Walker et al. 2014). The resulting mitochondrial sequence was annotated with 
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the online tool MITOS2 using the RefSeq 81 Metazoa reference, the genetic code 5 for 

Invertebrata and the other parameters set to default (Donath et al. 2019). Only rRNA 

and protein coding genes were retained for the final annotation.  
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4.3. Results 

4.3.1. Characterization of cell lines  

Three cell lines (Table 4-2) were initially considered as acceptable for the 

experiment based on availability in the TCB, growth rate, and the range of bacteria 

that could be grown in each cell line. Cell lines derived from R. microplus 

(BME/CTVM23) and I. scapularis (IDE8) showed a high level of phenotypic 

heterogeneity while all cells from I. ricinus IRE/CTVM20 were uniformly round 

(Figure 34). Figure 36 shows size and shape distribution of cells. BME/CTVM23 and 

IDE8 cell lines demonstrated a very similar distribution with round cells with mean 

diameters of 30 and 27 µm respectively, while IRE/CTVM20 cells had a mean diameter 

of 24 µm. Spindle-shaped and dendritic cells were more diverse in size, although the 

range was quite similar between BME/CTVM23 and IDE8 cells.  

Figure 34 Cell phenotypes in three tick cell lines. The size range and shapes of cells can be 
observed. Live, inverted microscope. Scale bars = 50 μm. 
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4.3.2. Evaluating the infection rate of pathogens within the 

tick cells 

In order to find the optimal conditions for scRNA-seq experiments, it was 

necessary to build growth curves of each studied bacterium in each cell line. If the 

bacterial load was too low, RNA-seq would not be able to detect the bacterial genes 

that would be lost among the more abundant tick RNA. On the other hand, if the load 

was too high, cells would become fragile and hard to sort effectively. Thus, infection 

rate estimation was crucial for successful scRNA-seq.  

Bacterial quantification using qPCR was performed on replicate cultures on 

days 9 and 15 after infection for E. minasensis, days 11 and 15 for R. raoultii and days 

11 and 18 for Spiroplasma sp. Figure 36 shows the results of the quantification. 

E. minasensis in the I. scapularis IDE8 cell line showed a comparatively consistent 

growth rate (Figure 36, top left), whereas the same pathogen strain transferred to the 

R. microplus BME/CTVM23 cell line demonstrated bacterial counts differing by two 

Figure 35 Cell size and shape distribution in three tick cell lines. 
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orders of magnitude on day 15 (Figure 36, top right). R. raoultii growth rates were 

quite similar on day 11, although by day 15 the rates diverged between replicates 

(Figure 36, bottom right). Spiroplasma sp.  achieved higher counts than E. minasensis 

and R. raoultii, reaching several thousand bacteria per tick cell by day 11 and tens of 

thousands by day 18 (Figure 36, bottom left). E. minasensis and R. raoultii only 

reached several thousand bacteria per tick cell, before the host cells started to 

disintegrate as seen by microscopy, thereby flattening the growth curves (dates after 

the 15th day after infection not shown on the graphs). 

Figure 36 Growth curves for three bacterial pathogens in two tick cell lines according to qPCR 
quantification. Red line marks the fifth day after infection which was later chosen for the 
experiment. Y-axis is shown in log10 scale. 
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4.3.3. Studying the presence of SCRV in cell lines 

In addition to bacterial growth profiling, it was necessary to evaluate the 

presence of the SCRV virus in the selected cell lines in case the presence of SCRV 

affected the response of the tick cell to bacterial infection. Five samples were tested 

for the presence of SCRV: intact IDE8 and BME/CTVM23 cell lines, IDE8 infected 

with E. minasensis, BME/CTVM23 infected with E. minasensis derived from IDE8 

cells, and BME/CTVM23 with added medium from IDE8 culture. Table 4-5 shows the 

yield of cDNA from five samples of uninfected and E. minasensis-infected tick cells, 

Figure 37 shows the results of the cDNA amplification with SCRV specific primers 

from the same samples. All samples except for uninfected BME/CTVM23 cell culture 

were positive for SCRV, which implies that the virus, which persistently infects the 

IDE8 cell line, was transferred to the BME/CTVM23 cells with both E. minasensis 

and the medium from the IDE8 culture. 

 

Figure 37 Results of amplification for SCRV detection.  

“IDE8” – uninfected cell line; “BME23” – uninfected BME/CTVM23 cell line; “BME23 + 
IDE8 supernatant” – BME/CTVM23 cell line with added medium from IDE8 culture; “IDE8 
+ E.m.” – IDE8 cell line infected with E. minasensis; “BME23 + E.m. from IDE8” – 
BME/CTVM23 cell line infected with E. minasensis derived from IDE8 cell culture. 
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Sample Concentration, 
ng/µl 

Volume, µl Total cDNA, ng 

BME/CTVM23 112 5 560 
IDE8 6 10 60 
BME23 + IDE8 
supernatant 

140 5 700 

IDE8 + E.m. 98 5 490 
BME23 + E.m. from IDE8 112 5 560 

4.3.4. Improving reference genomes and annotations 

4.3.4.1. Sequencing and assembly of the Spiroplasma sp. 

genome 

The two cultures yielded, respectively, 2 µg of DNA with concentration 20 ng/µl 

(sample Sp1) and 1.2 µg with concentration 12 ng/µl (sample Sp2). The electrophoresis 

showed that both samples contained long non-degraded DNA approximately 50Kb long 

(Figure 38).  

Table 4-5 cDNA yields. “IDE8” – uninfected cell line; “BME23” – uninfected BME/CTVM23 
cell line; “BME23 + IDE8 supernatant” – BME/CTVM23 cell line with added medium from 
IDE8 culture; “IDE8 + E.m.” – IDE8 cell line infected with E. minasensis; “BME23 + E.m. 
from IDE8” – BME/CTVM23 cell line infected with E. minasensis derived from IDE8 cell 
culture. 

Figure 38 Overnight gel with two DNA extractions from Spiroplasma sp. (Sp1 and 
Sp2). The total DNA bands are at the same level as the top ladder band of 48.5 Kb. 
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Sequencing generated 779,545 reads that spanned 12.7 Gb of nucleotide 

sequence. Approximately 75% of reads were classified as eukaryotic and 15% were 

classified as bacterial (120,316 reads). Using the latter set, 11,677 longest/highest 

quality reads of approximately 200 Mb overall length were selected and assembled into 

a single 1,740,586 bp circular chromosome. The assembly was annotated in Prokka 

resulting in 2212 CDSs, 27 tRNAs, 6 rRNAs (two ribosomal operons) and 1 tmRNA.  

4.3.4.2. Sequencing and assembly of the E. minasensis genome 

DNA extraction yielded 1 µg of DNA with concentration 4.7 ng/µl, and 230 ng 

were used for the ONT library preparation. Sequencing generated 1,414,988 reads that 

spanned 3.1 Gb. Approximately 50% of reads were classified as eukaryotic and another 

15% were classified as bacterial (219,742 reads). Using the latter set, 11,463 

longest/highest quality reads of approximately 280 Mb overall length were selected 

and assembled into a single 1,346,938 bp circular chromosome. The assembly was 

annotated in Prokka resulting in 931 CDSs, 36 tRNAs, 2 rRNAs and 1 tmRNA.  

4.3.4.3. Assembling the mitochondrial genome of I. scapularis 

None of the available genome assemblies of I. scapularis included a 

mitochondrial sequence, which was essential for further analysis of the scRNA-seq data. 

Authors of the Wikel strain assembly (GCA_000208615.1) claimed to have 

mitochondrion assembled and removed from the main genomic sequence (Gulia-Nuss 

et al. 2016), although it was not available in any public databases. Authors of the 

second published genome of the ISE6 cell line (GCF_002892825.2) have not analysed 

the mitochondrial sequence, claiming that mitochondrial contigs were submitted within 

the nuclear genome (Miller et al. 2018); however, our analysis did not confirm the 

presence of a mitochondrial genome with the published assembly. 
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To mitigate this issue, a de novo assembly of the I. scapularis mitochondrial 

genome was performed (see section 4.2.5.4 for exact protocol). A hybrid assembly from 

pre-selected mitochondrion-derived raw Illumina and PacBio reads resulted in a single 

circular 14,546 bp contig. The annotation using Mitos2 web server identified all typical 

mitochondrial genes, including 22 tRNA genes; the only missing feature was OL (origin 

of light strand replication) (Figure 39). Finally, the sequence was rotated to start with 

the rrnS gene. 

  

Figure 39 Schematic representation of mitochondrial genome of Ixodes scapularis and its genes. 
Green arrows show rrnS and rrnL genes, red – protein coding genes, blue – tRNA genes, grey – 
OH (origin of heavy strand replication). 
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4.4. Discussion 

4.4.1. Choosing cell lines and pathogens for the scRNA-seq 

experiment 

An important factor for choosing a cell line was the phenotypic heterogeneity 

of cells and diversity of bacteria maintained in the culture. These observations led to 

a decision that BME/CTVM23 and IDE8 cell lines were more suitable than 

IRE/CTVM20 for the planned scRNA-seq experiment.  

The R. microplus BME/CTVM23 cell line was chosen to be the main focus of 

the scRNAseq experiment described in Chapter V, as it can support the most diverse 

set of symbionts. R. raoultii, E. minasensis and Spiroplasma sp. were chosen to infect 

the BME/CTVM23 cell line (Figure 40, 1-4). One complication arose from the fact 

that E. minasensis was transferred from the IDE8 cell line, which bears the endogenous 

tick virus SCRV, and, therefore, the recipient cell line also received the virus. Thus, 

the comparison of the single cell transcriptomes of the uninfected BME/CTVM23 cell 

line with those of the cells infected with E. minasensis (and SCRV) was not directly 

possible, as there would be two parameters altered. As the presence of the virus was 

confirmed by PCR (see section 4.3.3), it became obvious that viral particles were 

transferred with the medium from the source culture, and it was impossible to get rid 

of them when transferring bacteria. In order to distinguish between the tick immune 

responses against E. minasensis and against the virus, another sample was included in 

the experiment – BME/CTVM23 cells infected with SCRV alone (Figure 40(5)).  

Considering different growth patterns of E. minasensis in two different cell 

lines, two I. scapularis cell samples were also included in the experiment – IDE8 cells 

bearing the SCRV (IDE8 only exists in SCRV-infected form), and IDE8 cells infected 

with E. minasensis (and SCRV). Figure 40 summarises the seven samples included in 

the scRNA-seq experiment described in Chapter V. 
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4.4.2. Choosing the appropriate infection time point 

Two methods of assessing bacterial load in tick cells were used – visual 

observation of Giemsa-stained cytocentrifuge smears of infected cultures and qPCR 

measurement of the tick/bacterial DNA ratio. Both approaches had their limitations. 

Visual counting of infected cells was only done on a small subset of cells (100-200 cells) 

and even the highest magnification of the light microscopy did not allow counting of 

separate bacteria in the aggregates, thus, the estimation of bacterial number was 

approximate and dealt with categories such as “not infected”, “infected”, and “over-

infected” (cells which had ruptured because of the excessive bacterial load). In case of 

Spiroplasma sp., in which the cells are long and thin, it was impossible to recognize 

single bacteria and the infection became obvious only when bacteria formed colonies. 

The qPCR quantification on the other hand was not informative for the distribution 

of bacteria in tick cells, only estimating the mean of the distribution, whereas the visual 

control clearly identified infection heterogeneity between cells. Another complication 

in estimation of the growth rates of symbiotic bacteria was that the bacteria/host 

system did not always demonstrate the same rate of development of the infection and 

individual replicates differed substantially, as shown in Figure 36. E. minasensis 

demonstrated different patterns of development in the two cell lines, with relatively 

consistent growth curves in the I. scapularis IDE8 cell line (Figure 36, top left), and 

widely variable rates in the R. microplus BME/CTVM23 line (Figure 36, top right). 

R. raoultii and Spiroplasma sp. were only used in the R. microplus cell line and their 

infection rates were comparatively reproducible during the first ten days (Figure 36, 

bottom left and right).  

For the purposes of planning scRNA-seq experiments, infection conditions were 

chosen according to several crucial criteria: 

• Tick cell cultures must not contain over-infected cells which easily fall apart 

contaminating the medium with free-floating bacteria and cell debris. This is 

very important for single-cell experiments, where each cell should be enclosed 
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in a separate droplet, and thus medium contamination might hugely affect the 

result.  

• Tick cells from several stages of infection should be present. The stages are, 

roughly: 1) uninfected cells, 2) cells which recently captured a single bacterium, 

3) cells which have small colonies of dividing bacteria, and 4) cells which have 

a substantial number of bacteria in the cytoplasm.  

• Tick cell lines should be infected with the different bacteria and then analysed 

on the same number of days after subculturing to reduce the sources of 

variation.  

• Tick cell lines should be passaged, infected and taken into the experiment at 

the same time to minimise the differences which might arise from the different 

stages of tick cell lines. 

Combining the data from qPCR evaluation and visual, day five after infection 

was chosen as the most suitable for the experiment. According to qPCR data, the 

mean infection rate at this timepoint should be approximately 100 bacterial cells per 

tick cell for all pathogens. According to visual counting of infected and uninfected cells 

at this timepoint, approximately 20% of R. microplus cells appeared to be infected 

with R. raoultii, approximately 30% cells with Spiroplasma sp., and between 20 and 

50% of cells infected with E. minasensis. The rate of E. minasensis in I. scapularis 

IDE8 cells was approximately 20%. These figures enabled the assumption that all 

stages of infection – from single bacteria to large colonies – would be present in cell 

lines at the moment of the experiment, and medium contamination from over-infected 

cells would be minimal. Visual checking of the infected cultures revealed very low levels 

or absence of cells that were disintegrating due to a very heavy infection. 

4.4.3. Design of the transcriptomic experiment on tick cell 

lines infected with different symbionts 

Figure 40 summarises the samples chosen for the experiment. Tick cell lines 

BME/CTVM23 (R. microplus) and IDE8 (I. scapularis) cell lines over IRE/CTVM20 
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(I. ricinus) due to their phenotypic heterogeneity and diversity of bacteria maintained 

in these lines (samples 1 and 3 in Figure 40). I. scapularis cell samples were infected 

with E. minasensis to investigate the immune response to invasion of a gram-negative 

bacterium (sample 2 in Figure 40). The R. microplus BME/CTVM23 cell line could 

support the more diverse set of symbionts: R. raoultii, E. minasensis, and Spiroplasma 

sp. (samples 4, 6 and 7 in Figure 40). To differentiate the immune response to 

E. minasensis and SCRV as they cannot be separated in IDE8 cell line, 

BME/CTVM23 cells infected with SCRV alone was included in the experiment 

(sample 5 in Figure 40).  

Appropriate infection time points for the experiment were evaluated in the scope 

of the chapter. The fifth day after infection was chosen as the most suitable since it 

exhibited a similar mean infection rate for all bacterial pathogens and stages of 

infection present in the cell line. 

The results of the experiment are presented in Chapter V. 
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Figure 40 The schematic overview of seven samples involved into the experiment. Elements of the picture have been downloaded from 
Freepik.com (vector image created by brgfx). 
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5. Chapter V Study of the transcriptomic 

response of tick cells to bacterial pathogens 

5.1. Introduction 

Ticks are obligate blood-feeders highly adapted to the blood-feeding mode of 

living; all active stages require blood as a source of nutrition and, in the case of adults, 

for sperm or egg production. Thus ticks have a great capacity to be vectors of 

pathogens like other blood-feeding arthropods. Ticks transmit a wide variety of 

pathogens to vertebrates, including viruses, bacteria, protozoa and helminths, which 

act as infectious agents in vertebrate hosts and cause a significant burden on public 

and livestock health. The costs associated with mortality, relapse, treatments, and 

decreased production yields are economically significant (Jose de la Fuente 2008) and 

result from the heavy burden of ticks and pathogenic diseases spread by ticks 

(Rodriguez-Vivas, Jonsson, and Bhushan 2018). 

Although ticks are vectors of many human and livestock diseases, their 

interactions with parasites are under-investigated and knowledge of how ticks react to 

the invasion and their immune response is still vague (Brites-Neto, Duarte, and 

Martins 2015). The research on arthropod-borne diseases has mainly focused on the 

vertebrate part of the life cycle as this part greatly affects human economics. Secondly, 

research on vertebrates was easier for in vitro studies due to popularity and availability 

of cell lines. In contrast, the cultivation of arthropods or establishing arthropod cell 

lines has been associated with considerable difficulties (Bell-Sakyi et al. 2007; Al-Rofaai 

and Bell-Sakyi 2020).  

In this work, cell lines of two species of hard ticks were used, Ixodes scapularis 

and Rhipicephalus microplus. The main characteristics of these two species were 

provided in the previous chapter.  
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5.1.1. Current measures to control tick-borne diseases (TBD) 

The spread of tick-borne pathogens depends on three factors: the density of the 

tick population, the infection rate of ticks, and the frequency of contacts of humans or 

livestock with wild animal reservoirs (Rahlenbeck, Fingerle, and Doggett 2016). Thus, 

TBD dissemination can be controlled by manipulating three factors: reducing the size 

of the tick population, trying to eliminate pathogens from the livestock population or 

applying prevention techniques on the relevant territories with a high chance of 

transferring pathogens to humans or livestock (Rodriguez-Vivas, Jonsson, and 

Bhushan 2018).  

Nowadays, control of ticks is primarily achieved by applying chemical or plant-

based acaricides and insecticides (Ostfeld et al. 2006; Rodriguez-Vivas, Jonsson, and 

Bhushan 2018). However, many tick species develop resistance to these chemicals in 4-

12 years (Knolhoff and Onstad 2014), making it necessary to find new compounds or 

find an alternative approach to control ticks and/or their pathogens. (Al-Rofaai and 

Bell-Sakyi 2020; Rodriguez-Vivas, Jonsson, and Bhushan 2018) Furthermore, a concern 

about the broad application of acaricides and insecticides is the environmental harm 

that they cause, e.g., honeybee population decrease (Ansari, Moraiet, and Ahmad 2014; 

Kevan and Viana 2003). Unfortunately, acaricides, which are the first choice of defence 

against ticks, are environmentally harmful, and more and more tick populations are 

developing resistance to them (Gasparotto et al. 2020; Rodriguez-Vivas, Jonsson, and 

Bhushan 2018; Ceraul, Sonenshine, and Hynes 2002).  

Livestock can be vaccinated against ticks. Anti-tick immunity was described 

almost a century ago in 1939 by William Trager, who showed that the ability of ticks 

to engorge sequentially on the same guinea pig is notably reduced, suggesting that 

animals are developing some kind of anti-tick immunity following infestations (Trager 

1939). The first tick vaccine was designed in 1989 using the protective antigen Bm86 

isolated from the R. microplus gut; it induced a protective response in vaccinated 

hosts, which damaged the tick gut affecting tick and egg viability (Lew-Tabor and 
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Rodriguez Valle 2016; Willadsen et al. 1989). TickGARD and Gavac vaccines based 

on Bm86 antigen were released to Australian and Latin American markets in 1994 

(Jose de la Fuente, Rodriguez, and Garcia-Garcia 2000). However, these vaccines were 

not entirely protective against all R. microplus strains and sometimes were misused, 

making anti-tick vaccination not very popular, and TickGARD has been discontinued 

since 2010 (Lew-Tabor and Rodriguez Valle 2016). The progress of ‘omics technologies 

has boosted tick vaccine development, and new genomics and transcriptomics data 

provide researchers with many targets for new, more effective vaccines (José de la 

Fuente 2018); however, none of the currently-used vaccines is sufficient to eliminate 

ticks, they can only reduce the number of ticks and require regular boosts, which is 

not always logistically and economically feasible (Garcia et al. 2020). Another way of 

lowering tick abundance is by using biological agents (e.g., parasitoid wasps, 

nematodes, bacteria or fungi), but these approaches are still under development 

(Ostfeld et al. 2006).  

5.1.2. Arthropod innate immune system 

The tick immune system plays a major role in vector competence, but our 

knowledge of tick immunity is limited. Most of the studies of arthropod immunity focus 

on insects. Considering that ticks are evolutionarily distant from insects and developed 

a blood-feeding lifestyle independently of insects (Giribet and Edgecombe 2019), there 

is a certain need for research focused on tick immunity. Little is known about how 

transmitted pathogens can escape the immune responses of ticks, and the vector-

pathogen interface is the least understood site of the system of the tick-pathogen-

vertebrate host.  

5.1.2.1. Cellular immune mechanisms 

There are two types of antigen deactivation mechanisms in ticks observed at 

the cellular level – encapsulation and nodulation. Both of them involve haemocyte cells 

forming a multilayer capsule around an invader. The encapsulation was experimentally 
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shown with artificial pieces of Epon-Araldite placed under the cuticle of the tick 

Dermacentor variabilis, followed by forming a capsule made of haemocytes and fibrous 

matrix (Eggenberger, Lamoreaux, and Coons 1990). Direct injection of E. coli cells 

into haemolymph resulted in a rapid aggregation of bacteria in clumps surrounded by 

haemocytes (Ceraul, Sonenshine, and Hynes 2002). The human pathogen Borrelia 

burgdorferi, which causes Lyme disease, was shown to be phagocytosed by tick cells in 

a “coiling” manner (Mattila, Munderloh, and Kurtti 2007). 

There are several types of haemocytes: plasmatocytes and granulocytes I, which 

show phagocytic activity, and granulocytes II without phagocytic activity (Kuhn and 

Haug 1994)(Kuhn and Haug 1994). In some tick species, authors report spherulocytes 

(Borovickova and Hypsa 2005) All haemocytes are believed to differentiate from stem 

cells called prohaemocytes, which are only rarely detected in the haemolymph 

(Borovickova and Hypsa 2005; Söderhäll 2010). The capability of plasmatocytes to 

phagocytise foreign material was shown in several species of ticks and with different 

material (bacteria, yeast, artificial beads) and the use of reactive oxygen species and 

H2O2 for antigen deactivation was demonstrated (Söderhäll 2010; Pereira et al. 2001). 

No tick cell lines derived exclusively from haemocytes are available at the 

moment, but some (proven for IDE12 & AAE2 and DAE15) show the phagocytic 

reaction to a pathogen (Mattila, Munderloh, and Kurtti 2007; Kurtti and Keyhani 

2008). Many tick cell lines might contain haemocytes and demonstrate a phagocytic 

behaviour, including AVL/CTVM13 and AVL/CTVM17, BME/CTVM23 (Esteves et 

al. 2008). 

5.1.2.2. Molecular mechanisms of defense described in ticks 

Knowledge about molecular mechanisms in tick immunity is still patchy. Some 

work has been done on the salivary proteins in ticks, which is a central part of the 

tick-host interactions and effect of the tick on the host immune system, limited 

information is available on how tick proteins shape vector immunity and influence 
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pathogen persistence (A. A. Smith and Pal 2014). These authors looked for immune 

gene homologues in the I. scapularis genome and summarised molecules shown to play 

a role in the immune defence of ticks. They divided them into several groups: gut-

microbe homeostasis (17 genes), agglutination (37), leucine-rich repeat (LRR) proteins 

(21), proteases (33), coagulation (11), non-self recognition and signal transduction via 

Toll, IMD, and JAK-STAT pathways (55), free radical defence (13), phagocytosis (33), 

and antimicrobial peptides (14) (Smith and Pal 2014). 

Gut Microbe Homeostasis 

The gut microbiome greatly affects the host immune system in all animals 

including ticks (Hooper, Littman, and Macpherson 2012). Mechanisms which 

distinguish between intrinsic microbiota and pathogenic microorganisms are not 

studied in ticks, but are well characterised in Drosophila melanogaster (Buchon, 

Broderick, and Lemaitre 2013). The Drosophila immune system has two routes to 

recognise pathogenic agents: the first is initiated by recognition of non-self molecules, 

the second relies on signals released by the fly’s own damaged cells (Lazzaro and Rolff 

2011). Some studies have shown that dual oxidase and peroxidases participate in 

maintaining gut homeostasis and mucosal immunity (Bae, Choi, and Lee 2010). In 

mosquitoes, dual oxidase, along with a specific heme-peroxidase, catalyses the 

formation of an acellular molecular barrier, the dityrosine network, which builds up in 

the luminal space along the gut epithelium during feeding (Kumar et al. 2010). The 

dityrosine network prevents extraneous microorganisms from entering the gut cells.  

