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CHARACTERIZATION OF RICKETTSIA RAOULTII REPLICATION 

KINETICS IN DIFFERENT TICK CELL LINES 

ABSTRACT 

Rickettsia raoultii is a spotted fever group rickettsia and emerging pathogen that 

poses a threat to public health with Dermacentor species of ticks as the main vector and 

known as one of the causative agents of tick-borne lymphadenopathy (TIBOLA) in 

humans. This bacterium was previously isolated into and propagated in tick and 

mammalian cell lines. Although the growth characteristics of R. raoultii have been 

investigated in mammalian cells, the same has not been investigated in detail in tick cells. 

In this study, the growth and replication kinetics of R. raoultii in three tick cell lines 

derived from different tick genera, Rhipicephalus microplus-derived BME / CTVM23, 

Rhipicephalus sanguineus-derived RSE / PILS35 and Ixodes scapularis-derived IDE8 

tick cell lines were presented. Tick cell cultures were infected in duplicate with 

cryopreserved R. raoultii prepared from the homologous cell lines. In all infected cell 

cultures, 100 % of the cells were infected by 12 to 14 days post infection as visualized in 

Giemsa-stained cytocentrifuge smears. A rickettsiae-specific citrate synthase (gltA) gene 

quantitative polymerase chain reaction (qPCR) assay was used to demonstrate the 

replication kinetics of R. raoultii in the infected cultures. The R. raoultii growth curves 

were exhibited with initial lag, exponential, stationary and death phases. Exponential 

phases between 4 and 12 days and generation times between 0.9 and 2.6 days were 

observed in the R. raoultii-infected tick cell cultures. The highest levels of multiplication 

of R. raoultii in BME / CTVM23 and RSE / PILS35 cultures were, respectively, 39.5 and 

37.1-fold increases compared to the inoculum. In contrast, the highest level of 

multiplication of R. raoultii in IDE8 cultures was 110.1-fold greater than the inoculum. 

In addition, a 7 day stationary phase was observed in R. raoultii-infected IDE8 cultures. 

The findings here suggest that there is variation in the growth kinetics of R. raoultii in the 
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different tick cell lines tested, amongst which IDE8 cells could tolerate the highest levels 

of R. raoultii replication. Variations in genotypic and phenotypic characteristics, as well 

as species differences between tick cell lines, may have contributed to this finding. 

Further studies into the characterization of R. raoultii and its interaction with tick vectors 

are needed to better understand its survival within tick populations, and tick cell lines 

remain an important tool to this end. 

 

Keywords: vector-borne disease; Rickettsia raoultii; infectious disease; tick cell line 
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CIRI-CIRI KINETIK REPLIKASI RICKETTSIA RAOULTII DALAM GARISAN 

SEL KUTU BERBEZA 

ABSTRAK 

 Rickettsia raoultii, kumpulan rickettsia demam berbintik-bintik dan patogen 

yang menimbulkan ancaman kepada kesihatan awam dengan kutu daripada spesies 

Dermacentor sebagai vektor utama, dan dikenali sebagai salah satu agen penyebab 

limfadenopati (TIBOLA) pada manusia. Bakteria ini sebelumnya pernah diasingkan ke 

dalam dan dibiakkan dalam garis sel kutu dan mamalia. Walaupun ciri pertumbuhan R. 

raoultii telah diselidiki pada sel mamalia, yang sama belum diteliti secara terperinci 

dalam sel kutu. Dalam kajian ini, data menunjukkan pertumbuhan dan kinetik replikasi 

R. raoultii dalam tiga garis sel kutu yang berasal dari generik kutu yang berbeza, 

Rhipicephalus microplus-berasal BME / CTVM23, Rh. sanguineus-berasal RSE / PILS35 

dan Ixodes scapularis-berasal IDE8 tandakan garis sel. Dua kultur sel kutu daripada garis 

yang sama dijangkiti dengan R. raoultii yang disimpan secara kryo dari garis sel homolog. 

Dalam semua kultur sel yang dijangkiti, 100 % sel telah dijangkiti pada 12 hingga 14 hari 

selepas jangkitan seperti yang digambarkan dalam dalam emparan sito pencelupan 

Giemsa. Ujian qPCR sintase sitrat gen (gltA) khusus rickettsiae digunakan untuk 

menunjukkan kinetik replikasi R. raoultii dalam kultur yang dijangkiti. Lengkuk 

pertumbuhan R. raoultii dipamerkan dengan fasa ketinggalan awal, eksponensial, pegun 

dan kematian. Fasa eksponensial di antara 4 hingga 12 hari dan masa penjanaan antara 

0.9 hingga 2.6 hari diperhatikan dalam kultur sel kutu yang dijangkiti R. raoultii. Tahap 

pendaraban tertinggi R. raoultii dalam kultur BME / CTVM23 dan RSE / PILS35 masing-

masing meningkat 39.5 dan 37.1 kali ganda berbanding dengan inokulum. Sebaliknya, 

tahap pendaraban tertinggi R. raoultii dalam kultur IDE8 adalah 110.1 kali ganda lebih 

besar daripada inokulum. Di samping itu, fasa pegun selama tujuh hari diperhatikan 

dalam kultur IDE8 yang dijangkiti R. raoultii. Hasil kajian di sini menunjukkan bahawa 
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terdapat variasi dalam kinetik pertumbuhan R. raoultii pada sel kutu berbeza yang diuji, 

di antaranya sel IDE8 dapat bertoleransi dengan tahap tertinggi replikasi R. raoultii. 

Variasi ciri genotipik dan fenotipik, serta perbezaan spesies antara garis sel kutu, mungkin 

menyumbang kepada penemuan ini. Kajian lebih lanjut mengenai pencirian R. raoultii 

dan interaksinya dengan vektor kutu diperlukan untuk pemahaman yang lebih baik 

mengenai kelangsungan hidupnya dalam populasi kutu, dan garis sel kutu tetap menjadi 

alat penting untuk tujuan ini. 

 

Kata kunci: penyakit bawaan vector; Rickettsia raoultii; penyakit berjangkit; garis sel 

kutu 
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CHAPTER 1: INTRODUCTION 

Rickettsia bacteria is a strictly intracellular vector-borne bacteria that fall in the 

alphaproteobacterial family, which causes mild to severe diseases in humans and several 

animals (Merhej, V. et al., 2011). Some of the rickettsial diseases in humans include 

Mediterranean spotted fever (R. conorii), cat flea rickettsiosis (caused by R. felis), 

epidemic typhus (R. prowazekii), Rocky Mountain spotted fever (RMSF) (R. rickettsii), 

murine typhus (Rickettsia typhi) and around ten other rickettsial diseases have been 

identified worldwide (Brown, L. D. et al., 2016; Raoult, D. et al., 1997b). 

Owing to the characteristic of Rickettsia as an obligate intracellular bacterium, in 

vitro studies of its mechanism of infection, transmission, host-pathogen interaction, 

vector-pathogen interaction and also antibiotic susceptibilities necessitate the application 

of a cell culture system. However, compared to other tick-borne bacteria like Ehrlichia 

and Anaplasma, the use of cell culture systems based on tick cells in Rickettsia research 

is not as common (Blouin, E. F. et al., 2002; Woldehiwet, Z. et al., 2002). Up to now, 

some Rickettsia studies have been done in mammalian cell culture (Eremeeva, M. E. et 

al., 2006; Martinez, J. J. et al., 2004), but only a few studies have been conducted using 

tick cells. The use of tick cells for growing rickettsial agents is a useful tool as ticks are 

natural reservoirs and vectors of some Rickettsia bacteria. However, the information on 

the interaction between Rickettsia and their vector is still very limited. Therefore, to 

understand the transmission of Rickettsia in the population of ticks and the ecology of 

tick-borne rickettsial diseases, research about the interaction of Rickettsia and the tick 

vector is important. 
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 2 

Furthermore, Rickettsia falls into the risk group 3 (RG 3) pathogens, which 

requires only trained personnel and biosafety level  (BSL) 3 facilities to safely handle the 

pathogen, which can be expensive (Blacksell, S. D. et al., 2019). Compared to other 

Rickettsia species within the spotted fever group (SFG), Rickettsia, R. raoultii was shown 

to be less pathogenic than other Rickettsia species (Parola et al., 2009) thus can be 

possibly used as a model for Rickettsia studies in BSL 2 facilities. So far, there is no 

evidence for the airborne transmission of R. raoultii. Therefore, together with the use of 

the tick cell lines, R. raoultii may be a valuable model organism used for investigating 

the vector-pathogen (tick-Rickettsia) interaction at the cellular, molecular and genomic 

levels.  

Until now, there are only several tick cells lines (Anocentor nitens-derived 

ANE58, Rh. microplus-derived BME / CTVM2, Rh. microplus-derived BME / CTVM23 

and Rh. sanguineus-derived RML / RSE) known to be permissive to the infection of R. 

raoultii and are able to support the propagation (Alberdi, M Pilar et al., 2012b; 

Santibáñez, S. et al., 2015). However, further characterization of the R. raoultii and its 

interaction with tick cells has not been investigated. In addition, not every researcher has 

access to all tick cell lines; therefore, it will be useful to identify additional tick cell lines 

that are susceptible to the infection and propagation of R. raoultii. 

Besides, to monitor the growth of bacteria in the tick cell lines, a reliable method 

for quantifying rickettsial bacteria such as qPCR in tick cell cultures is essential. The 

monitoring of rickettsial bacteria growth in cell cultures is often achieved by Giemsa or 

Giminez-staining of cytocentrifuge preparations of infected cell cultures (Sayler, K. A. et 

al., 2014). The staining method is easy to perform, but the enumeration of infected cells 

can be laborious and time-consuming. Up till now, qPCR assays have only been utilized 

to detect the presence of Rickettsia bacteria in the tick cell cultures (Sayler, K. A. et al., 

2014) and have been designed primarily to detect rickettsial DNA in clinical and 
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environmental samples (Jiang, J. et al., 2012; Znazen, A. et al., 2015). However, the qPCR 

assays have been developed and applied successfully in detecting Rickettsia agents with 

high specificity and sensitivity, with the potential in quantifying the bacterial 

deoxyribonucleic acid (DNA) copy numbers in real time (Stenos, J. et al., 2005). Hence, 

it will be useful to adapt published qPCR protocols and develop appropriate DNA 

standards for monitoring the growth kinetics of Rickettsia, and bacterial quantification in 

tick cell cultures will aid in research into Rickettsia using tick cells. 

 

1.1 Study objectives 

Therefore, the overall objective of this study was to investigate the replication 

kinetics of the spotted fever group Rickettsia, R. raoultii, in Rh. microplus-derived BME 

/ CTVM23, I. scapularis-derived IDE8 and Rh. sanguineus-derived RSE / PILS35 tick 

cell cultures. The main objective was pursued through three specific aims; (i) inoculation 

of IDE8 and RSE / PILS35 cell cultures with semi-purified R. raoultii bacteria cultures, 

(ii) determination of the infection rates of R. raoultii in BME / CTVM23, IDE8 and RSE 

/ PILS35 tick cell lines, and (iii) establishment of the replication kinetic curves of R. 

raoultii in BME / CTVM23, IDE8 and RSE / PILS35 tick cell lines. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Rickettsia  

Rickettsia is a group of small, gram-negative pleomorphic rods and obligate 

intracellular bacteria that cause zoonotic diseases around the world that are populated by 

humans and animals (Labruna, M. B. et al., 2004). Owing to the characteristic of an 

intracellular bacterium, they strictly require a host cell to survive and are naturally 

transmitted to humans by arthropod vectors, including fleas, ticks, mites or lice. Rickettsia 

species are commonly recognized as human pathogens vectored primarily by 

hematophagous arthropods that raised public health concerns in numerous countries all 

around the world. Several species of Rickettsia bacteria are identified as the causative 

agents of some diseases in humans, such as R. typhi, the causative agent of murine typhus, 

R. prowazekii, the causative agent of epidemic typhus and R. rickettsii, the causative agent 

of RMSF (Fournier, P.-E. et al., 2009b). The transmission of these Rickettsia agents to 

humans or animals can occur via bites of the infected ectoparasites or by exposure to an 

infected animal reservoir host. Rickettsia bacteria will infect their target cells via the 

bloodstream after entering from the portal of entry in the skin and subsequently multiply 

in the cytosol by binary fission and destroy host cells that are heavily parasitized (Walker, 

D. H., 1996). 
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2.1.1 Rickettsia classification 

The name of the genus Rickettsia was taken after Howard Taylor Ricketts, who 

became the first person to discover the causative agent and the mode of transmission of 

Epidemic typhus and RMSF (Walker, D. H., 2004). The typhus group (TG), the SFG, and 

the scrub typhus group (STG) were traditionally the three main groups classified for the 

Rickettsia genus, which were distinguished based on phenotypic characteristics. 

However, the advanced use of molecular tools in recent years has led to reorganizations 

of rickettsiae taxonomy. As a result, studies into Rickettsia phylogenetics have revealed 

that the genus can be divided further into four different phylogenetic groups. These four 

groups include (i) the SFG, which is vectored primarily by ticks and less commonly by 

mites and fleas, (ii) the TG, which consists of the agents of murine and epidemic typhus 

that are vectored by fleas and lice, (iii) the translational group and lastly, (iv) the ancestral 

group that consists of Rickettsia belli and Rickettsia canadensis  (Murray, G. G. et al., 

2016; Sekeyová, Z. et al., 2019). This classification has been confirmed based on clinical, 

ecological, phenotypic, and through analysis of phylogenetic sequence data from a 

number of Rickettsia genes and the complete genome of Rickettsia species (Fournier, P.-

E. et al., 2009b; Gillespie, J. J. et al., 2007; Ngwamidiba, M. et al., 2006; Roux, V. et al., 

1997). Both SFG and TG Rickettsia have been classified by the US National Institute of 

Allergy and Infectious Diseases (NIAID) and the Centre for Disease Control (CDC) as 

‘select agents’ for bioterrorism (Martinez, J. J. et al., 2004). 
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 6 

At present, the genus Rickettsia consists of 31 recognized species and a number 

of uncharacterized strains that cause diseases in both domestic and wild animals and 

humans (Chisu, V. et al., 2017; Merhej, V. et al., 2014). The TG consists of R. typhi and 

R. prowazekii. The SFG consists of R. africae, R. amblyommatis, R. conorii, R. fournierii, 

R. heilongjiangensis, R. honei, R. japonica, R. sibirica, R. slovaca, R. parkeri, R. 

peacockii, R. aeschlimannii, R. gravesii, R. massiliae, R. montanensis, R. rhipicephali, R. 

buchneri, R. asiatica, R. helvetica, R. tamurae, R. rickettsii and R. raoultii. The 

translational group contains R. akari, R. asembonensis, R. australis, R. hoogstraalii and 

R. felis (Fournier, P.-E. et al., 2003; Fournier, P.-E. et al., 2009b; Sekeyová, Z. et al., 

2019). However, there are a lot of rickettsial isolates that still have not yet been 

characterized fully, which may possibly represent new species.  

 

2.1.2 Transmission of Rickettsia 

Life cycles of Rickettsia are complex as they commonly involve a wide range of 

vectors, vertebrate hosts and modes of transmission (Azad, A. F. et al., 1998). Ticks are 

known as the primary vector and constitute a risk of rickettsial infection despite their 

developmental stages (Sekeyová, Z. et al., 2019). Other arthropod vectors that are known 

to transmit Rickettsia bacteria include fleas, lice and mites. Apart from being transmitted 

by bites of the infected ectoparasites, inoculation of faeces or fluids originating from the 

infected ectoparasites into the skin is one of the modes of Rickettsia transmission (Azad, 

A. F. et al., 1998). The horizontal transmission of Rickettsia bacteria to vertebrates is 

achieved through a number of arthropod vectors that feed on various species of animals 

and humans.  
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In the horizontal transmission, infected ticks at different development stages will 

transmit the Rickettsia bacteria to animals or human hosts. Animals commonly served as 

the amplifying agent that resulted in the survival and persistence of the Rickettsia bacteria 

without causing damage to the host. Whereas humans usually act as the dead-end host 

that results in pathogenesis and damage to the host (Narra, H. P. et al., 2020). In the 

transovarial transmission, infected adults transmitted the Rickettsia bacteria during 

oviposition, causing the eggs to be infected. While in transstadial transmission, the 

Rickettsia bacteria are carried from one developmental stage to another (from infected 

nymphs to infected adult ticks) leading to survival and persistence of infection (Narra, H. 

P. et al., 2020). 

 

 

Figure 2. 1: Transmission of tick-borne Rickettsia. The major steps in the vector life 

cycle are indicated by red arrows. Infected nymphs feed on healthy or amplifying 

hosts, leading to the spread and persistent of infection (green arrows). The 

transmission of Rickettsia to humans via infected nymph or adult tick bite is 

indicated by blue arrows. Retrieved from (Narra, H. P. et al., 2020). 
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2.1.3 Ticks as a vector for Rickettsia transmission 

Ectoparasites, for instance, ticks and fleas, show an important part in the 

transmission of Rickettsia disease. Because of this characteristic, Rickettsia bacteria are 

often called arthropod vectored pathogens of vertebrate hosts (Raoult, D. et al., 1997b). 

Ticks and fleas are obligate blood-feeders that can attach strongly to their hosts for 

relatively long periods of time, thus, allowing a sufficient opportunity to transfer 

Rickettsia bacteria into the hosts (Cupp, E. W., 1991). The majority of Rickettsia species 

appear to have no detrimental effect on their respective arthropod hosts, as they 

commonly multiply in fluids and most organs of the host. That eventually leads to the 

vertical transovarial transmission from adult arthropods to the offspring and horizontal 

transmission during feeding (Kenny, M. J. et al., 2003). Continuously transmitted to 

animals or humans via the bite of the infected arthropod vector in the horizontal 

transmission. Transstadial passage, which transfers Rickettsia from one stage to another, 

is an essential element to maintain the vectorial competence of the ticks. When Rickettsia 

is transmitted efficiently in both transovarial and transstadial  in a tick, the tick will 

become the reservoir for the bacteria and the distribution of rickettsial diseases will be 

the same as the distribution of the tick host (Parola, P. et al., 2005). 

The presence of pathogens in a specific area can be determined through the 

detection of hematophagous vectors as they may contain the pathogen and infected host 

blood (Irwin, P. J. et al., 2004). Besides that, cats and dogs can also be known as close 

companions of people and serve as the intermediate host that can carry the vector of the 

disease, thus, leading to infection in humans (Lempereur, L. et al., 2011). 

Rickettsia species known to be transmitted by tick vector include R. 

aeschlimannii, R. africae, R. australis, R. conorii, R. heilongjiangensis, R. helvetica, R. 

honei, R. japonica, R. massiliae, R. montanensis, R. raoultii, R. rickettsii, R. sibirica and 

Univ
ers

iti 
Mala

ya



 9 

R. slovaca. Rickettsia species known to be transmitted by flea vector include R. felis and 

R. typhi, while R. prowazekii is transmitted by lice vector and R. akari mite vector (Parola, 

P. et al., 2005). 

 

2.1.4 Geographic distribution of Rickettsia  

The geographic distribution of Rickettsia bacteria is not only restricted to certain 

countries but distributed almost all across the world. All continents, excluding Antarctica, 

have reported the detection of Rickettsia bacteria (Figure 2.2) (Abdad, M. Y. et al., 2018). 

Climatic conditions, together with vectors and natural hosts constraints, lead to the 

region-locked distribution of most Rickettsia species. However, R. felis and R. typhi are 

globally distributed as these two known species of Rickettsia bacteria are transmitted 

commonly by fleas. Thus, different from most Rickettsia species that are dependent on 

tick vectors that tend to be restricted to the specific geographical distribution of the ticks 

(Abdad, M. Y. et al., 2018). 

Tick-borne spotted fever group Rickettsia is the most commonly reported in 

traveller-associated Rickettsia infections (Rolain, J.-M. et al., 2004). People of all ages 

are at risk to get infected with Rickettsia during travelling, especially in the disease-

endemic areas, and the risk of exposure is greater when they engage in outdoor activities 

(Chapman, A. S., 2006). Because the incubation period for most Rickettsia diseases is 

around 5 to 14 days (Biggs, H. M. et al., 2016), tourists normally do not acquire any 

symptoms while on vacation, and disease development may occur after they return home 

or within a week of their return.  
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RMSF, also known as Brazilian spotted fever, is reported throughout much of the 

Western Hemisphere, including Mexico, Canada, the United States and several other 

countries in Central and South America, including Brazil, Argentina, Colombia, Panama 

and Costa Rica (Dantas-Torres, F., 2007). In addition, involvement in outdoor activities, 

such as camping, hunting, hiking and contact with dogs from rural or urban areas 

increases the chance of getting a rickettsial infection (Chapman, A. S., 2006).  

R. felis and R. typhi are broadly distributed by fleas, commonly detected 

throughout tropics and subtropics areas (Boostrom, A. et al., 2002). Therefore, when 

travelling in endemic areas, people exposed to flea-infested cats or dogs and domestic 

animals have the highest risk of being infected with flea-borne Rickettsia. In addition, 

Southeast Asia and Africa are among countries where the incident of Murine typhus has 

been reported previously (Parola, P. et al., 1998).  

