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Abbreviations
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iRBCs
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RNA
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% percentage
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General introduction

1. Babesiosis

Babesiosis i1s a tick-transmitted, zoonotic disease caused by hematotropic
parasites of the genus Babesia (Marathe et al., 2005). Babesia parasites are the second
most common and widespread blood parasites in the world, after trypanosomes,
Babesia parasites consequently have considerable worldwide medical, economic and

veterinary impact (Singh et al., 2014).

So far, more than 100 Babesia species have been described which infect many
types of mammalian hosts, even in several kinds of birds (Chauvin et al., 2009). The
host range of B. microti and B. divergens are wide, from small mammals to humans.
Clinical symptoms of human babesiosis usually include intense parasitemia with
neurological complications and sometimes fatal outcome (Skotarczak, 2008). B. equi
(Formerly Theileria equi) and B. caballi, naturally found in horses, lead to an acute
tick-borne hemolytic anemia in susceptible horses (Baldani et al., 2007; Malekifard et
al., 2014). B. bovis and B. bigemina are pathogens of cattle and other wild ruminants,
there is an acute hemolytic phase which is often fatal (Yu et al., 2013; Abdela and Jilo,
2016). B. canis and B. gibsoni are worldwide distributed, which are the most
widespread Babesia species in dogs and lead to fever, jaundice, hemoglobinuria and

anemia (Yao et al., 2014; Bhaskaran Ravi et al., 2016).

Babesia parasites require both of vertebrate and non-vertebrate host to maintain
transmission cycles (Duh et al., 2001; Rudolf et al., 2005; Kusakisako et al., 2015).

After the first report, the increasing reported cases of babesiosis may be due to the rise
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in actual incidence, as well as the enhanced awareness of this disease. Despite of
advances in prevention and diagnosis which result in the extensive research and a
greater understanding of this disease, it still have significant economic and medical

impacts (Homer et al., 2000).

2. Life cycle of Babesia parasites

Babesia parasites are vector-borne protozoa transmitted by arthropod, the life
cycle of Babesia parasites are including asexual multiplication in vertebrate blood
cells, sexual reproduction in the vector and consists of production of sporozoites in
the salivary glands of the vector (Boustani and Gelfand, 1996; Chauvin et al., 2009).
Thus, Babesia are considered to be a hemoprotozoan genus that is specifically

adapted to use ticks as vectors (Gondard et al., 2017).

Babesia parasites have two hosts, the vertebrate host and tick vector. The
network among ticks, vertebrates and parasites constitute complex system (Chauvin
et al., 2009). Transmission of Babesia parasites from one host to another takes place
through direct tick-host contact, normally, the contact is accomplished by the bite of
Babesia-infected ticks, the natural transmission between the tick and host needs 2
weeks, which is depending on the species and stage of ticks (larva, nymph or adult).
After the parasites were introduced to tick salivary as a sporozoite form, it may
persist asymptomatically in the host for several years (Vannier et al., 2015; Scott and

Scott, 2018).

3. Canine babesiosis
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Canine babesiosis is a significant tick-borne disease caused by various species of
the protozoan genus Babesia. Both the large and small forms of Babesia species (B.
canis, B. vogeli, B. rossi, B. gibsoni, B. conradae and B. vulpes) infect dogs, and their
transmission, clinical signs, treatment, geographical distribution and prognosis vary

widely for each species (Halos et al., 2014; Solano-Gallego et al., 2016).

Clinical symptoms of canine babesiosis vary depending on the strains and
species involved, and also the host's response to infection such as individual immune
status, age and the presence of concurrent infections or other diseases (Birkenheuer et
al., 1999; Jacobson, 2006). Hemolytic anemia with systemic inflammatory response
and erythrocyte destruction, which may lead to organ dysfunction, account for most of
the clinical signs observed in canine babesiosis (Baneth, 2018). Canine babesiosis
onset is often acute with affected dogs suffering from fever and lethargy, thereafter
may display clinical symptoms, such as hepatic, pulmonary, kidney or cerebral
dysfunction, anemia and hemostatic abnormalities including electolyte imbalances

and coagulation (Leisewitz et al., 2001; Eichenberger et al., 2016).

4. Babesia gibsoni

B. gibsoni is the most common causative agent of canine babesiosis in Asian
countries (Liu et al., 2016), including Japan, Korea, Malaysia and Taiwan (Inokuma
et al., 2004; Miyama et al., 2006; Lee et al., 2009; Mokhtar et al., 2013). Recently, B.
gibsoni has also been reported in China (Cao et al., 2015; He et al., 2017; Lin et al.,
2017; Zheng et al., 2017), Bangladesh (Terao et al., 2015) and India (Abd Rani et al.,
2011; Laha et al., 2014; Mandal et al., 2014, 2015). B. gibsoni infected dogs display

serious clinical signs, including remittent fever, hemoglobinuria, progressive anemia,
3
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marked splenomegaly and hepatomegaly, even sometimes resulting in mortality

(Wozniak et al., 1997; Goo et al., 2008; Imre et al., 2013).