Signal Transduction Pathways 

Three major pathways, namely Toll, immune deficiency (IMD), and Janus 

kinase (JAK) signalling transducer and activator of transcription (STAT) pathways, 

contribute to the activation of the immune response within arthropods (Smith and Pal 

2014). Toll pathways are activated by bacterial, viral, or fungal invasion, the IMD 

pathway is induced by Gram-negative bacteria, and JAK-STAT has been shown to 

act in the presence of bacterial and protistan pathogens (L. Liu et al. 2012; Gupta et 
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al. 2009). The Toll pathway is stimulated by cell wall components of Gram-positive 

bacteria and, via several transcription factors, boosts the production of antimicrobial 

peptides (Smith and Pal 2014). 

Complement-Related Molecules 

Thioester-containing proteins (TEPs) form a conserved and phylogenetically 

distinct family of secreted proteins that play central roles in the innate immune 

response. There are two families of TEPs – complement factors and α2-macroglobulins, 

which have been known in vertebrates for a long time, and have been recently found 

in arthropods (M. Williams and Baxter 2014). Complement factors are monomeric and 

located on surfaces when activated, while α2-macroglobulins are usually multimeric 

protease inhibitors that encapsulate targets once cleaved in a protease-sensitive “bait 

region”. Complement deposition on pathogen surfaces is responsible for enhanced 

phagocytosis, attraction of phagocytes, and direct lysis, while α2-macroglobulins 

inactivate protease virulence factors (Williams and Baxter 2014). TAM and IrAM are 

two α2-macroglobulins described for the soft tick O. moubata and the hard tick I. 

ricinus, respectively (Kopacek et al. 2010; Buresova et al. 2009); nine gene-candidates 

belonging to α2-macroglobulins were found in the I. scapularis genome (IsAm) 

(Kopacek et al. 2000). A functional study based on RNAi-silencing linked with a 

phagocytic assay revealed that IrAM is involved in phagocytosis of the soft tick 

pathogen Chryseobacterium indologenes by I. ricinus haemocytes. The phagocytosis 

activity was dependent on an active metalloprotease secreted by the bacteria, 

indicating that interaction of tick α2-macroglobulins with a protease from an invading 

pathogen is linked with a cellular immune response. Interestingly, this mechanism is 

not responsible for eliminating every pathogen, so the phagocytosis of Borrelia 

burgdorferi or a commensal bacteria Staphylococcus xylosus was not affected by IrAM 

silencing (Buresova et al. 2009). 

Homologues of the Factor D clip-domain serine proteases were found in 

haemocytes of Dermacentor variabilis and Dermacentor andersoni and in the genome 
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of I. scapularis (Simser et al. 2004; Kopacek et al. 2010). They are closely related to 

Limulus factor D, an enzyme from the horseshoe crab Tachypleus tridentatus, which 

has an antimicrobial activity against Gram-negative bacteria (Kawabata et al. 1996).  

Agglutination 

Tick fibrinogen-related proteins (FRePs) are immune molecules (or lectins) 

which are most likely recognising self/non-self-carbohydrates within the tick 

haemolymph, distinguishing pathogen-associated molecular patterns on the surface of 

invading pathogens. They are often produced in the gut, haemocytes, or fat body 

(Grubhoffer, Kovář, and Rudenko 2004; A. A. Smith and Pal 2014). Soft ticks possess 

Dorin M, which is mainly expressed in haemocytes and salivary glands (R. Rego et al. 

2006). The closely-related tachylectins from the horseshoe crab share this feature, and 

function as pattern recognition molecules (Kawabata and Tsuda 2002).  

A family of fibrinogen-related proteins with 27 genes was identified in I. ricinus 

(Honig Mondekova et al. 2017). The authors separated these 27 genes into three groups 

based on the phylogenetic divergence – Ixoderin A, Ixoderin B and Ixoderin C. Ixoderin 

A is close to Dorin M and tachylectins, while the two other ixoderins cluster with less 

well-characterised genes from other arthropods. Three forms of ixoderins showed 

different patterns of expression: ixoderin A was mostly expressed in haemocytes and 

Malpighian tubules and was notably upregulated after a blood meal. Ixoderin B was 

active in salivary glands, and ixoderin C was expressed in all studied tissues with 

higher transcription in the gut and trachea (Honig Mondekova et al. 2017; R. O. M. 

Rego et al. 2005). Ixoderins appear to be important as opsonins involved in the 

phagocytosis of different bacteria and yeasts by tick haemocytes. 

A galectin-like protein, OmGalec, was isolated from O. moubata. It is expressed 

at all stages of the tick cell cycle and was abundant in haemocytes, midgut, and 

reproductive organs (X. Huang et al. 2007). 
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Antimicrobial peptides 

Antimicrobial peptides are known in arthropods; at least eight different classes 

have been described for Drosophila, mainly produced in the fat body in response to 

infection and secreted into the haemolymph (Imler and Bulet 2005). A diverse 

repertoire of antimicrobial peptides and lysozyme-like enzymes has been described for 

ticks as well. Antimicrobial production is triggered by the activation of the Toll, IMD, 

or JNK-STAT pathway in the presence of bacteria, fungi, or viruses (Smith and Pal 

2014). 

The tick defensin family is the most described; defensin orthologues have been 

found in at least twenty hard and soft tick species (Chrudimska et al. 2010). In addition 

to the haemolymph, tick defensins were also reported to be expressed in the midgut 

and other tissues, including salivary glands and fat body. C-type lysozymes were 

characterised in 1990s and it was shown that they are upregulated in the presence of 

E. coli (Podboronov 1991; Y. Saito et al. 2009). Most of the antimicrobial peptides 

have a particular specificity either against Gram-positive bacteria, or Gram-negative 

bacteria, or fungi. The precise scope of each peptide is not yet defined and is limited 

by the list of pathogens which were tested in experiments. For example, ixodidin 

showed in experiments the ability to inhibit Micrococcus luteus and decrease the 

activity of E. coli and had some inhibitory activity against chymotrypsin and elastase 

serine proteases. The molecular mechanisms of these actions remain unclear (Fogaca 

et al. 2006). 

Several antimicrobial peptides were discovered by transcriptome sequencing of 

infected ticks. DvKPI (Dermacentor variabilis Kunitz protease inhibitor) was 

upregulated six-fold in ticks infected with Rickettsia montanensis, thus preventing the 

pathogen from massive colonisation, which would be harmful to the host (Ceraul et al. 

2008). Similarly, I. ricinus serine protease inhibitor, IrSPI, was discovered by 

comparing transcriptomes of uninfected salivary glands with Bartonella henselae-

infected glands; IrSPI had the highest expression level in the infected sample (X. Y. 
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Liu et al. 2014). Persulcatusin is another antimicrobial peptide discovered in the 

midgut of Ixodes persulcatus and is drawing increased attention because of its ability 

to inhibit multi-drug resistant strains of Staphylococcus aureus (Miyoshi et al. 2017).  

5.1.3. Limitations of microarray and bulk transcriptome 

experiments  

Tick cell lines are established from tick embryos, without selecting particular 

tissue types, so it is believed that cell lines consist of two or more cell types which are 

essential for the cell line survival as attempts to clone cells from cell lines failed (Lesley 

Bell-Sakyi et al. 2007). Researchers noticed the variability of shapes and sizes of cells 

within cell lines, but there is no data regarding which tissues these cell types came 

from, how many cell types are observed in each cell line and how different are the 

various cell lines, which is essential if we want to compare experiments performed with 

different cell lines. Alberdi et al. attempted to match two cell lines from two Ixodes 

species with tick tissues, but their results do not seem convincing (P. Alberdi et al. 

2016). The single-cell approach is promising for describing the composition of tick cell 

lines and studying the immune response of each of the assumed cell types to different 

pathogens. 

5.1.4. Aims and objectives 

The main aim of the chapter is to acquire a better understanding about the 

heterogeneity of tick cell lines and their immune response in the presence of bacterial 

symbionts. In order to achieve this goal, several objectives have been outlined. Firstly, 

the composition of cell lines derived from two tick species will be analysed using single-

cell transcriptomics approach. Secondary, transcriptomic responses of tick cells to 

bacterial symbionts will be studied.  
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5.2. Materials & methods 

5.2.1. Infecting tick cells with bacterial symbionts 

5.2.1.1. Infection of BME/CTVM23 culture 

Infections of E. minasensis, R. raoultii, and Spiroplasma sp., maintained as 

described in Chapter IV, were passaged into fresh uninfected BME/CTVM23 cells 

every two weeks. 0.5 ml of source culture was used for R. raoultii and E. minasensis 

infections, and 0.1 ml for Spiroplasma sp. infection. Tubes containing uninfected 

BME/CTVM23 cells were pooled and divided equally between five new tubes before 

infection to minimise the possible differences in conditions in tubes. 

An uninfected IDE8 cell culture was used as a source of the endogenous virus 

SCRV; 2 ml of cell suspension were centrifuged at 10000 rcf to separate tick cells and 

cell debris from SCRV particles, then 0.5 ml of supernatant were transferred to a tube 

of uninfected BME/CTVM23 cell culture.  

5.2.1.2. Infection of IDE8 culture 

Five ml of IDE8 cell culture infected with E. minasensis at a rate >50% were 

harvested by pipetting, the cell suspension was centrifuged at room temperature for 

5 min at 200 rcf, the supernatant was transferred to a new tube, the cell pellet was 

resuspended in 500 μl of trypsin (500 μg/ml in PBS) and incubated for 20 min at 37 °C. 

The trypsin was deactivated by adding the supernatant back to the tube, and the cell 

suspension was passed ten times through a bent 26G needle to rupture the cells 

mechanically and release the intracellular bacteria. The suspension was centrifuged at 

room temperature for 5 min at 1500 x g. The supernatant containing cell-free bacteria 

was collected, and 200 µl was added to uninfected cell cultures growing in flat-sided 

tubes. Tubes containing uninfected IDE8 cells were mixed and separated into two new 

tubes before infection to minimise the possible differences in conditions in different 

tubes.  
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5.2.2. 10X sorting and sequencing 

BME/CTVM23 and IDE8 cell cultures were used on the fifth day after infection. 

Seven cultures, as described in Table 5-1, were included in the experiment.  

Sample ID 
Tick species and cell line 

ID 
Symbiont 

Intended number 
of cells 

Is_uninf Ixodes scapularis IDE8 endogenous SCRV 8000 

Is_Em I. scapularis IDE8 Ehrlichia minasensis, 
SCRV 

10000 

Rm_uninf Rhipicephalus microplus 
BME/CTVM23 

none 8000 

Rm_Em R. microplus 
BME/CTVM23 

E. minasensis, SCRV 10000 

Rm_Rr R. microplus 
BME/CTVM23 

Rickettsia raoultii 10000 

Rm_Sp R. microplus 
BME/CTVM23 

Spiroplasma sp. 10000 

Rm_SCRV R. microplus 
BME/CTVM23 

SCRV 8000 

0.5 ml of each cell culture was centrifuged at 300 rcf for 5 min, the supernatant 

was removed, and 500 µl of 1X PBS with 0.04% BSA was added, and the cell pellet 

was pipetted with a wide-bore tip. The procedure was repeated. Then each cell culture 

was pushed through a strainer with a pore size of 70 µm. If the culture was clumping 

the strainer, the culture was pushed through several strainers (up to three) until the 

culture went through easily. 

The following steps of cell sorting, library preparation and sequencing were 

performed by Dr Margaret Hudges from the Centre for Genomic Research at the 

University of Liverpool. The density and viability of cells were calculated using a Luna 

Automated Cell Counter (Logos Biosystems Inc., USA). Chips were loaded after 

calculating the accurate volumes using the ‘Cell Suspension Volume Calculator Table’. 

Once GEMs (Gel Bead-In Emulsions) were obtained, reverse transcription and cDNA 

amplification steps were performed. scRNA-seq libraries were prepared using the 

Table 5-1 Tick cell cultures and microorganisms used in the scRNAseq experiment 
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Chromium Next GEM Single Cell 3ʹ v3.1 (10X Genomics), according to the 

manufacturer’s protocol. Sequencing was done on Illumina NovaSeq, generating paired-

end reads. 

5.2.3. 10X data processing 

The reference for I. scapularis samples consisted of I. scapularis assembly 

(nuclear and mitochondrial), E. minasensis and SCRV assemblies. The reference for 

R. microplus samples consisted of R. microplus assembly (nuclear and mitochondrial), 

E. minasensis, R. raoultii, Spiroplasma sp., and SCRV assemblies (Table 5-2). All 

bacterial, mitochondrial and viral references were reformatted to include “exon” and 

“gene” features, and to start with the same tag for the convenience of downstream 

analysis. Thus, gene IDs were reformatted to start with “MT” for all mitochondrial 

genomes; “Em” for E. minasensis; “Rs” for R. raoultii; “Sp” for Spiroplasma sp., and 

“StCRV” for St Croix River virus.  

The STAR reference index was prepared using STAR v2.7.9a (Dobin et al. 

2013). Following this, STARsolo alignment and quantification was run on the 

experiments with the following options: “--outSAMtype BAM SortedByCoordinate --

outBAMsortingThreadN 2 --limitBAMsortRAM 60000000000 --outMultimapperOrder 

Random --runRNGseed 1 --outSAMattributes NH HI AS nM CB UB GX GN --

soloMultiMappers Uniform PropUnique EM --soloType CB_UMI_Simple --

soloCBwhitelist 3M-february-2018.txt --soloBarcodeReadLength 0 --soloUMIlen 12 --

soloStrand Forward --soloUMIdedup 1MM_CR --soloCBmatchWLtype 

1MM_multi_Nbase_pseudocounts --soloUMIfiltering MultiGeneUMI_CR --

soloCellFilter EmptyDrops_CR --clipAdapterType CellRanger4 --outFilterScoreMin 

30 --soloFeatures Gene GeneFull Velocyto --soloOutFileNames output/ genes.tsv 

barcodes.tsv matrix.mtx”.  

These options were selected to reproduce the workflow of latest Cell Ranger 

versions (4+), with some important differences. To elaborate,  
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• since the experiment is 3’ scRNA-seq that use v3 of 10x chemistry, the following 
setting were used: “--soloCBwhitelist 3M-february-2018.txt --
soloBarcodeReadLength 0 --soloUMIlen 12 --soloStrand Forward”. These 
settings define the whitelists of barcodes (3M-february-2018.txt file available 
from Cell Ranger github repository at  
https://github.com/10XGenomics/cellranger/tree/master/lib/python/cellrang
er/barcodes), and expect 16 bp cell barcodes and 12 bp UMIs; 

• the options “--outSAMtype BAM SortedByCoordinate --
outBAMsortingThreadN 2 --limitBAMsortRAM 60000000000 --
outMultimapperOrder Random --runRNGseed 1 --outSAMattributes NH HI AS 
nM CB UB GX GN” generate the sorted BAM file that can be used for read 
alignment visualisation;  

• the options “--soloUMIdedup 1MM_CR --soloCBmatchWLtype 
1MM_multi_Nbase_pseudocounts --soloUMIfiltering MultiGeneUMI_CR --
soloCellFilter EmptyDrops_CR --clipAdapterType CellRanger4 --
outFilterScoreMin 30” were set to mimic the trimming, cell filtering, and 
UMI/barcode demultiplexing algorithms used by Cell Ranger version 4 and 
later;  

• the option “--soloMultiMappers Uniform PropUnique EM” allowed generation 
of quantification output that uses both uniquely mapping and multi-mapping 
reads, with different versions of the algorithm, EM being the most accurate;  

• the option “--soloFeatures Gene GeneFull Velocyto” allowed generation of 
quantification matrices using either normally spliced (“Gene”) or both spliced 
and unspliced (“GeneFull”) reference transcripts; “Velocyto” had the matrices 
necessary to calculate RNA velocities. 

 

The matrices produced by CellRanger were processed with Seurat v.4.0.4 

(Butler et al. 2018; Stuart et al. 2019). A log-normalisation was applied to normalise 

gene expression of individual cells to the total gene expression of each dataset. Datasets 

were integrated with the Seurat ‘IntegrateData’ function with 10000 anchor features 

(Hafemeister and Satija 2019). 
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Species Assembly 
Genome 
size, bp 

Numb
er of 
contig

s 

N50 
Numb
er of 
genes 

Referen
ce 

I. scapularis 
strain PalLab 

GCA_01692
0785.2 

2,226,883,
318 

3,313 
1,735,39

2 
38,656 

Unpublis
hed 

I. scapularis 
mitochondrio
n 

this study 14,184 1 14,184  N/A 

E. minasensis 
strain 
UFMG-EV 

this study 1,347,208 1 
1,347,20

8 
1,031 N/A 

R. raoultii 
strain 
Khabarovsk 

GCA_00094
0955.1 

1,483,284 

4 (chr 
+ 3 

plasmi
ds) 

1,344,64
2 

1,702 

(El 
Karkouri 

et al. 
2016) 

Spiroplasma s
p. DMAR11 

this study 1,740,586 1 
1,740,58

6 
2,246 N/A 

R. microplus 
strain 
BME/CTVM
23 

GCA_01333
9725.1 

2,529,930,
304 

8,624 
183,350,

851 
28,973 

(Jia et al. 
2020) 

R. microplus 
mitochondrio
n 

GCA_01333
9725.1 

(Seq3413) 
14,905 1 14,905  

(Jia et al. 
2020) 

St Croix 
River Virus 
(SCRV) 

GCF_00085
6145.1 

18,445 10 N/A 10 
(Attoui 
et al. 
2001) 

  

Table 5-2 Reference genomes used in the 10X data processing 
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5.3. Results 

5.3.1. Sequencing yields and data processing 

Table 5-3 shows sorting and sequencing yields for the seven submitted samples. 

The cell lines had comparatively low percentage of viable cells, especially uninfected 

I. scapularis (“Is_uninf”), R. microplus infected with E. minasensis (“Rm_Em”) and 

R. microplus infected with SCRV (“Rm_SCRV”). The percentage of viable cells did 

not correlate with the infection condition, as the most viable samples were R. microplus 

and R. microplus infected with Spiroplasma sp., and one of the least viable was 

uninfected I. scapularis.  
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Density, cell/ml 

5.
3*

10
5  

1.
5*

10
6  

2.
2*

10
6  

2.
5*

10
6  

2.
5*

10
6  

3.
3*

10
6  

1.
9*

10
6  

Viable cells, % 0.65 0.76 0.81 0.65 0.7 0.79 0.62 
Millions of reads 266 291 210 316 234 255 237 

Figure 41 illustrates the main quality characteristics of single-cell sequencing 

such as the percentage of mitochondrial counts per cell, number of molecules 

(transcripts) per cell and number of expressed genes per cell (Figure 41A), as well as 

the ratio between the first two values (Figure 41B). R. microplus samples had a 

substantially higher mitochondrial reads count than I. scapularis and what is 

considered normal for a healthy cell (Ilicic et al. 2016). This difference between cell 

lines did not correlate with the observed viability of cells taken into sorting or with 

the infection state. The high mitochondrial counts in R. microplus might mean that 

these cells are more fragile and more susceptible to the physical impact of filtering and 

sorting, although the difference could be due to biological differences in mitochondrial 

Table 5-3 Description of samples taken into sorting and sequencing and sequencing yields 
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counts between cell types (Medini, Cohen, and Mishmar 2021). Two samples – 

R. microplus infected with E. minasensis and R. microplus infected with SCRV had 

especially long distribution of mitochondrial reads from 3% up to 30%. A typical 

pipeline of single-cell data analysis includes the step of filtration according to number 

of mitochondrial reads, where all cells with more than 5% mitochondrial counts are 

removed from the following analysis (Ilicic et al. 2016). However, such pipelines were 

developed for either model organisms, or human tissues, and tick cell lines 

demonstrated a clearly different pattern, so different thresholds were chosen for these 

samples: for I. scapularis, cells with more than 10% of mitochondrial reads were 

removed, and for R. microplus only those cells with more than 30% of mitochondrial 

reads were removed. Such mild filtering also saved more than a third part of all cells 

in R. microplus samples (Table 5-4 shows the drastic drop of cell number if filtered 

with less than 10%). Figure 41B shows the ratio between mitochondrial count and 

number of transcripts per cell; for I. scapularis these were -0.22 and -0.12, while for 

R. microplus samples they were between -0.38 and -0.47. The graphs demonstrate that 

most of the I. scapularis cells with high mitochondrial counts had few transcripts, 

forming an L-shaped distribution, while graphs for R. microplus had distributions of a 

more triangular shape, when cells with many transcripts also had a high number of 

mitochondrial transcripts. 
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After 
initial 

barcodes 
counts 

After 
filtering 
mt<10 

After 
filtering 
mt<20 

After 
filtering 
mt<30 

Rhipicephalus 
microplus 6361 3068 4641 4719 

R. microplus inf. 
Ehrlichia minasensis 
and SCRV 

6186 1310 2836 3262 

R. microplus inf. 
SCRV 

5751 2118 3350 3517 

  

Table 5-4 Number of cells in three of the samples depending on the mitochondrial read count 
threshold (mt)  

Figure 41 (A) Mitochondrial count, number of RNA molecules and number of detected 
expressed genes per cell in the samples. (B) Ratio of number of transcripts to mitochondrial 
counts. 
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Table 5-5 contains a summary of the different steps of single-cell RNA-seq 

analysis, including counting valid barcodes, UMIs (Unique Molecular Identifiers) and 

final number of cells. Almost all reads (>97%) were assigned to a valid barcode 

whitelisted by 10X protocols (Table 5-5, row 2). Between 69% and 88% of all reads 

were successfully mapped to the reference genomes depending on use of multimapping 

reads (Table 5-5, rows 3, 4). Approximately half of all reads were matched with 

annotated genes within the reference genomes (Table 5-5, rows 5, 6). If considering 

introns of the genes, these figures rose up by 10% (Table 5-5, rows 8, 9). After removing 

a possible systemic bias caused by contamination by exogeneous or endogenous 

ambient transcripts using CellBender software, the number of cells in each sample 

ranged between 5751 and 8708 cells (Table 5-5, row 11).  

When cells are squashed during the cell sorting, damaged RNA leaks out and 

gets inside droplets together with actual cells (Luecken and Theis 2019). This can lead 

to the distortion of the clustering, integration, and other factors. CellBender is a deep 

learning-based tool that: 1) learns the model of empty droplets and “certain” cells, 

defining a new list of filtered cells, which is usually slightly bigger than that of other 

algorithms; and 2) removes the ambient RNA reads from these cells (Fleming, Marioni, 

and Babadi 2019). CellBender on average removed about 1% of all UMIs as background 

(Table 5-5, row 14). 

Count matrices of the described data can be found in Digital supplementary 

material (Chapter V, h5_count_matrices).  
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1 Millions of reads 266 291 210 316 234 255 237 

2 % reads with valid 10x barcodes 97.2 97.3 97.2 97.1 97.2 97.1 97.1 

3 % reads mapped to genome, unique + 
multimappers 80.1 78.1 88.6 86.1 87.9 86.8 86.9 

4 % reads mapped to genome, unique 71.4 69.1 79.3 76.6 78.5 77.2 77.7 

5 % reads assigned to gene, unique + 
multimappers 48.1 45.1 57.1 53 56.3 55.5 55.8 

6 % reads assigned to gene, unique 46.9 44 54.7 50.4 53.6 52.7 53.4 

7 Millions of reads in cells mapped to 
gene 107 114 102 137 108 114 104 

8 % reads assigned to gene w/introns, 
unique + multimappers 60 57 68.1 65.7 67.4 66.6 65.9 

9 % reads assigned to gene w/introns, 
unique 55.9 53.6 65.1 62.5 64.1 63 62.8 

10 Millions of reads in cells mapped to 
gene w/introns 129 140 123 172 131 138 124 

11 Number of cells by CellBender 7296 7572 6361 6186 7641 8708 5751 

12 Millions of UMIs in cells before 
background correction 85 88 76 81 81 85 71 

13 Millions of UMIs in cells after 
background correction 84 87 76 80 81 84 70 

14 % UMI removed as background 0.79 0.31 0.49 1.13 1 1.56 1.24 
  

Table 5-5 Sequencing outcomes and results of preliminary data analysis 
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5.3.2. Effect of dataset filtering according to mitochondrial 

counts 

It is common practice to filter datasets to remove cells with high mitochondrial 

counts, usually more than two or three standard deviation measures, as they are 

believed to be dying cells with leaking membranes (Ilicic et al. 2016). However, it 

should be noted that most of the scRNA-seq guidelines were designed for human or 

mouse tissues and focused on describing different cell types in samples, where dying 

cells do not add up to the understanding of a dataset. In the case of the current 

experiment there was a particular interest in how infection affected the condition of 

cells including their viability which could be roughly assessed by the number of 

mitochondrial transcripts. Mitochondrial counts varied between the two tick cell lines 

as described in section 5.3.1 and Figure 41A: most cells in I. scapularis samples had 

up to 5% of mitochondrial transcripts, whereas the distribution of mitochondrial counts 

in R. microplus cells was much wider at up to 25% (Figure 41A).  