The infection of R. prowazekii causes epidemic typhus is seldom detected from 

tourists but may occur in refugee populations and poor communities where body lice are 

prevalent. Some parts of Africa and the Andes regions of South America are regions 

where epidemic typhus is commonly detected, with body lice as the main vector that 

transmits R. prowazekii. Whereas Brazil, Ethiopia and Mexico areas of tick-associated 

reservoirs of R. prowazekii (Azad, A. F. et al., 1998). 
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2.1.5 Pathogenesis of Rickettsia  

Rickettsia is inoculated into the dermis of the skin through scratched skin from 

infectious faeces or fluids from infected ectoparasites or via bites of infected 

ectoparasites. Rickettsia starts the pathogenesis by entering from the skin, infecting the 

endothelium by spreading through the bloodstream and, in some cases infecting the 

vascular smooth muscle cells (Walker, D. H. et al., 2003). The first step of the 

pathogenesis of Rickettsia bacteria is adherence to the host cell. Once attached to the cell 

membrane, Rickettsia will be phagocytosed by the host cell. After being phagocytosed by 

the host cell, Rickettsia is seen to escape from the phagosome membrane and start entering 

the cytoplasm (Walker, D. H. et al., 2008).  

The mechanisms of intracellular movement of Rickettsia and the destruction of 

the host cells after infection were observed to be different between the TG and SFG 

Rickettsia (Figure 2.3) (Parthasarathy, A., 2013). The TG escaped from the host cells by 

lysis mechanism. For instance, after R. prowazekii or R. typhi infection, the Rickettsia 

Figure 2. 2: Rickettsia species distribution. Retrieved from (Abdad et al., 2018). 
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continues to multiply in number until the cell becomes packed with the bacteria and leads 

to burst. In contrast, SFG does not lyse the infected host cells. Instead, they are often 

released from the host cell by triggering the polymerization of host cell-derived actin tails. 

Eventually leads to the emergence of the bacteria through tips of membranous extrusions 

that propel the bacteria from the cytoplasm (Parthasarathy, A., 2013). 

The release of Rickettsia will cause infection in other cells, leading to the 

progression of vasculitis that eventually develops to become maculopapular skin rashes, 

thrombosis and perivascular tissue necrosis. Subsequently, the disseminated endothelial 

lesions cause an increase in capillary permeability, haemorrhage, hypotensive shock and 

oedema. In addition, the endothelial damage may cause disseminated intravascular 

coagulation (DIC) through the activation of the clotting system (Parthasarathy, A., 2013). 

  

Figure 2. 3: Movement of Rickettsia inside host cells. Retrieved from (Parthasarathy, 

2013). Univ
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2.1.6 Diseases and clinical presentation caused by Rickettsia infection 

Rickettsia species and clinical diseases associated with infection by Rickettsia 

bacteria often vary based on the geographical area (Eremeeva, M. E. et al., 2015; Parola, 

P. et al., 2013; Weinert, L. A. et al., 2009). Rickettsia disease is an emerging infectious 

disease that is frequently being ignored in many countries in Southeast Asia. In Asia, tick-

borne SFG such as R. conorii, R. heilongjiangensis, R. honei, R. japonica, R. raoultii, R. 

sibirica and R. tamurae have been reported. While, flea-borne rickettsiosis is regularly 

caused by R. felis and R. typhi (Kho, K. L. et al., 2017).  

Besides that, few reported cases of Rickettsia infection in humans have previously 

been detected in some Asia countries (Fournier, P.-E. et al., 2005). For instance, in China, 

there were two reported cases of humans infected with R. raoultii (Jia, N. et al., 2014). In 

addition, human infection with R. honei (Jiang, J. et al., 2005) and R. felis (Edouard, S. et 

al., 2014) in Thailand and the first three cases of murine typhus in travellers coming back 

from Indonesia. The emergence of these Rickettsia infections among travellers suggests 

that murine typhus must be included in the consideration for the diagnosis associated with 

febrile illness, especially in travellers coming back from disease-endemic areas such as 

Indonesia (Parola, P. et al., 1998). 

Fever, generalized cutaneous rash, and inoculation eschar are the most typical 

symptoms of rickettsial diseases. However, other possible symptoms that may develop in 

infected patients include nonspecific flu-like symptoms, cough, fever, generalized 

lymphadenopathy, abdominal pain, myalgia and some neurological symptoms 

(Sekeyová, Z. et al., 2019). Frequently, patients will recover without complication. 

Nevertheless, the clinical symptoms showed by individuals infected with rickettsial 

diseases may vary from mild to severe, with 2 % to 30 % of the fatality rate for highly 

virulent rickettsiae (Azad, A. F., 2007). The severity of rickettsial disease is commonly 
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associated with host-related factors and differences in pathogen virulence (Walker, D. H. 

et al., 2003). Host-related factors include age, renal dysfunction and hepatic, central 

nervous system (CNS), involvement of lungs and delay in diagnosis (Walker, D. H. et al., 

2003). In addition, studies have suggested that pathogen virulence that is varied between 

different species of Rickettsia may be associated with the degree of genomic degradation 

(Diop, A. et al., 2019).  

RMSF is caused by R. rickettsii and is known as one of the rickettsial diseases 

with the presence of neurological symptoms (Horney, L. F. et al., 1988). The onset of 

symptoms is often sudden, with severe headaches, chills, fever, arthralgias, prostration 

and myalgias. Common symptoms include headaches, insomnia, restlessness and back 

stiffness. During the peak of fever accompanied by delirium or coma, alternating 

restlessness (Helmick, C. G. et al., 1984; Horney, L. F. et al., 1988; Kulkarni, A., 2011). 

Delayed diagnosis and treatment frequently lead to encephalitis, which may be fatal 

(Baganz, M. D. et al., 1995). In addition, patients who survived the infection of R. 

rickettsii may still carry symptoms that include deafness, hemiplegia, slurred speech, 

visual disturbances, cranial neuropathies and mental disorientation for a few weeks after 

recovery (Archibald, L. K. et al., 1995; Kirk, J. L. et al., 1990; Massey, E. et al., 1985; 

Sexton, D. J. et al., 1998; Steinfeld, H. et al., 1988). According to histological 

investigations, in RMSF, the most severe pathologic changes have been reported in the 

skin; however, the lungs, heart and CNS are all affected (Sekeyová, Z. et al., 2019). One 

in vitro study on the involvement of neuronal cells during rickettsial infection showed R. 

rickettsii could infect neurons and cause significant neuronal apoptotic cell death (Joshi, 

S. G. et al., 2007). Besides, small round nodules composed of elongated microglia, 

lymphocytes, and endothelial cells were observed from the microscopic lesions (Pai, H. 

et al., 1997). 
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R. conorii is the causative agent of Mediterranean spotted fever (MSF), also 

known as Marseilles fever and Boutonneuse fever. Despite being commonly reported as 

a self-limiting febrile illness and benign (Dolado, M. et al., 1994; Raoult, D. et al., 1986; 

Walker, D. H. et al., 1987), the MSF has been recorded between 2 % to 7 % fatality rate 

among hospitalized patients (Duque, V. et al., 2012). Furthermore, patients that showed 

severe symptoms and fatal forms of MSF had complications such as thrombocytopenia, 

acute renal failure, myocarditis, gastric haemorrhage, multiple organ failure, and 

pneumonitis have been reported in severe MSF case series from Spain and France 

(Amaro, M. et al., 2003; Dolado, M. et al., 1994; Raoult, D. et al., 1986; Walker, D. H. et 

al., 1987). Additionally, CNS involvement has been recorded in the course of MSF, 

manifesting as myelitis (Ezpeleta, D. et al., 1999), meningitis (Ezpeleta, D. et al., 1999; 

Tzavella, K. et al., 2006), encephalitis (Amaro, M. et al., 2003; Benhammou, B. et al., 

1991; Dolado, M. et al., 1994; Ezpeleta, D. et al., 1999; Texier, P. et al., 1984; Walker, 

D. H. et al., 1987) or meningoencephalitis (Bougteba, A. et al., 2010; Dolado, M. et al., 

1994; Tikare, N. V. et al., 2010) in a few reports in the literature. 

R. japonica causes Japanese spotted fever (JSF), which was originally reported in 

1984 (Mahara, F. et al., 1985). JSF is characterized by symptoms such as rash, high fever 

and inoculation eschar often found at the tick bite site (Mahara, F. et al., 1985). The 

clinical presentation of JSF and scrub typhus (caused by Orientia tsutsugamushi) is 

similar, yet with a more severe course (Mahara, F. et al., 1985). CNS involvement is 

uncommon, but complicated incidences of meningoencephalitis or pneumonia have been 

reported (Honda, E. et al., 2003; Kodama, K. et al., 2000; Kodama, K. et al., 2001). The 

first fatal case of JSF was reported with all patients having fever, aseptic meningitis and 

disturbance in their mental health, in which three patients had seizures and three patients 

had nuchal rigidity (Kodama, K. et al., 2002; Nakata, R. et al., 2012). 
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TIBOLA also called Dermacentor-borne necrosis erythema and 

lymphadenopathy (DEBONEL) and scalp eschar and neck lymphadenopathy after the 

tick bite (SENLAT), is caused by R. raoultii and R. slovaca (Angelakis, E. et al., 2010; 

Lakos, A., 2002; Lakos, A. et al., 2012; Raoult, D. et al., 1997b; Selmi, M. et al., 2008). 

TIBOLA is currently known as the most dominant tick-borne rickettsiosis found in 

Europe after MSF (Oteo, J. A. et al., 2012). This syndrome is associated with a tick bite 

and inoculation eschar frequently present on the scalp encircled with circular erythema 

and accompanied by painful regional lymphadenopathy (Raoult, D. et al., 2002). The R. 

slovaca was initially considered pathogenic, with the first isolate cultivated from a field 

of D. marginatus tick in central Slovakia (Brezina, R. et al., 1969; Lakos, A., 1997; 

Raoult, D. et al., 1997a). Later in 1997, the R. slovaca was recognized as the source of 

clinical symptoms associated with neck lymphadenopathy and scalp eschar subsequently 

after a tick bite (Raoult, D. et al., 1997a). The DNA of R. raoultii was later detected from 

a tick removed from the scalp of a TIBOLA patient in 2008 (Mediannikov, O. et al., 

2008). Six more cases of R. raoultii infection were reported in 2009 (Parola, P. et al., 

2009). Thus far, R. raoultii has been defined to cause a milder form of TIBOLA compared 

to the infection by R. slovaca (Parola, P. et al., 2009). 

African tick-bite fever (ATBF) is caused by R. africae and is recognized as the 

most common rickettsial infection reported in travellers who visit sub-Saharan Africa 

(Fujisawa, T. et al., 2012; Harrison, N. et al., 2016; Zammarchi, L. et al., 2014). The 

symptoms presented in ATBF are often mild, self-limiting, and absence of any sequelae 

(Sekeyová, Z. et al., 2019). Nevertheless, in 2006, long-lasting subacute neuropathy 

resulting from ATBF was reported in six patients after safari visits in southern Africa 

(Jensenius, M. et al., 2006). 
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R. prowazekii is the agent of epidemic typhus, which normally causes 

neurological complications that include confusion, seizures and coma (Sekeyová, Z. et 

al., 2019). Besides, it also may lead to death in untreated agitated delirium. In addition, 

meningoencephalitis with tinnitus, meningism and hyperacusis may develop in severe 

patients, followed by dysphoria, agitation and deafness (Sekeyová, Z. et al., 2019). The 

recurrent form of epidemic typhus, known as Brill-Zinsser, may arise after a month or 

even years, subsequently after the first infection. The symptoms of Brill-Zinsser are 

commonly milder and similar to the primary infection (Marrie, T. J. et al., 1992). 

Murine typhus, or endemic typhus, is caused by R. typhi (Pether, J. et al., 1994). 

Rat flea Xenopsylla cheopis is the main vector in transmitting R. typhi to humans (Pether, 

J. et al., 1994). Murine typhus is frequently associated with milder symptoms; however, 

severe symptoms were previously described in refugee camps. In addition, death cases 

have been reported in the United Kingdom but were originally infected in Spain (Pether, 

J. et al., 1994). The frequency in the association of murine typhus with neurological 

manifestation ranges from 2 % to 20 % of cases (Allen, A. C. et al., 1945; Bitsori, M. et 

al., 2002). Common symptoms include headache, but encephalitis and meningitis are 

infrequently reported (Silpapojakul, K. et al., 1991). In the past, no neurological 

complications were reported (Cowan, G., 2000); however, recently R. typhi has been 

linked to meningitis and abducens nerve palsy (Moy, W. L. et al., 2015). 

R. akari is the agent of rickettsialpox and was initially described in New York 

City in 1946 (Huebner, R. J. et al., 1946). Liponyssoides sanguineus mite is the main 

known vector in transmitting R. akari (Brouqui, P. et al., 2007). Rickettsialpox cases were 

reported in Croatia (Radulovic, S. et al., 1996), Ukraine (Eremeeva, M. et al., 1995), 

Northern Europe (Renvoisé, A. et al., 2012), and still occurring in New York (Brettman, 

L. et al., 1981; Kass, E. M. et al., 1994). Clinical signs of rickettsialpox develop between 

7 to 10 days after the bite of the infected mite. Vesicle appears at the bite site that will 
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dry up and leave a scar. A generalized popular rash may develop to be vesicular and looks 

like chickenpox. Common symptoms include a sudden high fever accompanied by severe 

headaches and myalgias. Additional signs of rickettsialpox include nausea and regional 

lymphadenopathy. Neurological symptoms associated with rickettsialpox include neck 

stiffness, dizziness, meningitis and photophobia. Rickettsialpox is self-limiting and 

commonly without complications, however, headaches and myalgias might continue 

about two additional weeks after the rash (Raoult, D. et al., 1997b). 

R. felis is the agent for flea-borne spotted fever and is transmitted to humans by 

flea (Ctenocephalides felis). Patients often exhibit cutaneous rash, elevated fever, myalgia 

and headaches. Other clinical manifestations include eschar, nausea, abdominal pain, 

vomiting and photophobia (Lindblom, A. et al., 2010; Renvoisé, A. et al., 2009). 
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2.1.7 Diagnosis of rickettsial diseases 

Without using the right tools available, the difficulty for the attending physician 

to diagnose rickettsial infections increases. The diagnosis of rickettsial diseases is tricky 

because their symptoms are often confused with other diseases that cause febrile illness  

(Parola, P. et al., 2005). Additionally, the tests that physicians can perform are limited by 

the type of tissue collected; hence, knowledge of the available assays is necessary (Abdad, 

M. Y. et al., 2018). A comprehensive clinical history describing a potential exposure to 

rickettsial infection or source of the disease, as well as laboratory tests, is usually the 

primary step to diagnosing rickettsial infection. In some cases, if available, arthropods 

present at the bite site during inspection or an eschar should be collected for the detection 

of rickettsial materials. Thrombocytopenia, hyponatremia and transaminitis are common 

laboratory findings associated with rickettsial infection (Bechah, Y. et al., 2011). To make 

it more difficult, in many endemic areas around the world, physicians may only examine 

for rickettsial infection if the initial diagnostics are unable to determine the cause of the 

disease (Robinson, M. T. et al., 2019). 

Serology is the commonly used test for the primary diagnostic of rickettsial 

diseases applied in the national public health laboratories and large medical reference 

laboratories in developed countries (Abdad, M. Y. et al., 2018). Early detections methods 

for Rickettsia species relied heavily on the use of the Weil-Felix test and followed by 

Gimenez staining (Cruickshank, R., 1927; Giménez, D. F., 1964). Before the widespread 

acceptance and use of molecular testing, the use of immunofluorescence as an adaptation 

from modern serological techniques for the diagnosis of rickettsial infection significantly 

increased diagnostic accuracy and was regarded as the gold standard (Philip, R. et al., 

1976). However, because of the short turnaround time needed to produce the result and 

the minimum preparation for the sample, serological testing is still being used in a lot of 

laboratories throughout the world. Some examples of serological testing available for the 
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detection of rickettsial infection include dipsticks, enzyme-linked immunosorbent assay 

(ELISA) kits and immunofluorescence assays (IFA) (Husin, N. A. et al., 2021a).  For 

several rickettsial infections, serological assays, for instance, IFA, are still the most often 

utilized techniques for rickettsial diagnosis (Luce-Fedrow, A. et al., 2015). The 

disadvantage in employing serological assays includes the limitation in the availability of 

diagnostic assays or antigens that are commonly only available in reference laboratories 

from national or regional. Furthermore, the generation of the kinetics antibody in the 

course of the disease and an unreliable baseline value especially in those endemic areas, 

limiting serological applicability by affecting their detection accuracy. 

Western blotting is a technique that can help to identify the causative agent with 

a higher specificity; however, it requires a large collection of rickettsial antigens, which 

is only accessible in a few reference labs. Because of their dependence on a few well-

established rickettsial species, including R. conorii and R. rickettsii, a lot of kits available 

on the market are low in specificity and sensitivity (Abdad, M. Y. et al., 2018). However, 

reference laboratories for rickettsial diagnosis are commonly equipped with in-house IFA 

and microimmunofluorescence (MIF) protocols, as well as a greater range of rickettsial 

species that offer more reliable outcome results and diagnoses for the rickettsial infection 

that are targeted to be different from those used (Abdad, M. Y. et al., 2018). The MIF is 

similar to IFA, but wells in MIF are marked with numerous rickettsial antigens at the 

same time to allow for simultaneous detection. Rickettsial antigen has been reported to 

elicit a 4-fold higher dilution of antibody titer compared to antigens from other species in 

the MIF setting, suggesting the causative agent (Brouqui, P. et al., 2007). However, this 

may not be the case due to cross-reactivity hence paired (acute and convalescent) are 

recommended (Paris, D. H. et al., 2016). Other mitigation measures, for instance, the 

cross-adsorption assays, are difficult, expensive and limited to only reference and 

research laboratories. Moreover, IgM detection may not be useful for diagnosing acute 
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disease due to their cross-reactivity with other species of Rickettsia and the possibility of 

persistence of IgM antibodies after acute illness. Serologic tests for Rickettsia species 

usually become positive between 7 until 10 days of infection, and for some species, such 

as R. africae, this can take up to 25 days or longer (Fournier, P.-E. et al., 2002). 

Polymerase chain reaction (PCR) based on nucleic acid amplification tests 

(NAATs) may be helpful for the diagnosis of rickettsial infection. Together with well-

characterized genomes of many Rickettsia species, the use of PCR techniques to identify 

different rickettsial genes, including 16S rRNA, outer membrane protein A (ompA), outer 

membrane protein B (ompB), gene D (sca4) and gltA is a useful method (Luce-Fedrow, 

A. et al., 2015; Portillo, A. et al., 2017). The rapid turnaround time eliminates the 

necessity to wait for the process of seroconversion or growth time in a culture that can be 

lengthy, which can take anywhere from 10 to 4 weeks. Moreover, buffy coats, whole 

blood or material from eschar (swabs, crust or biopsy samples) can all be used for PCR 

(Fournier, P.-E. et al., 2004; Mouffok, N. et al., 2011). In nested conventional PCR, more 

data able to be collected from sequencing due to the longer outcome amplicon 

accompanied by high sensitivity. However, nested PCR is more likely to get 

contamination in the resulting amplicon. Therefore, to address this problem, suicide PCR 

(single-use in nested conventional PCR protocol) has been proposed (Fournier, P.-E. et 

al., 2004). Nevertheless, the fact that NAAT is more sensitive during acute illness is one 

of its other limitations (Paris, D. H. et al., 2016). The use of molecular-based tests like 

nested or qPCR could broaden the screening window to include infection from an early 

stage. The molecular assays have the upper hand in identifying the specific rickettsiae 

species that is infecting the host, especially when combined with DNA sequencing. 

Next-generation sequencing (NGS) and whole-genome sequences have been 

useful in identifying novel and known species of Rickettsia detected from the vectors or 

the hosts (Vayssier-Taussat, M. et al., 2013), clarifying phylogeny (Abdad, M. Y. et al., 
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2017), and studying pathogenicity (Fournier, P.-E. et al., 2009a). Although it has not been 

reported, for organisms not discovered with routine cultures, whole-genome next-

generation sequencing done straight from human clinical samples has been utilized to 

produce clinically good data, and it is likely to be effective for the diagnosis of the 

infection caused by Rickettsia bacteria (Abdad, M. Y. et al., 2018). A new study explained 

the application of a cell-free NGS technique to help in diagnosing  R. typhi in pregnant 

patients, suggesting the potential utility of NGS technologies in rickettsiosis diagnosis 

(Stafford, I. A. et al., 2020). More study and development of NGS-based diagnostic 

techniques are thus required, especially as NGS technology becomes more cost-effective 

and accessible. As a result, all new assays must take into account the cost needed to 

complete the assay as well as the accessibility of the equipment required to execute the 

assays. It will be critical in ensuring increased access to good diagnostic techniques, 

particularly in resource-poor nations where rickettsial illnesses are most prevalent. 