Transmission of B. gibsoni in fighting dogs was thought to be occurred by biting
wounds, rather than by tick bites (Ikadai et al., 2004). However, there is a report of
the tick infestation, which is the most dominant risk factor for B. gibsoni infection.
The other routes of B. gibsoni transmission, includes vertical transmission, which is
important in ordinary dogs in Japan (Fukumoto et al., 2005; Konishi et al., 2008).
Because efficacious drugs and reliable rapid diagnostic kits yet to be developed
(Irwin, 2009), there is need regarding further explore to the genome of B. gibsoni for
potential vaccine and diagnostic antigens. However, the success of such approach
will depend largely on identifying immunoprotective antigens that are stable against

especially positive selection pressure (Fukumoto et al., 2003; Fukumoto et al., 2004).

5. Genetic manipulation of apicomplexan parasites

The initial reports on the successful establishment of transfection to the
apicomplexan parasites were the description of transient and stable transfection
methods for Plasmodium parasites and Toxoplasma gondii (Goonewardene et al.,
1993; Kim et al.,, 1993; Soldati and Boothroyd, 1993; van Dijk et al., 1995).
Subsequently, transient and stable transfection systems were developed for Neospora
caninum (Howe and Sibley, 1997), Eimeria tenella (Kelleher and Tomley, 1998), T.
annulata (Adamson et al., 2001), B. bovis (Suarez and McElwain, 2009),
Cryptosporidium parvum (Li et al., 2009), T. parva (De Goeyse et al., 2015) and B.

ovata (Hakimi et al., 2016).
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In general, transient transfection method is designed to introduce and express
exogenous gene, usually in the episomal plasmid, into a nucleated parasite in a
non-stable manner. Thus, the introduced plasmid nucleic acid does not integrate into
the genome of the target cells, and the transfected genes will not be replicated
(Suarez et al., 2017). In contrast, stable transfection method is stably integrated
exogenous gene into the parasite genome and expressed for an exogenous gene long
period of time, or in some cases, it is maintained as extra-chromosomal replicating

episomes (de Koning-Ward et al., 1999).

Recently, CRISPR/CAS9 system has been successfully applied to P.
falciparum, T. gondii and C. parvum (Vinayak et al., 2015; Sidik et al., 2016; Kuang
et al., 2017). The CRISPR is derived from clustered regularly-interspaced short
palindromic repeats, which are part of an endonuclease from archaebacteria (Rath et
al., 2015; Duan et al., 2016; Wright et al., 2016; Shmakov et al., 2017). The bacterial
immune system provides RNA-mediated immunity against viruses and plasmids
based on copying and specifically cleaving exogenous genetic materials (Karginov
and Hannon, 2010; Barrangou, 2015). Overall, CRISPR/CAS9 is shown to be an
efficient and specific tools for gene editing, and due to its high efficiency,
CRISPR/CAS9 gradually replace the traditional gene method using homologous

recombination mechanisms (Bortesi and Fischer, 2015; Price et al., 2015).

6. Genetic manipulation of Babesia parasites

The first study on the successful application of transient transfection was
reported in B. bovis. The study described exogenous gene expression in B. bovis

promoted by both rhoptry associated protein-1 (rap-1) and elongation factor-1 alpha
5



General introduction

(ef-1a) (Suarez et al., 2004, 2006). In the following work, the researcher described
development and optimization of transfection method in B. bovis using both
Nucleofection (Amaxa) and conventional electroporation (Gene Pulser II, BioRad).
The optimal buffer (Plasmodium 88A6) and program (V-024) for Nucleofection
based on free merozoites with plasmid containing luciferase gene as a reporter were

determined (Suarez and McElwain, 2008).

The stable transfection system of B. bovis was established in 2009. A plasmid
was designed to integrate GFP-BSD gene into the B. bovis ef-la locus. B.
bovis-iIRBCs, biologically cloned Mo7 strain, were transfected with linear plasmid
and were selected in cultures with blasticidin for 24 hours after transfection.
Transfected parasite was selected for further analysis based on the GFP fluorescence

in the presence of blasticidin (Suarez and McElwain, 2009).