Different filtering could have an effect on clustering of the datasets and, 

depending on whether high bacterial load coincided with high bacterial counts, 

excessive filtering could bias the analysis of bacterial infection. Figure 42 demonstrates 

how removal of cells overloaded with mitochondrial transcripts affected the datasets.  

The only dataset which largely changed the clustering pattern after removing 

cells with more than 30% of mitochondrial reads was R. microplus infected with 

E. minasensis and SCRV. Clusters on the right side of the cell cloud (2, 4, 12, 13, 14, 

15) had up to 100% mitochondrial reads (Figure 42A) and removing these cells reduced 

the number of clusters from 16 to 12 and made the distribution of mitochondrial reads 

more even across clusters. Unfortunately, the filtering also removed a fraction of cells 

with high bacterial load (cluster 12); the other clusters had more uniform distribution 

of bacterial infection (Figure 42B). A small portion of I. scapularis cells with detectable 

E. minasensis signal (cluster 11) was also removed after mitochondrial read filtering 
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although it did not strongly affect the clustering pattern; the number and size of the 

clusters remained very similar.  

There was a difference in the level of bacterial signal from E. minasensis 

between the two tick cell lines (Figure 42A). Some cells in the I. scapularis sample had 

up to 40% of E. minasensis reads, while the maximum fraction of E. minasensis reads 

in R. microplus cells was less than 1%.  

Cultures infected with R. raoultii and Spiroplasma sp. also had high 

mitochondrial counts (up to 50%), however not as high as in the R. microplus with 

E. minasensis sample (Figure 42A). Despite the fact that the mitochondrial signal was 

not regressed it did not seem to bias the clustering - most of the clusters in the 

R. raoultii and Spiroplasma sp. samples had similar mitochondrial counts. Removing 

cells with more than 30% of mitochondrial reads did not change the pattern of clusters 

much; the R. raoultii infection remained even across clusters and Spiroplasma sp. 

infected cells remained within one cluster (cluster 9 before filtering and cluster 7 after 

filtering). 

The following analysis is based on the filtered datasets if not stated otherwise.
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Figure 42 UMAP plots of datasets infected with bacteria before (A) and after (B) filtering by mitochondrial counts. 
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5.3.3. Analysis of I. scapularis samples 

The main characteristics of the integrated I. scapularis samples are shown in 

Figure 43. Figure 43A demonstrates that some of the clustering might be explained by 

the cell cycle. Clusters 0, 4 and 12 were predominantly in G2M phase, clusters 10 and 

11 had more cells in G1 phase, and cluster 5 had a substantial bias towards S phase. 

From Figure 43B it is obvious that the cell cycle distribution was not affected by 

infection at the time of experiment, and clusters had very similar ratios between 

uninfected and infected samples.  

The dataset was clustered into thirteen groups (Figure 43C, D). The biggest 

cluster consisted of approximately two thousands cells, the smallest of only 135 cells 

(Figure 43E). Clusters 0, 1, 6, 7 and 12 contained almost equal number of cells from 

the infected and uninfected samples, clusters 2, 4, 5 and 8 were slightly biased towards 

infected cells, and clusters 3, 9, 10 and 11 had more cells coming from the uninfected 

sample (Figure 43D).  

The mitochondrial reads load was not regressed, although it did not affect 

clustering and all clusters had quite similar mitochondrial count distributions (Figure 

43F). Only cluster 11 had a higher percentage of mitochondrial reads. Interestingly, 

the same cluster was predominantly formed by cells from the infected sample (Figure 

43C), although there was no substantial bacterial signal (Figure 43G), which indicated 

that the poor state of these cells was not directly linked to the level of infection. 

Clusters 9 and 10 had high counts of bacterial transcripts (Figure 43G).  

The level of viral transcripts detected was very low (Figure 43H). Most of the 

cells in both samples had no detectable viral signal, although there were more cells 

with detectable SCRV in the uninfected sample, which is shown in Figure 44. 

Genes defining clusters are available in the Digital supplementary material 

(Chapter V, “IDE8_SCRV_Em_cluster_markers.xlsx”). 
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Figure 43 Ixodes scapularis, uninfected and infected with Ehrlichia minasensis, integrated 
samples. (A) Clusters by cell cycle phase coloured by clustering; (B) Bar plots comparing the 
ratios of cell cycle phases per cluster between samples; (C) Distribution of clusters between 
samples coloured by clustering; (D) Bar plot comparing the distribution of cells in clusters 
between samples; (E) number of cells in each cluster; (F) percentage of mitochondrial reads 
per cell within infected and uninfected I. scapularis; (G) percentage of reads originating from 
Ehrlichia minasensis per cell; (H) percentage of reads originating from SCRV per cell. 
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5.3.3.1. Differentially expressed genes in the infected and 

uninfected I. scapularis samples 

The bacterial signal was not regressed in this analysis thus the strongest marker 

of the infected sample came from E. minasensis. The first two rows of the heatmap 

(Figure 45) demonstrate the expression of 16S and 23S rDNA genes of E. minasensis. 

Not all cells in the infected sample were actually infected which is reflected in the 

heatmap (red vertical lines correspond to the cells with detected bacterial signal, and 

white and light-blue lines correspond to the cells with no bacterial signal); 3667 out of 

5937 cells (62%) had no E. minasensis transcripts. The level of expression of two 

E. minasensis ribosomal genes should roughly reflect the number of bacteria in a cell. 

This implied level of infection did not correlate with the level of expression of other 

host cell marker genes: only actin-5C and ERF3A genes had a similar pattern of 

Figure 44 Percent of viral transcripts per cell in the I. scapularis and R. microplus 
samples. Y-axis is shown with a log10 scale. 
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expression among cells, while mitochondrial ribosomal signal (MT-rrnS and MT-rrnS) 

negatively correlated with the intensity of the bacterial ribosomal signal (Figure 45).  

Another two markers of infection were mitochondrial ribosomal genes rrnS and 

rrnL, which were upregulated in the infected sample (Figure 45). Interestingly, while 

two mitochondrial ribosomal genes were upregulated in the infected sample, some other 

mitochondrial genes such as cox2, cox1 and nad3 were clearly downregulated in the 

same sample and were more expressed in the uninfected cells (Figure 45, 

Supplementary table 6).  
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Figure 45 Heatmap of the most differentially expressed genes in Ixodes scapularis samples. Dashed line separates genes up- and downregulated 
in the two samples. Full list of differentially expressed genes can be found in Supplementary table 5. 
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5.3.4. Analysis of R. microplus samples 

There were five samples of R. microplus with and without different pathogens. 

These samples were compared in three groups using the same uninfected control in 

case of Spiroplasma sp. and R. raoultii infection, and two controls – R. microplus and 

R. microplus infected with SCRV – in case of E. minasensis infection (Figure 40).  

5.3.4.1. R. microplus infected with E. minasensis and SCRV  

The main characteristics of the three integrated R. microplus samples 

(uninfected, infected with SCRV and infected with E. minasensis and SCRV) are 

shown in Figure 46. Figure 46A demonstrates that some clusters might be explained 

by the cell cycle. So, cluster 7 contains cells in G2M and S phases, most of cluster 2 

cells are in S phase, and clusters 1,4 and 8 on the contrary have almost no cells in the 

S phase. Clusters 1 and 9 have substantially more cells in G1 phase than in the other 

two phases. The cell cycle seems to be approximately the same between different 

samples and clusters had very similar ratios between uninfected and infected samples 

(Figure 46B).  

The dataset was clustered into twelve groups (Figure 46C, D). The biggest 

cluster consisted of 1428 cells, the smallest of only 396 cells (Figure 46E). All clusters 

had quite similar distributions of mitochondrial counts (Figure 46F). The R. microplus 

infected with E. minasensis had more mitochondrial reads than the other two samples 

(Figure 41A, Figure 46F). The E. minasensis infection was distributed more evenly 

among cells than in the case of I. scapularis (Figure 46G): only 796 out of 3262 (24%) 

cells had no bacterial signal whereas this number was 62% for I. scapularis infected 

with E. minasensis. The level of viral transcripts detected was an order of magnitude 

higher than in I. scapularis samples and followed the same pattern that the viral 

transcription was lower in the presence of E. minasensis (Figure 44, Figure 46H). 

Genes defining clusters are available in the Digital supplementary material (Chapter 

V, “BME23_SCRV_Em_cluster_markers.xlsx”). 
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Figure 46 Three R. microplus samples integrated: uninfected, infected with SCRV and 
infected with E. minasensis and SCRV. (A) Clusters by cell cycle phase coloured by 
clustering; (B) Bar plots comparing the ratios of cell cycle phases per cluster between 
samples; (C) Distribution of clusters between samples coloured by clustering; (D) Bar plot 
comparing the distribution of cells in clusters between samples; (E) number of cells in each 
cluster; (F) percentage of mitochondrial reads per cell within infected and uninfected I. 
scapularis; (G) percentage of reads originating from Ehrlichia minasensis per cell; (H) 
percentage of reads originating from SCRV per cell. 
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5.3.4.2. Differentially expressed genes in the uninfected 

R. microplus samples and samples infected with 

E. minasensis and SCRV 

Neither bacterial nor viral signals were regressed in this analysis thus the 

strongest markers of the infected samples came from E. minasensis and SCRV (Figure 

47A). Only three genes were distinctively upregulated in the R. microplus infected 

with E. minasensis and SCRV sample: two ribosomal genes of E. minasensis and the 

tick gene γ-interferon-inducible lysosomal thiol reductase. The latter was also 

upregulated in the R. microplus with SCRV sample although the signal was weaker.  

There were several main types of marker genes in the R. microplus infected 

with SCRV sample: viral transcripts, stress response proteins and spliceosomal RNAs 

(Figure 47A, C, Supplementary table 7). Viral genes were also expressed in the 

R. microplus with E. minasensis and SCRV sample to a lesser extent (Figure 47A, 

Figure 44).  

The top ten genes which were upregulated in the uninfected sample compared 

with both infected samples are shown in Figure 47A (LOC119161184 to 

LOC119170592). Other upregulated genes with lower fold change rates are shown in 

Supplementary table 7. Many of these genes belonged to the family of ribosomal 

proteins, and their expression was mostly concentrated in clusters 2, 3, 6, 7, 9 and 11 

(Figure 47B). 
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Figure 47 (A) Heatmap of differentially expressed genes in the samples of uninfected Rhipicephalus microplus, R. microplus infected with SCRV 
and R. microplus infected with Ehrlichia minasensis and SCRV. Dashed lines separate genes up- and downregulated between samples. Full list 
can be found in Supplementary table 6. (B) Expression of ribosomal proteins in three different samples. (C) Expression of U2 spliceosomal 
RNAs in the R. microplus infected with SCRV cells. 
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5.3.4.3. R. microplus infected with R. raoultii 

The main characteristics of the R. microplus and R. microplus infected with 

R. raoultii integrated dataset are shown in Figure 48. Figure 48A demonstrates that 

the distribution of cells and clusters among cell phases was not even. Most cells were 

in the G1 phase and least cells in the S phase. Clusters 3, 11 and 12 were predominantly 

built of dividing cells (G2M), clusters 0 and 2 had equal numbers of cells in each phase, 

other clusters consisted mostly of G1 cells (more than 50%) (Figure 48B). The cell 

phase distribution between infected and uninfected samples was very similar (Figure 

48B).  

The dataset was clustered into fourteen groups with the biggest cluster of 1221 

cells and the smallest of only 156 cells, with all clusters almost equally divided between 

infected and uninfected samples (Figure 48D). All clusters had quite high 

mitochondrial counts (Figure 48F), and the distribution of R. raoultii reads was also 

quite even across cells and clusters (Figure 48G). Only approximmately a third part 

of cells (1571 of 5043) had no bacterial signal. 

Genes defining clusters are available in the Digital supplementary material 

(Chapter V, “BME23_Rr_cluster_markers.xlsx”). 
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Figure 48 Two Rhipicephalus microplus samples integrated: uninfected, infected with 
Rickettsia raoultii. (A) Clusters by cell cycle phase coloured by clustering; (B) Bar plots 
comparing the ratios of cell cycle phases per cluster between samples; (C) Distribution of 
clusters between samples coloured by clustering; (D) Bar plot comparing the distribution of 
cells in clusters between samples; (E) number of cells in each cluster; (F) percentage of 
mitochondrial reads per cell within infected and uninfected R. microplus; (G) percentage of 
reads originating from R. raoultii per cell. 
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5.3.4.4. Differentially expressed genes in the uninfected 

R. microplus samples and infected with R. raoultii  

There were not many genes differentially expressed between the uninfected 

R. microplus sample and R. microplus with R. raoultii (Figure 49, Supplementary 

table 8). The most certain marker came from R. raoultii – two ribosomal genes. 

Another two genes which were upregulated compared with the uninfected sample were 

fatty acid synthase and insulin-induced gene 1 protein. Another seven genes were 

slightly downregulated in the infected sample, three of which had no assigned function.  

5.3.4.5. R. microplus infected with Spiroplasma sp. 

The main characteristics of the R. microplus and R. microplus infected with 

Spiroplasma sp. integrated dataset are shown in Figure 51. Figure 51A demonstrates 

that the distribution of cells and clusters among cell phases was not even. Most of the 

clusters had cells either in G1 or G2M states, except for two clusters: cluster 1 was 

predominantly built with dividing cells (G2M), and cluster 6 had more than half of the 

cells in the synthetic phase whereas all other clusters had maxima of 10% of cells in 

the S phase (Figure 51B). The cell phase distribution between infected and uninfected 

samples was almost identical (Figure 51B). 

Figure 49 Heatmap of differentially expressed genes in samples of uninfected Rhipicephalus 
microplus and R. microplus infected with Rickettsia raoultii 
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The dataset was clustered into thirteen groups with the biggest cluster of 1386 

cells and the smallest of only 231 cells (Figure 51D, E). Clusters 7 and 11 were biased 

towards infected cells, all other clusters had almost even parts of infected and 

uninfected cells. 1744 cells out of 5586 (31%) had no bacterial signal. All clusters had 

quite high mitochondrial counts with cluster 7 having a slightly higher level of 

mitochondrial expression (Figure 51F), which coincided with the distribution of 

Spiroplasma sp. transcripts; most of the signal from Spiroplasma came from cluster 7 

(Figure 51G). Genes defining clusters are available in the Digital Appendix (Chapter 

V, “BME23_Sp_cluster_markers.xlsx”). 

5.3.4.6. Differentially expressed genes in the uninfected 

R. microplus samples and infected with Spiroplasma sp. 

Spiroplasma infection also did not change the expression profile of tick cells very 

much, similarly to the R. microplus infected with R. raoultii. Only nine genes were 

identified as differentially expressed, eight of which were upregulated in the infected 

sample (Figure 50). The highest numbers of fold change were exhibited by two 23S 

rDNA Spiroplasma sp. genes (Spiroplasma sp. had two ribosomal operons). Similar to 

R. microplus infected with E. minasensis, a ribosomal protein and small nuclear U3 

RNA involved in eukaryotic mRNA processing were upregulated in the infected 

sample. The fatty acid synthase gene was upregulated in the infected sample, similar 

to the R. microplus sample with R. raoultii.   

Figure 50 Heatmap of differentially expressed genes in samples of uninfected Rhipicephalus 
microplus and R. microplus infected with Spiroplasma sp. 
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Figure 51 Two Rhipicephalus microplus samples integrated: uninfected and infected with 
Spiroplasma sp. (A) Clusters by cell cycle phase coloured by clustering; (B) Bar plots comparing 
the ratios of cell cycle phases per cluster between samples; (C) Distribution of clusters between 
samples coloured by clustering; (D) Bar plot comparing the distribution of cells in clusters between 
samples; (E) number of cells in each cluster; (F) percentage of mitochondrial reads per cell within 
infected and uninfected R. microplus; (G) percentage of reads originating from Spiroplasma sp. 
per cell. 
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5.4. Discussion 

5.4.1. Data processing 

The field of single-cell analysis technologies has drastically increased during the 

last decade, and there are hundreds of tools to analyse single-cell datasets (385 tools 

as of March 2019) (Luecken and Theis 2019). Three characteristics are commonly used 

to assess experiment quality: counts per barcode (count depth), the number of genes 

per barcode, and the fraction of counts from mitochondrial genes (Ilicic et al. 2016). 

Outliers with a higher count depth usually correspond to doublets; low count depth 

corresponds to an empty droplet with an ambient RNA. If few genes or a high 

percentage of mitochondrial reads are detected, it indicates the leaking of the outer 

membrane and a dying state of the cell (Ilicic et al. 2016). As counts and the number 

of transcripts vary considerably between cell types, these QC covariates should be 

analysed jointly (Luecken and Theis 2019). Another important filtering step is 

removing genes that are not expressed in more than a few cells and therefore are not 

informative for cluster formation (Luecken and Theis 2019). Here, the probability of 

dropout events and the expectation of small clusters in the dataset have to be 

considered. For example, filtering out genes expressed in fewer than N cells will most 

likely eliminate a cluster with N cells. Based on these considerations and several 

iterations of preliminary analysis, genes present in less than three cells and cells with 

less than 200 transcripts were filtered out. This filter should have removed dying cells 

and empty droplets with ambient RNA. Cells with a high fraction of mitochondrial 

genes were not entirely removed from this analysis as dying cells were also interesting 

for the study and often correlated with cells with a high load of bacteria. Such cells 

might give an insight into which factor was the most detrimental for tick cells (bacterial 

infection, viral infection, or something else). 

Normalisation is a crucial step for scRNA-seq experiments. Raw read counts 

cannot be directly used to compare gene expression between cells because of cell-to-
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cell variations in a number of molecules detected in each cell which is the result of bias 

introduced during cell lysis and reverse transcription and stochastic molecular sampling 

(Hebenstreit 2012). In a well-normalised dataset, the variance of a gene should be 

independent of gene abundance and sequencing depth of a cell. 

Factors which could be considered confounding are usually regressed to reveal 

a “true” signal. These are mitochondrial counts, pathogen read counts, ribosomal genes, 

stress response genes and cell cycle genes, and regressing these factors theoretically 

should reveal cell type composition in a sample. However, the regression of confounding 

factors inexplicably removed the prominent marker genes and produced a very weak 

signal. Supplementary table 10 and Supplementary table 11 show differentially 

expressed genes with a highest log fold change after the regression of signals from 

mitochondria and symbionts. The majority of genes exhibited only minor variations in 

expression, while those that were notably upregulated were primarily connected to 

stress and linked to groups of cells undergoing cell death. The reason behind such 

behaviour is not entirely clear; it might be caused either by the complexity of the data 

and imperfections of the particular analysis pipeline, or by the fact that there is no 

underlying cell diversity except for the one created by cell cycle progression, stress 

response of a cell and bacterial and viral loads. For this reason, the main analysis 

presented in the study is done without regression of confounders. 

5.4.2. Transcriptomic response to various bacterial infections 

Without regression of bacterial signal, the most prominent markers were 

expression of bacterial ribosomal genes (23 and 16S rDNA). Such result was not 

obvious because it was not clear whether the bacterial signal would be strong enough 

to detect or the eukaryotic signal would outcompete bacterial expression. Moreover, it 

was not clear what minimal level of bacterial infection was necessary for signal 

detection. It is very likely that there were cells in the infected samples with a low 

number of bacteria which did not display a bacterial signal due to the dropout effect 

on minor templates.  
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The patterns of infection and transcriptomic responses to the same pathogenic 

bacteria in two different tick cell lines were quite different. First of all, the distribution 

of bacterial signal varied: E. minasensis observably infected only 38% of cells in the 

I. scapularis sample whereas 76% of cells in the R. microplus sample demonstrated a 

clear bacterial signal even after filtering the dataset and removing a fraction of infected 

cells as they also had a high mitochondrial count. Secondly, the level of bacterial 

infection per cell drastically differed: I. scapularis cells infected with E. minasensis had 

up to 25% of reads coming from the pathogen, while R. microplus infected cells had 

less than one percent of bacterial reads (Figure 42). This might result from the fact 

that E. minasensis had been maintained in I. scapularis cells for a long time, whereas 

R. microplus cells were introduced to E. minasensis only ten passages before the 

experiment. 

R. raoultii and Spiroplasma sp. infection of R. microplus cell lines did not 

change the transcriptomic portrait of the samples despite the substantial bacterial load 

in parts of the cell populations. Rickettsial reads were detected in 69% of cells with 

bacterial load up to 8% (Figure 42). Spiroplasma sp. signal was detected in the same 

fraction of cells with even higher load up to 25% (Figure 42). However, very few genes 

were defined as differentially expressed in these samples. Apart from the bacterial 

ribosomal signal, two tick genes were upregulated and seven downregulated in the 

R. microplus infected with R. raoultii samples (Figure 49) and six genes up- and one 

downregulated in the sample with Spiroplasma sp. infection (Figure 50).  

One of the genes which was downregulated in the R. microplus sample infected 

with R. raoultii and E. minasensis/SCRV was papilin. This gene is associated with 

antibacterial activity according to the UniProt record G0WRZ9. Some experiments in 

Drosophila flies showed that papilin is excreted by haemocytes as a part of defence and 

is associated with the phagocytosis of apoptotic cells (Kramerova et al. 2000).  

The fatty acid synthase gene was upregulated in the R. microplus samples 

infected with R. raoultii and Spiroplasma sp. (Figure 49, Figure 50). This gene was 
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described as part of the extrinsic apoptosis pathway in I. scapularis and shown to be 

upregulated in the presence of Anaplasma phagocytophilum (Ayllon et al. 2015). 

A. phagocytophilum infection inhibits cell apoptosis which is beneficial for the increase 

of infection (P. Alberdi et al. 2016); here the same effect occurred: the upregulated 

fatty acid synthase should have inhibited cellular apoptosis. Strangely, this gene was 

not differentially expressed in either of the cultures with E. minasensis infection.  

5.4.1. No differential expression of classic immunity pathways 

Two of the three bacteria used in the present study are classified as Gram-

negative (E. minasensis and R. raoultii), while Spiroplasma sp. is Gram-positive. 

According to the literature, the Toll pathway is triggered by cell wall components of 

Gram-positive bacteria (Smith and Pal 2014), and the IMD pathway is induced by 

Gram-negative bacteria such as A. phagocytophilum (L. Liu et al. 2012). No genes 

associated with these pathways were expressed in the samples. The reason behind such 

behaviour is not clear. One possible explanation is the assumption that these pathways 

are activated immediately after the exposure of a pathogen and their signals are 

weakened after several days of infection. Another reason might be the strong stress 

response of the cells which outcompeted less prominent signals. During the library 

preparation of scRNA-seq samples minor templates might be lost causing so-called 

dropout events (Lun, Bach, and Marioni 2016).  

In other transcriptomic experiments, where a clear signal from classic immune 

pathways was detected, cells were collected for the analysis 24 h after adding the 

infecting agent (Conceicao et al. 2021). Experiments with tick cells and bacterial 

pathogens surveyed on the 7th day after infection also showed differential expression 

of sets of genes not directly related to described immune pathways (P. Alberdi et al. 

2016). 
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5.4.2. Suppression of viral expression in the presence of 

E. minasensis 

Two samples of tick cells were infected with E. minasensis together with SCRV 

to try to separate the effects of bacterial infection and viral infection. The I. scapularis 

culture contained the virus as a chronic infection, while the R. microplus cells were 

introduced to the virus together with the E. minasensis bacteria. Both samples showed 

a similar expression pattern in which the viral signal was less prominent in the presence 

of bacteria (Figure 44). Such a phenomenon when two pathogens are competing with 

each other and inhibiting the competitor is known. It is not known whether such effect 

is nonspecific and relies on the more active immune response or such interaction is 

specific between SCRV and E. minasensis. Nonspecific interactions might be explained 

similar to what was observed in the human immune system and called “trained 

immunity” or “innate immune memory” when innate immunity can display adaptive 

characteristics after challenge with pathogens (Netea et al. 2016). If the suppression of 

SCRV infection appears to be specific for E. minasensis the mechanism might be 

similar to the one in the symbiotic system of mosquitoes infected with Wolbachia 

bacteria that restrict the ability of the mosquitoes to transfer dengue, Zika, 

chikungunya and yellow fever viruses (Lu et al. 2012; Kamtchum-Tatuene et al. 2016).  

The R. microplus cell culture which was introduced to SCRV shortly before the 

experiment expressed a clear U2 spliceosomal RNAs signal (Figure 47С) indicating 

that the cells were mounting a defence response against the virus as previously 

described for adeno-associated viruses (Schreiber et al. 2015).  