In addition, matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS) has been shown to be effective to be used to identifying 

the species of the ticks and determining whether they are infected with Rickettsia and 

other tick-borne diseases (Vayssier-Taussat, M. et al., 2013; Yssouf, A. et al., 2015; 

Yssouf, A. et al., 2013). Moreover, the advance of novel tests from the adaptation of new 

technologies, for instance, recombinase polymerase amplification (RPA) assays, could 

lead to high assays sensitivity that is also faster and easier to complete. These assays will 

aid in the development of point-of-care quick testing for improved patient management 

in healthcare settings. Although the NGS has been used to monitor pathogens in 

arthropods, it has limited use in identifying rickettsial infections in people. 
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2.1.8 Treatment of rickettsial diseases 

The non-specific clinical manifestations of rickettsial diseases caused the 

diagnosis of Rickettsia infection to be tricky and difficult. The administration of early 

treatment with proper antibiotic intake, as well as patient management, is the primary 

treatment measure for rickettsial infection. Additionally, careful clinical monitoring from 

the physician, accompanied with the accessibility to reliable diagnostic techniques, is also 

important. Tetracycline derivatives, primarily doxycycline, are the most effective 

antibiotics for rickettsial diseases. The daily dose of 200 mg is taken orally and usually, 

is enough to cure rickettsial diseases (Sekeyová, Z. et al., 2019). The treatment period can 

take up to 7 days or after 2 days later when the fever is gone (Rolain, J.-M. et al., 2002; 

Rolain, J. et al., 1998). Intravenous doxycycline may be used in cases of severe infection. 

Alternatively, rickettsial infections can be treated with chloramphenicol and macrolides 

(clarithromycin, roxithromycin and azithromycin) (Cascio, A. et al., 2001; Colomba, C. 

et al., 2006). Antibiotics active against rickettsioses are rarely used as part of empirical 

treatment for CNS infections (Sekeyová, Z. et al., 2019).  
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2.2 R. raoultii  

R. raoultii falls in SFG rickettsial species, which is transmitted by the 

Dermacentor species of tick and is the etiological agent of SENLAT. The initial name of 

this rickettsial disease is TIBOLA or DEBONEL. 

 

2.2.1 Distribution of R. raoultii 

R. raoultii was initially isolated in D. nutalli (previously reported as 

genotypes DnS14 and DnS28) and Rh. pumilio (previously reported as RpA4) ticks 

collected from Siberia (Rydkina, E. et al., 1999). It was later detected from Dermacentor 

species ticks (D. reticulatus, D. silvarum, D. nutalli and D. marginatus) from several 

countries in Europe (Duscher, G. G. et al., 2016; Klitgaard, K. et al., 2017; Mediannikov, 

O. et al., 2008; Selmi, M. et al., 2009), Russia (Mediannikov, O. et al., 2008) and Asia 

(Seo, M.-G. et al., 2020; Speck, S. et al., 2012; Tian, Z.-C. et al., 2012; Wen, J. et al., 

2014). In addition, R. raoultii has also been detected in Haemaphysalis erinacei (Guo, L.-

P. et al., 2015) and I. ricinus (Chmielewski, T. et al., 2009) ticks, and also in other 

different species of arthropod, for instance, Melophagus ovinus (Liu, D. et al., 2016). This 

suggests a possible wider host range in addition to Dermacentor species ticks (Husin, N. 

A. et al., 2021b). Moreover, Rickettsia species genetically related to R. raoultii (>98% 

identity in target genes) were also described from Dermacentor species ticks collected 

from Southeast Asian countries (Lim, F. S. et al., 2020; Nooroong, P. et al., 2018). 
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2.2.2 Clinical manifestation of R. raoultii infection 

R. raoultii, and R. slovaca, are known as the causative agents of TIBOLA, also 

known as DEBONEL in humans (Parola, P. et al., 2009). TIBOLA / DEBONEL is 

common in Europe (Hungary, France, Germany and Spain) and occurs more often during 

colder months, especially in women and children. The syndrome is associated with a tick 

bite, an eschar on the scalp at the site of a tick bite and cervical lymphadenopathies 

(Parola, P. et al., 2009). R. raoultii infections with erythematous rash and fever, however, 

without lymphadenopathy, were also reported in patients from China (Jia, N. et al., 2014). 

Other clinical manifestations of R. raoultii infections reported include meningeal 

syndrome (Igolkina, Y. et al., 2018) and neurological abnormalities such as eyelid droop 

and high cerebrospinal pressure (Dong, Z. et al., 2019). Although normally associated 

with mild infections, more severe infections with leukopenia, thrombocytopenia and 

septic parameters were also reported, suggesting varying degrees of virulence for (Switaj, 

K. et al., 2012) or susceptibility to R. raoultii. Although TIBOLA/DEBONEL is 

attributed to both R. slovaca and R. raoultii, studies have suggested that R. raoultii is 

more highly prevalent among Dermacentor sp. ticks (Parola, P. et al., 2009). However, 

there have been more reports of R. slovaca infection, implying that R. raoultii is less 

pathogenic (Parola, P. et al., 2009) or less frequently transmitted to humans. The clinical 

description of R. raoultii and R. slovaca is similar. However, alopecia last for several 

months has been reported in more than 59 % of the infection from R. slovaca and not 

from R. raoultii. Despite its widespread presence in Europe, Russia and Asia, information 

related to the virulence and pathogenicity of R. raoutlii and R. slovaca is still scarce. 
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2.2.3 Dermacentor tick and R. raoultii  

D. reticulatus (ornate dog tick) is a dark-coloured tick with a light-coloured 

pattern presence on its scutum. D. reticulatus has been found in a variety of animals such 

as wild and domesticated carnivores, horses, sheep and cattle (Estrada-Peña, A. et al., 

2004; Jongejan, F. et al., 2015); but the human infestation is rare (Földvári, G. et al., 2013; 

Jongejan, F. et al., 2015; Parola, P. et al., 2009). Compared to I. ricinus tick, which prefers 

big shelter within coniferous and deciduous woodland areas (Estrada-Peña, A. et al., 

2004), D. reticulatus prefers open areas including meadows, floodplains and dune valleys 

(Jongejan, F. et al., 2015) with higher humidity (Estrada-Peña, A. et al., 2004). 

Furthermore, D. reticulatus have a different seasonal activity compared to other European 

tick species. The larvae and nymphs are active during spring and summer and are 

followed by an adult activity that begins during early autumn that lasts well into winter. 

When environmental conditions become too harsh, the activity will have a brief pause 

and resume thereafter, causing the additional activity that peaks in spring to be reported 

in several geographical areas (Duscher, G. G. et al., 2013; Estrada-Peña, A. et al., 2004; 

Jongejan, F. et al., 2015; Randolph, S. et al., 1999). D. reticulatus is active practically for 

the entire year due to its pattern activity. Furthermore, D. reticulatus has been spreading 

to new areas in recent years, increasing its presence in Europe (Dautel, H. et al., 2006; 

Giangaspero, A. et al., 2015; Hodžić, A. et al., 2017; Hofmeester, T. R. et al., 2016; 

Jongejan, F. et al., 2015) and increasing human and animal exposure to this species of 

tick and their associated pathogens. As a result, the spread of D. reticulatus to the new 

areas accompanied by the seasonal activity in northern regions and the potential transfer 

of zoonotic infections create a major threat (Wijnveld, M. et al., 2016). The hazards of D. 

reticulatus bites must be made more widely known. R. raoultii is the most common 

pathogen transmitted by D. reticulatus, with infection rates as high as 20 % in questing 
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ticks (Reye, A. L. et al., 2013) and even higher rates (50 – 58 %) in some locations 

(Szekeres, S. et al., 2016; Wójcik-Fatla, A. et al., 2013). 

 

2.2.4 R. raoultii in tick cell line 

R. raoultii was primarily isolated from Dermacentor species ticks into Vero and 

L929 cells (Mediannikov, O. et al., 2008). Later, R. raoultii was also isolated into embryo-

derived tick cell lines originating from Rh. microplus (Alberdi, M Pilar et al., 2012b; 

Munderloh, U. G. et al., 1996; Palomar, A. M. et al., 2019) and Rh. sanguineus 

(Santibáñez, S. et al., 2015). The bacterium was also found to be able to infect cell lines 

derived from D. albipictus and D. nitens (Alberdi, M Pilar et al., 2012b). Since ticks are 

natural reservoirs and vectors of some Rickettsia species, tick cell lines are a useful system 

for the isolation and propagation of R. raoultii from ticks or clinical samples for further 

investigation of its virulence and pathogenicity (Alberdi, M Pilar et al., 2012b; 

Santibáñez, S. et al., 2015). In addition, continuous cultivation of the tick cell lines has 

shown to be a great tool to isolate and propagate a variety of vector-borne infections, 

allowing researchers to investigate these microorganisms in the laboratory setting and 

develop serological assays that will improve public health. 
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2.3 Ticks 

Ticks are obligate blood-feeding ectoparasites that are able to transmit pathogens 

to animals and even humans. Nowadays, ticks are known to be second after mosquitoes 

as vectors of human diseases and are the most crucial vectors that cause diseases in 

domestic and wild animals (de la Fuente, J. et al., 2008). Besides, ticks are also able to 

harbour non-pathogenic microorganisms, including Wolbachia and Midichloria 

mitochondrii (Bonnet, S. I. et al., 2017; Khoo, J. J. et al., 2021). 

 

2.3.1 Taxonomy of ticks 

Ticks fall in the suborder Ixodida (Metastigmata) from the subclass Acari, class 

Arachnida and phylum Arthropoda. There are three families under the suborder Ixodida; 

(i) Ixodidae (hard ticks), (ii) Argasidae (soft ticks) and (iii) Nutalliellidae (Estrada-Peña, 

2015). The hard tick comprises nearly 80 % of the world’s tick population, and around 

683 species of ticks have been recognized. The most important genera in this family 

include Haemaphysalis, Dermacentor, Ixodes, Rhipicephalus, Amblyomma and 

Hyalomma. The soft ticks consist of 210 known species that are classified into four 

genera, namely Obtobius, Carios, Ornithodorus, and Argas (Muñoz-Leal, S. et al., 2017). 
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2.3.2 Life cycle of Ixodidae ticks 

Egg, larva, nymph and adult are the four stages encompassed in the life cycle of 

Ixoxidae ticks (hard ticks). First, the female and male adult ticks will be mating 

exclusively on their host. Following that, the female will fall from their hosts that they 

attach securely for the feeding process and begin oviposition in areas with a shady 

environment. Next, the female will lay thousands of eggs in one complete cycle and 

eventually, the eggs will hatch into larvae with six legs. Finally, the larvae will moult into 

nymphs, and the nymphs will mould into adults.  

However, the members in the family of hard ticks can undergo different life cycles 

depending on the number of hosts they engage. Generally, they can undergo either one, 

two or three-host life cycles. In the one-host life cycle, all three stages of tick’s larvae, 

nymph and adult, will happen on the same host. The engorged adult females will only 

leave the host once in the one-host life cycle, which is right before they start laying eggs. 

In the two-host cycle, the ticks will leave the first host between the nymph and adult 

stages. The ticks will stay on the first host and undergo moulting from larvae to nymph 

stages. 

The first and second hosts can be from the same individuals, the same species or 

a different species. Next, in the three-host life cycle, the ticks will leave the host right 

after each stage of larvae, nymph and adult. Depending on the host availability, the three 

hosts can be from different species, also can be from the same species, or even from the 

same individual. Most species of ticks that are considered as public health importance 

will undergo the pattern of the three-host life cycle. This includes the members of the 

genera Amblyomma (caused ehrlichiosis and RMSF), Dermacentor (RMSF and 

tularemia), Ixodes (babesiosis, human granulocytic ehrlichiosis and Lyme borreliosis), 

and Rhipicephalus (RMSF and boutonneuse fever).  
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2.3.3 Ixodidae ticks as a vector for tick-borne diseases in animals and humans 

Ticks are the most important ectoparasite of livestock globally that is responsible 

for severe economic losses in livestock. The ability of the ticks to transmit rickettsial, 

protozoan and viral diseases to the livestock contributes to the big impact on economic 

loss worldwide. The economically most important ixodid ticks of livestock belong to the 

genera of Amblyomma, Hyalomma and Rhipicephalus (Alemu, G. et al., 2014; Jongejan, 

F. et al., 2004b; Lynen, G. et al., 2007). Anaplasmosis, babesiosis, ehrlichiosis and 

theileriosis are some of the important diseases known to be transmitted to livestock by 

ticks, predominantly in domestic ruminants (Jongejan, F. et al., 2004b). Besides, dogs are 

recognized as accompanying human animals and could be infected with Ehrlichia species 

and Babesia species, in which E. canis infection commonly causes fatality (Jongejan, F. 

et al., 2004b).  

Human tick-borne diseases started to be more known when Lyme borreliosis was 

discovered in 1982 (Burgdorfer, W. et al., 1982). A number of viral infections and 

pathogenic bacteria are known to be transmitted by ticks to humans and livestock. The 

tick-borne viruses that are recognized as a threat to human health include Crimean-Congo 

hemorrhagic fever (transmitted by Hyalomma spp.) and tick-borne encephalitis that is 

transmitted by Ixodes tick species. In addition, tick-borne viruses known in livestock, 

such as the Nairobi sheep disease virus (transmitted by Rh. appendiculatus) and the 

African swine fever virus (transmitted by Ornithodoros species) (Labuda, M. et al., 

2004). Other than that, humans may also be infected with other pathogens that are 

transmitted by ticks, such as Babesia species and Rickettsia species (Jongejan, F. et al., 

2004a).  
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2.4 Tick cell line 

Ticks are known to be the most important vectors in transmitting pathogenic 

organisms that cause diseases in wild and domestic animals and are considered to be 

worldwide vectors in causing human diseases, second after mosquitoes (de la Fuente, J. 

et al., 2008). However, the maintenance of obligate hematophagous arthropod colonies 

for research purposes is often costly due to the need to maintain animal hosts for blood-

feeding and is difficult as highly specialized skills are necessary to handle the colonies. 

In vitro culture systems, especially continuous cell lines that are derived from biological 

materials of the arthropod vectors, play an irreplaceable and precious part in many aspects 

of research into arthropod-borne, particularly tick-borne diseases, including host-vector-

pathogen relationships, basic parasite biology and disease control (Bell-Sakyi, L. et al., 

2007). Research into the host-vector-pathogen relationship of rickettsial diseases is 

important in revealing potential treatment or prevention measures.  

 

2.4.1 History of tick cell line  

Tick cell cultivation has been attempted for over 50 years (Bell-Sakyi, L. et al., 

2007). Tick cells, together with tissue culture, have come a long way, starting from the 

early short-term cultures established in the 1950s and 1960s (Yunker, C., 1987). 

Nowadays, a lot of the economically significant tick species found in Africa, America 

and Europe have been established as a continuous cell line. Besides, a number of new 

young scientists in several less developed, lower and middle-income countries have 

demonstrated their potential to make primary cell cultures with the aim to establish cell 

lines originating from their local tick species (Bell-Sakyi, L. et al., 2018). Tick cell lines 

and their outstanding outputs are being used by a growing number of academics and 

research centres throughout the world. 
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Early research showed that the primary cultures of tick cells were able to survive 

in vitro for up to six months with their application for bacteria and viruses propagation 

has been broadly studied (Kurtti, T. et al., 1988; Varma, M., 1989). After more than two 

decades, the developments in protocols and techniques have helped to establish the first 

continuous tick cell lines derived from Rh. appendiculatus ticks (Varma, M. et al., 1975). 

The variety of microorganisms that could be cultured in tick cell lines has been expanded 

to include various bacterial diseases with significant medicinal and veterinary value 

around the world. Some tick species such as Rh. microplus and Rh. appendiculatus has 

been successfully used to establish multiple cell lines, whilst cells from other species have 

been challenging to produce a continuous culture (Bell-Sakyi, L. et al., 2007), despite 

relatively consistent procedures for the preparation of primary culture. For instance, a cell 

line derived from the D. andersoni tick took more than 30 years in cell culture research 

to yield a cell line (Yunker, C., 1987). Likewise, the first soft (Argasid) ticks cell lines 

took 30 years to establish, especially due to the less attention given to them compared to 

hard ticks (Kurtti, T. et al., 1988; Yunker, C., 1987). The two most important factors in 

establishing tick cell lines are (i) patience, as continuous cultivation requires around five 

years starting when the primary culture is initiated with a low success rate, and (ii) 

personnel experience (Bell-Sakyi, L. et al., 2007). 
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2.4.2 Establishment of primary tick cell line  

Currently, there are over 63 cell lines from 18 species of Ixodid and three species 

of Argasid tick that are known to exist (Bell-Sakyi, L. et al., 2018). Ticks’ embryos, 

nymphs or moulting larvae are the usually used material to establish cultures called tick 

cell lines. The Tissue Culture Association Terminology Committee (1987) declares that 

the term “line” was defined as the cell line that was established from the primary culture 

when the first subculture was started (Yunker, C. et al., 1981). The establishment of a tick 

cell line may take between 1 to 5 years and be accompanied by a low success rate (Bell-

Sakyi, L. et al., 2007). Embryonic cells from tick eggs are the most commonly used source 

of material to initiate the tick cell lines due to their abundant source of undifferentiated 

cells and the most easily handled developmental stage (Bell-Sakyi, L. et al., 2018). 

Furthermore, the ability of tick cells to stay survive for a long period of time, up to months 

or even years, without the need to subculture, is the key element that is useful to attempt 

isolation and the research involving slow-growing microorganisms in vitro (Bell-Sakyi, 

L. et al., 2007). Because of the continuous exploration of tick cell lines, a numerous 

number of bacteria have been successfully propagated and isolated for instance, bacteria 

such as Rickettsia spp. (Alberdi, M. Pilar et al., 2012; Pornwiroon, W. et al., 2006; Simser, 

J. A. et al., 2001) Anaplasma spp. (Blouin, E. F. et al., 2002; Zweygarth, E. et al., 2006) 

and Ehrlichia spp. (Woldehiwet, Z. et al., 2002). 
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In short, engorged female ticks are surface-sterilized and placed in a sterile humid 

environment to lay eggs. The eggs are surface-sterilized again when developing embryos 

already visible in almost all of the egg’s batches. Then the eggshells are crushed in a 

culture medium or balanced salt solution to free the embryos. The resultant suspension of 

crashed eggs and ticks tissue is placed in an incubator with a temperature between 28 ℃ 

to 34 ℃ and monitored weekly for any growth or contamination (Bell-Sakyi, L. et al., 

2018). 

Compared to cell lines established from other insects, tick cell lines demonstrated 

a longer adaptation period. The time taken for the adjustment in the cultural conditions is 

distinguished based on the long duration of the unsettled subculture intervals. The cell 

line can be called ‘continuous’ once a consistent subculture rate has already been achieved 

(Kurtti, T. J. et al., 1982). For instance, the RU TAE 12 V line (established from embryos 

of the mosquito Toxorhynchites amboinensis) and RA 243 line (established from 

developing adult tissues of Rh. appendiculatus) were subcultured 50 times and 14 times, 

respectively, within their first year in culture (Munderloh, U. et al., 1982; Varma, M. et 

al., 1975). 

Despite the fact that more than 60 continuous cell lines have already been 

established from 18 species of ixodid and three species of Argasid tick (Bell-Sakyi, L. et 

al., 2018), tick and pathogen control research is still largely focused on cell lines that are 

derived from Rh. microplus. For instance, other tick cell lines that have been used in a 

smaller number of studies include tick cell lines derived from I. ricinus, which is a 

European tick that attacks humans as well as feeds on a large range of domestic and wild 

animals and I. scapularis that considered as a North American species of tick that cause 

a medical concern (Bell-Sakyi, L. et al., 2007). 
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2.4.2.1 Rh. microplus-derived BME / CTVM23 cell line 

The BME / CTVM23 cell line was established from the embryo’s eggs of Rh. 

microplus ticks were collected from cattle in Mozambique, South Africa (Nijhof, A. M. 

et al., 2007) using standard techniques explained in Section 2.4.2 (Bell-Sakyi, L., 1991). 

The Rh. microplus was formerly called Boophilus microplus and is the most well-known 

blood-feeding ectoparasite of livestock. Rh. microplus is most commonly seen in cattle, 

deer, and buffalo, but it also infects horses, goats, sheep, donkeys, dogs, pigs, and several 

wild species. (Low, V. L. et al., 2015). Additionally, this tick species is recognized to 

transmit babesiosis (caused by the protozoal parasites Babesia bigemina and B. bovis) 

and anaplasmosis (caused by A. marginale) (Low, V. L. et al., 2015). The BME / 

CTVM23 cell line was reported to be susceptible to infection with R. raoultii (Alberdi, 

M Pilar et al., 2012b) following sub-inoculation from D. reticulatus primary culture. 

 

2.4.2.2 Rh. sanguineus-derived RSE / PILS35 cell line 

The RSE / PILS35 cell line was maintained in L-15 medium and incubated at 28 

℃ from embryos eggs that were laid by one individual female Rh. sanguineus tick that 

was incompletely engorged. The tick was given by Dr. Oleg Mediannikov and Dr. 

Cristina Socolovschi from URMITE, Marseille, France (Koh-Tan, H. C. et al., 2016). The 

Rh. sanguineus tick, also recognized as the brown dog tick, is the most common tick in 

the world and a well-known vector of a variety of infections that affect dogs and people 

(Dantas-Torres, F., 2010). Besides, this tick can be detected in infesting dogs in both rural 

and urban environments, as it has evolved to stay within human residences and is active 

all year in tropical and subtropical climates, as well as some temperate places. 

Furthermore, Rh. sanguineus is a vector for a variety of disease agents, some of which 
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are zoonotic in nature (e.g., R. conorii, R. rickettsii, E. canis and Coxiella burnetii ) 

(Dantas-Torres, F., 2008). 