In 2016, a stable transfection system of B. ovata was established using the ef-/a
IG promoter for GFP expression and the actin 5' NR for expression of selectable
marker hDHFR. The plasmid was designed to be integrated by double cross-over
homologous recombination method into the ef-/a locus. Plasmid was transfected by
electroporation into in vitro cultured B. ovata and facilitated by drug selection with
WR99210 initiated 48 h after transfection. GFP-expressing parasites were observed
by fluorescence microscopy after one-week cultivation with WR99210 (Hakimi et

al., 2016).

Currently, B. bigemina transfection system was established using the identical
method for the stable transfection of B. bovis. Stably transfected B. bigemina was
obtained using a common transfection plasmid targeting the eGFP-BSD fusion gene
into the ef-/a locus of B. bigemina. Sequencing, immunoblotting, Southern blotting

6
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and immunofluorescence analysis of B. bigemina-iRBCs. Demonstrated that the
eGFP-BSD gene was expressed and was stably integrated solely into the ef-1a locus

of B. bigemina (Silva et al., 2018).

7. Aim of the present study

Genetic manipulation techniques, such as transfection, have been previously
reported in many protozoan parasites. In Babesia, stable transfection systems have
only been established for bovine Babesia parasites. The establishment of transfection
system for B. gibsoni is considered to be urgent to improve our understanding on the

basic biology of canine Babesia parasites and for control of canine babesiosis.

The objectives of the present study are as follows: (1) to establish a useful
transient transfection system of B. gibsoni, towards a stable transfection method of B.
gibsoni; (2) to identify and characterize of interchangeable cross-species functional
promoters between B. gibsoni and B. bovis; (3) to establish a stable transfection

system for B. gibsoni, towards a further genome editing of B. gibsoni.
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Chapter 1

Establishment of a transient transfection system for

genetic manipulation of Babesia gibsoni

1-1. Introduction

Babesia gibsoni is a tick-borne apicomplexan intraerythrocytic protozoan
parasite which causes piroplasmosis of dogs (Liu et al., 2016). During the asexual
phase of its life cycle occurring in the blood of the vertebrate host, B. gibsoni causes
serious clinical signs such as anemia, hemoglobinuria, remittent fever, marked

splenomegaly and hepatomegaly which may be fetal (Casapulla et al., 1998).

The difficulties in identifying B. gibsoni virulence factors and developing
successful therapies have been attributed in part to the lack of genetic manipulation
tools (Goo and Xuan, 2014). The development of these techniques have been reported
in many protozoan parasites, such as Plasmodium falciparum (Ganesan et al., 2011),
Toxoplasma gondii (Donald and Roos, 1993), Trypanosoma cruzi (Padmanabhan et
al., 2014), B. bovis (Suarez and McElwain, 2009; Asada et al., 2012;),
Cryptosporidium parvum (Vinayak et al., 2015), Theileria annulata (Adamson et al.,

2001), T. parva (De Goeyse et al., 2015), B. ovata (Hakimi et al., 2016), and B.
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bigemina (Silva et al., 2016). Application of transfection systems can lead to a better
understanding of host-parasite interactions, the mechanisms underlying drug
resistance and provides novel information for vaccine development and drug target

discovery.

Elongation factor-1 alpha (ef-1a) is a constitutively expressed and abundant
protein which is one of the key elements in eukaryotic protein translation (Suarez et
al., 2006). Because of its high level of transcription, especially bidirectional promoter
activity in Plasmodium and Babesia parasites (Vinkenoog et al., 1998; Hakimi et al.,
2016), this promoter was widely used for gene expression in Babesia spp., such as B.

bigemina and B. bovis (Suarez and McElwain, 2010; Silva et al., 2016).

1-2. Materials and methods

Parasite culture

B. gibsoni Oita strain (Sunaga et al., 2002) was cultured in vitro in 24-well
culture plates (Thermo Fisher Scientific, USA) at 37°C in a humidified CO, (5%) and
0, (5%) incubator (Bio-Lab, USA). The parasite was cultured in 10% canine red
blood cells (RBCs) suspended in RPMI-1640 medium supplemented with 20% canine

sera.

Animals

Beagle dogs (Nihon Nosan, Japan) were fed as donors for providing RBCs and

s€ra.