The results of the experiment described in this chapter raise more questions 

than give answers, and the possible underlying reasons of such transcriptomic responses 

and future directions are discussed in the concluding discussion (section 6.4).   
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6. Chapter VI Concluding discussion  

6.1. The context of the studies 

The diversity of symbiotic interactions results from evolutionary transitions 

between different lifestyles, which range from mutualistic to parasitic interactions and 

can involve a variety of transmission modes. Organisms that demonstrate diverse 

transmission biology are crucial for advancing our understanding of the ecology and 

evolution of symbiotic relationships, and for gaining insights into the biological 

processes that shape the diversity and functioning of ecosystems. However, the study 

of transitions in transmission mode and lifestyles is often limited by a lack of clades or 

groups of organisms that encapsulate diverse transmission biology (Drew et al. 2021). 

The research of eukaryotic symbionts of arthropods is mainly limited by pathogens 

affecting humans, thus the diversity of symbionts is underinvestigated and the 

knowledge is biased. Therefore, more even and continuous knowledge about symbiont 

diversity and functionality is crucial for further symbiotic lifestyle research.  

Studying of the symbiotic diversity is tightly linked with the development of 

modern methods of molecular biology. So the high throughput sequencing led to the 

boom in protist research and discovery a lot of new symbiotic protists (Adl et al. 2012; 

Campo, Bass, and Keeling 2020). Although there are still niches where all existing 

methods fail to detect symbiotic organisms if the symbiotic load is quite low (Bass et 

al. 2023; Schneider et al. 2014). Chapter II of this thesis addressed this issue and offered 

a new solution. 

The interactions of symbiosis happen on many levels, and some symbionts are 

able to exchange genetic material with each other. Gene transfers into eukaryotic 

genome from symbionts or organelles were considered a rare evolutionary event 

although recent studies claim that such transfers may happen more frequently than 

previously thought (Bruto et al. 2014; Puigbò et al. 2011). Transfers are typically 
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detected by their consequences – similar genes are present in distantly related 

organisms and mechanisms by which gene transfers happen are the open question (J. 

O. Andersson 2005). The study described in Chapter III aimed to develop a method 

which should help to understand the frequency of such transfer, although if the further 

studies will show that the rickettsial insertion had only happened in the cell line and 

not in wild population of ticks, it might provide a practical in vitro model for exploring 

the molecular mechanisms of genomic transfers from prokaryotic symbionts to 

eukaryotic hosts (more on this in section 6.3). 

Another important factor in interactions in symbiosis is physiological control of 

one partner by the other. The immune system plays a key role in balancing of symbiotic 

relationships; the ability to successfully establish symbiosis is tightly coupled with 

recognizing, responding and controlling symbionts by hosts and the ability to cope 

with immune reactions by symbiotic invaders (Anbutsu and Fukatsu 2010). Because 

all host animals must protect themselves against colonization by inappropriate or 

pathogenic microorganisms, a central theme in bacteria–host interactions is how the 

symbiont either avoids damage by the defenses of the host or communicates with host 

cells to modulate them (Ruby 2008).  

Recent advances in genetics and molecular biology have greatly expanded our 

understanding of the details of the immune mechanisms in Arthropoda, but some 

groups were less studied than others and most of the research is focused on model 

organisms such as Drosophila flies (Shaw et al. 2018). Ticks, despite their huge 

importance for humans, are poorly studied from the immunological point of view. Ticks 

are evolutionary far from insects and have developed under very different 

environmental conditions, thus their immune reactions might be very different from 

those described in insect models. Transcriptomic experiment described in Chapters IV 

and V intended to contribute to knowledge on tick immunity. 
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Overall, this thesis aimed to develop approaches which will allow to look into 

symbiotic interactions beyond well-known model systems and extend the current 

knowledge about symbiosis. 

6.2. Improved 18S metagenetic survey to reveal hidden 

protistan diversity in Metazoa 

Protists (unicellular microeukaryotes) are abundant members of almost all 

Earth communities. According to the newest phylogenetic tree of eukaryotes, only 

three branches have multicellular organisms: Opisthokonta branch contains all animals 

and fungi, Archaeplastida contain green plants and red algae, Phaeophytes or brown 

algae reside within the SAR branch (Adl et al. 2012; Burki 2014). All other branches 

(from 4 to 8 according to different classifications) solely contain protists. The 

estimations of true protistan diversity are often discordant and subjective (Pawlowski 

et al. 2012); however, all authors agree that the group has been hugely neglected until 

recently due to the complexity of their cultivation in laboratory conditions and the 

lack of appropriate methods to assess this diversity. Recent developments in high-

throughput sequencing techniques and targeted efforts to describe previously neglected 

communities such as deep ocean waters revealed a huge number of new species, genera 

and families of unicellular eukaryotes and the point of saturation is still to reach 

(Seeleuthner et al. 2018; Sieracki et al. 2019; Vernette et al. 2021).  

Modern approaches to characterise free-living communities of protists using 

universal primers such as 18S rDNA proved to be effective and relatively unbiased 

(Hugerth et al. 2014; Bradley, Pinto, and Guest 2016); at the same time, methods for 

detection of symbiotic protists in Arthropoda and other metazoan hosts rely on 

targeted PCR-based analysis, such as amplification of particular species or genera. This 

approach effectively reveals specific well-known pathogens but does not provide the 

whole composition of symbiotic communities. Current PCR-based methods have two 

limitations preventing the complete characterisation of protistan communities. The 
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first problem is using different barcoding genes for different taxa: while some taxonomic 

groups rely on ribosomal genes or ITS regions, other groups are assessed using 

mitochondrial cytochrome c oxidase genes (Pawlowski et al. 2012). The second problem 

arises because DNA ratios of a metazoan host and unicellular symbionts differ by 

several orders of magnitude, and minor templates are often lost during the first rounds 

of PCR (Kalle, Kubista, and Rensing 2014). Such dropout events may lead to false-

negative screening results.  

This study analyses different approaches for an integral analysis of protistan 

communities based on ribosomal genes and attempts to develop an integral method for 

revealing a true composition of the protistan part of microbiomes. The main conclusion 

of the chapter was that most of the methods which were tested in the laboratory 

(restriction, DNA- and PNA-blocking) are either unreliable or ineffective. The most 

promising approach was using the non-Metazoan primers designed by Bower and co-

authors (Bower et al. 2004). Considering that the amount of available genomic data in 

2004 was by orders of magnitude less than what is available nowadays, we decided to 

use this advantage and attempt to design a more efficient pair of primers biased against 

Metazoa. Bower et al. aimed to use their primers with 454 sequencing, which allowed 

amplicons of approximately 500 bp in length. Later, the protocol was modified to make 

it compatible with The Illumina platform (del Campo et al. 2019). Nowadays, the rise 

of long-read sequencing technologies allows longer amplicons and therefore gain a 

higher resolution of a community structure. Bower’s non-Metazoan primers only 

amplify a fragment of the 18S rDNA gene, whereas primers designed in this study 

might span over the large fragment of the 18S rDNA gene, both highly variable ITS 

regions and a small 5.8S rDNA and capture the beginning of the 28S rDNA gene 

(Figure 16). Considering the different mutation speeds of ribosomal genes and internal 

spacers, such fragments should resolve communities’ taxonomic structure on several 

levels down to subspecies and strains (Pawlowski et al. 2012). Time constraints 

prevented us from testing the newly designed primers in vitro, although in silico 

validation showed the high discriminating potential of developed primers.  
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The initial aim of the chapter was to develop a method to avoid DNA of 

arthropod hosts in samples, although the design of the primers was not limited to 

Arthropoda, and the primers should be applicable to studies of eukaryotic symbionts 

in all metazoan hosts. 

6.3. Revealing symbiotic bacteria and bacterial insertions 

in arthropod genomes 

Lateral gene transfer in eukaryotes is considered a rare event (J. O. Andersson 

2005). However, with the accumulation of genomic data, the scientific community has 

now an opportunity to look for LGT events and confirm that it is more widespread 

and important evolutionary process than previously thought. 

Chapter III was dedicated to finding the computational approach to confidently 

distinguish between living bacterial symbionts and bacterial genomes or fragments 

incorporated into the host nuclear genome. There are many cases of such insertions 

described in the literature, and most of such investigations required complex 

experiments such as in situ hybridisation to establish the location of a questionable 

sequence (Brelsfoard et al. 2014). An accurate method to reveal the origin of bacterial 

sequences should accelerate analyses of bacterial insertions into host genomes and 

provide insights on the frequency of such insertions, patterns of the process, and the 

evolutionary fate of inserted bacterial fragments.  

Genomes of two vectors, G. morsitans and A. variegatum, were assembled and 

analysed from the perspective of distinguishing between symbiotic bacteria and 

bacterial insertions. Several bioinformatic approaches were employed, and even though 

none of the used methods can be used as a definitive answer individually, the collection 

of the arguments, which all point in one direction, allowed to confirm or reject 

hypotheses about bacterial insertions in arthropod genomes.  
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The outstanding question is the evolutionary origin of the transferred Wolbachia 

sequences in the G. morsitans genome, as it is not similar to the previously described 

by Brelsfoard et al. (Brelsfoard et al. 2014). It is yet to explore whether the two cases 

of Wolbachia insertions were independent evolutionary events or the case of a rapid 

degeneration of incorporated sequences in closed laboratory population of tsetse flies. 

It is accepted fact that transfer of genes from prokaryotes is mostly possible if 

they reside in germ lines (J. O. Andersson 2005). Rickettsia are often found in ovaries 

of Arthropoda (Kurtti et al. 2015; Harris et al. 2018; Dally et al. 2020; Thongprem et 

al. 2020; Al-Khafaji et al. 2020) and transovarial inheritance is described of these 

symbionts (Burgdorfer 1963; Thongprem et al. 2020), which makes their genetic 

material as susceptible for LGT as Wolbachia.  

Given the integrity of the rickettsial insertion in the A. variegatum genome, the 

comparative recency of the integration could be assumed. The lack of pseudogenisation 

supported this hypothesis. No other rickettsial insertions are described in literature to 

date, so there was no possibility to compare the insertion with similar systems. The 

important question which remains unanswered within the scope of this study is whether 

the natural populations of A. variegatum ticks have the same insertion or it is the 

artefact of the cultivation of the cell line. If further research reveals that the rickettsial 

insertion occurred solely in the cell line rather than in the natural tick population, it 

could present a useful in vitro model for investigating the molecular mechanisms 

involved in genomic transfers. 

6.4. Transcriptomics of tick cells lines: main implications 

and future work 

The knowledge about the tick immune system is still patchy, and many 

pathways and genes which are theoretically involved in the development of immune 

response are inferred from the better studied model organisms such as Drosophila 

melanogaster or Caenorhabditis elegans. Given a huge evolutionary distance between 
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ticks and insects (evolutionary paths of Chelicerata and Mandibulata parted at least 

500 Mya ago (Giribet and Edgecombe 2019)), different lifestyle and feeding strategies 

such approach is not always feasible and independent studies of tick immunity are 

needed. For many years omics studies on ticks were limited due to the lack of genomic 

reference data; the situation has improved in the recent decade with the advent of 

more affordable and efficient sequencing technologies. Now at least nine genomic 

assemblies are available in public databases.  

This transcriptomic experiment aimed to gain a bird’s-eye view of the immune 

responses of two species of hard ticks and their interactions with several pathogenic 

bacteria.  

6.4.1. Revealing cell types tick lines 

Several studies attempted to link tick cell lines to particular tissues. So Alberdi 

et al. claimed that I. ricinus IRE/CTVM20 cell line has similarities with cells from 

midgut and I. scapularis ISE6 cell line resemble haemocytes (P. Alberdi et al. 2016). 

At the same time Oliver et al. found that ISE6 has neuron-like phenotype (Oliver et 

al. 2015). These claims are made on a limited of genes and cannot be used as a basis 

for assignment cell lines to a particular cell type, these can only hint towards the tissue 

or organ of origin of cells (Oliver et al. 2015).  

It is also important to mention that tick cell lines are comprised of cells with 

different phenotypes: they might have very different size and shape, react differently 

to pathogens (e.g., phagocytosing pathogens or not, different paces of infection 

spreading between cells), which might indicate the presence of different cell types in 

cell lines. Bulk transcriptomic experiments can only capture the generalised 

transcriptomic response of the set of cells; thus, a single cell approach was chosen to 

get a higher resolution of possible transcriptomic responses.  

Our results didn’t reveal distinct cell types in I. scapularis IDE8 and R. 

microplus BME/CTVM23 cell lines. Most of the cell-to-cell variations observed in the 
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single-cell data could be explained by the phases of the cell cycle and viability of cells. 

The fact that no cell types could be observed in the transcriptomic data does not mean 

that there are no cell types, although the used approach clearly showed itself unsuitable 

for the purpose. Possible reason for the lack of defined transcriptional cell clusters 

could be that strong stress impacts the cells during the filtering and sorting process, 

and the non-specific stress response might mask less prominent signals such as cell 

types differences. Another possible explanation might be that the various phenotypes 

of cells are not based on their type but depend on a current state of a cell: growing 

phase or interphase, whether a cell is attached to the tube surface or free floating. The 

results of the described experiment do not allow to make definitive conclusions on this 

matter, and further investigations are necessary. 

This issue can be resolved in several different ways. The most straightforward 

and definite approach to reveal the cell type composition in the cell lines is to make a 

single-cell atlas of the whole tick and characterise tick tissues composition. With the 

help of obtained cell type signatures, it will be easy to determine which cell types 

comprise different cell lines using label transfer (Stuart et al. 2019). This approach has 

several drawbacks. First of all, creating a single-cell atlas of a whole animal, even a 

small one, is a complex project requiring careful planning and vast resources. Only 

model organisms such as Homo sapiens (Rozenblatt-Rosen et al. 2017), Mus musculus 

(Schaum et al. 2017), D. melanogaster (Hongjie Li et al. 2021) and C. elegans (Cao et 

al. 2017) are sequenced at the single-cell level with high resolution and good 

characterisation of sequenced organs and tissues. 

Another possible problem that might arise when inferring transcriptomic labels 

from tick tissues to cell cultures is that the cells in cultures might not belong to a 

particular cell type. Cell cultures can be immortalised and not resemble any existing 

cell type of an animal and express unique gene patterns not found in any cell type in 

vivo (Carter and Shieh 2010). Such a scenario is entirely possible given that some tick 

cell lines tend to change their chromosome number (Bell-Sakyi et al. 2007), which is a 



180 
 

common feature of immortalised cell lines (Carter and Shieh 2010). This might explain 

the disagreement between characterisation of ISE6 cell line as haemocytes or neuron-

like cells by two groups of authors – the cells might be capable of demonstrating both 

signatures based on the conditions and methods used.  

An indirect approach to link transcriptomic profiles of cells with cell types and 

tissues is label transfer using existing cell atlases of related species. The organisms 

which are well characterised on a single-cell level and are closest to ticks in the 

evolutionary sense are D. melanogaster and C. elegans. Despite the evolutionary 

distance between ticks, insects and worms, this approach might give insights into basic 

cell types shared among many animal species. 

6.4.2. Tick-bacteria interactions. Next steps to decoding tick 

immune response  

Three bacteria species and one virus were used to trigger immune response in 

tick cells. Based on the previous works, different responses were expected to Gram-

negative and Gram-positive bacteria (Söderhäll 2010), although the experiment results 

did not reveal the expected Toll and IMD pathways, and the differences between 

bacteria were not pronounced. Only some elements of previously described reactions 

to pathogens were noticed, such as regulation of cell apoptosis (Ayllón et al. 2015).  

The transcriptomic response to R. raoultii and Spiroplasma sp. was very 

similar: both bacteria did not trigger a strong reaction, and only a few genes were 

differentially expressed between infected and uninfected samples. E. minasensis 

showed a stronger effect on tick cells of both species, although this response could not 

be related to any known immune pathways. The strongest signal came from genes of 

cell cycle and stress response, which might be accounted either to pathogen invasion 

or cell culture handling during the experiment stress. Many differentially expressed 

genes were of a very broad function, and it could not be unambiguously interpreted 
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Due to a limited selective pressure, many cell lines are known to be deficient in 

some regulatory or metabolic pathways. For example, Vero cells derived from African 

green monkeys are interferon-deficient, which makes them unable to respond to viral 

infections (Desmyter, Melnick, and Rawls 1968); C6/36 mosquito cell line is shown to 

lack RNA interference response, which makes the cells much more susceptible to some 

viruses (Brackney et al. 2010). Some authors suspect the lack of IMD pathway in 

triatomine bug Rhodnius prolixus, which suggest that this pathway can be reorganised 

or lost (Mesquita et al. 2015). A similar lack of some components of IMD pathway is 

observed in pea aphids Acyrthosiphon pisum (Gerardo et al. 2010) and, arguably, 

I. scapularis (Sonenshine and Hynes 2008). This fact might serve as another possible 

explanation why the cell lines lacked the canonical immune response in the presence 

of Gram-negative Spiroplasma sp. While this hypothesis is definitely worth further 

investigation, it also raises several important questions. Firstly, it was shown for 

D. melanogaster that Toll and IMD pathways work synergistically and are able to 

trigger the same downstream immune components (Tanji et al. 2007), so theoretically, 

the IMD deficient organism should retain some ability to resist pathogens via an 

alternative pathway. Secondly, only one of the used bacteria was Gram-negative, the 

other two – R. raoultii and E. minasensis – should have stimulated the immune 

response via the Toll pathway; however, there was no detectable upregulation of Toll 

genes.  

One of the reasons for choosing used tick cell lines and bacterial symbionts 

(section 4.4.1) was that these bacteria could successfully infect chosen cell cultures and 

grow in these cells. This feature is invaluable for studying bacteria in laboratory 

conditions as it can provide researchers with affordable and easy access to large 

amounts of material. However, such easy maintenance of symbionts in the cell lines 

might mean the lack of immune response of tick cells to bacterial infection, which 

allows pathogens to thrive. Obtaining the transcriptomic response of a cell line that 

can avoid bacterial invasion might provide valuable insight into the mechanisms of 

tick immune response. 
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During the planning of the experiment, the chain infection was observed in cell 

lines: a small proportion of tick cells became infected after mixing with bacteria, the 

infection progressed and led to cell death and disintegration, letting the bacterial 

population into the medium where they infect new cells. The hypothesis was that each 

cell would demonstrate the immune response upon its infection, although the 

phenomenon of immune priming was not taken into account. It was observed in a wide 

range of invertebrates, including Insecta and Crustacea (Contreras-Garduño et al. 

2016), and is quite possible in ticks as well. In insects, this process is activated by a 

sublethal dose of pathogens or pathogen parts and is regulated by increasing of 

haemocytes and antimicrobial production (Contreras-Garduño et al. 2016). Given that 

bacterial cell debris is floating in the medium between cells from the first moment of 

infection, it might have happened that all cells in the tube experienced the same 

immune response shortly after the infection and the transcriptomic response captured 

on day 5 already represent the reaction of primed cells. If this guess is correct, then 

there was no chance to capture Toll or IMD or other quick immune responses as they 

develop within 24 hours after infection (Lemaitre et al. 1995), and the current study 

used 5-days old infections.  

6.4.3. Biases of single-cell experiments 

Despite the undeniable advantages of experiments on a single cell level, some 

unavoidable biases are introduced on cell and library preparation steps. One of the 

main biases which might have affected this experiment is the preparation of cells for 

sorting. Transcriptomic response of cells is very quick and might be triggered by even 

slight physical stress applied to cells; such actions as shaking animals or cells triggers 

a substantial change in expressed genes (Tessler et al. 2020). The used tick cell cultures 

underwent the following steps before the RNA extraction: shaking of tubes during 

transportation from Tick Cell Biobank to the Centre for Genomic Research; 

centrifugation and the following substitute of growing medium with cold PBS; 

pipetting cells to bring them back to suspension; pushing the suspension through the 
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strainer; and, finally pushing cells through the 10X sorter. The captured transcriptomic 

profile represents the state of cells after the listed procedures.  

It would have been useful to compare the transcriptomic profile obtained in this 

single cell experiment with bulk RNA-seq results that do not require such multistep 

preparation. Such comparison might reveal the part of the response which comes from 

stress and can be subtracted from the results.  

6.5. Pros and cons of using cell cultures in vector 

research 

One of the purposes of cell lines is to model vector-pathogen interactions 

providing insights into biology of such interactions which later might be used for 

alternating the symbiotic system for human benefit. For any model, it is crucial to 

understand the similarities and differences between the model and living organism to 

know the scope of the model application. The model comprised of a tick cell culture 

and a single pathogen is far from the real-life situation in a lot of aspects such as cell 

type composition, lack of microenvironmental conditions, lack of the microbiota 

community, although using such reductionist models for studying basics of host-

pathogen interactions is art-recognised approach (Barrila et al. 2018). 

The large part of this study employed cell cultures of ticks (see sections 3.2.1.2, 

4.2.1, 5.2.1) and it is worth discussing whether living ticks can be safely substituted 

by cheaper and more practical cell cultures. Despite its limitations such as the lack of 

biological context and different microenvironmental conditions the approach helped to 

advance the understanding of mechanisms that underlie infection and disease (Al-

Rofaai and Bell-Sakyi 2020; Lesley Bell-Sakyi et al. 2007). The advantages of using 

cell lines in tick research are described in section 4.1.1. 

The results of studies performed on tick cell lines have a limited physiological 

relevance and it is necessary to confirm findings using in vivo models. First of all, cell 
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cultures lack the complexity of in vivo systems, and their responses to vectors may 

differ from those observed in living organisms. Secondly, continuous culturing of cells 

can lead to genetic drift, resulting in changes in the characteristics of the cell line 

(Noronha et al. 2020; Lesley Bell-Sakyi et al. 2007), which may alter the results of 

studies.  Cell cultures cannot fully replicate the complexity of in vivo systems; in case 

of tick-pathogen research the interactions between ticks and pathogens might be 

affected by a mammalian host. One of the recent studies found that a mammalian 

interferon molecule is required for triggering of the JAK-STAT immune pathway in 

ticks, these observations were only possible in experiments with living ticks (Rana et 

al. 2023)  

In vitro research on host pathogen interaction can be improved in terms of 

microenvironmental and biophysical conditions by using 3D model systems such as 

organoids or organs-on-the-chip (Barrila et al. 2018). There are some advances in 

developing 3D models for ticks to produce spheroids and organoids provide advantages 

in biomedical research that more closely resemble those in tissues (Suderman et al. 

2021) 

6.6. Prospects and possible implications of the data 

The described experiments do not limit the scope and the value of the data 

produced in this study. Generating high-quality assemblies of important vectors can 

provide valuable information about vector biology. 

The first G. morsitans genome was sequenced a while ago (International Glossina 

Genome Initiative et al. 2014) and has been used in numerous studies since then. This 

reference assembly is of undoubtful importance for the studies of G. morsitans biology, 

although it has a couple of limitations. First of all, the assembly is comparatively 

fragmented due to the limitations of sequencing technologies available at the time of 

the project. The assembly generated in this study is based on long-read technology and 

consist of much longer fragments, some of which are comparable with chromosome 
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sizes (17-24 Mb). This offers the opportunity to map chromosome loci onto nucleotide 

sequences and analyse possible genomic rearrangements between G. morsitans and 

close species. Secondly, the current reference assembly is based on only female 

individuals, which does not allow to directly analyse sex determination in tsetse flies. 

In this study, a male individual was used for sequencing, providing a background for 

comparing sex regions of the genome. Furthermore, last but not least, only one fly was 

used for the assembly to minimize polymorphism within the assembly, and the 

sequencing library was not amplified to reduce possible biases. These factors make the 

G. morsitans assembly generated in this study a valuable resource for further 

investigation of its biology, features and traits.  

There are no sequenced genomes for any of the Amblyomma species available in 

the public databases to date. Here, the assembly of A. variegatum was generated; this 

assembly was also based on long reads, PacBio and ONT technologies. The assembly 

could not achieve such continuity as in the case of G. morsitans due to the large size 

of the tick genome and a high number of repeats. Despite some imperfections, the 

completeness of the assembly in terms of coding genes makes it ready to use as a 

reference assembly for most ‘omics’ applications.  