 

2.4.2.3 I. scapularis-derived IDE8 cell line 

The IDE8 cell line was established in L-15B medium at 31 ℃ from a single egg 

mass laid by engorged female I. scapularis ticks (black-legged ticks) taken from 

Odocoileus virginianus deer (hunter-killed white-tailed deer) present in Minnesota close 

to the St. Croix River and in Polk County, Wisconsin (Munderloh, U. G. et al., 1994) by 

using standard techniques described previously (Bell-Sakyi, L., 1991). In the United 

States, the I. scapularis tick, also known as a deer tick, spreads a variety of disease agents, 

including the bacterium that causes Lyme borreliosis, the viruses like Powassan and 

protozoan agent of babesiosis (Stewart, P. E. et al., 2020). Numerous reported 

publications have utilized the IDE8 cell line in their experiments. Previously, the IDE8 

cell line was successfully infected with the E. ruminantium Welgevonden strain (Tjale, 

M. A. et al., 2018) that caused heartwater disease in domestic and wild ruminants such as 

cattle, goats, sheep, buffalo and antelope. Besides, the IDE8 cell line has also been used 

to study the characterization of the St Croix River virus from the complete sequence of 

the genome (Alberdi, M Pilar et al., 2012a; Attoui, H. et al., 2001). 
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2.4.3 Tick cells morphology 

Tick cells in cultures display different shapes and sizes of the cells compared to 

those commonly observed in tick tissues. Every tick cell lines consist of two or more cell 

morphotypes (Bell-Sakyi, L. et al., 2007). Several types of cell morphologies have been 

described, such as round, fibroblast-like and epithelial-like. The variety of cell types in 

culture will eventually decrease to one or two cell types throughout subculturing 

(Munderloh, U. G. et al., 1994). The size and shape of the cells are affected by the 

chemical environment that includes the ingredients of the media, the pH and the 

temperature (Pudney, M. et al., 1973). For instance, domination of epithelial-like and 

fibroblast-like cells was observed in storage temperature at 32 ℃ and small rounded cells 

at 28 ℃ (Holman, P. et al., 1980). However, with the increasing passage numbers, the 

morphological heterogeneity of tick cells started to decrease, and the cell populations of 

cell lines will tend to be more homogenous (Kurtti, T. J. et al., 1982). 

 

2.4.4 The growth rate of tick cells 

Tick cells in culture are known to grow slowly with the ability to survive for a 

quite long period of time, with the medium being changed regularly (once a week) and 

subcultures when the cell becomes too dense (Bell-Sakyi, L. et al., 2007). This practice 

correspondingly reflects the ability of ixodid ticks to stay alive for a long period in nature 

in between blood meals. Besides, the temperature may affect the multiplication rate, as 

faster multiplication was observed when there was a rise in incubation temperature 

(Yunker, C. et al., 1981). 
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2.4.5 The growth requirement of tick cells 

Almost all tick cell cultures that have been established were maintained in media 

with components formulated for mammalian cells. The most commonly used constituents 

used in media to grow a variety of tick cells cultures involved the Leibovitz’s L-15 

medium supplemented with tryptose phosphate broth (TPB) and fetal bovine serum (FBS) 

or mixture with Eagle’s MEM medium in Hanks’ (Kurtti, T. J. et al., 1982).  

FBS and TPB have commonly used supplements in culture media. The FBS was 

found among several sera that contained a concentrated amount of glutathione mixed 

disulfide that gave affecting the redox potential control in culture, which is needed to 

support the growth of cell lines (Bump, E. A. et al., 1977). However, the concentration of 

FBS that is needed by the cells was found to differ among tick species. For example, 5 % 

of FBS was found to be the ideal concentration needed to support the growth of Rh. 

microplus cell line, while D. variabilis and Rh. appendiculatus cell lines required 10 % 

of FBS (Kurtti, T. J. et al., 1982). TPB help in improving the buffering capacity of the 

medium and providing glucose which is not present in L-15 media. In addition, it also 

contains peptones and sodium chloride (Kurtti, T. J. et al., 1982). Other supplements such 

as lactalbumin hydrolysate (0.5 %) (Bell-Sakyi, L., 2004) or bovine plasma albumin (0.1 

%) (Bhat, U. et al., 1977; Yunker, C. et al., 1981) also have been used. Antibiotics such 

as streptomycin (between 0.1 to 1.0 mg/ml) and penicillin (between 100 to 1000 units/ml) 

are commonly used in the medium. 

As the growth environments and conditions required by the ticks are varied for 

different tick species, there were no defined optimal or ideal conditions known for 

culturing tick cell lines. Nevertheless, most cell lines and primary cultures have been 

maintained and isolated in a range temperature between 28 ℃ to 34 ℃. Different response 

to the change in incubation temperature was observed. For example, Rh. microplus was 
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observed to grow better at 32 ℃ and died when incubated at 28 ℃ (Yunker, C., 1987). 

Up till now, no study has been done to test the effect of different medium pH on the tick 

cell lines. The medium pH between 6.5 and 7.2 was commonly used to isolate and 

maintain most of the cell cultures.  

 

2.4.6 The maintenance and storage of tick cells 

Tick cell lines have commonly been stored in liquid nitrogen together with 

dimethyl sulfoxide (DMSO) or glycerol as a cryoprotectant in the growth medium, 

particularly for long-term cryopreservation. However, better recovery and growth rates 

of the cells stored in a medium with DMSO were observed in the previous study compared 

to the cells stored in a medium with glycerol (Bastos, C. V. et al., 2006). Most of the 

cryopreserved protocol has typically been done by using 10 % DMSO in the medium with 

gradual freezing techniques (Palomar, A. M. et al., 2019). Better resuscitation result was 

observed when the gradual freezing procedure was adapted rather than a direct 

introduction to liquid nitrogen (Bastos, C. V. et al., 2006).  

 

2.4.7 The importance of tick cell lines to be used as research tools  

Many elements of tick and tick-borne pathogen research can be studied using in 

vitro culture techniques, especially continuous cell lines (Bell-Sakyi, L. et al., 2007). The 

use of tick cell lines to isolate and propagate pathogens has created a useful model for 

studying their biologies, such as pathogen metabolism in vitro and their interactions with 

cultured cells, including mechanisms of cell invasion. Their use also aids in the creation 

of vaccines and diagnostic testing. Consequently, from the recent substantial 

breakthroughs in molecular biological investigations, tick cell lines can also be employed 
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in research on tick biology, pathogen genomes, and proteomics (Bell-Sakyi, L. et al., 

2018).   

 

2.4.7.1 Tick cell line in bacteriology 

Nowadays, the application of tick cell lines in numerous fields of tick and tick-

borne disease study is becoming interestingly useful. Numerous studies have been 

published on the use of tick cell lines in studying tick-borne bacteria, for example, A. 

phagocytophilum (Zweygarth, E. et al., 2006). Different strains of A. phagocytophilum 

were isolated from different animals and cultivated in tick cell cultures. Additionally, E. 

phagocytophila was isolated and propagated from a European ovine for the first time in 

I. scapularis-derived ISE6 and I. scapularis-derived IDE8 tick cell lines (Woldehiwet, Z. 

et al., 2002). Similarly, A. phagocytophilum was also successfully isolated from roe deer 

and cultivated in the I. scapularis-derived IDE8 tick cell lines (Silaghi, C., 2008). 

Furthermore, A. marginale was isolated from cattle and propagated in the I. scapularis-

derived IDE8 cell line (Munderloh, U. G. et al., 1996). A. marginale isolated from cell 

culture showed to be infective to cattle and a potent antigen that can be used for 

serological tests and vaccine preparation (de la Fuente, J. et al., 2002; Saliki, J. T. et al., 

1998).  

Other than that, this model culture system for studying the infection of A. 

marginale in a controlled environment has provided new information on the bacterial 

invasion of cells, including the evaluation of MSP1 complex (MSP1a and MSP1b) in tick 

cell culture using recombinant proteins as it was shown to show a part in adhesion to host 

cells. The results of the adhesion assays suggested that MSP1a contributes to bacterial 

adhesion onto tick cells, while MSP1b was not (Blouin, E. F. et al., 2002). Moreover, the 

limited role of A. marginale MSP1-specific antibodies from bovine sera in preventing the 
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adhesion of the bacteria on tick cells was also demonstrated using tick cell culture system, 

suggesting that the immune response from naturally infected cattle may not suppress the 

transmission of the bacteria to its ticks (Blouin, E. F. et al., 2003).  

In addition, functional genomic studies using RNA interference of differentially 

regulated tick genes in response against A. marginale infections in I. scapularis-derived 

IDE8 cell line allow for the identification of bacterial genes (vATPase, salivary 

selenoprotein M, ubiquitin and putative GST) that may have important functions during 

infection, such as bacterial trafficking and multiplication (de la Fuente, J. et al., 2007b). 

Other studies have also been conducted to compare the A. phagocytophilum gene 

transcription using tilling array analysis between I. scapularis-derived ISE6 tick cell line 

and human cell lines (HL-60 and HMEC-I).  The result demonstrated an extensive 

differential transcription, suggesting different mechanisms are involved during A. 

phagocytophilum infections in ticks and human hosts (Nelson, C. M. et al., 2008). 

Altogether, these studies illustrate the utilities of tick cell lines in enhancing the research 

into the interaction between Anaplasma, its tick vectors and the animal or human hosts. 

On the other hand, the application of tick cell lines in the research involving Rickettsia 

infections in ticks is not as extensive. 

Most available studies of Rickettsia are focused on investigating host-pathogen 

interactions using mammalian cells. These include the studies on the entry of R. conorii 

into mammalian cells that take place during the early signalling stage (Martinez, J. J. et 

al., 2004), investigating the function of SFG Rickettsia rOmpB protein during the 

adherence and the invasion of Vero cells (Uchiyama, T. et al., 2006), and also the host 

cell response to R. typhi and R. akari (Radulovic, S. et al., 2002). The interaction between 

SFG Rickettsia and the vector is less understood. There are only a handful of studies using 

tick cell lines in investigating the interaction of SFG Rickettsia with ticks. One study 

identified the tick proteins, such as Src family PTK, Rho GTPase RacI, actin-related 
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protein 2/3 complex phosphatidylinositol-3-kinase, neural Wiskott-Aldrich syndrome 

protein, protein tyrosine kinases (PTKs), actin filaments and focal adhesion kinases that 

play an important role in the invasion of Rickettsia bacteria in tick cells (Petchampai, N. 

et al., 2015). Another study explored the role of histone H2B in facilitating the 

internalization of R. felis in a tick cell line (Thepparit, C. et al., 2010). 

 

2.4.7.2 Tick cell line in virology 

For more than 35 years, the tick cell lines have been utilized to propagate 

arboviruses (Varma, M. et al., 1975; Yunker, C. et al., 1981). The growth of a pathogenic 

strain of tick-borne encephalitis in the Rh. appendiculatus-derived cell line demonstrated 

that this cell line was persistently infected with an attenuated strain resulting in partial 

inhibition of the growth of the pathogenic strain (Kopecky, J. et al., 1998). This type of 

In vitro study is an effective way to study arbovirus pathogenicity. Tick cell lines from A. 

variegatum, I. ricinus, and Rh. appendiculatus were also found to be susceptible to the 

infection with the tick-borne flaviviruses tick-borne encephalitis virus (TBEV), louping 

ill virus (LIV), Langat virus (LGTV), Negishi virus (NGV) and powassan virus (POWV) 

(Bell-Sakyi, L. et al., 2012). Additionally, mosquito-borne alphavirus Venezuelan equine 

encephalitis virus (VEEV) was capable of infecting Rh. appendiculatus-derived RAE / 

CTVM1 (Lawrie, C. et al., 2004). Besides, the Crimean-Congo hemorrhagic fever virus 

(CCHFV) has been reproduced in seven tick cell lines (Bell-Sakyi, L. et al., 2012) 

 

2.4.7.3 Tick cell line in parasitology 

The use of tick cell lines in research involving tick-borne protozoa was not 

common because primary cell culture was believed to be more suitable for this purpose 
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(Mosqueda, J. et al., 2008). An attempt to infect Rh. microplus tick cell culture with B. 

bovis was not successful (Droleskey, R. et al., 1981). However, in 1983, the first 

successful cultivation of B. caballi in tick cell cultures was reported (Kurtti, T. et al., 

1983). Similarly, B. bigemina sporokinetes were grown in an I. scapularis cell line for up 

to eight days (Ribeiro, M. F. et al., 2009). In addition, Leishmania species could also be 

propagated in the tick cell lines (Nyindo, M. et al., 1987). Aside from that, the 

morphology of Besnoitia besnoiti was investigated by using D. variabilis and Rh. 

microplus-derived tick cell lines (Samish, M. et al., 1988). Furthermore, the bovine 

nematode Onchocerca lienalis was maintained by using the Rh. appendiculatus cell line 

that acts as a feeder layer (Litchfield, T. et al., 1991) suggests that nematode development 

and maintenance can be achieved using a cell culture system. 

 

2.4.7.4 Tick cell line in the biology of tick and their associated pathogens 

Tick cell lines have proven to be a valuable technique to be used to study the 

biology of several diseases and the biology of ticks. Tick cell cultures are a helpful 

method to understand the developmental cycles of the tick-borne pathogen as it occurs 

within the tick. In cell culture, the invasion and development of A. marginale were shown 

to be similar as in infected ticks (Blouin, E. F. et al., 1998). The intracellular growth of 

the human granulocytic ehrlichiosis (HGE) pathogen revealed that the HGE pathogen 

might infect tick cells during their blood stages (Munderloh, U. G. et al., 1999). The 

mechanism of SFG Rickettsia and Borrelia burgdorferi invading and movement in tick 

cells was explored using tick cell lines derived from a different tick species (Kurtti, T. J. 

et al., 1988; Munderloh, U. G. et al., 1998). Moreover, tick cell cultures were also used 

to investigate the effects of tetracycline antibiotics on cultured A. marginale. The result 

showed that tetracycline able to kill A. marginale by disrupting the ability of the bacteria 
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to complete its replicative cycle while in the cytoplasm of the host cell (Blouin, E. F. et 

al., 2002).  

 

2.4.7.5 Tick cell line in the study of pathogen genomics and proteomics 

Tick cells are a valuable resource for research into protein expression and stage-

specific gene transcription. The understanding of the molecular survival and the 

adaptability strategies in the hosts has led to the development of novel prophylactic 

techniques and therapeutic targets that are able to stop the transmission and infection 

(Najm, N. A., 2012). The expression of the temperature-dependent protein was observed 

in the infected D. albipictus derived-DALBE3 and I. scapularis derived-IDE2 cells with 

R. rickettsii at both 28 °C and 34 °C (Policastro, P. F. et al., 1997). However, no changes 

were observed in protein expression at 34 °C in the mammalian and tick cells.  In addition, 

E. chaffeensis was found to be transcriptionally less active in human cells compared to 

tick cells (Kuriakose, J. A. et al., 2011). Tick cells were found to express high levels of 

genes involved in protein modification, conversion, nutrition delivery and energy, 

whereas the majority of genes expressed in human cells were found at moderate levels 

(Najm, N. A., 2012). 
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2.4.7.6 Tick cell line in the study of acaricide resistance 

Acaricides are pesticides that kill ticks and mites. Acaricides are one component 

of a tick-control strategy that should be paired with measures to decrease tick habitat. 

Chemical acaricides such as pyrethroids, carbamates, organophosphates, chlorinated 

hydrocarbons, and arsenic have been used extensively in tick control programs. These 

compounds, however, resulted in the development of resistance in the targeted vector 

(Chen, A. C. et al., 2007; Reck, J. et al., 2014).  

Tick cell lines have been studied to see if they can be used to investigate acaricide 

resistance due to the potential as cheap and ethical techniques available. Some research 

focused on creating drug-resistant cell lines, which are beneficial for studying and 

understanding resistance processes. Besides, it is also a crucial step in improving the 

detection and prevention of the development of tick resistance against acaricides. 

Additionally, tick cell lines can also be used to find genes that cause acaricide resistance 

(Al-Rofaai, A. et al., 2020), suggesting that tick cell lines provide an excellent model to 

study the issue of the ticks’ acaricide resistance.  

The three Rh. microplus cell lines that were resistant to organophosphate were 

generated by exposing the BmVll-SCC cell line (Holman, P. J., 1981) to the gradual 

increase of the acaricide Coumaphos (Cossio-Bayugar, R. et al., 2002). Other studies have 

used a different approach by using a cell line that was suspected to be susceptible to 

ivermectin in order to assess the expression of selected ABC transporter subfamily B 

genes encoding P-glycoproteins (PgPs) available in the I. ricinus embryo-derived IRE / 

CTVM19 cell line after exposure to ivermectin (Mangia, C. et al., 2016). The scientists 

found that ivermectin had no effect on ABC pump expression and that expression of one 

subfamily gene was not identified. However, The I. ricinus embryo-derived IRE / 

CTVM19 cell line was found to be able to tolerate a higher concentration of ivermectin 
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(30 mg/ml) compared to the Rh. microplus-derived line BME26, which died after being 

exposed to only 12.5 mg/ml of ivermectin concentration (Pohl, P. C. et al., 2014). This 

observation could happen due to the biological variations between the two tick species 

used, variances in the cell lines' phenotypic composition, and/or discrepancies in the 

culture conditions utilized (Al-Rofaai, A. et al., 2020).  

Tick cell lines have been used to identify genes that are involved in acaricide 

resistance (Koh-Tan, H. C. et al., 2016). Koh-Tan et al. (2016) have looked at the 

expression of the b-adrenergic octopamine receptor (bAOR) gene (linked to amitraz 

resistance) and the ATP-binding cassette B10 (ABCB10) gene (linked to macrocyclic 

lactone resistance) in cell lines derived from Rh. evertsi, Rh. sanguineus, Rh. 

appendiculatus and Rh. microplus tick species. These findings propose that Rh. 

microplus-derived BME / CTVM6 cells might be a viable model system to test Rh. 

microplus resistance to several acaricide groups; however, more research is needed to see 

if other genes in this cell line have been altered (Koh-Tan, H. C. et al., 2016). 

 

2.4.7.7 Tick cell line in the novel control method 

Tick cell lines have also been applied in the research of tick cell metabolism, 

which could aid in the development of new tick control approaches. By utilizing the Rh. 

microplus-derived BME26 cell line, the antagonistic part of glycogen synthase kinase 3 

(GSK3) and protein kinase B (AKT) in cell viability and glycogen metabolism was 

revealed (de Abreu, L. A. et al., 2013).  GSK3 inhibition resulted in an increase in 

glycogen content, whereas AKT inhibition resulted in a reduction in glycogen content, 

changes in cell membrane permeability, and cell viability. 

Da Silva et al. (2015) utilizes the Rh. microplus-derived BME26 cell line to 

analyze various genes associated with glycolysis, gluconeogenesis and glycogen 
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metabolism processes which are the primary processes for carbohydrate anabolism and 

catabolism. The aim was to understand better the energy metabolism involved during 

embryonic development that occurs in ticks. Their findings revealed that numerous genes 

exhibit reciprocal regulation in response to the administration of glucose and that GSK3 

regulates the transcription of the gluconeogenic genes in tick cells (Da Silva, R. M. et al., 

2015). In addition, the Rh. microplus-derived BME26 cell line was also crucial in the 

primary publication describing the characterization of a cell cycle protein in arachnids, as 

well as the reversal of its roles with an inhibitor (Gomes, H. et al., 2013). 

The I. scapularis embryo-derived ISE6 cell line (Kurtti, T. J. et al., 1996) is 

recognized as one of the most extensively utilized tick cell lines because of its 

susceptibility to a wide spectrum of Tick-borne pathogens (TBPs) (Oliver, J. D. et al., 

2015). A previous study by (Cabezas-Cruz, A. et al., 2017) employed I. scapularis 

embryo-derived ISE6 cell line to investigate how boosting phosphoenolpyruvate 

production from tyrosine could help reduce infection with the obligatory intracellular 

bacterium, A. phagocytophilum which causes sickness in people, dogs, ruminants and 

horses. Ferritins are iron-storage proteins that bind and oxidize ferrous ions and generate 

ferric ions in the FER core cavity to store unused iron accessible in the cellular iron pool 

(Galay, R. L. et al., 2015). However, by revealing I. scapularis embryo-derived ISE6 cell 

line to varying doses of ferrous sulfate, the intracellular ferritin (FER1) protein expression 

was able to be induced (Hernandez, E. P. et al., 2018). They discovered that inhibiting 

FER1 expression by RNA interference reduced the proliferation of I. scapularis embryo-

derived ISE6 cells and increased mortality, implying that I. scapularis embryo-derived 

ISE6 cell line might be a useful tool for learning more about FER1 action.  
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2.4.7.8 Tick cell line for the genetic manipulation study 

Research into genetic modification of ticks and tick cell lines could substantially 

aid the development of novel tick control techniques. For instance, Kurtti et al. (2006) 

have demonstrated a stable transfection of the I. scapularis-derived ISE6 cell line with a 

gene expressing a fluorescent protein utilizing the technique called Sleeping Beauty 

transposon (Kurtti, T. et al., 2006). Other studies by Cassio and Miranda (2007) used a 

different strategy by retrovirally infecting the primary cultures initiated from Rh. 

microplus with green fluorescent protein demonstrated that the fluorescence was detected 

up to two weeks after retroviral transfection (Cossio-Bayugar, R. et al., 2007) 

Another approach was made by Machado-Ferreira et al. (2015), who used 

Agrobacterium tumefaciens T-DNA constructs to achieve transgene expression in Rh. 

microplus ticks and the Rh. microplus-derived BME / CTVM2 cell line (Machado-

Ferreira, E. et al., 2015). These findings showed that genetic editing techniques employed 

in other animal cell culture systems could be used in tick cell lines as well, therefore, 

raising the possibility of genetically altering ticks to prevent them from gaining resistance 

against acaricide (Al-Rofaai, A. et al., 2020). 

 

2.4.7.9 Tick cell line in the development of the anti-tick vaccine  

The tick control strategy through vaccination by using recombinant tick antigens 

is a promising method. Vaccines developed from recombinant tick antigens showed 

benefits such as cost-effectiveness, reduction in the use of acaricide and the reduction in 

the occurrence of tick-borne diseases by minimizing the exposure of cattle to infected 

ticks. However, the efficacy of these vaccines will vary greatly depending on the tick type 

and geographic area (de la Fuente, J. et al., 2007a). Tick cell lines have been crucial in 

finding tick protective antigens that have been used to develop a number of vaccinations 
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that help prevent and manage tick infestations and also infections associated with TBPs. 

Research undertaken by Antunes et al. (2014) demonstrated the discovery of tick proteins 

implicated in the interaction of the tick and the pathogen by utilizing three embryo-

derived tick cell lines (I. scapularis-derived ISE6, I. scapularis-derived IDE8 and Rh. 

microplus-derived BME / CTVM2  (Antunes, S. et al., 2014; Munderloh, U. G. et al., 

1994). The goal was to find potential protective antigens to be used as vaccines to prevent 

Rh. microplus tick infestations in cattle, as well as infection with the TBPs B. bigemina 

and A. marginale transmitted by Rh. microplus ticks. Antibodies made against the Rh. 

microplus protein subolesin were examined by using immunofluorescence and the result 

showed positive reactions in all three cell lines, but then no effect was reported on DNA 

levels of the pathogen (Al-Rofaai, A. et al., 2020). In contrast, Contreras and team (2017) 

demonstrated that I. scapularis lipocalin protein, lectin pathway inhibitor protein and 

their I. ricinus homologs are candidate protective antigens to be used for tick infestation 

control by utilizing I. ricinus-derived ISE6 and I. ricinus-derived IRE / CTVM20 cell 

lines (Bell-Sakyi, L. et al., 2007). Anti I. scapularis lipocalin protein and lectin pathway 

inhibitor IgG greatly enhanced the proportion of apoptotic tick cells and lowered the 

pathogen infection, suggesting that they might aid in the establishment of efficient 

vaccines for anti-tick and anti-pathogen (Contreras, M. et al., 2017).  
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2.4.8 The Tick Cell Biobank 

 The Tick Cell Biobank was originally founded in 2009, with three years of 

funding from the Wellcome Trust as a unit of collaboration between the Universities of 

Edinburgh. The centre was established to form a repository for the existing tick cell lines, 

generating novel cell cultures from various species of ticks not readily available in the 

collection and as a resource to help in their worldwide distribution by providing cell lines 

and maintenance to scientists all around the world (Bell-Sakyi, L. et al., 2018). An 

important component of Tick Cell Biobank was to give training for the maintenance of 

tick cell lines and the establishment of the primary tick cell and organ culture with the 

aim to assist an effective transfer and application in the recipient laboratories. The Tick 

Cell Biobank was transferred to The Pirbright Institute in 2012 and subsequently to the 

University of Liverpool in 2017. The Tick Cell Biobank, which is now part of the 

University of Liverpool’s Institute of Infection and Global Health, has begun a new phase 

of research that focuses on problems caused by ticks, a number of other arthropods and 

the diseases that can transmit them in the least developed, middle and lower-income 

countries (Bell-Sakyi, L. et al., 2018). 

 

2.4.8.1 The Tick Cell Biobank outpost 

Tick and tick-borne diseases are reported throughout the world, but the economic 

loss they cause in the least developed, low and middle-income countries is worrisome. To 

address this problem, Tick Cell Biobank has established the outpost of the parent Tick 

Cell Biobank in Malaysia, Brazil and Kenya. The goal is to make tick cell lines more 

accessible to scientists from least developed, low and middle-income countries and 

increase the use of tick cell lines in their research (Bell-Sakyi, L. et al., 2018). In addition, 

it helps to distribute materials, expertise and knowledge in the neighbouring countries of 
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South-East Asia, South America and Africa. Each Tick Cell Biobank Outpost will be 

equipped with a panel of the most used cell lines, as well as others within their regional 

relevance and will disseminate cell lines and regionally specialized training for the 

maintenance. 
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2.5 Polymerase chain reaction  

 

2.5.1 Principle of PCR 

The PCR was invented by Kary Mullis in 1983 (Mullis, K. B., 1990), which is a 

technique where the DNA in the sample is copied rapidly and repeatedly in order to 

produce a sufficient concentration that is able to be analysed by conventional laboratory 

procedures. This technique employs repetitive cycle stages that comprise three main 

steps; (i) denaturing, (ii) annealing and (iii) extension. In the denaturation step, the 

double-stranded DNA which is made up of two complementary strands are separated by 

heating the sample solution to 95 ℃, which includes the DNA molecules, polymerases 

and primers. Next, in an annealing step, the temperature is reduced to 55 ℃ to stimulate 

the primers to attach to single-strand DNA. If the DNA segment and the primers that are 

attached are complimentary, the bonds between them are stable. The polymerases will 

then bind complementary nucleotides, enhancing the bonding forms between the primers 

and the DNA. Lastly, in the extension stage, the temperature is raised to 72 ℃, which is 

known as the ideal temperature for the polymerases to work. Subsequently, new 

nucleotides are added to the new DNA strand by the polymerases and at the same time, 

all other bonds that are non-complementary are broken. These steps are typical for 

conventional PCR, in which the amplicons or PCR products generated at the end of the 

steps will be visualized using an agarose gel electrophoresis as a final step. 
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2.5.2 Quantitative polymerase chain reaction  

Quantitative PCR, also known as real-time PCR, is a technique where the data are 

obtained in real-time during the PCR process, in which the detection and amplification 

are complete together in a single step. Different fluorescent chemistries that convert the 

product concentration directly to fluorescence intensity are used to make the qPCR 

products visible (Wong, M. L. et al., 2005). The higher the concentration of the qPCR 

product, the stronger the fluorescence intensity produced. This technique encompassed 

four major phases; (i) early ground phase, (ii) exponential growth phase, (iii) linear 

growth phase and (iv) plateau phase (Tichopad, A. et al., 2003). Fluorescence emission 

will not rise above the background during the early ground phase. Subsequently, 

amplification will be detected when the fluorescence emission is higher than background 

levels during the exponential growth phase. The term of the cycle where this happens is 

known as cycle threshold (Ct), and it can be used to quantify the starting target number 

(Heid, C. A. et al., 1996). When the qPCR product amplifies after each cycle, the linear 

growth phase provides the optimal amplification duration. During the plateau phase, the 

decrease in the reaction components leads to insufficient fluorescence intensity for the 

data calculation (Wong, M. L. et al., 2005). qPCR tests are extremely sensitive as it is 

capable of detecting just one copy of a given transcript (Palmer, S. et al., 2003). The qPCR 

techniques do not necessitate post-PCR product handling, therefore, resulting in faster 

throughput assays and reducing potential contamination.  

In qPCR assays, two types of fluorescent chemistries are used; single-stranded 

DNA intercalators and double-stranded DNA intercalators.  SYBR® Green is an 

excellent example of double-stranded DNA intercalators, as it fluoresces strongly once 

they bind to double-stranded DNA. SYBR® Green is often used in qPCR because it 

requires less cost and applicability in a number of PCR protocols. The non-specific 

binding of dsDNA, such as primer dimers or other non-specific bindings, is the common 

Univ
ers

iti 
Mala

ya



 54 

drawback when using SYBR® Green. However, the melting curve product, which is a 

key characteristic of SYBR® Green, can reveal the formation of non-specific amplicons 

(Bell, A. S. et al., 2002). Multiple DNA species are able to be detected and quantified by 

using different beacons or reporter probes in single-stranded DNA intercalators. 

The hydrolysis probes, also recognized as TaqMan® probes, is the sequence-

specific probe that is labelled by a quencher at the 3’ end and a reporter dye at the 5’. The 

5’ – 3’ exonuclease activity degrades the probe when it anneals to the target sequence 

allowing the quencher and the reporter to be separated and resulting in fluorescence (Bell, 

A. S. et al., 2002; Wong, M. L. et al., 2005). Next is the hybridization probe. This probe 

is labelled with an acceptor dye on the upstream probe (3’ end) and a donor dye on the 

downstream probe (5’ end). The fluorescence resonance energy transfer from the donor 

to the accepter will rise once the probes are bound. The transferred energy is then emitted 

as fluorescence by the acceptor dye. The approach is classified as very specific due to the 

requirement that the two probes be bound in order to produce fluorescence (Bell, A. S. et 

al., 2002; Wong, M. L. et al., 2005). Subsequently, the molecular beacon is made up of a 

specific region (loop) sequence linked together by complementary stem sequences. A 

quencher on the other end blocks the reporter on one end. Fluorescence emission is 

reduced due to the closeness of quencher and reporter when the beacon is found free in 

the reaction solution. The quenching effect is abolished after the beacon attaches to the 

target, resulting in emission by the reporter (Bell, A. S. et al., 2002; Wong, M. L. et al., 

2005). 
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2.5.3 Molecular detection and quantification of Rickettsia 

qPCR assays have been developed and applied successfully for the detection of 

Rickettsia agents with high specificity and sensitivity, with the potential in quantifying 

the bacterial DNA copy numbers in real-time (Stenos, J. et al., 2005). At present, qPCR 

assays are broadly used for molecular detection of Orientiae and Rickettsiae bacteria in 

both clinical and vector specimens (Henry, K. M. et al., 2007; Jiang, J. et al., 2004; Jiang, 

J. et al., 2012; Stenos, J. et al., 2005), with some protocols capable of detecting at a low 

level of 1-10 genomic equivalents per reaction (Richards, A. L., 2012). The initial use of 

qPCR assay in detecting Orientiae and Rickettsiae was evidenced in the reported 

detection of R. prowazekii (Jiang, J. et al., 2003). Afterwards, a number of genus, group 

and species-specific based on qPCR assays have been established to detect Rickettsia and 

Orientiae bacteria (Jiang, J. et al., 2004; Luce-Fedrow, A. et al., 2015; Paris, D. et al., 

2009). 

So far, qPCR methods have only been utilized to detect and confirm the presence 

of Rickettsia bacteria in tick cell cultures (Sayler, K. A. et al., 2014), and they have been 

designed primarily to detect DNA of Rickettsia from clinical and environmental samples 

(Luce-Fedrow, A. et al., 2015). The qPCR assay is a laboratory method used to monitor 

the amplification and quantification of the targeted DNA molecule in real-time. Hence, it 

will be useful to adapt the published qPCR methods for Rickettsia detection for 

investigating the growth kinetics and bacteria quantification in tick cell cultures.  

The development of a cell culture system utilizing R. raoultii and a variety of tick 

cell lines where the growth of the bacteria can be monitored will enhance and increase 

the ease of the study of tick-Rickettsia interactions, especially for pathogenic SFG 

Rickettsia. The cell culture system can also be used for studies into the development of 

anti-microbials or novel therapeutics. The application of qPCR assay in quantifying 
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Rickettsia and monitoring bacterial growth kinetics in tick cell culture will aid in 

investigating the anti-microbials that can be used to inhibit Rickettsia infection in tick cell 

culture. Since R. raoultii infections are also becoming a public health concern, a cell 

culture system for R. raoultii will also allow for further characterization of this emerging 

rickettsial pathogen.
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CHAPTER 3: METHODOLOGY 

The methodologies involved in this study were performed according to the three 

specific aims listed in the Study objective chapter 1.1 (Figure 3.1). First, in Specific aim 

1, the Rh. sanguineus-derived RSE / PILS35 and I. scapularis-derived IDE8 tick cell lines 

were inoculated with semi-purified R. raoultii to establish the bacteria stocks in respective 

cell lines for infection studies in Specific aim 2. Inoculation in Specific aim 1 referred to 

the introduction of R. raoultii-infected BME / CTVM23 cell suspension into healthy RSE 

/ PILS35 and IDE8 cell lines to produce bacteria stock from respective cells lines with 

only homologous cells present. In the infection study (Specific aim 2), all cell lines were 

infected with cryopreserved bacteria stocks from the homologous cell line prepared and 

the infection rate was determined.  Then in Specific aim 3, the growth of R. raoultii in the 

respective cell line was determined by amplifying rickettsiae-specific gltA qPCR. 

In Specific aim 1, all the tick cells used in the study were maintained prior to 

inoculation. Next, the presence and the strain of R. raoultii were originally maintained in 

Rh. microplus-derived BME / CTVM23 culture was confirmed molecularly. Following 

that, the R. raoultii bacteria in heavily BME / CTVM23 cultures were semi-purified and 

inoculated into other cell lines. Once the infection was established, the bacterial cultures 

in respective inoculated tick cell lines were cryopreserved to be used in infection studies 

as bacteria stock. Cryopreserved bacteria stocks were produced from the homologous cell 

line. Then, the establishment of R. raoultii infection in the inoculated cell lines was 

confirmed by amplifying tick-specific 16S rRNA. 

The bacteria stocks prepared in Specific aim 1 were continuously used to infect 

tick cell lines for infection rate (Specific aim 2) and replication kinetics of R. raoultii 

studies (Specific aim 3). Next, the infected tick cells were collected at intervals of two to 

four days post-infection for the smear preparation using a cytocentrifuge, and the 
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infection rate was calculated based on the percentage of infected cells counted in Giemsa-

stained cytocentrifuge smears. 

In the study of the replication kinetics of R. raoultii (Specific aim 3), firstly, the 

plasmid containing the rickettsiae-specific gltA gene target was transformed into 

Escherichia coli TOP10F´ to produce a sufficient quantity of the gene target to optimise 

the qPCR DNA standard curve. Next, the quantification of rickettsiae gltA (R. raoultii 

copy number) and tick ribosomal protein L6, rpl6 (tick cell copy number) gene targets 

was performed by qPCR protocols adapted from the previous publication. Lastly, the 

generation time of R. raoultii was calculated based on the exponential phase in the 

bacterial growth curve. 
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Inoculation of IDE8 and 

RSE / PILS35 cell 

cultures with R. raoultii 

Maintenance of tick cell cultures (BME / CTVM23, RSE / PILS35 and IDE8 cell lines) 
 

Maintenance of R. raoultii in BME / CTVM23 cell culture 

Molecular confirmation of R. raoultii in BME / CTVM23 cell culture 

R. raoultii semi-purification and inoculation into RSE / PILS35 and IDE8 cell lines 
 

Amplification of tick-specific 16S rRNA from R. raoultii inoculated IDE8 and RSE / 
PILS35 cells 

 

Specific aim 1 

Specific aim 2 
Infection rates of R. raoultii in tick cell cultures 

 Specific aim 3 
Replication kinetics of R. raoultii in tick cell cultures 

 Cytocentrifuge smears and Giemsa staining  
 

Infection of different tick cell lines  
 

Calculation of infection rates 

Transformation of the plasmid containing the rickettsiae-specific 
citrate synthase (gltA) gene sequence into E. coli TOP10F’ and 

plasmid extraction 
 

Calculation of R. raoultii generation time  
 

qPCR for quantification of rickettsiae gltA and tick rpl6 gene targets 
 

Figure 3. 12: The overview of the methodologies involved in this study. 
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3.1 Inoculation of IDE8 and RSE / PILS35 cell cultures with R. raoultii 

 

3.1.1 Maintenance of tick cell cultures 

The Rh. microplus-derived BME / CTVM23 cell line was maintained at 32 °C in 

L-15 (Leibovitz) medium (Gibco, USA) supplemented with 10 % TPB, 20 % FBS, 2 mM 

L-glutamine and antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin) 

(Munderloh, U. G. et al., 1989). The Rh. sanguineus-derived RSE / PILS35 cell line was 

incubated at 28 °C in a cell culture medium consisting of equal parts of L-15 (Leibovitz) 

medium, and Minimum Essential Medium (MEM) with Hank’s salt (Gibco, USA) 

supplemented with 10 % TPB, 20 % FBS, 2 mM L-glutamine and antibiotics (Munderloh, 

U. G. et al., 1989). The I. scapularis-derived IDE8 cell line was incubated at 32 °C in L-

15B medium supplemented with 10 % TPB, 5 % FBS, 0.1 % bovine lipoprotein (MP 

Biomedicals, USA), 2 mM L-glutamine and antibiotics (Munderloh, U. G. et al., 1989). 

All cell lines were maintained in flat-sided culture tubes (Nunc, USA), with ¾ of the 

media replaced weekly and sub-culture made at one to three months intervals. 
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3.1.2 Maintenance of R. raoultii in BME / CTVM23 cell culture 

The R. raoultii (strain Białystok-1) used in this study was given in a culture of the 

BME / CTVM23 cell line (Bell-Sakyi, L. et al., 2018). The culture was received from the 

Tick Cell Biobank, University of Liverpool, United Kingdom, and has been approved for 

use in BSL 2 facilities in the biobank. All procedures involving the manipulation of live 

bacteria were performed in the biosafety cabinet (BSC) with approval from the Universiti 

Malaya Institutional Biosafety and Biosecurity Committee (IBBC). The bacterial culture 

was maintained following conditions for maintaining the BME / CTVM23 cell line 

described in Section 3.1.1 but with an incubation temperature at 28 °C instead of 32 °C. 

Cytopathic effects in the infected cells were observed using the inverted microscope 

(Biobase, China). The Dino-Eye Edge Digital Eye-Piece Camera (Dino-Lite, Taiwan) 

was attached to the inverted microscope, and DinoCapture 2.0 software was used to 

capture and analyze the images of the cells. 

Cryopreserved bacteria stocks for R. raoultii from BME / CTVM23 cell line were 

prepared before the infection study in Section 3.2.1. Firstly, the bacteria stocks were 

prepared by resuspending heavily infected BME / CTVM23 cells in the culture tube on 

ice. Following that, 10 % DMSO was added and mixed properly. Next, 1 ml of the 

mixture was aliquoted into individual pre-chilled cryotubes and stored in liquid nitrogen 

until further use. 
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3.1.3 Molecular confirmation of R. raoultii in cell culture 

Prior to the experiments, the presence of R. raoultii in the culture was confirmed 

by amplifying the rickettsiae-specific partial gltA gene using a previously published 

conventional PCR protocol (Roux, V. et al., 1997). Firstly, the DNA was extracted from 

the R. raoultii infected BME / CTVM23 culture using a commercially available 

NucleoSpin® Tissue kit (Macherey-Nagel, Germany) as described in Section 3.1.4. Then 

rickettsiae-specific partial gltA gene was amplified by using CS1d primer and CS890r 

primer (Table 1).  

PCR reaction was completed following conditions of 2 minutes at 95 °C for 

activation, 40 cycles at 95 °C for 30 seconds, 45 °C for 30 seconds and 65 °C for 55 

seconds. Followed by a final extension at 72 °C for 3 minutes. All reactions were made 

in a total of 50 µl reaction volumes, comprising a final concentration of 1 × MyTaq Mix 

(Bioline, USA), 0.4 µM of each primer and 2 µl of DNA template. The PCR reaction was 

performed using a Veriti™ 96-Well Thermal Cycler (Applied Biosystems, USA).  

Next, the amplified PCR products were observed on 1 % AGE with an estimated 

size of 870 base pairs (bp). After that, the amplicon was purified using a commercial kit, 

Nucleospin® Gel and PCR Clean-up (Macherey-Nagel, Germany) before being sent for 

Sanger sequencing at First BASE Laboratories Sdn. Bhd. (Malaysia).  

In the purification step, the DNA band with the correct size of the target gene as 

viewed on agarose gel electrophoresis (AGE) was sliced and transferred into an 

Eppendorf tube that contained 500 µl, NT1 Buffer. The mixture of sliced gel and NT1 

Buffer was incubated for 5 to 10 minutes at 50 °C or up until the gel was solubilized. 

Next, the supernatant was transferred to a Nucleospin® Gel and PCR Clean-up column 

and centrifuged at 11 000 × g for 30 seconds. The flow-through was removed, and the 

column was put back in the collection tube. The centrifugation and discarding flow-
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through steps were repeated for the subsequent washing steps using 600 µl NT3 Buffer. 

An additional centrifugation step for 1 minute at 11 000 × g was added, and the 

Nucleospin® tissue column was placed into a new 1.5 ml microcentrifuge tube. Next, 30 

µl of the elution buffer was then added and centrifuged for 1 minute at 11 000 × g.  

The purified DNA suspension was stored at 4 °C until collection by First BASE 

Laboratories Sdn. Bhd. (Malaysia). The sequencing result was analysed by Geneious 

v7.1.5 software and BLAST with the GenBank database from the National Center for 

Biotechnology Information (NCBI). 
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3.1.4 DNA extraction 

For DNA extraction, 200 µl of cell suspension was collected from each culture 

and DNA was extracted using the commercial nucleic acid extraction kit NucleoSpin® 

Tissue (Macherey-Nagel, Germany) following the manufacturer's protocol.  