Two bacterial assemblies were generated for the study of tick immunity 

response. The assembly of E. minasensis, which is currently available from the 

GenBank, is largely contaminated by tick sequences; thus, the high-quality 

decontaminated complete assembly was generated. Spiroplasma sp. reference was also 

necessary for the tick transcriptomic experiment, and no public assembly was available 

for this strain. The PacBio technology was used for the task, and the complete genome 

in a single chromosome was generated. These two high-quality assemblies can be used 

for many other projects which involve these bacterial species.  
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Appendices 

Digital supplementary material 

 

You can access the digital materials by: 

• clicking the active link to shared Dropbox folder 

• typing a short link in the address bar of your browser: bit.ly/35fIDqE 

• scanning the QR code 

 

 

https://www.dropbox.com/sh/n6fokmafjsyritj/AABDDJYw1g4bqBV2LLXLDxOUa?dl=0
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Chapter II Supplementary materials 

Sample 
ID 

species 
Eukaryotic 
symbionts 

sex tissue 
extraction 
method 

ng/ul 
Nanodr

op 

ug/ml 
QUBIT 

notes 

G1 
Glossina 
morsitans “Gregarines” F 

whole fly with 
blood 

CTAB - 379.00 - 

G2 G. morsitans “Gregarines” M 
whole fly with 
blood 

CTAB 571.00 309.00 - 

G3 G. morsitans “Gregarines” M whole fly 
phenol-
chloroform 

147.00 169.00 - 

G6a G. morsitans “Gregarines” F 
abdomen lining 
w/o intestine 

CTAB 468.00 - - 

G6b G. morsitans “Gregarines” F 
intestine with 
some blood 

CTAB 74.00 25.10 - 

G13 G. morsitans "Gregarines" F intestine CTAB 264.00 186.00 - 

G14 G. morsitans “Gregarines” F intestine 
phenol-
chloroform 

33.00 10.10 - 

G16 G. morsitans “Gregarines” F intestine CTAB 1259.00 355.00 - 

G19 G. morsitans 
"Gregarines", 
Trypanosoma 
brucei 

F 
tissues with T. 
brucei and 
blood 

phenol-
chloroform 

75.00 27.00 - 

Supplementary table 2 List of DNA extractions used in the experiments in Chapter II. All samples were from single specimens unless otherwise 
indicated. Where indicated, DNA samples were extracted by colleagues at the University of Liverpool. 
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G20 G. morsitans “Gregarines”, T. 
brucei 

mixe
d 

salivary glands 
from several 
flies 

phenol-
chloroform 

18.00 1.49 - 

W20 G. morsitans “Gregarines”, T. 
brucei 

mixe
d 

Whole genome 
amplified of 
G20 DNA 

n/a 450 37.6 - 

G24 G. morsitans 
10 laser dissected 
cells of 
“Gregarines” 

F n/a 
DNeasy 
Blood & 
Tissue kit 

Below 
Nanodro
p range 

0.07 - 

W24 G. morsitans 
10 laser dissected 
cells of 
“Gregarines” 

F 
Whole genome 
amplified of 
G24 DNA 

n/a 397 168.00 - 

TPf8 
Glossina 
medicorum Unknown F Whole fly 

DNeasy 
Blood & 
Tissue kit 

- 20.60 
DNA extracted 
by Tom Palmer 

TPm11 
Glossina 
palpalis Unknown M Whole fly 

DNeasy 
Blood & 
Tissue kit 

- 16.20 
DNA extracted 
by Tom Palmer 

TPf14 G. palpalis Unknown F Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 36.20 
DNA extracted 
by Tom Palmer 

TPf16 
Glossina 
tabaniformes Unknown F Whole fly 

DNeasy 
Blood & 
Tissue kit 

- 16.00 
DNA extracted 
by Tom Palmer 

TPf18 
G. 
tabaniformes Unknown F Whole fly 

DNeasy 
Blood & 
Tissue kit 

- 19.30 
DNA extracted 
by Tom Palmer 
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HSKm4 G. palpalis Unknown M Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 40.90 
DNA extracted 
by Hafsa XXX 

HSKm21 G. palpalis Unknown M Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 19.00 
DNA extracted 
by Hafsa XXX 

HSKf21 G. palpalis Trypanosoma sp. F Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 35.10 
DNA extracted 
by Hafsa XXX 

Hm17 G. palpalis Unknown M Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 16.80 
DNA extracted 
by Hafsa XXX 

I38 
Ixodes 
ricinus Unknown F Internal organs 

DNeasy 
Blood & 
Tissue kit 

- 4.66 
DNA extracted 
by Yichuan Bao 

K10 
Lipoptena 
cervi Unknown F Whole fly 

DNeasy 
Blood & 
Tissue kit 

121.5 10.7 
DNA extracted 
by Emily 
Podmore 

Meuph 
Macrosiphum 
euphorbiae Unknown n/a 

Ten adult 
aphids 

Zymo gDNA 
miniprep Kit 

- 17.80 
DNA extracted 
by Dr Mark 
Whitehead 

Ccapi 
Ceratitis 
capitata Unknown 

Unkn
own 

Whole fly 
DNeasy 
Blood & 
Tissue kit 

- 17.00 
DNA extracted 
by Dr Mark 
Whitehead 

Umay 
Ustilago 
maydis No n/a Cell culture 

DNeasy 
Blood & 
Tissue kit 

- 18.90 
DNA extracted 
by Dr Stefany 
Solano-Gonzales 
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Chapter III Supplementary materials 
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Flye asm 708 370,720,840 30,116,467 34.53 9,302,271 12 0.62 3177 3126 51 53 55 
Flye asm, Medaka polish 723 371,237,569 24,972,289 34.52 8,621,799 13 0 3220 3165 55 29 36 
Flye asm, Medaka and 1 round of Racon polish 723 371,015,312 24,942,703 34.49 8,611,007 13 0.01 3260 3201 59 8 17 
Flye asm, Medaka, 1 round of Racon and 1 round of 
Pilon polish 

723 370,835,829 24,922,836 34.49 8,605,577 13 0.01 3257 3198 59 10 18 

Flye asm, Medaka, 1 round of Racon and 4 rounds 
of Pilon polish 

723 370,754,599 24,923,714 34.49 8,605,905 13 0.01 3258 3198 60 9 18 

Flye asm, Medaka, 1 round of Racon and 7 rounds 
of Pilon polish 

723 370,704,018 24,922,338 34.49 8,605,315 13 0.01 3259 3200 59 9 17 

Flye asm, Medaka, 1 round of Racon and 10 rounds 
of Pilon polish 

723 370,691,536 24,923,698 34.49 8,605,907 13 0.01 3258 3199 59 9 18 

Flye asm, Medaka, 1 round of Racon and 13 rounds 
of Pilon polish 

723 370,653,901 24,922,384 34.49 8,605,315 13 0.01 3258 3199 59 9 18 

Flye asm, Medaka, 1 round of Racon and 15 rounds 
of Pilon polish 

723 370,644,355 24,922,386 34.49 8,605,312 13 0.01 3258 3201 57 9 18 

Flye asm, Medaka and 2 rounds of Racon polish 723 370,929,740 24,936,105 34.49 8,609,262 13 0.01 3255 3194 61 12 18 

Supplementary table 3 Glossina morsitans assembly characteristics and BUSCO scores. The table describes working assemblies at different stages 
of assembly and polishing. The scores of the final assembly are given in the Chapter III results.  
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Flye asm, Medaka and 3 rounds of Racon polish 723 370,880,668 24,932,734 34.49 8,608,833 13 0.01 3257 3196 61 9 19 
Flye asm, Medaka, 3 rounds of Racon and 1 round 
of Pilon polish 

723 370,737,313 24,914,199 34.49 8,604,667 13 0.01 3258 3199 59 10 17 

Flye asm, Medaka, 3 rounds of Racon and 2 rounds 
of Pilon polish 

723 370,704,328 24,914,853 34.49 8,604,872 13 0.01 3258 3199 59 10 17 

Flye asm, Medaka, 3 rounds of Racon and 3 rounds 
of Pilon polish 

723 370,704,328 24,914,853 34.49 8,604,872 13 0.01 3258 3199 59 10 17 

Flye asm, Medaka, 3 rounds of Racon and 4 rounds 
of Pilon polish 

723 370,704,328 24,914,853 34.49 8,604,872 13 0.01 3258 3199 59 10 17 

Flye asm, Medaka, 3 rounds of Racon and 5 rounds 
of Pilon polish 

723 370,704,328 24,914,853 34.49 8,604,872 13 0.01 3258 3199 59 10 17 

Flye asm, Medaka and 4 rounds of Racon polish 723 370,845,365 24,931,989 34.49 8,608,518 13 0.01 3258 3199 59 8 19 
Flye asm, Medaka and 5 rounds of Racon polish 723 370,827,419 24,930,732 34.49 8,608,541 13 0.01 3258 3197 61 8 19 
Raven asm 941 388,584,165 20,010,946 34.37 3,246,851 32 0 3177 3135 42 52 56 
Raven asm, Medaka polish 1213 387,052,166 20,058,138 34.47 2,910,651 35 0 3223 3166 57 23 39 
Raven asm, Medaka and 1 round of Racon polish 1213 386,643,635 20,036,519 34.46 2,908,532 35 0.01 3257 3197 60 8 20 
Raven asm, Medaka and 2 rounds of Racon polish 1213 386,430,761 20,031,947 34.46 2,906,687 35 0.01 3258 3196 62 8 19 
Raven asm, Medaka and 3 rounds of Racon polish 1213 386,288,383 20,030,577 34.46 2,906,492 35 0.01 3257 3196 61 8 20 
Raven asm, Medaka and 4 rounds of Racon polish 1213 386,191,376 20,030,120 34.46 2,992,243 34 0.01 3259 3197 62 7 19 
Raven asm, Medaka and 5 rounds of Racon polish 1213 386,128,656 20,029,236 34.46 2,992,031 34 0.01 3258 3197 61 8 19 
wtdbg2 (redbean) asm 2600 381,011,320 25,624,761 34.45 3,921,972 20 0 2855 2823 32 162 268 
wtdbg2 asm, Medaka polish 2543 375,687,188 15,924,437 34.6 3,574,665 25 0 3101 3044 57 50 134 
Shasta asm  1891 320,133,519 10,591,914 34.41 2,061,877 42 0 2352 2330 22 247 686 
Shasta asm, Medaka polish 1757 318,555,427 10,549,191 34.62 2,053,215 42 0 2759 2722 37 90 436 

 

1 NC_003103.1 Rickettsia conorii str. Malish 7 

Supplementary table 4 List of Rickettsia spp. complete assemblies used for the analysis 
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2 NC_006142.1 Rickettsia typhi str. Wilmington 
3 NC_007109.1 Rickettsia felis URRWXCal2 
4 NC_007940.1 Rickettsia bellii RML369-C 
5 NC_009879.1 Rickettsia canadensis str. McKiel 
6 NC_009900.1 Rickettsia massiliae MTU5 
7 NC_010263.3 Rickettsia rickettsii str. Iowa 
8 NC_009881.1 Rickettsia akari str. Hartford 
9 NC_009882.1 Rickettsia rickettsii str. 'Sheila Smith' 

10 NC_009883.1 Rickettsia bellii OSU 85-389 
11 NC_012730.1 Rickettsia peacockii str. Rustic 
12 NC_017560.1 Rickettsia prowazekii str. Rp22 
13 NC_012633.1 Rickettsia africae ESF-5 
14 NC_000963.1 Rickettsia prowazekii str. Madrid E 
15 NC_015866.1 Rickettsia heilongjiangensis 054 
16 NC_016639.1 Rickettsia slovaca 13-B 
17 NC_017065.1 Rickettsia slovaca str. D-CWPP 
18 NC_017049.1 Rickettsia prowazekii str. Chernikova 
19 NC_017050.1 Rickettsia prowazekii str. Katsinyian 
20 NC_017056.1 Rickettsia prowazekii str. BuV67-CWPP 
21 NC_017048.1 Rickettsia prowazekii str. GvV257 
22 NC_017057.1 Rickettsia prowazekii str. RpGvF24 
23 NC_017066.1 Rickettsia typhi str. TH1527 
24 NC_017062.1 Rickettsia typhi str. B9991CWPP 
25 NC_016050.1 Rickettsia japonica YH 
26 NC_016908.1 Rickettsia rickettsii str. Colombia 
27 NC_016909.1 Rickettsia rickettsii str. Arizona 
28 NC_016914.1 Rickettsia rickettsii str. Hino 
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29 NC_016929.1 Rickettsia canadensis str. CA410 
30 NC_016915.1 Rickettsia rickettsii str. Hlp#2 
31 NC_016913.1 Rickettsia rickettsii str. Brazil 
32 NC_016930.1 Rickettsia philipii str. 364D 
33 NC_017028.1 Rickettsia amblyommatis str. GAT-30V 
34 NC_017042.1 Rickettsia rhipicephali str. 3-7-female6-CWPP 
35 NC_017058.1 Rickettsia australis str. Cutlack 
36 NC_017043.1 Rickettsia montanensis str. OSU 85-930 
37 NC_017044.1 Rickettsia parkeri str. Portsmouth 
38 NC_020992.1 Rickettsia prowazekii str. NMRC Madrid E 
39 NC_020993.1 Rickettsia prowazekii str. Breinl 
40 NZ_LN794217.

1 
Rickettsia monacensis strain IrR/Munich 

41 NZ_CP006009.
1 

Rickettsia rickettsii str. R 

42 NZ_CP006010.
1 

Rickettsia rickettsii str. Morgan 

43 NZ_CP012420.
1 

Rickettsia amblyommatis strain Ac37  

44 NZ_CP013133.
1 

Rickettsia rhipicephali strain HJ#5 

45 NZ_CP014865.
1 

Rickettsia prowazekii strain Naples-1  

46 NZ_CP018913.
1 

Rickettsia rickettsii strain Iowa isolate Large Clone  

47 NZ_CP018914.
1 

Rickettsia rickettsii strain Iowa isolate Small Clone  
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48 NZ_CP015010.
1 

Rickettsia bellii isolate An04  

49 NZ_CP015012.
1 

Rickettsia amblyommatis isolate An13  

50 NZ_CP016305.
1 

Rickettsia sp. MEAM1 (Bemisia tabaci) 

51 NZ_AP017602.
1 

Rickettsia japonica strain YH_M 

52 NZ_AP017581.
1 

Rickettsia japonica strain Tsuneishi 

53 NZ_AP017580.
1 

Rickettsia japonica strain PO-1 

54 NZ_AP017579.
1 

Rickettsia japonica strain OHH-1 

55 NZ_AP017578.
1 

Rickettsia japonica strain Nakase 

56 NZ_AP017577.
1 

Rickettsia japonica strain MZ08014 

57 NZ_AP017576.
1 

Rickettsia japonica strain HH07167 

58 NZ_AP017575.
1 

Rickettsia japonica strain HH07124 

59 NZ_AP017574.
1 

Rickettsia japonica strain HH06154 

60 NZ_AP017573.
1 

Rickettsia japonica strain HH-1 

61 NZ_AP017572.
1 

Rickettsia japonica strain DT-1 
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62 NZ_CP032049.
1 

Rickettsia japonica strain LA4/2015  

63 NZ_CP040325.
1 

Rickettsia parkeri strain Atlantic Rainforest  

64 NZ_AP019563.
1 

Rickettsia asiatica strain Maytaro1284 

65 NZ_AP019864.
1 

Rickettsia heilongjiangensis strain Sendai-29 

66 NZ_AP019865.
1 

Rickettsia heilongjiangensis strain Sendai-58 

67 NZ_AP019863.
1 

Rickettsia heilongjiangensis strain HCN-13 

68 NZ_AP019862.
1 

Rickettsia heilongjiangensis strain CH8-1 

69 NZ_CP047359.
1 

Rickettsia japonica strain LA16/2015  

70 NZ_LS992663.
1 

Rickettsia typhi isolate TM2540 
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1 NC_002978.6 Wolbachia of Drosophila melanogaster 
2 NC_006833.1 Wolbachia strain TRS of Brugia malayi 
3 NC_012416.1 Wolbachia sp. wRi 
4 NC_010981.1 Wolbachia of Culex quinquefasciatus Pel 
5 NC_018267.1 Wolbachia of Onchocerca ochengi 
6 NC_021084.1 Wolbachia of Drosophila simulans wNo 
7 NC_021089.1 Wolbachia of Drosophila simulans wHa 
8 NZ_HG810405.1 Wolbachia of Onchocerca volvulus str. Cameroon  
9 NZ_AP013028.1 Wolbachia of Cimex lectularius strain wCle  
10 NZ_LK055284.1 Wolbachia of Drosophila simulans wAu genome assembly 
11 NZ_CM003641.1 Wolbachia of Trichogramma pretiosum strain wTpre  
12 NZ_CP011148.1 Wolbachia of Drosophila incompta strain wInc_Cu  
13 NZ_CP015510.2 Wolbachia of Folsomia candida strain Berlin  
14 NZ_CP041924.1 Wolbachia pipientis strain wAlbB-HN2016  
15 NZ_CP041923.1 Wolbachia pipientis strain wAlbB-FL2016  
16 NZ_CP016430.1 Wolbachia of Bemisia tabaci strain China 1  
17 NZ_CP031221.1 Wolbachia pipientis wAlbB  
18 NZ_CP034333.1 Wolbachia of Brugia malayi isolate TRS  
19 NZ_CP034334.1 Wolbachia of Drosophila mauritiana strain wMau  
20 NZ_CP034335.1 Wolbachia of Drosophila mauritiana strain wMau  
21 NZ_CP041215.1 Wolbachia of Carposina sasakii isolate wCauA  
22 NZ_CP042446.1 Wolbachia pipientis strain wMel_N25  
23 NZ_CP042444.1 Wolbachia pipientis strain wMel_I23  
24 NZ_CP042445.1 Wolbachia pipientis strain wMel_ZH26  

Supplementary table 5 List of Wolbachia spp. complete assemblies used for the analysis 
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25 NZ_CP042904.1 Wolbachia of Drosophila ananassae strain W2.1 
26 NZ_CP021120.1 Wolbachia of Chrysomya megacephala isolate wMeg  
27 NZ_CP037426.1 Wolbachia pipientis strain wIrr  
28 NZ_CP050521.1 Wolbachia of Brugia pahangi isolate FR3  
29 NZ_CP051156.1 Wolbachia of Ctenocephalides felis wCfeT  
30 NZ_CP051157.1 Wolbachia of Ctenocephalides felis wCfeJ  
31 NZ_CP051264.2 Wolbachia of Diaphorina citri isolate KPSwDI15P40  
32 NZ_CP051265.2 Wolbachia of Di. citri isolate KPSwDI10P38  
33 NZ_CP051266.2 Wolbachia of Di. citri isolate KPSwDI05P26  
34 NZ_CP046577.1 Wolbachia of Litomosoides sigmodontis strain wLsig  
35 NZ_CP046578.1 Wolbachia of Dirofilaria (Dirofilaria) immitis strain FR3  
36 NZ_CP046579.1 Wolbachia of Cruorifilaria tuberocauda strain 55YT  
37 NZ_CP046580.1 Wolbachia of Dipetalonema caudispina strain 362YU  
38 NZ_CP051608.1 Wolbachia of Di. citri isolate dawsonii  
39 NZ_CP050530.1 Wolbachia pipientis isolate wNik  
40 NZ_CP050531.1 Wolbachia pipientis isolate wStv  
41 NZ_CP061738.1 Candidatus Wolbachia massiliensis isolate PL13  
42 NZ_CP046921.1 Wolbachia of Drosophila melanogaster isolate wMelpop  
43 NZ_CP046922.1 Wolbachia of D. melanogaster isolate wMelPop2  
44 NZ_CP046923.1 Wolbachia of D. melanogaster isolate wMelOctoless  
45 NZ_CP046924.1 Wolbachia of D. melanogaster isolate wMelCS_b  
46 NZ_CP046925.1 Wolbachia of D. melanogaster isolate wMel  
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Chapter V Supplementary materials 

product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

23S ribosomal RNA Em00309 
I. scapularis/SCRV inf. 
E. minasensis 4.60 0.28 0.00 0 

16S ribosomal RNA Em00696 
I. scapularis/SCRV inf. 
E. minasensis 3.83 0.27 0.00 0 

growth/differentiation factor 8 
LOC11532908
1 

I. scapularis/SCRV inf. 
E. minasensis 1.24 0.72 0.36 0 

actin-5C LOC8027393 
I. scapularis/SCRV inf. 
E. minasensis 0.84 1.00 1.00 0 

mitochondrial ribosomal RNA rrnS MT-rrnS 
I. scapularis/SCRV inf. 
E. minasensis 0.81 1.00 0.99 0 

MAP kinase-interacting serine/threonine-
protein kinase 1 

LOC8043997 
I. scapularis/SCRV inf. 
E. minasensis 0.81 1.00 0.99 0 

uncharacterized LOC121834122 
LOC12183412
2 

I. scapularis/SCRV inf. 
E. minasensis 0.79 0.85 0.76 

3.29E-
227 

protein NDRG3 LOC8035131 
I. scapularis/SCRV inf. 
E. minasensis 0.76 0.97 0.93 

3.22E-
273 

Supplementary table 6 Differentially expressed genes in Ixodes scapularis cell samples (I. scapularis with endogenous SCRV and infected with 
Ehrlichia minasensis). “Product” reflects on the gene function, “Gene” stands for the gene ID in the RefSeq annotation (‘Em’ genes come from 
the E. minasensis genome, ‘MT’ – tick mitochondrial genes, ‘LOC’ – nuclear tick genome), “avg_log2FC” describes change in expression level of 
the gene in the sample compared with the other sample, “pct.1” means the fraction of cells in the current sample in which the gene was detected, 
“pct.2” means the fraction of cells in the other samples in which the gene was detected, “p_val” – adjusted p-value, based on Bonferroni correction 
using all genes in the dataset. Genes are sorted by “Sample” and “avg_log2FC” in descending order. Lower log2FC threshold was 0.5.  
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product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

eukaryotic peptide chain release factor 
GTP-binding subunit ERF3A 

LOC8050870 
I. scapularis/SCRV inf. 
E. minasensis 0.73 0.93 0.86 0 

very low-density lipoprotein receptor LOC8038934 
I. scapularis/SCRV inf. 
E. minasensis 0.71 0.99 0.98 0 

uncharacterized LOC120842277 
LOC12084227
7 

I. scapularis/SCRV inf. 
E. minasensis 0.71 0.65 0.56 

5.94E-
117 

FYVE and coiled-coil domain-containing 
protein 1 

LOC8030671 
I. scapularis/SCRV inf. 
E. minasensis 0.70 0.90 0.80 

7.16E-
241 

solute carrier family 2, facilitated glucose 
transporter member 1 

LOC8043339 
I. scapularis/SCRV inf. 
E. minasensis 0.69 0.89 0.78 

1.26E-
247 

terminal nucleotidyltransferase 5B LOC8053604 
I. scapularis/SCRV inf. 
E. minasensis 0.61 0.97 0.91 0 

gamma-butyrobetaine dioxygenase LOC8038768 
I. scapularis/SCRV inf. 
E. minasensis 0.61 0.71 0.47 

6.86E-
191 

glutamine synthetase LOC8051141 
I. scapularis/SCRV inf. 
E. minasensis 0.60 0.56 0.29 

2.95E-
252 

sestrin homolog 
LOC12183671
4 

I. scapularis/SCRV inf. 
E. minasensis 0.58 0.98 0.95 

2.79E-
256 

mitochondrial ribosomal RNA rrnL MT-rrnL 
I. scapularis/SCRV inf. 
E. minasensis 0.58 1.00 1.00 

1.14E-
251 

innexin inx2 
LOC11532081
7 

I. scapularis/SCRV inf. 
E. minasensis 0.57 0.73 0.55 

1.45E-
198 

ATP-dependent RNA helicase dbp2 LOC8033189 
I. scapularis/SCRV inf. 
E. minasensis 0.56 0.91 0.82 

1.57E-
292 

growth factor receptor-bound protein 14 LOC8025683 
I. scapularis/SCRV inf. 
E. minasensis 0.56 0.89 0.80 

7.98E-
206 
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product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

calreticulin 
LOC12084634
3 

I. scapularis/SCRV inf. 
E. minasensis 0.56 1.00 1.00 

5.23E-
216 

tubulin-folding cofactor B LOC8035307 
I. scapularis/SCRV inf. 
E. minasensis 0.56 0.86 0.71 

8.46E-
262 

AF4/FMR2 family member 1-like 
LOC12183556
4 

I. scapularis/SCRV inf. 
E. minasensis 0.55 0.80 0.66 

7.81E-
211 

nuclear transcription factor Y subunit 
alpha 

LOC8028254 
I. scapularis/SCRV inf. 
E. minasensis 0.55 0.76 0.58 

8.40E-
238 

L-asparaginase 
LOC11531497
9 

I. scapularis/SCRV inf. 
E. minasensis 0.54 0.76 0.58 

2.65E-
212 

heat shock protein HSP 90-alpha LOC8041558 
I. scapularis/SCRV inf. 
E. minasensis 0.53 1.00 1.00 