First, 180 µl T1 Buffer and 20 µl of Proteinase K were added to pre lysed the tick 

cells, following 1-hour incubation at 56 °C. Then, 200 µl of B3 Buffer was added to the 

tube and incubated at 70 °C to ensure the tick cells were lysed completely. Next, 210 µl 

of absolute ethanol was added to adjust the DNA binding conditions. Following that, the 

supernatant was transferred to a Nucleospin® tissue column in a collection tube and 

centrifuged at 11 000 × g for 1 minute. Next, the flow-through was removed, and the 

column was put back in the collection tube. The centrifugation and discarding flow-

through steps were repeated for the subsequent washing steps using 500 µl BW Buffer 

and 600 µl of B5 Buffer. After the additional centrifugation step for 1 minute at 11 000 × 

g, the Nucleospin® tissue column was put into a new 1.5 ml microcentrifuge tube. Next, 

60 µl of the elution buffer was then added and centrifuged for 1 minute at 11 000 × g. 

The DNA suspension was stored at - 20 °C until further use. 
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3.1.5 R. raoultii semi-purification and inoculation into RSE / PILS35 and IDE8 cell 

lines 

In this section, R. raoultii was semi-purified from the infected BME / CTVM23 

cells for inoculation into IDE8 and RSE / PILS35 tick cell lines. Once the infection was 

established, the inoculated cultures were cryopreserved to be used in infection studies as 

bacteria stock to determine infection rates (Section 3.2) and replication kinetics of R. 

raoultii bacteria in each of the cell lines (Section 3.3).  

Firstly, severely infected BME / CTVM23 were resuspended carefully in the 

culture tube. Next, all the cells in the culture tube were collected and transferred into six-

well plates. Next, the R. raoultii was semi-purified by forcibly passing the cell suspension 

through a 25 G needle five times to release the bacteria from the cells. Finally, the 

resulting supernatant was filtered through a sterile 2.0 µm filter membrane to get rid of 

cell debris, and an equal volume of the filtrate was used to inoculate previously prepared 

RSE / PILS35 and IDE8 tick cell cultures.  

The inoculated cells were incubated at 28 °C to allow the bacteria to multiply and 

were observed every day for any signs of cytopathic effects by using an inverted 

microscope (Biobase, China). The Dino-Eye Edge Digital Eye-Piece Camera (Dino-Lite, 

Taiwan) was attached to the inverted microscope, and DinoCapture 2.0 software was used 

to capture and analyze the images of the cells. Once severe cytopathic effects were 

observed (i.e., many cells detached from the bottom of the culture tube at approximately 

between 7 days to 2 weeks post inoculation), the bacterial cultures were immediately 

cryopreserved in aliquots in liquid nitrogen with the presence of 10 % DMSO, to be used 

as bacteria stock for infection studies.  
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3.1.6 Amplification of tick-specific partial 16S rRNA from inoculated tick cell lines 

Amplification and sequencing of the tick-specific partial 16S rRNA gene (Black, 

W., 4th et al., 1994) from the cell suspension of the inoculated tick cell lines were 

performed to determine if there were any carryover of live BME / CTVM23 cells into the 

inoculated IDE8 and RSE / PILS35 cultures. 200 µl of the cell suspension was collected 

from each culture when severe cytopathic effects were observed, which was Day 7 for 

IDE8 and Day 13 for RSE / PILS35.  

Next, 200 µl from the aliquot of the semi-purify R. raoultii used to inoculate IDE8 

and RSE / PILS35 cultures were collected. The collected cell suspension was subjected 

to DNA extraction as described in section 3.1.4. In addition, 200 µl of R. raoultii 

inoculum semi-purified from infected BME / CTVM23 cultures was also subjected to 

DNA extraction.  

PCR amplification of the tick-specific partial 16S rRNA sequence was conducted 

using previously published protocols utilizing primer pairs of 16S + 1 and 16S - 1, 

targeting around 460 bp product (Black, W., 4th et al., 1994). Amplification was 

performed following conditions of 2 minutes at 94 °C for activation, 10 cycles at 92 °C 

for 1 minute, 48 °C for 1 minute and 72 °C for 1 minute. Followed by 32 cycles at 94 °C 

for 1 minute, 54 °C for 1 minute and 72 °C for 1 minute. A final extension was carried 

out at 72 °C for 7 minutes. Each reaction contained a final concentration of 1 × Dream 

Taq Buffer (ThermoFisher Scientific, US), 0.4 µM of each primer, 0.2 mM dNTP mix 

(ThermoFisher Scientific, US), 0.1 U / µl DreamTaq DNA polymerase (ThermoFisher 

Scientific, US) and 2 µl DNA to give a total reaction volume of 50 µl.  

The PCR reaction was performed using a Veriti™ 96-Well Thermal Cycler 

(Applied Biosystems, USA). The amplified PCR products were observed on 1 % AGE 

with an estimated size of 460 bp. Following that, the amplicon was purified using a 
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commercial kit, Nucleospin® Gel and PCR Clean-up (Macherey-Nagel, Germany), as 

described in Section 3.1.3. Finally, the purified amplicons were sent for Sanger 

sequencing by First BASE Laboratories Sdn. Bhd. (Malaysia). The sequencing result was 

analysed by Geneious v7.1.5 software and BLAST with the GenBank database from the 

NCBI. 
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3.2 Infection rates of R. raoultii in BME / CTVM23, IDE8 and RSE / PILS35 tick 

cell cultures 

 

3.2.1 Infection of tick cell cultures to study infection rates and replication kinetics of 

R. raoultii 

Two separate cultures (n=2) were infected with R. raoultii for each of the different 

tick cell lines tested, including BME / CTVM23, RSE / PILS35 and IDE8 tick cell lines. 

A day prior to infection, duplicate cultures were set up with equal cell densities 

respectively for each cell line. BME / CTVM23 cells were seeded at 6 x 106 cells / ml. 

RSE / PILS35 cell line were seeded at 2 x 106 cells / ml. IDE8 cells were seeded at 5 x 

106 cells / ml. Seeding cell densities in each cell line were determined based on the highest 

achieved cell densities after two weeks of incubation. 

Next, 200 µl of the cryopreserved bacterial stock from BME / CTVM23 cells 

prepared in Section 3.1.2 was used to infect the BME / CTVM23 cultures. For IDE8 and 

RSE / PILS35 cell lines, the cryopreserved bacterial stock prepared in Section 3.1.4 was 

diluted at 1: 20 for IDE8 and 1: 10 for RSE / PILS35 by using culture media. A 200 µl 

aliquot from the diluted bacterial stock was then used to infect IDE8 and RSE / PILS35 

cultures, respectively. The amount of starting bacteria stock used to infect different cell 

lines was determined based on a previous series of infections to ensure the same infection 

time frame was obtained. Next, a 200 µl aliquot from the diluted bacterial stock used to 

initiate infection was collected for DNA extraction in Section 3.1.4. This DNA 

preparation served as the representative for the number of DNA copies present at time 

point 0 days post-infection (d.p.i.) in the infection time course. Subsequently, 50 µl of 

cell suspension was collected from each culture at the selected time points for the 

preparation of cytocentrifuge smears, and Giemsa staining (Section 3.2.2) and 200 µl was 
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collected for DNA extraction and bacterial quantification by qPCR (Section 3.3.3). A 

fresh medium was used to replace the volume that was removed when the cell suspension 

was taken from the culture tube. 

 

3.2.2 Preparation of cytocentrifuge smears and Giemsa staining for the visualization 

of bacteria in infected cells 

The R. raoultii infection rates in each cell culture were determined by counting 

the percentage of infected cells visualized by Giemsa staining in cytocentrifuge smears. 

The percentage of infected cells was determined by calculating the number of infected 

cells divided by the total number of cells (200 to 300 cells). At intervals of two to four 

days post-infection, the infected tick cells were collected for the smear preparation using 

a cytocentrifuge. The cytocentrifugation step allowed the cells in suspension to be 

deposited onto the glass microscope slide as a smear for cytological staining and 

microscopic observation. 

The infected cells were resuspended by pipetting the content of the tube using a 

serological pipette in the BSC. Next, 50 µl of the cell suspension was transferred into a 

cytology funnel attached to the metal stage with a filter card and microscope glass slide 

sandwiched in between (Figure 3.2). Assembled cytology funnel on the metal stage was 

arranged on the rotor in the BSC and the rotor was sealed with a lid before transferring to 

the cytocentrifuge (Shandon, USA) outside the BSC (Figure 3.3). The rotor was placed 

gently on the Cytospin 3 cytocentrifuge (Shandon, USA) and centrifuged for 5 min at 

1,000 r.p.m. Once finished, the sealed rotor was transferred back into the BSC and the lid 

was removed. 

Univ
ers

iti 
Mala

ya



 70 

Next, the metal holder was removed from the rotor and the clip on the holder was 

unfastened. The filter card was lifted gently and discarded into the waste bag. Following 

that, the glass slide was lifted and laid flat on the surface inside the BSC to air dry the 

smear for a few minutes. The slides were then fixed in methanol for 3 minutes and stained 

with a Giemsa working solution for 30 minutes. The Giemsa working solution was 

prepared fresh by filtering 1 part of the Giemsa stock solution (Merck, Germany) into 

three parts of buffered water at pH 7.2. 

After 30 minutes, the slides were washed with buffered water (pH 7.2) thrice to 

flush out the stain. Next, the slides were air-dried and examined under a compound 

microscope (GX microscope, UK) at 1000 X magnification for the presence of bacteria. 

The GXCAM digital camera and GXCapture software were used to capture and image 

the cells. 

 

Figure 3. 2: Assembled cytological funnel on the metal stage holder with filter card and 

microscope glass slide placed in between. 
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Figure 3. 3: Assembled cytology funnels on the metal stages arranged on the sealed rotor. 
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3.3 Replication kinetics of R. raoultii in BME / CTVM23, IDE8 and RSE / PILS35 

tick cell cultures 

 

3.3.1 Transformation of the plasmid containing the rickettsiae-specific gltA gene 

sequence into E. coli TOP10F’ 

A portion of the rickettsiae-specific gltA gene sequence previously designed as a 

qPCR amplification target to detect spotted fever and typhus group rickettsiae (Stenos, J. 

et al., 2005) was used in this study to determine the replication kinetics of R. raoultii in 

different tick cell lines (Method Section 3.3.3). The transformation of the plasmid 

containing the rickettsiae-specific gltA gene target into E. coli TOP10F´ (Invitrogen, 

USA) was performed to produce sufficient quantities of the gene target to optimise the 

qPCR DNA standard curve and the replication kinetics study of R. raoultii. 

The rickettsiae-specific gltA gene target sequence with 74 base pair fragments (5’ 

TCGCAAATGTTCACGGTACTTTTTGCAATAGCAAGAACCGTAGGCTGGATGC

ACAATGGAAAGAAATGCACGA 3’) adapted from (Stenos, J. et al., 2005) was 

MiniGene synthesized and blunt-end ligated into the pIDTSmart Amp vector by a third-

party service provider (Integrated DNA Technologies, Singapore). Customized Synthetic 

Genes by Integrated DNA Technologies (IDT) was constructed with Ultramer® DNA 

Oligos and was sequence verified by the Sanger system. Customized synthetic gene 

product from IDT was provided in pIDTSmart Amp vector that was ready to be 

transformed into E. coli. 

Next, the customized gene readily provided with the plasmid vector was 

transformed into tetracycline-resistant E. coli TOP10F´ (Invitrogen, USA). When 

preparing the competent cells, a single colony of E. coli TOP10F´ was inoculated into 5 
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ml of Luria-Bertani (LB) broth and incubated overnight at 37 °C until the bacteria grew 

to the early exponential phase (Optical density, OD600 = 0.6 - 0.8) The growth of bacteria 

was measured by using NanoPhotometerTM UV/VIS Spectrophotometer (Implen, 

Germany). Subsequently, 1 ml of the culture was transferred into an Eppendorf tube and 

centrifuged at 5 000 × g for 3 minutes. After removing the supernatant, the pellet was 

resuspended gently in 500 µl of cold 0.1 M calcium chloride (CaCl2) by using the cut-off 

tips at 4 °C. Following that, 1 ml of cold 0.1 M CaCl2 was added and the mixture was 

incubated on ice for 2 hours. 

During transformation, the competent cells were centrifuged at 2,000 × g for 3 

minutes at 4 °C. After removing the supernatant, 80 µl of cold 0.1 M CaCl2 and 4 µl of 1 

× 105 ng/ml recombinant plasmid were added to the tube and mixed gently by using cut-

off tips at 4 °C. Next, the mixture was incubated on ice for 1 hour. Following that, the 

bacterial suspension was heat-shocked at 42 °C for 1 minute and immediately incubated 

on ice for 3 to 5 minutes. Next, 1 ml of LB broth was added and mixed by inversion. 

Lastly, the cells were grown at 37 °C for 1 hour to allow the bacteria to recover. After 

centrifuging at 2 000 × g for 3 minutes and discarding the supernatant, the remaining 

pellet was finally plated on the LB agar supplemented with 50 µg / ml ampicillin 

concentration for antibiotic selection.  

A single colony of transformed E. coli TOP10F´ was inoculated into 5 ml of LB 

broth supplemented with 50 µg/ml Ampicillin and grown at 37 °C overnight. The bacteria 

culture was used for subsequent recombinant plasmid extraction in Section 3.2. In 

addition, approximately 750 µl of bacteria cells containing the recombinant plasmid were 

stored in 250 µl of 80 % pre-sterilized glycerol in the screw-cap vial at - 80 °C as bacteria 

glycerol stock. 
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3.3.2 Plasmid extraction 

The extraction of recombinant plasmid DNA from E. coli TOP10F´ was 

performed by using the FavorPrep Plasmid Extraction Mini Kit (Favorgen Biotech 

Corporation, Taiwan) following the manufacturer’s protocol.  

Firstly, 1 to 3 ml of the bacteria culture was transferred to the centrifuge tube. 

Next, the bacteria culture was centrifuged at 11 000 × g for 1 minute and the supernatant 

was discarded. Subsequently, 200 µl of FAPD1 buffer (RNase A added) was added to the 

mixture and resuspended completely by pipetting. Subsequently, 200 µl of FAPD2 buffer 

was added to the tube and gently inverted 10 times until the lysate became clear. The 

sample mixture was then incubated at room temperature for 2-5 minutes to lyse the cells. 

The 300 µl of FAPD3 buffer was added and the tube was gently inverted 10 times to 

neutralize the lysate. After neutralization, the sample mixture was centrifuged at full 

speed (17 000 × g) for 5 minutes. Then the supernatant was transferred to a FAPD Column 

in a collection tube and centrifuged at 11 000 × g for 30 seconds. The flow-through was 

discarded and the column was placed back in the collection tube. Next, the steps of 

centrifugation and discarding flow-through were repeated for the subsequent washing 

steps using 400 µl of W1 buffer and 700 µl of wash buffer. After an additional 

centrifugation step at full speed (17 000 × g) for 3 minutes, the FAPD Column was placed 

into a new 1.5 ml microcentrifuge tube. Next, 100 µl of the elution buffer was then added 

and centrifuged at 17 000 × g for 1 minute.  

Lastly, the concentration of the extracted recombinant plasmid DNA was 

measured using Nanodrop™ 2000 / 2000c spectrophotometer (ThermoFisher Scientific, 

US) and the corresponding copy number was calculated using the following equation 

(Equation 1). Besides, the extracted recombinant plasmid DNA was also analysed by 1.2 

% AGE to confirm the size of the plasmid. Next, the recombinant plasmid DNA was 
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stored at - 20 °C until further use. This recombinant plasmid will be used to build the 

standard curves for the rickettsiae-specific gltA qPCR (Methods Section 3.3.3) in the 

replication kinetic studies. The determination of the appropriate range of DNA copy 

numbers used for the standard curve was described in the Results Section 4.3.3. 

 

  

Equation 3. 1:The equation for copy number calculation. 
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3.3.3 qPCR for quantification of rickettsiae gltA and tick rpl6 gene targets 

A previously-published qPCR protocol targeting 74 bp fragments (5’ 

TCGCAAATGTTCACGGTACTTTTTGCAATAGCAAGAACCGTAGGCTGGATGC

ACAATGGAAAGAAATGCACGA 3’) of the rickettsiae-specific gltA gene (Table 1) 

was used to quantitate R. raoultii copy number in infected cells (Stenos, J. et al., 2005). 

The PCR cycling condition was as follows: Initial holding temperature at 50 °C for 3 

minutes, followed by 95 °C for 5 minutes and 40 cycles of 95 °C for 20 seconds and 60 

°C for 40 seconds. All reactions were performed in a total of 25 µl reaction volumes, 

comprising final concentrations of 1 × TaqMan Fast Advanced Master Mix, gltA primers 

and probe at 200 nM each, and 1 µl DNA template. The qPCR reactions were performed 

using a CFX96 Touch Real-Time PCR Detection System (BioRad, UK) with a 6-

carboxyfluorescein (FAM) and Black-Hole Quencher (BHQ1-) labelled TaqMan probe 

(synthesized by Integrated DNA Technologies, Singapore). For every amplification 

reaction, molecular biological grade water was included as a negative control.  

As a measure of tick DNA copy numbers, a qPCR assay targeting 77 bp fragments 

(5’ CCGGTCCAAGATGTTCCACAAGCGGGGCCTGTTTAAGGTGAAGCACGCC 

CCTCCGACCAAGGAGAAGAGGAAGCGCA 3’) of a tick single-copy nuclear gene, 

rpl6 (Table 1), was performed as described previously (Al-Khafaji, A. M. et al., 2019). 

Each reaction contained final concentrations of 1 × SensiFast SYBR No-ROX master mix 

(Bioline, USA), 200 nM of rpl6 primers and 1 µl DNA to give a total reaction volume of 

20 µl. A DNA standard curve was made by using a long oligonucleotide (synthesized by 

Sigma-Aldrich) obtained from Dr. Benjamin Makepeace, University of Liverpool. Serial 

dilutions of synthetic standards ranging from 5 ×  10-1 to 5 ×  106 copies (Al-Khafaji, A. 

M. et al., 2019) were prepared in duplicate for use on each plate as the standard curve. 

The reactions were conducted with an initial denaturation at 95 °C for 10 minutes, 

followed by 35 cycles of denaturation at 95 °C for 15 seconds, annealing at 55 °C for 30 
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seconds and extension at 72 °C for 15 seconds. Following amplification, a melt curve was 

produced from 55 °C to 95 °C with increasing increments of 0.5 °C per cycle. The qPCR 

reactions were also performed using a CFX96 Touch Real-Time PCR Detection System 

(Bio-Rad, UK). 

Table 3. 1: Primers and gene targets used for amplification and sequencing.  

Primers Sequence Gene target Fragment 

size (bp) 

Reference 

CS1d 

(forward) 

 

5´ 

ATGACTAATGGCAATAAT

AA 3´ 

 

 

Rickettsiae-

specific 

partial gltA 

gene 

870 

 

 

(Roux, V. 

et al., 1997) CS890r 

(reverse) 

5´ 

GCTTTIAGCTACATATTTA

GG 3´ 

 

Black 

16S+1 

(forward) 

5´ 

CTGCTCAATGATTTTTTA 

AATTGCTGTGG 3´ 

 

 

Tick-

specific 

partial 16S 

rRNA 

460 

 

 

(Black, W., 

4th et al., 

1994) 

Black 

16S-1 

(reverse) 

5´ 

CCGGTCTGAACTCAGATC

AAGT 3´ 

 

CS-F 

(forward) 

 

5’ 

TCGCAAATGTTCACGGTA

CTTT 3’ 

 
Rickettsiae-

specific gltA 

gene 

74 

 

 

 

(Stenos, J. 

et al., 2005) CS-R 

(reverse) 

 

5’CACAATGGAAAGAAAT

GCACGA 3’ 

 

CS-P 

(probe) 

 

5’-6-FAM-TGC AAT AGC 

AAG AAC CGT AGG CTG 

GAT G-BHQ-1-3’ 
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rpl6 

(forward) 

 

5’ 

CCGGTCCAAGATGTTCCA

CA 3’ 

Ixodes 

ribosomal 

protein L6 

nuclear gene 

77 

 

 

(Al-

Khafaji, A. 

M. et al., 

2019) 

rpl6 

(reverse) 

5’ 

TGCGCTTCCTCTTCTCCTT

G 3’ 

 

 

3.3.4 Generation time of R. raoultii  

The generation time for R. raoultii to double up in the cultures was calculated 

once the replication kinetics curve of R. raoultii was established based on the 

quantification of the rickettsiae-specific gltA gene (Section 3.3.3). The generation time, 

also known as doubling time, is the period of time required by the bacteria or cell to 

double in size. Hence, the time needed by R. raoultii to double up in different tick cell 

lines was calculated using the following equation shown in Equation 2 (Prescott, H., 

2002). 

 

 

 

  

Equation 3. 2: The equation for generation time calculation. 
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CHAPTER 4: RESULTS 

4.1 Inoculation of IDE8 and RSE / PILS35 cell cultures with R. raoultii 

 

4.1.1 Microscopic observation of R. raoultii-infected BME / CTVM23 cells  

BME / CTVM23 cell cultures infected with R. raoultii were monitored 

periodically for the presence of cytopathic effects. Non-infected BME / CTVM23 cells 

consisted of a mixture of abundant epithelial-like cells with elongated shapes and a few 

rounded cells (Figures 4.1 B and 4.1 C). In addition, BME / CTVM23 cells grew closely 

attached to each other forming clumps (Figure 4.1 A).  

Heavily infected BME / CTVM23 cells appeared more rounded (Figures 4.1 E 

and 4.1 F). Moreover, many of the cells were floating in the culture medium, with fewer 

cells attached to the bottom of the culture vessel (Figure 4.1 D). 
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Figure 4. 14: Microscopic image of non-infected BME / CTVM23 cells (A, B, and C) and BME / CTVM23 heavily infected with R. raoultii (D, E and 

F) at different magnifications. A and D: 10 X magnification, B and E: 20 X magnification, C and F: 40 X magnification. 
Univ

ers
iti 

Mala
ya



 81 

4.1.2 Molecular confirmation of R. raoultii infection in BME / CTVM23 cell cultures  

The presence of R. raoultii originally provided in the BME / CTVM23 cell culture 

was first confirmed by PCR amplification and sequencing of the gltA gene. The 

rickettsiae-specific partial gltA gene was amplified from the DNA extracted from R. 

raoultii-infected BME / CTVM23 cells and visualized by AGE. The PCR amplification 

of the rickettsiae-specific partial gltA gene was performed with the extracted DNA from 

two different cultures of R. raoultii-infected BME / CTVM23 cells (culture 10.8.4 and 

11.8.4). The amplification of the rickettsiae-specific partial gltA gene with an estimated 

size of around 870 bp was seen in 1 % AGE for both cultures of R. raoultii-infected BME 

/ CTVM23 cells (Figure 4.2).  

Lane 4 was R. raoultii-infected BME / CTVM23 cells (culture 10.8.4) and Lane 

5 was R. raoultii-infected BME / CTVM23 cells (culture 11.8.4). In continuous, only R. 

raoultii-infected BME / CTVM23 cells (culture 10.8.4) were purified and subjected for 

sequencing since both cultures showed a single bright band with the same estimated size 

of product in AGE. Negative control was loaded in Lane 2 and no amplicon was loaded 

on Lane 3. The chromatogram of the amplified rickettsiae-specific partial gltA gene 

sequence showed evenly-spaced single-nucleotide peaks with no baseline noise 

(Appendix A). BLAST analysis of the gltA amplicon sequence revealed 100 % similarity 

to the existing R. raoultii strain reported in NCBI Genbank (Table 4.1).  Univ
ers
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Figure 4. 2: AGE (1 %) illustrates the PCR product of rickettsiae-specific partial gltA 

gene target with an estimated size of ≈ 870 bp, amplified from R. raoultii-infected BME 

/ CTVM23 cells DNA. Lane 1: 100 bp DNA ladder, Lane 2: Negative control 1, Lane 3: 

N/A, Lane 4: R. raoultii-infected BME / CTVM23 cells (culture 10.8.4), Lane 5: R. 

raoultii-infected BME / CTVM23 cells (culture 11.8.4).   
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Table 4. 1: Blastn results of rickettsiae-specific partial gltA gene amplicon (710 nt) from 

R. raoultii in infected Rh. microplus-derived BME / CTVM23 cells (culture 10.8.4). 

Rickettsia 

strain 

Max 

Score 

Total 

Score 

Query 

Coverage 

E-

value 

Percentage 

Identity 

Accession 

number 

R. raoultii 

isolate 

Tomsk  

1474 1474 100 % 0.0 100 % MK30454

7.1 

R. raoultii 

isolate 

Xinjiang 

1474 1474 100 % 0.0 100 % MF00251

7.1 

R. raoultii 

isolate 

Xinjiang-

EM  

1474 1474 100 % 0.0 100 % MF00251

6.1 

R. raoultii  1474 1474 100 % 0.0 100 % KX25862

1.1 

R. raoultii 

isolate 

Crimea-1 

type ll  

1474 1474 100 % 0.0 100 % KU96153

7.1 

nt: nucleotide 
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4.1.3 Microscopic observation of IDE8 and RSE / PILS35 cells after R. raoultii 

inoculation  

To produce cryopreserved bacterial stock in IDE8 and RSE / PILS35 cell lines, 

the bacteria was semi-purified from heavily infected BME / CTVM23 cultures and 

inoculated into IDE8 and RSE / PILS35 cultures.  

Tick cell cultures from different cell lines were observed right before inoculation 

with R. raoultii under phase-contrast microscopy to ensure the cells were healthy. In 

addition, the cellular morphologies, including the cytopathic effect of the cells post 

inoculation with R. raoultii were also observed every day.  

Healthy, non-inoculated RSE / PILS35 and IDE8 cells generally grow as a 

combination of multi-layer and suspension cultures comprising two or more cell 

morphotypes (Figures 4.3 A - C and 4.4 A - C). Cytopathic effects for R. raoultii infection 

were observed when the cells started to become more rounded in shape and started to 

detach from the wall of the cell-culture tube. Cytopathic effects were observed starting 

on Day 4 post inoculation for RSE / PILS35 cells and Day 3 post inoculation for IDE8 

cells.  

Severe cytopathic effects were observed when many of the cells were detached 

from the bottom of the cell-culture tube (Figures 4.3 D - F and 4.4 D - F). Severe 

cytopathic effects were seen on Day 13 post inoculation for RSE/PILS35 cell cultures 

(Figures 4.3 D - F) and Day 7 post inoculation for IDE8 cell cultures (Figures 4.4 D - F).  

Non-inoculated RSE / PILS35 cells culture was morphologically comprised of a 

mixture of epithelial-like or fibroblast-like cells and a few round cells (Figures 4.3 B and 

4.3 C). Many RSE / PILS35 cells grew closely attached together in discrete patches or 

clumps (Figure 4.3 A). On Day 13 post inoculation, most of the cells in the RSE / PILS35 
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culture were floating singly with the domination of round cells with a lot of debris in the 

culture (Figures 4.3 D - F).  
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Figure 4. 3: Microscopic image of non-inoculated RSE / PILS35 cells (A, B, and C) and R. raoultii-inoculated RSE / PILS35 on Day 13 post inoculation 

(D, E and F) at different magnifications. A and D: 10 X magnification, B and E: 20 X magnification, C and F: 40 X magnification. Arrow indicated 

debris. 
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Non-inoculated IDE8 cells culture morphologically consists of a mixture of large 

and small round cells (Figures 4.4 B and 4.4 C) that grew abundantly by adhering to the 

cell-culture tube in a multi-layer pattern. At 10 X magnification of non-inoculated IDE8 

cells culture, the abundant layer of round cells with a few dense clumps can be seen 

(Figure 4.4 A). On Day 7 post inoculation, almost all IDE8 cells were floating in the 

culture medium (Figure 4.4 D). Besides, a lot of cell debris can be seen in IDE8 cell 

cultures on Day 7 post inoculation (Figures 4.4 E and 4.4 F). No difference in the size of 

the inoculated cells was observed.  

The RSE / PILS35 and IDE cultures showing severe cytopathic effects (Day 13 

and Day 7 post inoculation, respectively) were then cryopreserved and used as the 

bacterial stock for infection studies to determine infection rates (Section 4.2) and 

replication kinetics (Section 4.3). 
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Figure 4. 4: Microscopic image of non-inoculated IDE8 cells (A, B, and C) and R. raoultii-inoculated IDE8 on Day 7 post inoculation (D, E and F) at 

different magnifications. A and D: 10 X magnification, B and E: 20 X magnification, C and F: 40 X magnification. Arrow indicated debris. 
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4.1.4 Tick-specific 16S rRNA PCR for R. raoultii inoculated IDE8 and RSE / PILS35 

cells 

To ensure that there was no carryover of Rh. microplus-derived BME / CTVM23 

cells into I. scapularis-derived IDE8 and Rh. sanguineus-derived RSE / PILS35 cell 

cultures after inoculation with the semi-purified R. raoultii, an aliquot of the inoculated 

cells was collected on Day 7 (IDE8) and Day 13 (RSE / PILS35) for DNA extraction and 

PCR amplification of the tick-specific partial 16S rRNA gene. 

A single band with the expected size of 460 bp was seen in AGE (Figure 4.5) for 

R. raoultii inoculum semi-purified from infected BME / CTVM23 cultures (Lane 2 and 

Lane 3), IDE8 on Day 7 after R. raoultii inoculation (Lane 4), and RSE / PILS35 on Day 

13 after R. raoultii inoculation (Lane 5). The chromatogram of the amplified tick-specific 

partial 16S rRNA sequence from R. raoultii inoculum semi-purified from infected BME 

/ CTVM23 cultures, Day 7 post-inoculated IDE8 and from Day 13 post-inoculated RSE 

/ PILS35 culture showed a single nucleotide peak with no baseline noise observed 

(Appendix B, C and D).  

From BLAST analyses, DNA sequences matching to Rh. microplus were detected 

in R. raoultii inoculum semi-purified from infected BME / CTVM23 cultures, indicating 

that DNA materials from the BME / CTVM23 cells may be present in the inoculum. 

However, on Day 7 post inoculation, DNA matched to Rh. microplus were no longer 

detected in the IDE8 culture. The same was observed for R. raoultii-inoculated RSE / 

PILS35 cells on Day 13 (Table 4.2). This observation indicated that the inoculated IDE8 

and RSE / PILS35 cultures should be free of DNA material and hence viable cells from 

the Rh. microplus-derived BME / CTVM23 culture at Day 7 and Day 13 post inoculation, 

respectively.  
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500 bp – 

400 bp – 

300 bp – 

 

     1                  2                   3                  4                5 

 

Figure 4. 5: AGE (1 %) of PCR amplicons of tick-specific 16S rRNA gene target with 

an estimated size ≈ 460 bp. PCR amplification was performed on DNA prepared from 

the cell cultures at the indicated time-points post inoculation with R. raoultii. Lane 1: 

100 bp DNA ladder, Lane 2 & 3: R. raoutlii inoculum, Lane 4: IDE8 Day 7, Lane 5: 

RSE / PILS35 Day 13. Univ
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Table 4. 2: Blastn results of tick-specific 16S rRNA gene amplicon (350 nt) from DNA 

extracts of I. scapularis-derived IDE8 and Rh. sanguineus-derived RSE / PILS35 cell 

cultures post inoculation with semi-purified R. raoultii. 

Sample Tick species strain / % nucleotide identity 

with tick-specific 16S rRNA gene 

GenBank accession 

number  

Semi-purified 

R. raoultii 

inoculum 

(Prepared from 

infected BME / 

CTVM23 

cultures) 

Rh. microplus isolate PB012 / 100 % MN650726.1 

Rh. microplus isolate DM024 / 100 % MN650725.1 

Rh. microplus isolate 

16S_Rm_CayoCoco_Cuba / 100 % MT462222.1 

Rh. microplus clone TickCU610MRm / 100 

% MN880401.1 

IDE8 

Day 7 Post 

Inoculation 

I. scapularis strain Is-63 / 100 % HG916788.1 

I. scapularis voucher 20170605-176 / 100 % MG242325.1 

I. scapularis cell-line IDE12 / 100 % EF636465.1 

I. scapularis cell-line IDE8 / 100 % EF636464.1 

RSE / PILS35 

Day 13 Post 

Inoculation 

Rh. sanguineus / 100 % MF805004.1 

Rh. sanguineus isolate C2 / 100 % KX553961.1 

Rh. sanguineus sensu lato Rs3 / 100 % KU498301.1 

Rh. sanguineus isolate Fra / 100 % KT382452.1 
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4.2 Infection rates of R. raoultii in tick cell cultures  

Two cultures for each cell line were infected with the bacterial stock produced 

from Section 4.1.3. Giemsa-stained cytocentrifuge smears from two separate R. raoultii-

infected cultures for each cell line were observed respectively at the indicated time points 

from 0 to 18 d.p.i. (Section 4.2.1). The infection rates of R. raoultii in BME / CTVM23, 

IDE8 and RSE / PILS35 cell lines were then determined by calculating the [the number 

of infected cells x 100] divided by the total number of cells (at least 200 cells examined 

for each sample) on Giemsa-stained cytocentrifuge smears (Section 4.2.2). 

 

4.2.1 Microscopic observation of Giemsa-stained cytocentrifuge smears of R. 

raoultii-infected BME / CTVM23, IDE8 and RSE / PILS cells  

The size of uninfected BME / CTVM23 and IDE8 cells on Giemsa-stained 

cytocentrifuge smears ranged from 10 – 20 µm (Figures 4.6 A, 4.7 A, 4.10 A and 4.11 

A). However, uninfected RSE / PILS35 cells appeared to have a larger range in sizes, 

from 10 – 50 µm (Figures 4.8 A and 4.9 A).  There was no observable difference in the 

size of the cells before and after infection with R. raoultii. Pleiomorphic rickettsiae-like, 

with a mixture of short rods and cocci, were observed in the cytoplasm of the tick cells 

after infection with R. raoultii (Figures 4.6 B - G – 4.7 B - G and 4.8 B - D – 4.11 B - D). 

No bacteria were observed in the cells before the infection with R. raoultii (Figures 4.6 

A – 4.11 A).  

Rickettsiae-like bacteria started to be observed on both cultures of R. raoultii-

infected BME / CTVM23 (cultures 1 and 2) on 3 d.p.i. (Figures 4.6 B and 4.7 B). 

However, at this point, not many cells were infected with most of the bacteria were still 

extracellular (Figures 4.6 B and 4.7 B). There appeared to be more infected cells and 
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bacteria observed in the cell cytoplasm of both cultures when observed in the periods 

between 5 d.p.i. to 12 d.p.i. (Figures 4.6 C - F and 4.7 C - F). All the cells in both cultures 

were infected by 15 d.p.i. (Figures 4.6 G and 4.7 G). Large numbers of bacteria can be 

found outside the cells together with cell cytoplasm degradation by 18 d.p.i. (Figures 4.6 

H and 4.7 H). 
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Figure 4. 6: Giemsa-stained cytocentrifuge smears of R. raoultii-infected BME / CTVM23 cells (culture 1). A: before R. raoultii infection, B: 3 d.p.i., 

C: 5 d.p.i., D: 7 d.p.i., E: 10 d.p.i., F: 12 d.p.i., G: 15 d.p.i., H: 18 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. Univ
ers

iti 
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Figure 4. 7: Giemsa-stained cytocentrifuge smears of R. raoultii-infected BME / CTVM23 cells (culture 2). A: before R. raoultii infection, B: 3 d.p.i., 

C: 5 d.p.i., D: 7 d.p.i., E: 10 d.p.i., F: 12 d.p.i., G: 15 d.p.i., H: 18 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. 
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For R. raoultii-infected RSE / PILS35, the rickettsiae-like bacteria were readily 

observed inside the cell cytoplasm on 3 d.p.i. in both cultures (cultures 1 and 2) (Figures 

4.8 B and 4.9 B). More infected cells and bacteria inside the cell cytoplasm were seen 

between 3 d.p.i. (Figures 14 B and 15 B) and 7 d.p.i. (Figures 4.8 C and 4.9 C). A lot of 

infected cells were lysed and a large number of bacteria were seen outside the cells after 

10 d.p.i. and 14 d.p.i. for both cultures (Figures 4.8 D - E and 4.9 D - E).  
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Figure 4. 8: Giemsa-stained cytocentrifuge smears of R. raoultii-infected RSE / PILS35 cells (culture 1). A: before R. raoultii infection, B: 3 d.p.i., C: 

7 d.p.i., D: 10 d.p.i., E: 14 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. 

Univ
ers

iti 
Mala

ya



 98 

 

 

 
 
 

 
 

 
 

 

 

 

 

 

 

 
 

 

B A C 

D E 

Figure 4. 9: Giemsa-stained cytocentrifuge smears of R. raoultii-infected RSE / PILS35 cells (culture 2). A: before R. raoultii infection, B: 3 d.p.i., C: 

7 d.p.i., D: 10 d.p.i., E: 14 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. 
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For R. raoultii-infected IDE8 cells, the rickettsiae-like bacteria were started to be 

seen inside the cell cytoplasm on 3 d.p.i. (cultures 1 and 2) (Figures 4.10 B and 4.11 B). 

More infected cells and bacteria inside the cell cytoplasm were also observed on 7 d.p.i. 

(Figures 4.10 C and 4.11 C) in comparison to 3 d.p.i. (Figures 4.10 B and 4.11 B). A lot 

of bacteria were found outside the cells as many of the infected cells were already lysed 

after 10 d.p.i. and 14 d.p.i. for both cultures (Figures 4.10 D - E and 4.11 D - E).
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Figure 4. 10: Giemsa-stained cytocentrifuge smears of R. raoultii-infected IDE8 cells (culture 1). A: before R. raoultii infection, B: 3 d.p.i., C: 7 d.p.i., 

D: 10 d.p.i., E: 14 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. 
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Figure 4. 11: Giemsa-stained cytocentrifuge smears of R. raoultii-infected IDE8 cells (culture 2). A: before R. raoultii infection, B: 3 d.p.i., C: 7 d.p.i., 

D: 10 d.p.i., E: 14 d.p.i. Arrows indicate the presence of bacteria. Scale bars = 10 µm. 
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4.2.2 Infection rate curves for R. raoultii in BME / CTVM23, IDE8 and RSE / PILS 

cell cultures  

The percentage of infected cells in BME / CTVM23 cell cultures (cultures 1 and 

2) increased exponentially from 0 d.p.i. to 12 d.p.i.. By 5 d.p.i., 56.9 % and 65 % of the 

BME / CTVM23 in culture 1 and culture 2 already been infected. Followed by on 10 

d.p.i., 84.5 % of the cells in BME / CTVM23 (culture 1) and 94.5 % of the cells in BME 

/ CTVM23 (culture 2) were observed to be infected. By 12 d.p.i., 100 % of BME / 

CTVM23 cells from culture 2 and 98 % from culture 1 were infected. By 15 d.p.i., both 

cultures were already 100 % infected (Figure 4.12). 

 

 

  

Figure 4. 12: Infection rate curve of R. raoultii-infected BME / CTVM23 cells for two 

different cultures (cultures 1 and 2). The infection rates were established based on the 

percentage of infected cells out of 200 to 300 cells counted at the indicated days after 

infection as visualized in Giemsa-stained cytocentrifuge smears. 
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The percentage of infected cells in both RSE / PILS35 cell cultures (cultures 1 

and 2) increased exponentially from 0 d.p.i. until 10 d.p.i. On 3 d.p.i., 24 % and 33 % of 

the RSE / PILS35 cells observed in Giemsa-stained cytocentrifuge smears from culture 1 

and culture 2 were infected. By 10 d.p.i., the number of infected cells in RSE / PILS35 

from culture 1 and culture 2 were increased to 96.9 % and 98.6 %, respectively. In 

continuous, 100 % of the cells in both cultures were observed to be infected by 14 d.p.i. 

(Figure 4.13).  

 

  

Figure 4. 13: Infection rate curve of R. raoultii-infected RSE / PILS35 cells for two 

different cultures (cultures 1 and 2). The infection rates were established based on the 

percentage of infected cells out of 200 to 300 cells counted at the indicated days after 

infection as visualized in Giemsa-stained cytocentrifuge smears. Univ
ers

iti 
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A lag phase pattern of the infection rate was observed from 0 d.p.i. to 3 d.p.i. in 

both IDE8 cell cultures (cultures 1 and 2). Followed by an exponential increase in the 

percentage of the infected cells from 3 d.p.i. to 10 d.p.i. By 10 d.p.i., 93 % and 96 % of 

the IDE8 cells from culture 1 and 2 was already infected. Subsequently, 100 % of the 

cells in both cultures were observed to be infected on 14 d.p.i. (Figure 4.14).  

  

Figure 4. 14: Infection rate curve of R. raoultii-infected IDE8 cells for two different 

cultures (cultures 1 and 2). The infection rates were established based on the percentage 

of infected cells out of 200 to 300 cells counted at the indicated days after infection 

visualized in Giemsa-stained cytocentrifuge smears. 
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4.3 Replication kinetics of R. raoultii in tick cell cultures  

To better understand the replication kinetics of R. raoultii in the separate tick cell 

cultures, the copy number of R. raoultii at the indicated time points, d.p.i. was determined 

by qPCR based on the rickettsiae-specific gltA gene. Besides, the copy number of tick-

specific rpl6 gene at the different time points post infection was also quantified to monitor 

the number of tick cells in the cultures.  

 

4.3.1 Confirmation of recombinant plasmid DNA containing rickettsiae gltA gene 

after E. coli transformation  

To quantify the rickettsiae gltA target gene in the infected cultures, the target gene 

sequence was synthesized in a recombinant plasmid DNA. The presence and the size of 

the recombinant plasmid DNA (pIDTSmart Amp vector and partial rickettsiae gltA gene 

sequence) extracted from three different E. coli TOP10F´ colonies after transformation 

were visualized on a 1.2 % AGE (Figure 4.15). The total size of the recombinant plasmid 

DNA was estimated to be around 2133 bp (2056 bp of pIDTSmart Amp vector plus 74 

bp of rickettsiae-specific gltA gene). All three bands from the extracted recombinant 

plasmid DNA were at the correct size, as shown in Figure 4.15. This result indicated the 

successful transformation of recombinant plasmid DNA into E. coli TOP10F´.  