0.000257
208 

uncharacterized LOC8023940 LOC8023940 
I. scapularis/SCRV inf. 
E. minasensis 0.52 0.75 0.58 

5.29E-
220 

X-box-binding protein 1 LOC8032599 
I. scapularis/SCRV inf. 
E. minasensis 0.52 1.00 0.99 

4.05E-
271 

GTP-binding protein 2 LOC8043850 
I. scapularis/SCRV inf. 
E. minasensis 0.52 0.70 0.51 

2.74E-
179 

protein capicua homolog LOC8040671 
I. scapularis/SCRV inf. 
E. minasensis 0.51 0.94 0.89 

6.77E-
251 

SPRY domain-containing protein 3 LOC8052623 
I. scapularis/SCRV inf. 
E. minasensis 0.50 0.90 0.83 

8.29E-
171 

uncharacterized LOC8025404 LOC8025404 
I. scapularis with endogenous 
SCRV 

1.07 0.63 0.41 
1.24E-
172 

mitochondrial protein COX3 MT-cox3 
I. scapularis with endogenous 
SCRV 

1.00 1.00 1.00 0 
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product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

U24-ctenitoxin-Pn1a LOC8035490 
I. scapularis with endogenous 
SCRV 

0.97 0.96 0.89 
1.30E-
261 

RNA-binding protein Rsf1 
LOC12083876
3 

I. scapularis with endogenous 
SCRV 

0.90 0.94 0.80 0 

cathepsin B 
LOC12084205
4 

I. scapularis with endogenous 
SCRV 

0.79 0.99 0.97 
6.40E-
258 

peroxiredoxin 1 LOC8037639 
I. scapularis with endogenous 
SCRV 

0.78 1.00 0.99 0 

tubulin alpha chain LOC8028862 
I. scapularis with endogenous 
SCRV 

0.74 0.99 0.96 0 

uncharacterized LOC8027774 LOC8027774 
I. scapularis with endogenous 
SCRV 

0.74 0.42 0.26 1.46E-77 

uncharacterized LOC115308880 
LOC11530888
0 

I. scapularis with endogenous 
SCRV 

0.72 0.98 0.97 
5.44E-
222 

neurofilament heavy polypeptide LOC8028532 
I. scapularis with endogenous 
SCRV 

0.72 0.97 0.92 0 

serine/arginine-rich splicing factor RS2Z33 LOC8038186 
I. scapularis with endogenous 
SCRV 

0.70 0.91 0.74 0 

cystatin-B 
LOC11532465
3 

I. scapularis with endogenous 
SCRV 

0.69 0.99 0.97 0 

uncharacterized LOC115311024 
LOC11531102
4 

I. scapularis with endogenous 
SCRV 

0.69 0.71 0.39 0 

doublesex- and mab-3-related transcription 
factor 1Y 

LOC8030900 
I. scapularis with endogenous 
SCRV 

0.68 0.98 0.97 
1.63E-
260 

protein Dicer LOC8039763 
I. scapularis with endogenous 
SCRV 

0.65 1.00 0.99 0 
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product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

heterogeneous nuclear ribonucleoprotein 
27C 

LOC8041736 
I. scapularis with endogenous 
SCRV 

0.62 0.96 0.88 0 

mitochondrial protein COX1 MT-cox1 
I. scapularis with endogenous 
SCRV 

0.62 1.00 1.00 0 

high mobility group protein HMG-I/HMG-
Y-like 

LOC12183352
8 

I. scapularis with endogenous 
SCRV 

0.61 0.83 0.70 
6.32E-
170 

myosin regulatory light chain sqh LOC8037988 
I. scapularis with endogenous 
SCRV 

0.60 0.98 0.97 0 

mitochondrial protein COX2 MT-cox2 
I. scapularis with endogenous 
SCRV 

0.59 1.00 1.00 0 

dynein light chain 1, cytoplasmic LOC8030084 
I. scapularis with endogenous 
SCRV 

0.59 0.99 0.98 0 

26S proteasome complex subunit SEM1 LOC8042785 
I. scapularis with endogenous 
SCRV 

0.58 0.97 0.91 0 

RNA-binding protein lark LOC8043087 
I. scapularis with endogenous 
SCRV 

0.57 1.00 0.99 0 

serine/arginine-rich splicing factor 7 LOC8052109 
I. scapularis with endogenous 
SCRV 

0.56 0.97 0.90 0 

copper transport protein ATOX1 
LOC11531940
7 

I. scapularis with endogenous 
SCRV 

0.56 0.97 0.92 0 

mitochondrial protein NAD3 MT-nad3 
I. scapularis with endogenous 
SCRV 

0.55 1.00 0.99 0 

interferon alpha-inducible protein 27-like 
protein 2B 

LOC12083594
6 

I. scapularis with endogenous 
SCRV 

0.55 1.00 0.99 0 

histone H2A.V 
LOC12183704
3 

I. scapularis with endogenous 
SCRV 

0.55 0.94 0.88 
3.31E-
281 
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product gene sample  
avg_l
og2FC 

pct
.1 

pct
.2 

p_val_
adj 

protein deadpan LOC8025328 
I. scapularis with endogenous 
SCRV 

0.55 0.49 0.31 
5.40E-
111 

PRA1 family protein 3 
LOC12084223
0 

I. scapularis with endogenous 
SCRV 

0.54 0.71 0.45 
2.06E-
283 

polyubiquitin-C LOC8036289 
I. scapularis with endogenous 
SCRV 

0.54 1.00 0.99 0 

death-associated protein 1 LOC8030152 
I. scapularis with endogenous 
SCRV 

0.54 0.88 0.74 
5.82E-
295 

B-cell receptor-associated protein 31 LOC8033203 
I. scapularis with endogenous 
SCRV 

0.53 0.98 0.93 
6.83E-
262 

splicing factor 3B subunit 5 LOC8041725 
I. scapularis with endogenous 
SCRV 

0.52 0.97 0.93 0 

interferon alpha-inducible protein 27-like 
protein 2 

LOC12183705
9 

I. scapularis with endogenous 
SCRV 

0.52 0.92 0.84 
2.34E-
155 

histone H2A LOC8029157 
I. scapularis with endogenous 
SCRV 

0.52 0.92 0.87 
1.99E-
159 

ATP-binding cassette sub-family G 
member 1 

LOC8051430 
I. scapularis with endogenous 
SCRV 

0.52 0.98 0.97 1.54E-47 

microtubule-associated protein Jupiter LOC8034169 
I. scapularis with endogenous 
SCRV 

0.51 1.00 0.99 
9.72E-
264 

uncharacterized LOC8036807 LOC8036807 
I. scapularis with endogenous 
SCRV 

0.51 1.00 0.98 
2.94E-
293 

integrin beta-PS-like 
LOC12183503
8 

I. scapularis with endogenous 
SCRV 

0.51 1.00 0.98 0 

serine/arginine-rich splicing factor 3 
LOC11531446
3 

I. scapularis with endogenous 
SCRV 

0.51 0.87 0.76 
2.77E-
225 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
glycine-rich cell wall structural protein 1-
like 

LOC119161184 R. microplus 1.63 0.31 0.28 
0.13523443

9 
uncharacterized LOC119179904 LOC119179904 R. microplus 1.27 0.36 0.23 1.33E-75 
papilin-like LOC119167246 R. microplus 1.26 0.70 0.63 1.38E-126 
cell surface glycoprotein 1-like LOC119161189 R. microplus 1.20 0.56 0.49 5.22E-71 
proteoglycan 4-like LOC119163376 R. microplus 1.17 0.73 0.61 3.60E-153 
mucin-6-like LOC119179492 R. microplus 1.12 0.78 0.59 0 
translation initiation factor IF-2-like LOC119164579 R. microplus 1.10 0.94 0.90 0 
leukocyte elastase inhibitor-like LOC119178788 R. microplus 1.07 0.68 0.53 7.75E-172 
serum amyloid A-2 protein-like LOC119179825 R. microplus 1.04 0.58 0.53 6.86E-32 
glutathione S-transferase 4-like LOC119170592 R. microplus 1.00 0.77 0.68 1.31E-95 
uncharacterized LOC119159686 LOC119159686 R. microplus 0.98 0.47 0.32 1.11E-108 
uncharacterized LOC119170170 LOC119170170 R. microplus 0.93 0.51 0.35 1.79E-147 
60S ribosomal protein L29-like LOC119186032 R. microplus 0.91 1.00 1.00 0 
isoinhibitor K-like LOC119172095 R. microplus 0.90 0.32 0.14 1.93E-146 
peroxisomal (S)-2-hydroxy-acid oxidase 
GLO5-like 

LOC119179704 R. microplus 0.89 0.76 0.56 2.53E-269 

Supplementary table 7 Differentially expressed genes in Rhipicephalus microplus cell samples (uninfected, infected with St Croix River Virus 
(SCRV) and infected with Ehrlichia minasensis and SCRV). “Product” reflects on the gene function, “Gene” stands for the gene ID in the RefSeq 
annotation (‘Em’ genes come from the E. minasensis genome, ‘MT’ – tick mitochondrial genes, ‘LOC’ – nuclear tick genome, ‘StCRV’ – virus 
genome segments), “avg_log2FC” describes change in expression level of the gene in the sample compared with the other sample, “pct.1” means 
the fraction of cells in the current sample in which the gene was detected, “pct.2” means the fraction of cells in two other samples in which the 
gene was detected, “p_val” – adjusted p-value, based on Bonferroni correction using all genes in the dataset. Genes are sorted by “Sample” and 
“avg_log2FC” in descending order. Lower log2FC threshold was 0.5.  
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
60S ribosomal protein L37a-like LOC119184682 R. microplus 0.85 1.00 1.00 0 
uncharacterized LOC119186217 LOC119186217 R. microplus 0.85 0.44 0.41 4.12E-24 
ribosomal protein rpl-36.A LOC119164389 R. microplus 0.85 1.00 1.00 0 
40S ribosomal protein S21 LOC119163311 R. microplus 0.84 1.00 1.00 0 
uncharacterized LOC119163560 LOC119163560 R. microplus 0.84 0.94 0.93 1.20E-157 
40S ribosomal protein S25-like LOC119171793 R. microplus 0.83 1.00 1.00 0 
uncharacterized LOC119184974 LOC119184974 R. microplus 0.79 1.00 1.00 0 
uncharacterized LOC119187547 LOC119187547 R. microplus 0.79 0.99 0.93 0 
alpha-1-macroglobulin-like LOC119159557 R. microplus 0.78 0.90 0.86 5.26E-187 
60S ribosomal protein L37-like LOC119180885 R. microplus 0.76 1.00 1.00 0 

glycine-rich protein DOT1-like LOC119164380 R. microplus 0.74 0.55 0.65 
0.07720164

2 
60S ribosomal protein L30 LOC119170647 R. microplus 0.74 1.00 1.00 0 
60S ribosomal protein L39 LOC119170875 R. microplus 0.73 1.00 1.00 0 
beta-hexosaminidase subunit alpha-like LOC119178235 R. microplus 0.72 0.77 0.68 8.33E-151 
40S ribosomal protein SA-like LOC119179491 R. microplus 0.72 1.00 1.00 0 
40S ribosomal protein S26-like LOC119159407 R. microplus 0.71 1.00 1.00 0 
40S ribosomal protein S9-like LOC119179503 R. microplus 0.69 1.00 1.00 0 
60S ribosomal protein L13a-like LOC119174431 R. microplus 0.69 1.00 1.00 0 
laminin subunit beta-1-like LOC119163525 R. microplus 0.67 0.91 0.84 2.89E-148 
60S ribosomal protein L36 LOC119159745 R. microplus 0.66 1.00 1.00 0 
40S ribosomal protein S5 LOC119161554 R. microplus 0.64 1.00 1.00 0 
hornerin-like LOC119167389 R. microplus 0.63 0.36 0.28 5.92E-35 
60S acidic ribosomal protein P2-like LOC119176942 R. microplus 0.62 1.00 1.00 0 
60S ribosomal protein L22-like LOC119168026 R. microplus 0.62 1.00 1.00 0 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
40S ribosomal protein S27 LOC119172085 R. microplus 0.61 1.00 1.00 0 
dermonecrotic toxin SPH-like LOC119179817 R. microplus 0.61 0.52 0.32 5.60E-170 
uncharacterized LOC119165065 LOC119165065 R. microplus 0.61 0.82 0.79 2.39E-91 
60S ribosomal protein L4-like LOC119172451 R. microplus 0.60 0.99 0.98 0 
cytochrome b-c1 complex subunit 6, 
mitochondrial-like 

LOC119163767 R. microplus 0.60 1.00 0.98 0 

high mobility group protein B1-like LOC119170112 R. microplus 0.60 0.92 0.90 2.27E-101 
uncharacterized LOC119175929 LOC119175929 R. microplus 0.58 0.40 0.30 1.43E-58 
60S ribosomal protein L8 LOC119178768 R. microplus 0.58 1.00 1.00 0 
uncharacterized LOC119175100 LOC119175100 R. microplus 0.58 0.89 0.76 0 
60S ribosomal protein L6-like LOC119174999 R. microplus 0.57 1.00 1.00 0 
60S ribosomal protein L5-A-like LOC119170407 R. microplus 0.57 1.00 1.00 0 
60S ribosomal protein L27-like LOC119159736 R. microplus 0.57 1.00 1.00 0 
60S ribosomal protein L27a-like LOC119169155 R. microplus 0.56 1.00 1.00 0 
60S ribosomal protein L19-like LOC119170639 R. microplus 0.56 1.00 1.00 0 
uncharacterized LOC119170033 LOC119170033 R. microplus 0.56 0.98 0.95 0 
phenoloxidase-activating factor 2-like LOC119166682 R. microplus 0.55 0.58 0.51 2.07E-47 
40S ribosomal protein S17-like LOC119186846 R. microplus 0.55 1.00 1.00 0 
60S ribosomal protein L31-like LOC119170440 R. microplus 0.55 1.00 1.00 0 
10 kDa heat shock protein, mitochondrial-
like 

LOC119178178 R. microplus 0.54 0.93 0.87 5.97E-198 

60S ribosomal protein L21-like LOC119170108 R. microplus 0.54 1.00 1.00 0 
polyadenylate-binding protein 4-like LOC119167073 R. microplus 0.54 1.00 1.00 0 
elongation factor 1-beta-like LOC119178699 R. microplus 0.54 1.00 1.00 0 
40S ribosomal protein S11-like LOC119180341 R. microplus 0.53 1.00 1.00 0 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
60S ribosomal protein L10-like LOC119180409 R. microplus 0.53 1.00 1.00 0 
60S ribosomal protein L35a-like LOC119178752 R. microplus 0.53 1.00 1.00 0 
40S ribosomal protein S4 LOC119174474 R. microplus 0.51 1.00 1.00 0 
40S ribosomal protein S20-like LOC119163611 R. microplus 0.51 1.00 1.00 0 
protein disulfide-isomerase A6 homolog LOC119170493 R. microplus 0.51 0.77 0.64 3.20E-183 
laminin subunit alpha-like LOC119164831 R. microplus 0.51 0.85 0.75 4.33E-139 
40S ribosomal protein S10-like LOC119170126 R. microplus 0.51 1.00 1.00 0 
keratin-associated protein 19-2-like LOC119171469 R. microplus 0.51 0.75 0.72 5.01E-31 
60S ribosomal protein L32-like LOC119181396 R. microplus 0.50 1.00 1.00 0 
60S ribosomal protein L9-like LOC119170048 R. microplus 0.50 1.00 1.00 0 
40S ribosomal protein S16 LOC119170128 R. microplus 0.50 1.00 1.00 0 

23S ribosomal RNA Em00309 
R. microplus inf. 
E. minasensis and 
SCRV 

5.23 0.69 0.00 0 

16S ribosomal RNA Em00696 
R. microplus inf. 
E. minasensis and 
SCRV 

4.20 0.52 0.00 0 

gamma-interferon-inducible lysosomal thiol 
reductase-like 

LOC119181373 
R. microplus inf. 
E. minasensis and 
SCRV 

1.02 0.77 0.54 1.92E-181 

MAP kinase-interacting serine/threonine-
protein kinase 1-like 

LOC119180780 
R. microplus inf. 
E. minasensis and 
SCRV 

0.99 0.99 0.98 0 

60S acidic ribosomal protein P1-like LOC119170882 
R. microplus inf. 
E. minasensis and 
SCRV 

0.96 0.89 0.83 0 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

Y+L amino acid transporter 2-like LOC119165189 
R. microplus inf. 
E. minasensis and 
SCRV 

0.91 0.88 0.68 2.63E-267 

ras-related protein Rab-27A-like LOC119171711 
R. microplus inf. 
E. minasensis and 
SCRV 

0.90 0.86 0.74 6.68E-225 

integrator complex subunit 2-like LOC119172777 
R. microplus inf. 
E. minasensis and 
SCRV 

0.89 0.95 0.95 5.37E-53 

very low-density lipoprotein receptor-like LOC119181006 
R. microplus inf. 
E. minasensis and 
SCRV 

0.82 0.84 0.61 2.75E-231 

sodium-dependent proline transporter-like LOC119163699 
R. microplus inf. 
E. minasensis and 
SCRV 

0.77 0.84 0.63 9.48E-196 

lachesin-like LOC119185044 
R. microplus inf. 
E. minasensis and 
SCRV 

0.75 0.67 0.52 5.46E-110 

mitochondrial protein NAD2 MT-nad2 
R. microplus inf. 
E. minasensis and 
SCRV 

0.75 0.99 0.98 5.96E-259 

mitochondrial ribosomal RNA rrnL MT-rrnL 
R. microplus inf. 
E. minasensis and 
SCRV 

0.75 1.00 1.00 0 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

serine/threonine-protein kinase NLK-like LOC119172958 
R. microplus inf. 
E. minasensis and 
SCRV 

0.72 0.89 0.75 2.46E-217 

neuron navigator 2-like LOC119179109 
R. microplus inf. 
E. minasensis and 
SCRV 

0.71 0.65 0.38 2.05E-209 

cAMP-specific 3',5'-cyclic phosphodiesterase 
4C-like 

LOC119180732 
R. microplus inf. 
E. minasensis and 
SCRV 

0.69 0.73 0.53 1.35E-183 

ets DNA-binding protein pokkuri-like LOC119170723 
R. microplus inf. 
E. minasensis and 
SCRV 

0.68 0.67 0.42 5.31E-208 

P-selectin-like LOC119163798 
R. microplus inf. 
E. minasensis and 
SCRV 

0.66 0.76 0.50 9.42E-262 

neurocalcin homolog LOC119163734 
R. microplus inf. 
E. minasensis and 
SCRV 

0.66 0.91 0.82 5.20E-189 

solute carrier family 12 member 8-like LOC119174967 
R. microplus inf. 
E. minasensis and 
SCRV 

0.65 0.74 0.62 3.02E-86 

uncharacterized LOC119176801 LOC119176801 
R. microplus inf. 
E. minasensis and 
SCRV 

0.65 0.67 0.46 1.97E-136 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

caskin-2-like LOC119180292 
R. microplus inf. 
E. minasensis and 
SCRV 

0.64 0.90 0.78 5.41E-186 

NADP-dependent malic enzyme-like LOC119174261 
R. microplus inf. 
E. minasensis and 
SCRV 

0.64 0.85 0.68 2.31E-164 

NADPH--cytochrome P450 reductase-like LOC119180268 
R. microplus inf. 
E. minasensis and 
SCRV 

0.63 0.91 0.73 6.85E-214 

protein spitz-like LOC119161327 
R. microplus inf. 
E. minasensis and 
SCRV 

0.63 0.81 0.56 8.65E-240 

3 beta-hydroxysteroid dehydrogenase type 
7-like 

LOC119169799 
R. microplus inf. 
E. minasensis and 
SCRV 

0.63 0.94 0.82 3.59E-218 

uncharacterized LOC119177235 LOC119177235 
R. microplus inf. 
E. minasensis and 
SCRV 

0.63 0.83 0.68 1.21E-161 

la-related protein 4-like LOC119188156 
R. microplus inf. 
E. minasensis and 
SCRV 

0.63 0.97 0.91 1.25E-277 

scavenger receptor class B member 1-like LOC119177309 
R. microplus inf. 
E. minasensis and 
SCRV 

0.62 0.60 0.39 3.06E-111 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

plexin domain-containing protein 1-like LOC119178571 
R. microplus inf. 
E. minasensis and 
SCRV 

0.62 0.95 0.89 7.44E-261 

solute carrier family 2, facilitated glucose 
transporter member 1-like 

LOC119183081 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 0.82 0.59 2.75E-162 

excitatory amino acid transporter-like LOC119164459 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 0.71 0.61 4.14E-70 

leupaxin-like LOC119173083 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 0.86 0.67 1.88E-191 

actin, clone 403 LOC119180016 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 1.00 1.00 5.01E-101 

BTB/POZ domain-containing protein 6-B-
like 

LOC119167227 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 0.67 0.39 3.64E-214 

protein Smaug homolog 1-like LOC119166854 
R. microplus inf. 
E. minasensis and 
SCRV 

0.61 0.90 0.84 4.64E-172 

sodium- and chloride-dependent glycine 
transporter 1-like 

LOC119170435 
R. microplus inf. 
E. minasensis and 
SCRV 

0.60 0.74 0.51 1.07E-165 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

prominin-like protein LOC119179321 
R. microplus inf. 
E. minasensis and 
SCRV 

0.60 0.80 0.66 1.16E-168 

protein TMEPAI-like LOC119176772 
R. microplus inf. 
E. minasensis and 
SCRV 

0.59 0.56 0.35 1.24E-141 

fructose-bisphosphate aldolase A-like LOC119176078 
R. microplus inf. 
E. minasensis and 
SCRV 

0.59 1.00 0.99 8.61E-117 

microtubule-associated serine/threonine-
protein kinase 3-like 

LOC119181309 
R. microplus inf. 
E. minasensis and 
SCRV 

0.59 0.73 0.53 6.33E-162 

Down syndrome cell adhesion molecule-like 
protein 1 homolog 

LOC119174636 
R. microplus inf. 
E. minasensis and 
SCRV 

0.58 0.47 0.32 1.66E-79 

pneumococcal serine-rich repeat protein-like LOC119178306 
R. microplus inf. 
E. minasensis and 
SCRV 

0.58 0.88 0.78 1.40E-125 

CD9 antigen-like LOC119170582 
R. microplus inf. 
E. minasensis and 
SCRV 

0.58 0.86 0.79 3.85E-107 

dual specificity protein phosphatase 10-like LOC119167068 
R. microplus inf. 
E. minasensis and 
SCRV 

0.57 0.81 0.59 1.68E-133 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

excitatory amino acid transporter 3-like LOC119181405 
R. microplus inf. 
E. minasensis and 
SCRV 

0.57 0.63 0.52 1.16E-55 

small nucleolar RNA U3 LOC119165941 
R. microplus inf. 
E. minasensis and 
SCRV 

0.57 0.71 0.53 1.94E-63 

transmembrane protein 47-like LOC119170732 
R. microplus inf. 
E. minasensis and 
SCRV 

0.56 0.60 0.33 9.62E-191 

transcription factor kayak-like LOC119167126 
R. microplus inf. 
E. minasensis and 
SCRV 

0.55 0.91 0.74 2.66E-167 

forkhead box protein K1-like LOC119180236 
R. microplus inf. 
E. minasensis and 
SCRV 

0.55 0.85 0.67 2.16E-177 

MIF4G domain-containing protein A-like LOC119166653 
R. microplus inf. 
E. minasensis and 
SCRV 

0.55 0.69 0.45 1.03E-193 

LIM domain transcription factor LMO4.2-
like 

LOC119170328 
R. microplus inf. 
E. minasensis and 
SCRV 

0.54 0.76 0.63 8.29E-100 

alpha-N-acetylgalactosaminide alpha-2,6-
sialyltransferase 5-like 

LOC119180255 
R. microplus inf. 
E. minasensis and 
SCRV 

0.54 0.87 0.71 2.03E-96 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

oxidation resistance protein 1-like LOC119170503 
R. microplus inf. 
E. minasensis and 
SCRV 

0.54 0.82 0.64 2.55E-163 

uncharacterized LOC119172285 LOC119172285 
R. microplus inf. 
E. minasensis and 
SCRV 

0.53 0.70 0.52 5.91E-152 

eukaryotic translation initiation factor 4 
gamma 1-like 

LOC119161595 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 0.87 0.76 3.83E-144 

CDK5 and ABL1 enzyme substrate 2-like LOC119163724 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 0.81 0.66 2.99E-120 