The higher molecular weight bands observed in the AGE (Red arrow) suggested 

the presence of nicked plasmid DNAs that formed when one of the double-stranded 

plasmid DNA was broken, creating large floppy circular plasmid DNA that migrates the 

slowest in an AGE (Figure 4.15). Conversely, the faint bands observed at the lower 

molecular weight (Green arrow) in the AGE indicated the presence of permanently 

denatured plasmid DNA (Figure 4.15).  

Univ
ers

iti 
Mala

ya



 106 

 

 

Figure 4. 15: AGE (1.2 %) illustrating uncut extracted recombinant plasmid DNA (pIDT-

Smart Amp vector and rickettsiae gltA gene) with an estimated size of 2133 bp (Black 

arrow), nicked plasmid DNA with higher molecular weight (Red arrow) and circular, 

single-stranded plasmid DNA (Green arrow). The recombinant plasmid was extracted 

from three different single E. coli TOP10F´ colonies. Lane 1: 1 kb DNA ladder, Lane 2: 

Colony 1, Lane 3: Colony 2, Lane 4: Colony 3. 

  Univ
ers

iti 
Mala

ya



 107 

4.3.2 Concentration of the recombinant plasmid DNA and copy number calculation  

The pIDTSmart Amp gltA recombinant plasmid preparations were checked for 

concentration and purity using Nanodrop™ 2000 / 2000c spectrophotometer. The 

concentration of the extracted recombinant plasmid DNA ranged from 7.32 × 104 to 9.34 

× 104 ng/ml, and the quantification of the rickettsiae gltA gene copy number in the plasmid 

preparation was within 1.22 × 1013 to 1.70 × 1013 copies/ml (Table 4.3). The A260 / A280 

ratio of the plasmid DNA extracted from all three colonies ranged from 1.76 to 1.91, 

suggesting the plasmid DNA preparations were pure from contamination. The 

recombinant plasmid DNA was then used to construct the standard curve by qPCR in the 

next section. 

 

Table 4. 3: Concentration, purity and copy number of extracted recombinant plasmid 

DNA. 

Colony Concentration 

(ng/ml) 

A260/A280 ratio A260/A230 ratio Copy no (gene 

copies/ml) 

1 8.16 × 104 1.87 1.90 1.69 × 1013 

2 7.32 × 104 1.89 1.76 1.22 × 1013 

3 9.34 × 104 1.90 1.91 1.70 × 1013 
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4.3.3 Establishing the copy number range for the rickettsiae gltA qPCR standard 

curve 

The appropriate range of rickettsiae gltA DNA copy numbers for constructing the 

standard curve was determined in multiple qPCR runs by trying different possible ranges 

of DNA copies, as shown in Table 4.4. In the 1ST Run, the copy number ranging from 1 

× 103 to 1 × 108 copies/ml was used; however, no amplification was detected at 1 × 105 

copies/ml and below. In the 2ND Run, the copy number ranging from 1 × 108 to 1 × 1013 

copies/ml was used to determine the upper limit for the DNA copy number that could be 

detected. The result showed that the amplification could be detected up to 1 × 1013 

rickettsiae copies/ml with a Ct value of 9.10.  

Next, in the 3RD Run, the qPCR with the low copy numbers was repeated to 

confirm the lower limit. The copy number range from 1 × 103 to 1 × 1013 copies/ml was 

used to determine. However, no amplification was detected in 1 × 103 copies/ml, and the 

lower limit was detected at 1 × 105 rickettsiae copies/ml with a Ct value of 40.91.  

In the 4TH Run, the copy number ranging from 1 × 105 to 1 × 1013 copies/ml was 

used. The lowest Ct value of 8.60 was detected for 1 × 1013 rickettsiae copies/ml in the 

4TH run, which was consistent with the 2ND and 3RD Run result. A standard curve was 

then plotted using the results from the 4th Run, with the copy numbers ranging from 1 x 

105 to 1 x 1013 copies/ml (Figure 4.16). The coefficient of determination (R2) for the 

standard curve was 0.9948. The high R2 value showed a good correlation between the 

gltA target copy number and Ct values. Therefore, the range of 1 x 105 to 1 x 1013 

copies/ml was for the standard curves in the qPCR for determining the replication kinetics 

of R. raoultii infection in the separate tick cell cultures. 
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Table 4. 4: Range determination of rickettsiae DNA standard calibration curve. 

DNA copies/ml 
Ct value 

1ST RUN 2ND RUN 3RD RUN 4TH RUN 

1 × 1013 - 9.10 8.70 8.60 

1 × 1012 - 13.68 - 13.48 

1 × 1011 - 17.61 17.20 17.40 

1 × 1010 - 21.73 - 21.13 

1 × 109 - 23.90 23.15 23.82 

1 × 108 27.06 27.98 - 28.02 

1 × 107 31.28 - 30.87 30.57 

1 × 106 36.42 - - 36.12 

1 × 105 N/A - 40.91 40.51 

1 × 104 N/A - - - 

1 × 103 N/A - N/A - 
N/A: No amplification 
-: Not included in the Run 
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Figure 4. 16: Rickettsiae-specific gltA gene target standard curve for quantification of 

rickettsiae-specific gltA gene by qPCR. A pIDTSmart (Amp) plasmid vector containing 

the gltA gene sequence was serially diluted (from 105 to 1013 copies/ml) and served as 

the standard reference. R2 value represents the coefficient of determination. Each data 

point represents the mean of 2 technical replicates. 
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4.3.4 Tick rpl6 gene target qPCR standard curve  

For the quantification of tick single-copy nuclear rpl6 copy numbers on the 

different days' post infection, qPCR was performed using a standard curve with a tenfold 

dilution series of the gene target copy number ranging from 5 x 10-1 to 5 x 106 copies / 

µl. The coefficient of determination (R2) for the standard curve was 0.9963.  

 

 

  

Figure 4. 17: Standard curve for the quantification of tick-specific rpl6 gene by qPCR. 

The synthetic oligonucleotide based on the rpl6 gene sequence was serially diluted (from 

5 x 10-1 to 5 x 106 copies / µl) and served as the standard reference. R2 value represents 

the coefficient of determination. Each data point represents the mean of 2 technical 

replicates. Univ
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iti 
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4.3.5 Rickettsiae gltA and tick rpl6 qPCRs for R. raoultii-infected BME / CTVM23 

cell cultures  

The number of R. raoultii, as represented by the copy numbers of the rickettsiae-

specific gltA gene target, in each of the BME / CTVM23 cultures (cultures 1 and 2) are 

shown in Figure 4.18 A. Approximately 2.63 x 109 DNA copies of R. raoultii were used 

to initiate infections in both BME / CTVM23 cell cultures (cultures 1 and 2), as indicated 

on 0 d.p.i. in Figure 4.18 A. The curve for both BME / CTVM23 cell cultures 

demonstrates an exponential increase from 0 to 15 d.p.i., a subsequent declining phase 

from 15 to 18 d.p.i. and remained low until the end of the experiment (Figure 4.18 A).  

The mean generation time for R. raoultii in BME / CTVM23 cells was 2.2 days. 

On 15 d.p.i., the highest mean copy number was recorded, at 1.04 × 1011 copies/ml 

representing an approximately 39.5 fold increase compared to the inoculum. 

Concurrently, a gradual decrease in the tick cell numbers, as represented by the 

rpl6 target copy numbers was observed in both R. raoultii-infected BME / CTVM23 cell 

cultures (cultures 1 and 2) from 3 d.p.i. to 15 d.p.i. (Figure 4.18 B). Then followed by a 

steeper decline as infected cells began to die (Figure 4.18 B). 
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A 

B 

Figure 4. 18: (A) Replication kinetics of R. raoultii in two separate BME / CTVM23 cell 

cultures (cultures 1 and 2) based on the copy number of rickettsiae-specific gltA gene. (B) 

Tick cells copy numbers at different time-point of infection based on the amplification of 

the tick-specific rpl6 gene in two different BME / CTVM23 cell cultures (cultures 1 and 

2).   
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4.3.6 Rickettsiae gltA and tick rpl6 qPCRs for R. raoultii-infected RSE / PILS35 cell 

cultures  

The number of R. raoultii as represented by the gltA target copy numbers in two 

separate cultures of RSE / PILS35 cells (cultures 1 and 2) are shown in Figure 4.19 A. 

Approximately 6.85 x 107 DNA copies/ml of R. raoultii were used to initiate infections 

in both RSE / PILS35 cell cultures, as indicated at 0 d.p.i. in Figure 4.19 A.  

The curve for both RSE / PILS35 cell cultures demonstrates an initial lag phase 

from 0 to 3 d.p.i. Followed by an increase in the gltA target copies from 3 d.p.i. to 14 

d.p.i. and a subsequent decrease from 14 d.p.i. to 17 d.p.i. in culture 1. On the other hand, 

in culture 2, the exponential increase in the gltA target copies from 3 to 10 d.p.i. was 

followed by a stationary phase between 10 to 14 d.p.i. and a subsequent decrease from 14 

d.p.i. to 17 d.p.i. The R. raoultii generation times were calculated to be 2.6 and 1.6 days 

in culture 1 and 2, respectively.  

On 14 d.p.i., the highest mean copy number was recorded, at 2.54 × 109 copies/ml 

representing an approximately 37.1-fold increase compared to the inoculum. In parallel, 

tick cell numbers remained relatively stable from 3 to 7 d.p.i. in both R. raoultii-infected 

RSE / PILS35 cell cultures and followed by a subsequent decline until 21 d.p.i. (Figure 

4.19 B). However, in RSE /PILS35 culture 1, an increase in the copy number of the rpl6 

gene was observed on day 14 d.p.i. (Figure 4.19 B). 
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Figure 4. 19: (A) Replication kinetics of R. raoultii in two separate RSE / PILS35 cell 

cultures (cultures 1 and 2) based on the copy number of rickettsiae-specific gltA gene. (B) 

Tick cells copy numbers at different time-point of infection based on the amplification of 

the tick-specific rpl6 gene in two different RSE / PILS35 cell cultures (cultures 1 and 2). 
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4.3.7 Rickettsiae gltA and tick rpl6 qPCRs for R. raoultii-infected IDE8 cell culture

 R. raoultii numbers in two separate cultures of IDE8 cells (cultures 1 and 2), as 

represented by the rickettsiae-specific gtlA target copy numbers are shown in Figure 4.20 

A. Approximately 2.46 x 108 DNA copies of R. raoultii were used to initiate infections 

in both IDE8 cell cultures, as indicated on 0 d.p.i. in Figure 4.20 A.  

R. raoultii grew rapidly in both IDE8 cell cultures, and the curve demonstrates an 

initial short lag phase from 0 d.p.i. to 3 d.p.i. Followed by an exponential increase in gltA 

copy numbers from 3 d.p.i. to 7 d.p.i., a subsequent stationary phase from 7 to 14 d.p.i., 

and a declining phase from 14 d.p.i. to 17 d.p.i. that remained low until 21 d.p.i. in both 

cultures (Figure 4.20 A). The mean generation time for R. raoultii in IDE8 cells was 0.9 

day. On 14 d.p.i., the highest mean copy number was recorded, at 2.71 × 1010 copies/ml 

representing an approximately 110.1-fold increase compared to the inoculum. 

Simultaneously, a gradual decrease in the tick cell numbers as represented by the rpl6 

target copy number was observed in both R. raoultii-infected IDE8 cell cultures from 3 

to 14 d.p.i., followed by a steeper decline until 21 d.p.i. as infected cells began to die 

(Figure 4.20 B). 
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Figure 4. 20: (A) Replication kinetics of R. raoultii in two different IDE8 cell cultures 

(cultures 1 and 2) based on the copy number of rickettsiae-specific gltA gene. (B) Tick 

cells copy numbers at different time-point of infection based on the amplification of the 

tick-specific rpl6 gene in two different IDE8 cell cultures (cultures 1 and 2). 
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CHAPTER 5: DISCUSSION 

The data presented in this study showed that R. raoultii is able to infect and 

propagate in the Rh. microplus-derived BME / CTVM23, Rh. sanguineus-derived RSE / 

PILS35 and I. scapularis-derived IDE8 cell lines. The BME / CTVM23 cell line was 

chosen for this study for the reason that the R. raoultii strain used was primarily isolated 

in this line (Palomar, A. M. et al., 2019). The RSE / PILS35 cells were used because R. 

raoultii has been reported previously to be isolated in another cell line derived from Rh. 

sanguineus tick species (Santibáñez, S. et al., 2015). The I. scapularis cell lines are 

identified to be permissive to infection with North American Rickettsia species (Kurtti, 

T. J. et al., 2015; Kurtti, T. J. et al., 2005; Munderloh, U. G. et al., 1998; Policastro, P. F. 

et al., 1997; Pornwiroon, W. et al., 2006); the IDE8 line was used to study whether I. 

scapularis cells were able to support replication of the Eurasian species R. raoultii. The 

presence of noticeable cytopathic effect was observed in all infected tick cells in this 

study. However, a previous study by (Palomar, A. M. et al., 2019) has shown that R. 

raoultii caused almost no cytopathic effects in primary D. marginatus cell cultures, 

despite this species being one of the main arthropod vectors of the bacterium.   

The infection rate curves showed that the percentage of infected cells in all three 

cell lines increased steadily from less than 40 % at 3 d.p.i. to 100 % of the cells at the end 

of the observation period. Since the quantification of bacteria from Giemsa-stained 

cytocentrifuge smear is difficult due to the variable number of bacteria infecting a single 

cell, it is necessary to perform qPCR alongside to determine the growth of bacteria in the 

infected cells. 

Admittedly, the Giemsa stain is not well suited for identifying minor changes in 

morphology. However, there is no indication that rickettsiae are released into the 

extracellular as a result of mass host cell death. Rather than that, the morphological 
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observations support the concept that R. raoultii has a strong tendency to escape from the 

cytoplasm of infected cells into the extracellular environment and to enter other cells, at 

least in the first 3 to 5 days of incubation. A similar observation of R. rickettsii bacteria 

was observed in chicken embryos and L929 cells, in which cell destruction was observed 

together with an increasing number of extracellular Rickettsia (Wisseman, C. et al., 1976). 

Generally, the replication kinetics for bacteria can be represented by four common 

phases; lag phase, exponential phase, stationary phase and death phase (Fenollar, F. et al., 

2003). These growth phases could be seen in both infected IDE8 cultures and one of the 

infected RSE / PILS35 cultures. Similar replication kinetics of R. raoultii and R. rickettsii 

bacteria were observed in Vero cells, in which all four phases were observed (Eremeeva, 

M. E. et al., 2003; Špitalská, E. et al., 2012). In contrast, the stationary phase was not 

detected in either of the infected BME / CTVM23 cultures and one of the RSE / PILS35 

cultures. For intracellular bacteria such as R. raoultii, the death phase may occur when all 

cells in the culture are infected and begin to die. This could be observed in the decline of 

the tick cell copy numbers and the onset of the bacterial death phase after 100 % of the 

cells were infected in all three cell lines. The high bacterial numbers appear to have 

promoted cell death very quickly in these cells and prevented the occurrence of a 

stationary phase in the BME / CTVM23 and RSE / PILS35 cultures.  

An initial lag phase in R. raoultii copy numbers early in the infection was observed 

in both infected RSE / PILS35 and IDE8 cultures. This observation may represent the 

adaptation of the bacteria to the host cell during the lag phase. The presence of a lag phase 

after the introduction of the bacterial inoculum was consistent with other studies of 

replication kinetics for different Rickettsia spp. in mammalian cell lines. These include 

lag phases of seven days for R. raoultii (Špitalská, E. et al., 2012), two days for R. 

helvetica (Elfving, K. et al., 2012) and one day for R. rickettsii (Eremeeva, M. E. et al., 

2003) during infection of Vero cells, six days for R. raoultii during infection of L929 cells 
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(Špitalská, E. et al., 2012), and 7.5 hours for R. prowazekii during infection of embryonic 

chicken cells (Wisseman, C. et al., 1976). The variable lengths of the lag phase for the 

different rickettsial species may be influenced by how the bacteria adapt to the different 

cell lines and the culture conditions. In addition, the length of the lag phase may also be 

dependent on the bacterial growth phase from which they were isolated for use in the 

infection (Marcelino, I. et al., 2005). On the other hand, the lag phase was not detected in 

either infected BME / CTVM23 culture. The absence of a lag phase may be because the 

bacteria was originally propagated in BME / CTVM23 cells, hence it was already 

accustomed to growth in this cell line.  

The mean lengths of the exponential phase for R. raoultii infection in tick cells, 

ranging from four to twelve days, were observed to be longer than the reported lengths of 

the exponential phase during R. raoultii and R. slovaca infections in mammalian cells 

(Boldiš, V. et al., 2010; Špitalská, E. et al., 2012). Apart from IDE8, the generation times 

for R. raoultii in the infected tick cultures ranged from 1.6 to 2.2 days, which are also 

greater than the generation times reported for R. raoultii and R. slovaca in mammalian 

cells, which ranged from 20 to 22 hours (Boldiš, V. et al., 2010; Elfving, K. et al., 2012). 

The discrepancies observed in the growth rates of the Rickettsia species could be due to 

two possible explanations. Firstly, the infected tick cell cultures were maintained at a 

lower temperature compared to the usual incubation temperatures for the infected 

mammalian cells in previous studies, which could have influenced the growth rate of the 

bacteria. A recent report showed that Candidatus Rickettsia vini induced cell death in tick 

and Vero cells at approximately the same rate at incubation temperatures of, respectively, 

28 °C and 32 °C (Al-Khafaji, A. M. et al., 2020). Secondly, there may be a possible 

variation in the interaction between the rickettsiae and the different cell lines.  
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The increase of R. raoultii copies observed during infection also varied between 

the tick cell lines tested in our study. Compared to the starting inoculum in IDE8 cultures, 

the overall increase in bacterial numbers appeared to be greater than in BME / CTVM23 

and RSE / PILS35 cultures (i.e. 101.1 times vs 39.5 and 37.1 times). This observation 

suggests that R. raoultii bacteria were able to multiply to high numbers in IDE8 cells. 

Furthermore, a stationary phase lasting up to seven days could be observed in the infected 

IDE8 cultures, and there was only a marginal decline in the tick cell copy numbers during 

this phase. This suggests that IDE8 cells may be more tolerant than the other two cell 

lines of heavy bacterial burden before the onset of cell death in the culture conditions 

used.  

However, differences in seeding cell densities between different cell lines, ranging 

from 2 to 6 × 106 cells / ml, might cause the variation in the growth of R. raoultii in the 

different cell lines. However, the same number of optimum cell densities after two weeks 

of incubation was unable to be achieved due to different behaviour in cell lines seeded on 

a cell culture tube. The seeding cell densities of the IDE8 cells used in this study were 

between seeding cell densities of IDE8 cells used to study the growth of TBEV (5 × 105 

cells / ml of IDE8 cells) C. burnetii (1 × 107 cells / ml of IDE8 cells) (Herrin, B. et al., 

2011; Weisheit, S. et al., 2015). Until now, no seeding cell densities for BME / CTVM23 

and RSE / PILS35 cell lines have been reported for bacteria or virus growth studies.  

One of this study's limitations is the difference in the number of starting bacteria 

used to start the infection in different cell lines. Bacteria stock in respective cell line were 

prepared by directly cryopreserved the infected cell culture suspension with DMSO in 

liquid nitrogen. The number of bacteria in the cryopreserved bacteria stock was then 

quantitated by qPCR targeting the rickettsiae glta gene. Hence, it was impossible to know 

the number of bacteria prior to infection. Nevertheless, this study determined the number 

of starting bacteria used for infection in different cell lines based on the infection time 
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frame. The infection time frame for all tick cell lines (from day 0 to terminal infection) 

was recorded within 15 days. Therefore, the cryopreserved bacterial stock was diluted 

using culture media at 1: 20 for IDE8 and 1: 10 for RSE / PILS35.  
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CHAPTER 6: CONCLUSION 

In conclusion, this study has shown that R. raoultii is able to infect and propagate 

in Rh. microplus-derived BME / CTVM23, Rh. sanguineus-derived RSE / PILS35 and I. 

scapularis-derived IDE8 cell lines represent three species of prostriate and metastriate 

ticks not recognized to harbour this bacterium in nature. Besides, this study has further 

shown the growth kinetics of R. raoultii in these cell lines. The observations include 

longer generation times and exponential phase, as well as a higher level of bacterial 

multiplication in tick cell lines in comparison to the reported observations in mammalian 

cells from previous studies.  

However, more experiments are still necessary to study the effect of the variation 

of incubation temperatures against bacterial growth. Following the same culture 

conditions in all infected tick cell cultures, IDE8 cells showed to be able to tolerate higher 

R. raoultii multiplication levels and infection burden compared to the two metastriate tick 

cell lines. Further studies will be needed to determine if the same observations are made 

under variable culture conditions and to study if the phenotypic and genotypic differences 

between the tick cell lines affect the R. raoultii growth rates. 

It is also necessary to note that the tick cell lines utilized in this research did not 

establish from the natural vector for R. raoultii and thus do not represent the natural host 

for this bacteria. However, these cell lines will still be valuable for studying arthropod-

pathogen interactions, particularly when the continuous cell lines from any of the natural 

arthropod vectors are absent. Further study into the interaction between R. raoultii and 

the vector arthropod at the molecular and cellular level is important in understanding the 

maintenance of R. raoultii among the tick population and the ecology of tick-borne 

rickettsial diseases.     
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