ABC transporter G family member 21-like LOC119176581 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 0.82 0.74 2.52E-65 

probable ATP-dependent RNA helicase 
DDX17 

LOC119180324 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 1.00 1.00 1.46E-148 

cGMP-dependent 3',5'-cyclic 
phosphodiesterase-like 

LOC119180013 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 0.74 0.45 1.56E-197 

alkaline phosphatase-like LOC119178734 
R. microplus inf. 
E. minasensis and 
SCRV 

0.52 0.89 0.87 2.77E-39 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

ETS-like protein pointed LOC119171764 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.80 0.72 2.09E-65 

muscleblind-like protein 2 LOC119164409 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.89 0.81 2.24E-124 

tyrosine-protein kinase SRK3-like LOC119163644 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.86 0.75 1.19E-100 

protein BTG2-like LOC119174910 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.99 0.97 1.53E-109 

membralin-like LOC119181726 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.73 0.46 1.46E-222 

poly(rC)-binding protein 3-like LOC119172413 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.88 0.70 1.05E-164 

receptor-type tyrosine-protein phosphatase 
N2-like 

LOC119178278 
R. microplus inf. 
E. minasensis and 
SCRV 

0.51 0.85 0.78 1.92E-81 

pleckstrin homology-like domain family B 
member 1 

LOC119171819 
R. microplus inf. 
E. minasensis and 
SCRV 

0.50 0.82 0.67 1.69E-147 



264 
 

product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 

aquaporin-9-like LOC119188255 
R. microplus inf. 
E. minasensis and 
SCRV 

0.50 0.46 0.28 2.97E-74 

actin-related protein 2/3 complex subunit 
1A-A-like 

LOC119180131 
R. microplus inf. 
E. minasensis and 
SCRV 

0.50 0.91 0.77 8.75E-189 

StCRVs7gp1 StCRVs7gp1 R. microplus inf. SCRV 3.18 0.95 0.32 0 
StCRVs5gp1 StCRVs5gp1 R. microplus inf. SCRV 2.28 0.81 0.24 0 
alpha-crystallin A chain-like LOC119185002 R. microplus inf. SCRV 2.27 0.82 0.51 0 
StCRVs3gp1 StCRVs3gp1 R. microplus inf. SCRV 2.24 0.75 0.21 0 
alpha-crystallin A chain-like LOC119185001 R. microplus inf. SCRV 2.22 0.88 0.58 0 
alpha-crystallin A chain-like LOC119185157 R. microplus inf. SCRV 2.21 0.86 0.52 0 
StCRVs6gp1 StCRVs6gp1 R. microplus inf. SCRV 1.99 0.76 0.22 0 
StCRVs2gp1 StCRVs2gp1 R. microplus inf. SCRV 1.99 0.79 0.25 0 
StCRVs1gp1 StCRVs1gp1 R. microplus inf. SCRV 1.98 0.78 0.24 0 
alpha-crystallin B chain-like LOC119185148 R. microplus inf. SCRV 1.79 0.90 0.66 0 
StCRVs4gp1 StCRVs4gp1 R. microplus inf. SCRV 1.65 0.72 0.20 0 
StCRVs8gp1 StCRVs8gp1 R. microplus inf. SCRV 1.56 0.65 0.17 0 
heat shock protein HSP 90-alpha-like LOC119164008 R. microplus inf. SCRV 1.52 1.00 0.98 0 
StCRVs9gp1 StCRVs9gp1 R. microplus inf. SCRV 1.48 0.66 0.20 0 
heat shock protein Hsp-16.1/Hsp-16.11-like LOC119178751 R. microplus inf. SCRV 1.42 0.96 0.85 6.17E-197 
uncharacterized LOC119185067 LOC119185067 R. microplus inf. SCRV 1.41 0.75 0.45 1.45E-264 
StCRVs10gp1 StCRVs10gp1 R. microplus inf. SCRV 1.30 0.63 0.16 0 
alpha-crystallin A chain-like LOC119180948 R. microplus inf. SCRV 1.20 0.48 0.26 3.52E-125 
alpha-crystallin A chain-like LOC119185153 R. microplus inf. SCRV 0.96 0.96 0.92 9.28E-103 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
cytohesin-1-like LOC119179489 R. microplus inf. SCRV 0.93 0.91 0.78 0 
inositol-3-phosphate synthase 1-A-like LOC119177322 R. microplus inf. SCRV 0.90 0.79 0.60 8.06E-187 
CCAAT/enhancer-binding protein delta-
like 

LOC119176174 R. microplus inf. SCRV 0.89 0.93 0.89 1.96E-242 

uncharacterized LOC119177231 LOC119177231 R. microplus inf. SCRV 0.85 0.55 0.34 5.35E-119 
uncharacterized LOC119171210 LOC119171210 R. microplus inf. SCRV 0.85 0.67 0.40 2.64E-218 
uncharacterized LOC119185104 LOC119185104 R. microplus inf. SCRV 0.81 0.44 0.17 1.62E-228 
mRNA cap guanine-N7 methyltransferase-
like 

LOC119172401 R. microplus inf. SCRV 0.80 0.52 0.34 1.88E-95 

zwei Ig domain protein zig-2-like LOC119175902 R. microplus inf. SCRV 0.80 0.53 0.34 1.18E-95 
U2 spliceosomal RNA LOC119184553 R. microplus inf. SCRV 0.80 0.64 0.43 1.58E-172 
histone H1-delta-like LOC119179514 R. microplus inf. SCRV 0.78 0.98 0.97 1.73E-100 
alpha-crystallin A chain-like LOC119185154 R. microplus inf. SCRV 0.78 0.67 0.48 6.76E-146 
dnaJ protein homolog 1-like LOC119181188 R. microplus inf. SCRV 0.76 0.67 0.45 2.52E-181 
uncharacterized LOC119181069 LOC119181069 R. microplus inf. SCRV 0.76 0.68 0.46 1.69E-162 
heat shock 70 kDa protein cognate 4 LOC119172195 R. microplus inf. SCRV 0.75 0.95 0.92 9.12E-104 
copper transport protein ATOX1-like LOC119170213 R. microplus inf. SCRV 0.75 0.77 0.59 4.27E-189 
choline/ethanolamine kinase-like LOC119170411 R. microplus inf. SCRV 0.74 0.88 0.72 1.43E-248 
perilipin-2-like LOC119188251 R. microplus inf. SCRV 0.74 0.97 0.93 1.55E-116 
motile sperm domain-containing protein 2-
like 

LOC119159774 R. microplus inf. SCRV 0.74 0.83 0.61 1.75E-230 

uncharacterized LOC119182515 LOC119182515 R. microplus inf. SCRV 0.73 0.80 0.58 1.10E-160 
putative aminopeptidase W07G4.4 LOC119177170 R. microplus inf. SCRV 0.73 0.93 0.86 1.28E-184 
uncharacterized LOC119161405 LOC119161405 R. microplus inf. SCRV 0.72 0.75 0.55 1.39E-179 
uncharacterized LOC119170319 LOC119170319 R. microplus inf. SCRV 0.71 0.95 0.90 2.04E-129 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
nuclear hormone receptor E75-like LOC119176056 R. microplus inf. SCRV 0.69 0.78 0.57 1.36E-175 
uncharacterized LOC119180403 LOC119180403 R. microplus inf. SCRV 0.69 0.96 0.89 2.61E-244 
phenylacetaldehyde reductase-like LOC119178640 R. microplus inf. SCRV 0.68 0.96 0.90 2.63E-239 
WD repeat domain phosphoinositide-
interacting protein 2-like 

LOC119180019 R. microplus inf. SCRV 0.68 0.92 0.78 1.81E-240 

uncharacterized LOC119161549 LOC119161549 R. microplus inf. SCRV 0.67 1.00 0.99 3.01E-203 
facilitated trehalose transporter Tret1-like LOC119172134 R. microplus inf. SCRV 0.66 0.81 0.64 5.17E-182 
UDP-N-acetylglucosamine--dolichyl-
phosphate N-
acetylglucosaminephosphotransferase-like 

LOC119171686 R. microplus inf. SCRV 0.66 0.78 0.59 3.82E-181 

sestrin-3-like LOC119174647 R. microplus inf. SCRV 0.66 0.95 0.84 4.25E-238 
complex I assembly factor ACAD9, 
mitochondrial-like 

LOC119174792 R. microplus inf. SCRV 0.63 0.87 0.69 2.24E-234 

transcription factor AP-1-like LOC119180583 R. microplus inf. SCRV 0.63 0.98 0.96 1.27E-183 
CDP-diacylglycerol--glycerol-3-phosphate 3-
phosphatidyltransferase, mitochondrial-like 

LOC119179589 R. microplus inf. SCRV 0.62 0.72 0.53 2.16E-124 

store-operated calcium entry-associated 
regulatory factor-like 

LOC119180723 R. microplus inf. SCRV 0.61 0.93 0.80 3.75E-144 

uncharacterized LOC119163100 LOC119163100 R. microplus inf. SCRV 0.61 0.79 0.58 9.29E-194 
serine hydrolase-like protein LOC119159538 R. microplus inf. SCRV 0.60 0.82 0.62 1.36E-178 
U2 spliceosomal RNA LOC119184099 R. microplus inf. SCRV 0.60 0.64 0.43 2.49E-163 
cytochrome P450 3A8-like LOC119172114 R. microplus inf. SCRV 0.59 0.71 0.57 3.58E-67 
U2 spliceosomal RNA LOC119183045 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
U2 spliceosomal RNA LOC119183048 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
U2 spliceosomal RNA LOC119183049 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
U2 spliceosomal RNA LOC119183050 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
U2 spliceosomal RNA LOC119183052 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
U2 spliceosomal RNA LOC119183046 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
U2 spliceosomal RNA LOC119183047 R. microplus inf. SCRV 0.59 0.64 0.43 8.31E-163 
peroxisomal membrane protein 11A-like LOC119187945 R. microplus inf. SCRV 0.59 0.75 0.56 1.25E-126 
multi-drug resistance efflux pump PmrA 
homolog 

LOC119175031 R. microplus inf. SCRV 0.58 0.71 0.50 1.77E-158 

eukaryotic translation initiation factor 2 
subunit 2-like 

LOC119176726 R. microplus inf. SCRV 0.58 0.99 0.98 1.45E-259 

cyclin-I-like LOC119179355 R. microplus inf. SCRV 0.58 0.96 0.90 1.39E-130 
ets DNA-binding protein pokkuri-like LOC119171668 R. microplus inf. SCRV 0.58 0.48 0.28 3.56E-115 
ras-related GTP-binding protein A-like LOC119178117 R. microplus inf. SCRV 0.58 0.91 0.80 5.85E-246 
proline-rich protein 5-like LOC119172020 R. microplus inf. SCRV 0.58 0.57 0.31 5.54E-194 
mitochondrial fission 1 protein-like LOC119159618 R. microplus inf. SCRV 0.58 0.99 0.96 6.58E-288 
glucose-6-phosphatase 2-like LOC119172192 R. microplus inf. SCRV 0.58 0.52 0.39 1.84E-61 
putative nuclease HARBI1 LOC119178280 R. microplus inf. SCRV 0.57 0.78 0.66 8.12E-117 
stearoyl-CoA desaturase 5-like LOC119187539 R. microplus inf. SCRV 0.56 0.86 0.69 1.58E-150 
inositol-tetrakisphosphate 1-kinase-like LOC119163988 R. microplus inf. SCRV 0.56 0.85 0.64 2.17E-213 
30S ribosomal protein S11-like LOC119159434 R. microplus inf. SCRV 0.56 0.96 0.89 5.77E-170 
immediate early response gene 2 protein-
like 

LOC119185999 R. microplus inf. SCRV 0.55 0.96 0.93 1.68E-117 

general transcription factor 3C polypeptide 
3-like 

LOC119168498 R. microplus inf. SCRV 0.55 0.85 0.72 1.98E-175 

phosphoserine phosphatase-like LOC119184205 R. microplus inf. SCRV 0.55 0.72 0.57 3.31E-116 
uncharacterized LOC119163216 LOC119163216 R. microplus inf. SCRV 0.55 0.90 0.83 3.36E-114 
src kinase-associated phosphoprotein 2-like LOC119174947 R. microplus inf. SCRV 0.55 0.84 0.67 7.73E-183 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_a

dj 
28S ribosomal protein S36, mitochondrial-
like 

LOC119188289 R. microplus inf. SCRV 0.54 0.88 0.75 1.33E-113 

transcription factor Sp8-like LOC119174788 R. microplus inf. SCRV 0.54 0.80 0.70 2.06E-99 
ADP-ribose glycohydrolase ARH3-like LOC119175995 R. microplus inf. SCRV 0.54 0.95 0.90 7.00E-188 
adenylate kinase isoenzyme 6-like LOC119170030 R. microplus inf. SCRV 0.54 0.89 0.79 4.73E-190 
aldehyde dehydrogenase, mitochondrial-like LOC119187513 R. microplus inf. SCRV 0.53 0.84 0.68 6.40E-155 
U2 spliceosomal RNA LOC119165935 R. microplus inf. SCRV 0.53 0.44 0.33 3.53E-47 
sulfotransferase 1C2-like LOC119178464 R. microplus inf. SCRV 0.52 0.76 0.55 4.18E-152 
fatty acid-binding protein-like LOC119185260 R. microplus inf. SCRV 0.52 0.86 0.79 1.10E-123 
mid1-interacting protein 1-B-like LOC119178642 R. microplus inf. SCRV 0.52 0.91 0.87 3.27E-109 
uncharacterized LOC119171669 LOC119171669 R. microplus inf. SCRV 0.52 0.26 0.12 5.23E-81 
ADP-sugar pyrophosphatase-like LOC119163799 R. microplus inf. SCRV 0.52 0.94 0.88 4.26E-57 
solute carrier family 35 member F6-like LOC119168869 R. microplus inf. SCRV 0.52 0.86 0.75 1.33E-172 
ubiquitin-like protein 7 LOC119166988 R. microplus inf. SCRV 0.52 0.85 0.70 5.09E-215 
muscle-specific protein 20-like LOC119181440 R. microplus inf. SCRV 0.51 0.97 0.95 1.45E-171 
phosphatidylinositol 3-kinase regulatory 
subunit alpha-like 

LOC119181020 R. microplus inf. SCRV 0.51 0.87 0.74 1.78E-171 

ras-related C3 botulinum toxin substrate 2-
like 

LOC119178269 R. microplus inf. SCRV 0.50 0.96 0.94 7.80E-149 

gamma-aminobutyric acid receptor-
associated protein 

LOC119176268 R. microplus inf. SCRV 0.50 1.00 1.00 1.66E-244 

ras-related protein Rab-11A-like LOC119172043 R. microplus inf. SCRV 0.50 0.92 0.85 3.10E-191 
cytosolic purine 5'-nucleotidase-like LOC119175815 R. microplus inf. SCRV 0.50 0.82 0.69 3.39E-152 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_

adj 

23S ribosomal RNA Rs01495 
R. microplus inf. 
R. raoultii 2.90 0.64 0.00 

0 

16S ribosomal RNA Rs05050 
R. microplus inf. 
R. raoultii 1.80 0.52 0.00 

0 

fatty acid synthase-like LOC119179527 
R. microplus inf. 
R. raoultii 0.77 0.85 0.73 

1.93E-
149 

insulin-induced gene 1 protein-like LOC119188224 
R. microplus inf. 
R. raoultii 0.64 0.68 0.48 

3.70E-
146 

mucin-6-like LOC119179492 R. microplus 0.71 0.78 0.70 3.54E-96 
uncharacterized LOC119186217 LOC119186217 R. microplus 0.66 0.44 0.34 6.16E-32 
uncharacterized LOC119159686 LOC119159686 R. microplus 0.63 0.47 0.35 2.22E-45 
uncharacterized LOC119179904 LOC119179904 R. microplus 0.60 0.36 0.28 1.81E-19 
peroxisomal (S)-2-hydroxy-acid 
oxidase GLO5-like 

LOC119179704 R. microplus 0.52 0.76 0.68 
2.49E-71 

cell surface glycoprotein 1-like LOC119161189 R. microplus 0.52 0.56 0.52 4.59E-08 
papilin-like LOC119167246 R. microplus 0.51 0.70 0.65 7.68E-25 

 

Supplementary table 8 Differentially expressed genes in samples of Rhipicephalus microplus uninfected and infected with Rickettsia raoultii. 
“Product” reflects on the gene function, “Gene” stands for the gene ID in the RefSeq annotation (‘Rs’ genes come from the R. raoultii genome, 
‘MT’ – tick mitochondrial genes, ‘LOC’ – nuclear tick genome), “avg_log2FC” describes change in expression level of the gene in the sample 
compared with the other sample, “pct.1” means the fraction of cells in the current sample in which the gene was detected, “pct.2” means the 
fraction of cells in the other sample in which the gene was detected, “p_val” – adjusted p-value, based on Bonferroni correction using all genes 
in the dataset. Genes are sorted by “sample” and “avg_log2FC” in descending order. Lower log2FC threshold was 0.5. 
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product gene sample 
avg_lo
g2FC 

pct.1 pct.2 
p_val_

adj 

23S ribosomal RNA Sp01863 
R. microplus inf. 
Spiroplasma sp. 2.94 0.51 0.00 

0 

23S ribosomal RNA Sp00602 
R. microplus inf. 
Spiroplasma sp. 2.43 0.47 0.00 

0 

uncharacterized LOC119185522 
LOC1191855
22 

R. microplus inf. 
Spiroplasma sp. 0.79 0.95 0.88 

0 
60S acidic ribosomal protein P1-
like 

LOC1191708
82 

R. microplus inf. 
Spiroplasma sp. 0.72 0.86 0.85 

7.35E-
218 

uncharacterized LOC119187546 
LOC1191875
46 

R. microplus inf. 
Spiroplasma sp. 0.69 1.00 0.99 

0 
inositol-3-phosphate synthase 1-A-
like 

LOC1191773
22 

R. microplus inf. 
Spiroplasma sp. 0.63 0.68 0.51 

1.89E-
120 

delta-1-pyrroline-5-carboxylate 
dehydrogenase, mitochondrial-like 

LOC1191707
77 

R. microplus inf. 
Spiroplasma sp. 0.63 0.53 0.34 

1.05E-
127 

small nucleolar RNA U3 
LOC1191659
41 

R. microplus inf. 
Spiroplasma sp. 0.62 0.57 0.43 

1.05E-64 

protein FAM98B-like 
LOC1191611
87 

R. microplus inf. 
Spiroplasma sp. 0.60 0.41 0.31 

1.34E-26 

Supplementary table 9 Differentially expressed genes in Rhipicephalus microplus uninfected and infected with Spiroplasma sp. “Product” reflects 
on the gene function, “Gene” stands for the gene ID in the RefSeq annotation (‘Sp’ genes come from the Spiroplasma sp. genome, ‘MT’ – tick 
mitochondrial genes, ‘LOC’ – nuclear tick genome), “avg_log2FC” describes change in expression level of the gene in the sample compared with 
the other sample, “pct.1” means the fraction of cells in the current sample in which the gene was detected, “pct.2” means the fraction of cells in 
the other sample in which the gene was detected, “p_val” – adjusted p-value, based on Bonferroni correction using all genes in the dataset. Genes 
are sorted by “sample” and “avg_log2FC” in descending order. Lower log2FC threshold was 0.5. 
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fatty acid synthase-like 
LOC1191795
27 

R. microplus inf. 
Spiroplasma sp. 0.54 0.84 0.73 

9.62E-
102 

gamma-butyrobetaine dioxygenase-
like 

LOC1191722
27 

R. microplus 0.55 0.90 0.85 
8.45E-51 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

cathepsin B LOC12084205
4 

0 1.19 1.00 0.90 

kinesin-like protein KIF11 LOC8053770 1 1.43 0.97 0.50 
cell division cycle protein 20 homolog LOC11532587

9 
1 1.40 0.92 0.35 

myosin-6 LOC8042605 1 1.37 0.96 0.49 
uncharacterized LOC115308880 LOC11530888

0 
1 1.04 1.00 0.92 

tubulin alpha chain LOC8044135 1 1.04 0.99 0.76 
growth/differentiation factor 8 LOC11532908

1 
3 1.48 0.91 0.79 

uncharacterized LOC8027774 LOC8027774 4 2.09 0.81 0.29 
zwei Ig domain protein zig-4 LOC8036660 4 1.59 1.00 0.85 
stromelysin-3 LOC8051455 4 1.53 0.88 0.54 
E3 ubiquitin-protein ligase UBR4-like LOC12183458

1 
4 1.27 0.73 0.32 

laminin subunit gamma-1 LOC8034493 4 1.26 0.99 0.89 
uncharacterized LOC121048110 LOC12104811

0 
4 1.13 0.91 0.56 

uncharacterized LOC115314989 LOC11531498
9 

5 1.29 0.96 0.85 

Supplementary table 10 Differentially expressed genes in integrated Ixodes scapularis cell samples with mitochondrial counts and pathogen read 
counts signal regressed. “Product” reflects on the gene function, “Gene” stands for the gene ID in the RefSeq annotation “avg_log2FC” describes 
change in expression level of the gene in the sample compared with the other sample, “pct.1” means the fraction of cells in the current sample in 
which the gene was detected, “pct.2” means the fraction of cells in the other samples in which the gene was detected. Table is sorted by “Cluster” 
and “avg_log2FC” in descending order.  
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product gene cluster avg_log2F
C 

pct.1 pct.2 

uncharacterized LOC8028338 LOC8028338 5 1.16 0.82 0.62 
protein BTG2 LOC8051179 5 1.05 1.00 0.97 
uncharacterized LOC120850041 LOC12085004

1 
5 1.05 0.66 0.38 

mothers against decapentaplegic homolog 6 LOC8031782 6 1.99 0.99 0.82 
heat shock protein HSP 90-alpha LOC8041558 6 1.66 1.00 0.97 
uncharacterized LOC8051439 LOC8051439 6 1.63 0.97 0.73 
uncharacterized LOC8030032 LOC8030032 6 1.59 0.95 0.65 
mitochondrial ribosomal RNA rrnS MT-rrnS 6 1.50 1.00 0.93 
microtubule-associated protein futsch LOC8033651 6 1.40 0.96 0.72 
Krueppel-like factor 6 LOC8028313 6 1.40 0.98 0.82 
ubiquitin carboxyl-terminal hydrolase 2 LOC8034595 6 1.35 1.00 0.95 
BMP and activin membrane-bound inhibitor homolog LOC11531036

0 
6 1.17 0.99 0.89 

retroviral integration site protein Fli-1 homolog LOC8023218 6 1.07 0.98 0.90 
nuclear transcription factor Y subunit beta LOC8035603 6 1.06 0.44 0.48 
U2 spliceosomal RNA LOC11531420

5 
7 1.59 0.61 0.47 

small nucleolar RNA U3 LOC11532723
5 

7 1.59 0.57 0.45 

U1 spliceosomal RNA LOC11532755
2 

7 1.17 0.73 0.48 

U2 spliceosomal RNA LOC12084811
6 

7 1.11 0.60 0.47 

#N/A StCRVs7gp1 8 1.30 0.25 0.08 
#N/A StCRVs2gp1 8 1.13 0.34 0.08 
U2 spliceosomal RNA LOC11531923

3 
8 1.07 0.96 0.42 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

U2 spliceosomal RNA LOC12084991
8 

8 1.07 0.96 0.42 

#N/A StCRVs1gp1 8 1.00 0.22 0.07 
nidogen-1 LOC8038711 9 1.66 0.98 0.93 
uncharacterized LOC121834122 LOC12183412

2 
9 1.61 0.88 0.84 

hypoxia up-regulated protein 1 LOC8040011 9 1.58 0.98 0.94 
very low-density lipoprotein receptor LOC8038934 9 1.56 0.94 0.93 
endoplasmic reticulum chaperone BiP LOC8051659 9 1.55 0.97 0.94 
protein disulfide-isomerase A3 LOC8024633 9 1.49 0.96 0.96 
uncharacterized LOC121835386 LOC12183538

6 
9 1.49 0.53 0.40 

complement C3 LOC8039362 9 1.49 0.83 0.83 
acetylcholinesterase LOC8032357 9 1.41 0.34 0.23 
uncharacterized LOC121048595 LOC12104859

5 
9 1.37 0.70 0.69 

fibroblast growth factor receptor 4 LOC8051224 9 1.31 0.85 0.78 
cation-independent mannose-6-phosphate receptor LOC8043753 9 1.31 0.89 0.86 
protein disulfide-isomerase A6 homolog LOC11532005

7 
9 1.31 0.87 0.92 

uncharacterized LOC121046660 LOC12104666
0 

9 1.28 0.58 0.49 

uncharacterized LOC120842277 LOC12084227
7 

9 1.28 0.67 0.73 

stearoyl-CoA desaturase 5 LOC8051438 9 1.27 0.97 0.96 
protein disulfide-isomerase LOC12083717

6 
9 1.26 0.96 0.96 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 
STT3A 

LOC11531991
1 

9 1.20 0.83 0.80 

protein O-mannosyl-transferase TMTC2 LOC8051218 9 1.20 0.72 0.69 
endoplasmic reticulum resident protein 29 LOC8051554 9 1.19 0.83 0.87 
teneurin-m-like LOC12084885

5 
9 1.19 0.65 0.75 

mitochondrial ribosomal RNA rrnS MT-rrnS 9 1.18 0.86 0.94 
endoplasmin LOC8039070 9 1.18 0.90 0.92 
mitochondrial ribosomal RNA rrnL MT-rrnL 9 1.17 0.99 0.95 
long-chain-fatty-acid--CoA ligase 3 LOC8029783 9 1.17 0.87 0.92 
protein draper LOC8033158 9 1.15 0.96 0.93 
23 kDa integral membrane protein LOC8029816 9 1.12 0.85 0.88 
BTB/POZ domain-containing protein 9-like LOC11531568

6 
9 1.11 0.56 0.44 

dnaJ homolog subfamily C member 3 LOC8025291 9 1.10 0.80 0.81 
teneurin-m LOC8024278 9 1.09 0.66 0.63 
uncharacterized LOC8027088 LOC8027088 9 1.09 0.81 0.82 
uncharacterized LOC121837265 LOC12183726

5 
9 1.08 0.57 0.55 

mitochondrial protein COX2 MT-cox2 9 1.07 0.95 0.92 
SPRY domain-containing protein 3 LOC8052623 9 1.07 0.85 0.87 
protein ERGIC-53 LOC8023926 9 1.06 0.76 0.74 
innexin inx2 LOC11532081

7 
9 1.06 0.76 0.79 

uncharacterized LOC8029656 LOC8029656 9 1.05 0.81 0.83 
sodium/calcium exchanger 3 LOC8028603 9 1.04 0.74 0.82 
fatty acid hydroxylase domain-containing protein 2 LOC8032220 9 1.03 0.79 0.83 
neuron navigator 2 LOC8040291 9 1.03 0.72 0.77 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

sodium-dependent proline transporter LOC8042754 9 1.03 0.74 0.84 
integrin alpha-PS1 LOC8052228 9 1.02 0.69 0.78 
multidrug resistance-associated protein 1 LOC8040491 9 1.02 0.75 0.77 
heat shock protein 68 LOC8043999 10 5.29 0.98 0.31 
heat shock protein 68 LOC11532369

4 
10 5.23 0.97 0.37 

heat shock protein 68-like LOC11532361
7 

10 5.05 0.98 0.33 

protein lethal(2)essential for life LOC11531259
2 

10 4.85 0.98 0.37 

heat shock protein 68-like LOC8042924 10 4.40 0.95 0.32 
heat shock protein 68-like LOC11532362

9 
10 4.38 0.90 0.24 

alpha-crystallin B chain LOC8025742 10 4.18 0.91 0.32 
heat shock protein beta-6-like LOC11531253

8 
10 4.00 0.95 0.60 

alpha-crystallin A chain LOC8025894 10 3.92 0.97 0.53 
alpha-crystallin B chain LOC8043348 10 3.75 0.99 0.79 
heat shock protein beta-6-like LOC11531254

0 
10 3.63 0.89 0.46 

dnaJ homolog subfamily B member 4 LOC11532459
4 

10 3.32 0.97 0.65 

heat shock protein beta-6-like LOC11532362
2 

10 2.96 0.72 0.32 

heat shock protein beta-6-like LOC11531254
2 

10 2.95 0.87 0.20 

heat shock protein 68-like LOC11531254
1 

10 2.69 0.68 0.22 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

heat shock protein HSP 90-alpha LOC8041558 10 2.65 1.00 0.97 
mitochondrial ribosomal RNA rrnL MT-rrnL 10 2.62 1.00 0.95 
alpha-crystallin A chain LOC8025743 10 2.59 0.92 0.77 
heat shock protein 68-like LOC12183537

2 
10 2.44 0.76 0.09 

mitochondrial ribosomal RNA rrnS MT-rrnS 10 2.42 0.99 0.93 
U2 spliceosomal RNA LOC11531420

5 
10 2.08 0.62 0.48 

heat shock protein 68-like LOC11532108
8 

10 1.93 0.74 0.07 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

papilin-like LOC119167246 0 1.84 0.98 0.82 
uncharacterized LOC119179904 LOC119179904 0 1.83 0.86 0.73 
proteoglycan 4-like LOC119163376 0 1.78 0.99 0.84 
uncharacterized LOC119170170 LOC119170170 0 1.55 0.97 0.74 
cell surface glycoprotein 1-like LOC119161189 0 1.55 0.91 0.77 
leukocyte elastase inhibitor-like LOC119178788 0 1.54 0.97 0.81 
uncharacterized LOC119159686 LOC119159686 0 1.32 0.92 0.81 
uncharacterized LOC119186217 LOC119186217 0 1.26 0.87 0.74 
translation initiation factor IF-2-like LOC119164579 0 1.26 1.00 0.94 
laminin subunit beta-1-like LOC119163525 0 1.21 1.00 0.91 
uncharacterized LOC119159679 LOC119159679 0 1.21 0.87 0.74 
serum amyloid A-2 protein-like LOC119179825 0 1.20 0.81 0.79 
alpha-1-macroglobulin-like LOC119159557 0 1.20 1.00 0.91 
uncharacterized LOC119159685 LOC119159685 0 1.14 0.85 0.69 
uncharacterized LOC119175929 LOC119175929 0 1.12 0.88 0.63 
hornerin-like LOC119167389 0 1.11 0.89 0.70 
mucin-6-like LOC119179492 0 1.02 0.99 0.90 
uncharacterized LOC119182515 LOC119182515 1 1.71 0.88 0.74 
nucleoside diphosphate kinase 6-like LOC119163657 1 1.35 0.95 0.83 
gamma-butyrobetaine dioxygenase-like LOC119172227 1 1.01 0.99 0.94 

Supplementary table 11 Differentially expressed genes in integrated Rhipicephalus microplus cell samples with mitochondrial counts and pathogen 
read counts signal regressed. “Product” reflects on the gene function, “Gene” stands for the gene ID in the RefSeq annotation “avg_log2FC” 
describes change in expression level of the gene in the sample compared with the other sample, “pct.1” means the fraction of cells in the current 
sample in which the gene was detected, “pct.2” means the fraction of cells in the other samples in which the gene was detected. Table is sorted by 
“Cluster” and “avg_log2FC” in descending order. 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

glyoxylate reductase/hydroxypyruvate reductase-like LOC119167003 2 1.93 0.99 0.93 
cytochrome c LOC119187542 2 1.54 1.00 0.97 
store-operated calcium entry-associated regulatory factor-like LOC119180723 2 1.52 0.97 0.84 
perilipin-2-like LOC119188251 2 1.42 0.98 0.95 
cysteine and histidine-rich domain-containing protein 1-like LOC119174704 2 1.35 0.97 0.89 
myeloid leukemia factor 1-like LOC119168723 2 1.34 0.99 0.95 
heat shock protein Hsp-16.1/Hsp-16.11-like LOC119178751 2 1.28 0.98 0.86 
muscle LIM protein 1-like LOC119169195 2 1.24 0.92 0.82 
uncharacterized LOC119171777 LOC119171777 2 1.21 0.70 0.55 
fructose-bisphosphate aldolase A-like LOC119176078 2 1.18 0.99 0.98 
pyruvate kinase PKM-like LOC119172236 2 1.16 0.84 0.58 
AN1-type zinc finger protein 2A-like LOC119170011 2 1.16 0.95 0.81 
28S ribosomal protein S36, mitochondrial-like LOC119188289 2 1.12 0.95 0.80 
aquaporin-9-like LOC119188255 2 1.12 0.78 0.48 
persulfide dioxygenase ETHE1, mitochondrial-like LOC119171673 2 1.10 0.93 0.72 
alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase 5-like LOC119180255 2 1.09 0.93 0.72 
general transcription and DNA repair factor IIH helicase subunit XPB-like LOC119178783 2 1.08 0.94 0.81 
yrdC domain-containing protein, mitochondrial-like LOC119174804 2 1.08 0.83 0.66 
glutathione S-transferase 4-like LOC119170592 3 1.31 0.97 0.90 
isoinhibitor K-like LOC119172095 3 1.04 0.88 0.77 
uncharacterized LOC119163560 LOC119163560 4 1.88 1.00 0.96 
high mobility group protein B1-like LOC119170112 4 1.71 1.00 0.95 
mucin-17-like LOC119175957 4 1.71 0.99 0.68 
histone H2A-like LOC119184461 4 1.57 0.88 0.66 
histone H1-delta-like LOC119179560 4 1.57 0.98 0.97 
glutathione S-transferase 4-like LOC119170592 4 1.53 0.99 0.90 
uncharacterized LOC119165065 LOC119165065 4 1.39 0.99 0.90 
cell division cycle protein 20 homolog LOC119170477 4 1.28 0.98 0.70 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

tubulin alpha-1C chain LOC119181077 4 1.22 1.00 0.99 
uncharacterized LOC119169166 LOC119169166 4 1.20 1.00 0.88 
disks large-associated protein 5-like LOC119177262 4 1.12 0.93 0.60 
serine/threonine-protein kinase PLK1-like LOC119181289 4 1.10 0.92 0.54 
secreted acidic protein 1A-like LOC119164388 4 1.08 1.00 0.96 
tubulin beta chain-like LOC119164422 4 1.07 0.99 0.91 
cyclin-dependent kinases regulatory subunit-like LOC119187792 4 1.06 0.95 0.60 
G2/mitotic-specific cyclin-B2-like LOC119174253 4 1.03 0.94 0.57 
uncharacterized LOC119179212 LOC119179212 4 1.02 0.93 0.53 
POC1 centriolar protein homolog A-like LOC119163199 4 1.01 0.93 0.64 
kinesin-like protein KIF11 LOC119174001 4 1.00 0.95 0.67 
proliferating cell nuclear antigen-like LOC119187753 5 2.01 0.99 0.73 
uncharacterized LOC119163560 LOC119163560 5 1.33 1.00 0.96 
DNA replication licensing factor MCM3-like LOC119170594 5 1.21 0.97 0.67 
DNA replication licensing factor mcm7-like LOC119185306 5 1.21 0.98 0.66 
alpha-crystallin A chain-like LOC119185153 5 1.18 1.00 0.95 
neuromodulin-like LOC119170637 5 1.16 1.00 0.99 
DNA replication licensing factor mcm5-like LOC119166889 5 1.12 0.95 0.61 
histone H2A-like LOC119184461 5 1.04 0.81 0.67 
uncharacterized LOC119165065 LOC119165065 5 1.01 1.00 0.90 
alpha-crystallin A chain-like LOC119185157 6 3.29 0.94 0.69 
alpha-crystallin A chain-like LOC119185001 6 3.18 0.94 0.76 
alpha-crystallin A chain-like LOC119185002 6 3.11 0.91 0.73 
alpha-crystallin B chain-like LOC119185148 6 3.05 0.96 0.77 
histone H2B LOC119182249 6 2.73 0.94 0.79 
histone H2B LOC119182246 6 2.38 0.88 0.73 
histone H2B LOC119182243 6 2.35 0.89 0.73 
alpha-crystallin A chain-like LOC119180948 6 2.06 0.83 0.55 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

histone H2B LOC119184476 6 2.06 0.86 0.72 
uncharacterized LOC119182239 LOC119182239 6 1.94 0.92 0.75 
alpha-crystallin A chain-like LOC119185153 6 1.92 0.98 0.96 
heat shock protein HSP 90-alpha-like LOC119164008 6 1.85 0.99 0.98 
heat shock protein 68-like LOC119180646 6 1.74 0.76 0.51 
transcription factor HES-4-B-like LOC119181002 6 1.70 0.90 0.63 
histone H3-like LOC119182250 6 1.61 0.81 0.68 
histone H2A LOC119166861 6 1.54 0.93 0.89 
heat shock protein 68-like LOC119181076 6 1.51 0.68 0.38 
uncharacterized LOC119185067 LOC119185067 6 1.50 0.86 0.64 
dual specificity protein phosphatase 10-like LOC119167068 6 1.42 0.92 0.74 
heat shock protein Hsp-16.1/Hsp-16.11-like LOC119178751 6 1.41 0.96 0.87 
histone H4 LOC119167733 6 1.38 0.83 0.72 
uncharacterized LOC119177903 LOC119177903 6 1.33 0.87 0.70 
5.8S ribosomal RNA LOC119180443 6 1.33 0.83 0.61 
5.8S ribosomal RNA LOC119187104 6 1.33 0.82 0.61 
5.8S ribosomal RNA LOC119180442 6 1.33 0.82 0.61 
5.8S ribosomal RNA LOC119180445 6 1.33 0.82 0.62 
5.8S ribosomal RNA LOC119180444 6 1.33 0.82 0.62 
5.8S ribosomal RNA LOC119180446 6 1.33 0.82 0.62 
histone H2B LOC119184462 6 1.33 0.75 0.65 
histone H4 LOC119166863 6 1.28 0.98 0.99 
alpha-crystallin A chain-like LOC119185154 6 1.25 0.84 0.70 
uncharacterized LOC119171672 LOC119171672 6 1.24 0.98 0.96 
uncharacterized LOC119183321 LOC119183321 6 1.23 0.92 0.82 
histone H2B LOC119184395 6 1.17 0.80 0.64 
uncharacterized LOC119179274 LOC119179274 6 1.17 0.86 0.76 
tubulin beta chain LOC119176503 6 1.13 0.97 0.96 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

dnaJ protein homolog 1-like LOC119181188 6 1.11 0.84 0.65 
histone H1-delta-like LOC119179514 6 1.07 0.97 0.98 
putative protein TPRXL LOC119172398 6 1.07 0.97 0.95 
replication stress response regulator SDE2-like LOC119163294 6 1.06 0.94 0.81 
motile sperm domain-containing protein 2-like LOC119159774 6 1.03 0.87 0.71 
histone H2A-like LOC119184461 6 1.03 0.83 0.67 
histone H2A-like LOC119167034 6 1.01 0.96 0.94 
glycine-rich cell wall structural protein-like LOC119164382 7 5.32 0.97 0.70 
glycine-rich cell wall structural protein 1-like LOC119161184 7 5.09 0.99 0.74 
glycine-rich cell wall structural protein 2-like LOC119161168 7 4.68 0.96 0.68 
glycine-rich protein DC9.1-like LOC119161178 7 4.33 0.93 0.65 
acanthoscurrin-2-like LOC119161176 7 4.19 0.99 0.78 
glycine-rich protein DOT1-like LOC119164380 7 3.89 0.99 0.80 
abscisic acid and environmental stress-inducible protein-like LOC119161179 7 3.72 0.99 0.71 
protein FAM98B-like LOC119161187 7 3.55 0.96 0.65 
glycine-rich cell wall structural protein 2-like LOC119164379 7 3.40 0.99 0.81 
retinitis pigmentosa 1-like 1 protein LOC119171236 7 3.36 0.86 0.62 
uncharacterized LOC119174219 LOC119174219 7 2.99 1.00 0.82 
chorion peroxidase-like LOC119187450 7 2.87 0.92 0.73 
glycine-rich protein DOT1-like LOC119165325 7 2.51 0.84 0.53 
transcriptional regulatory protein LGE1-like LOC119161185 7 2.25 0.98 0.78 
uncharacterized LOC119165569 LOC119165569 7 2.10 0.93 0.68 
keratin, type II cytoskeletal 1-like LOC119161186 7 1.92 0.88 0.52 
hemocytin-like LOC119178529 7 1.80 0.91 0.57 
34 kDa spicule matrix protein-like LOC119187696 7 1.79 1.00 0.96 
phenoloxidase-activating factor 2-like LOC119166682 7 1.66 0.97 0.82 
uncharacterized LOC119163773 LOC119163773 7 1.59 0.91 0.67 
uncharacterized LOC119178241 LOC119178241 7 1.57 0.79 0.49 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

putative defense protein LOC119180975 7 1.55 0.96 0.77 
uncharacterized LOC119174349 LOC119174349 7 1.53 0.91 0.65 
glycine-rich protein DOT1-like LOC119164383 7 1.40 0.82 0.53 
uncharacterized LOC119172699 LOC119172699 7 1.35 0.84 0.63 
isoinhibitor K-like LOC119172095 7 1.27 0.85 0.78 
uncharacterized LOC119173543 LOC119173543 7 1.23 0.99 0.80 
U-scoloptoxin(18)-Er1a-like LOC119163628 7 1.19 0.92 0.74 
endochitinase-like LOC119170761 7 1.15 0.95 0.71 
serine protease inhibitor swm-1-like LOC119163852 7 1.12 0.99 0.85 
keratin-associated protein 19-2-like LOC119171469 7 1.08 0.89 0.84 
leucine-rich repeat and immunoglobulin-like domain-containing nogo 
receptor-interacting protein 3 

LOC119187185 7 1.05 0.97 0.74 

gelsolin, cytoplasmic-like LOC119159447 7 1.02 0.96 0.85 
clotting factor B-like LOC119169313 7 1.01 0.95 0.67 
actin-5C-like LOC119159731 7 1.00 1.00 1.00 
ribonucleoside-diphosphate reductase subunit M2-like LOC119163338 8 2.12 0.99 0.92 
glutathione S-transferase 4-like LOC119170592 8 1.76 0.99 0.90 
cyclin-H-like LOC119171644 8 1.67 0.98 0.82 
uncharacterized LOC119175085 LOC119175085 8 1.57 0.94 0.77 
histone-lysine N-methyltransferase eggless-like LOC119170383 8 1.51 0.96 0.77 
succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial-like LOC119179326 8 1.48 0.99 0.93 
GTP-binding protein RHO1-like LOC119187329 8 1.41 0.92 0.70 
uncharacterized LOC119179839 LOC119179839 8 1.31 0.98 0.86 
E3 ubiquitin-protein ligase Mdm2-like LOC119164580 8 1.29 0.98 0.85 
cyclin-I-like LOC119179355 8 1.22 1.00 0.92 
KAT8 regulatory NSL complex subunit 2-like LOC119174764 8 1.21 0.96 0.77 
histone H4 LOC119167733 8 1.21 0.80 0.72 
glutathione peroxidase-like LOC119181298 8 1.17 1.00 0.98 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

cytochrome c oxidase assembly protein cox20, mitochondrial-like LOC119164187 8 1.07 0.97 0.83 
trichohyalin-like LOC119164848 8 1.06 0.64 0.62 
endoplasmic reticulum chaperone BiP-like LOC119161602 10 3.52 0.97 0.84 
mesencephalic astrocyte-derived neurotrophic factor homolog LOC119163195 10 3.04 0.99 0.81 
uncharacterized LOC119186656 LOC119186656 10 3.03 0.97 0.82 
endoplasmin-like LOC119163344 10 2.71 1.00 0.92 
endoplasmic reticulum resident protein 29-like LOC119181310 10 2.64 1.00 0.91 
protein disulfide-isomerase A3-like LOC119159421 10 1.88 1.00 0.96 
calreticulin-like LOC119181385 10 1.57 1.00 0.98 
store-operated calcium entry-associated regulatory factor-like LOC119180723 10 1.54 0.99 0.86 
dnaJ homolog subfamily B member 9-like LOC119173752 10 1.50 0.91 0.62 
uncharacterized LOC119177319 LOC119177319 10 1.45 0.86 0.55 
protein disulfide-isomerase A6 homolog LOC119170493 10 1.41 0.97 0.88 
BET1 homolog LOC119181063 10 1.40 0.94 0.78 
stearoyl-CoA desaturase 5-like LOC119187539 10 1.30 0.96 0.76 
muscle LIM protein 1-like LOC119169195 10 1.24 0.93 0.83 
uncharacterized LOC119161549 LOC119161549 10 1.24 0.99 0.99 
uncharacterized LOC119172334 LOC119172334 10 1.20 0.89 0.77 
cytochrome c LOC119187542 10 1.06 1.00 0.98 
hypoxia up-regulated protein 1-like LOC119172039 10 1.01 0.87 0.59 
small nucleolar RNA U3 LOC119165941 11 3.49 0.89 0.65 
5.8S ribosomal RNA LOC119180442 11 2.40 0.76 0.62 
5.8S ribosomal RNA LOC119187104 11 2.40 0.76 0.62 
5.8S ribosomal RNA LOC119180443 11 2.40 0.76 0.62 
5.8S ribosomal RNA LOC119180445 11 2.39 0.76 0.63 
5.8S ribosomal RNA LOC119180444 11 2.39 0.76 0.63 
5.8S ribosomal RNA LOC119180446 11 2.39 0.76 0.63 
U2 spliceosomal RNA LOC119184553 11 2.36 0.97 0.65 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

U2 spliceosomal RNA LOC119183045 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183048 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183049 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183050 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183052 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183046 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119183047 11 2.26 0.97 0.66 
U2 spliceosomal RNA LOC119184099 11 2.26 0.97 0.66 
histone H2B LOC119182249 11 2.08 0.78 0.80 
U6atac minor spliceosomal RNA LOC119168800 11 1.91 0.76 0.43 
U4 spliceosomal RNA LOC119165942 11 1.72 0.71 0.46 
U1 spliceosomal RNA LOC119165931 11 1.68 0.79 0.47 
U1 spliceosomal RNA LOC119180451 11 1.67 0.73 0.38 
U6atac minor spliceosomal RNA LOC119168799 11 1.61 0.73 0.43 
large subunit ribosomal RNA LOC119180437 11 1.56 1.00 1.00 
histone H3-like LOC119182250 11 1.55 0.70 0.69 
U1 spliceosomal RNA LOC119180452 11 1.53 0.71 0.32 
uncharacterized LOC119182239 LOC119182239 11 1.52 0.74 0.76 
U1 spliceosomal RNA LOC119180455 11 1.52 0.73 0.32 
U1 spliceosomal RNA LOC119180453 11 1.52 0.71 0.32 
U1 spliceosomal RNA LOC119180456 11 1.52 0.71 0.32 
U1 spliceosomal RNA LOC119185701 11 1.52 0.71 0.32 
U1 spliceosomal RNA LOC119186176 11 1.52 0.71 0.32 
U1 spliceosomal RNA LOC119187163 11 1.52 0.71 0.32 
histone H4 LOC119167733 11 1.43 0.79 0.72 
histone H1-delta-like LOC119179514 11 1.41 0.98 0.98 
small nucleolar RNA U3 LOC119165939 11 1.40 0.72 0.59 
U1 spliceosomal RNA LOC119160192 11 1.40 0.77 0.38 
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product gene cluster avg_log2F
C 

pct.1 pct.2 

U1 spliceosomal RNA LOC119160191 11 1.40 0.77 0.38 
U1 spliceosomal RNA LOC119186994 11 1.40 0.77 0.39 
small nucleolar RNA U3 LOC119170904 11 1.38 0.65 0.43 
U2 spliceosomal RNA LOC119165935 11 1.23 0.72 0.53 
alpha-crystallin A chain-like LOC119180948 11 1.19 0.62 0.57 
transcription factor HES-4-B-like LOC119181002 11 1.17 0.86 0.65 
5.8S ribosomal RNA LOC119173020 11 1.13 0.63 0.54 
protein bric-a-brac 1-like LOC119186484 11 1.07 0.91 0.83 
U4 spliceosomal RNA LOC119165944 11 1.06 0.67 0.47 
5.8S ribosomal RNA LOC119180444 12 5.20 1.00 0.63 
5.8S ribosomal RNA LOC119180445 12 5.20 1.00 0.63 
5.8S ribosomal RNA LOC119180446 12 5.20 1.00 0.63 
5.8S ribosomal RNA LOC119180442 12 5.19 1.00 0.62 
5.8S ribosomal RNA LOC119187104 12 5.19 1.00 0.62 
5.8S ribosomal RNA LOC119180443 12 5.19 1.00 0.62 
5.8S ribosomal RNA LOC119173020 12 4.00 0.91 0.54 
small nucleolar RNA U3 LOC119165941 12 3.54 0.84 0.65 
large subunit ribosomal RNA LOC119180437 12 2.52 1.00 1.00 
high mobility group protein B1-like LOC119170112 12 1.68 0.95 0.95 
uncharacterized LOC119165065 LOC119165065 12 1.53 0.93 0.90 
cell division cycle protein 20 homolog LOC119170477 12 1.21 0.83 0.72 
tubulin alpha-1 chain-like LOC119186059 12 1.16 0.94 0.96 
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