Plasmid constructs



Chapter 1

The schematic diagrams of plasmid pBS-ELA and pBS-EGA used in this study
are shown in Fig. 2a and 3a. First, the firefly luciferase and green fluorescent protein
(GFP) reporter genes were cloned into the pBluescript (pBS) back-bone plasmid,
respectively, using the In-fusion HD Cloning Kit (Takara, Japan). Subsequently, the B.
gibsoni 5'-intergenic (IG) region-B of the ef-/a gene (5'-ef-10a) and the 3'-untranslated
region (UTR) of the actin gene (3'-actin) were amplified by polymerase chain
reaction (PCR) and cloned into the upstream and downstream of the firefly luciferase
and GFP reporter genes, respectively (Fig. 1). The primer pairs (Table 1) was
designed based on B. gibsoni genome (unpublished data) and previous studies (Asada
et al., 2012; Hakimi et al., 2016). The constructed plasmids were purified using
Qiagen® Plasmid Midi Kit (Qiagen, Germany) according to the manufacturer's
instructions, and the DNA sequence was confirmed by sequencing before transfection.
The sequences of B. gibsoni 5'-ef-1a. and 3'-actin were deposited into the GenBank

database (accession numbers: KY 171741 and KY171742).

Transfection of parasites

For transfection of B. gibsoni, the pBS-ELA and pBS-EGA plasmids were
suspended in Tris—EDTA (TE, pH 8.0) buffer and parasite-infected red blood cells
(IRBCs) at 8% parasitemia, respectively. The optimization programs for transfection
were performed in 16-well Nucleocuvette strips (Fig. 2b and 2c¢) at a final volume of
20 pl. Parasite viability and transfection efficiency were assessed using a single
Nucleocuvette (Fig. 2d, 2e, 2f, 3b and 3c) at a final volume of 100 pl. The
plasmid-iRBCs mixtures were transfected using an Amaxa 4D Nucleofector™ device
(Lonza, Germany) (De Goeyse et al., 2015; Vinayak et al., 2015) and immediately

transferred into 1 ml of culture medium containing 10% fresh RBCs.

10
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Luciferase assay and GFP-expressing parasites confirmation

The luciferase activity was measured at 24, 48 and 72 hours post transfection
(hpt). The transfected iRBCs were spun down by centrifugation at 150 x g for 5 min
and the supernatant was removed. Infected-RBCs pellet was suspended in 10 times
volume of 0.8% NH4Cl and incubated for 10 min at room temperature (RT) to rupture
the erythrocytes. The cell pellet was then washed three times with PBS and spun
down at 15,000 x g for 5 min. The final parasite pellet was resuspended in 30 pl of
freshly-prepared Promega's 1X cell culture lysis reagent (Promega, USA) for the
luciferase analysis as described previously (Suarez et al., 2004). The pellet was
incubated for 15 min at RT for complete lysis and briefly centrifuged to remove any
cell debris. Twenty microliters of cell lysate was mixed with 100 pl of the luciferase
assay substrate (Promega, USA) and transferred in white 96-well plates. The mixture
was incubated for 10 min at RT and the luminescence measured for 10 s integration
interval by a GloMax®-Multi Detection System (Promega, USA). Hoechst 33342
(Sigma, USA) was used for confirming GFP-expressing parasites, while propidium
iodide (PI) (Sigma, USA) (Pacheco-Lugo et al., 2017) and Hoechst 33342 were used

for confirming parasite viability by fluorescence microscope (Keyence, USA).

Statistical analysis

Statistical analysis was performed by one-way ANOVA analysis of variance,
followed by Tukey's multiple comparison test for program optimization, and Student's

t-test were used for analysis of parasite viability and transfection efficiency (*p < 0.05,

*%p < 0.01, ***p < 0.001).

11
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1-3. Results

Program optimization

The result of program optimization are shown in Fig. 2b and 2c. A preliminary
test indicated that FA100 is a candidate program for transient transfection of B.
gibsoni (Fig. 2b). Seven other programs close to FA100 were also analyzed. Program
FA113 showed significantly higher luciferase activity than most of the other programs

(Fig. 2¢) (*p < 0.05, ***p <0.001). Twenty micrograms of plasmid DNA was more
efficient compared to 2, 5, 10 and 50 pg (Fig. 2d) (*p < 0.05, ***p < 0.001). At 10, 20

and 50 pg of plasmid DNA, buffer SF was more effective than buffer SG (Fig. 2d) (*p

<0.05, **p < 0.01).

Parasite viability

More than 87.7% of parasites remained viable 24 hpt in program FA113, which
was significantly higher than the program V-024 (78.3%) regardless of the quantity of

plasmid DNA used (Fig. 2¢) (*p < 0.05, ***p < 0.001).

Time course of luciferase activity

Analysis of the time course of luciferase expression in B. gibsoni revealed high
enzymatic activity at 24 hpt, followed by a rapid decline thereafter. However, parasite
growth in post transfection culture increased exponentially with time. Transfection
pulse induced parasite death was also observed in the current study, consistent with

previous report in B. bovis (Suarez and McElwain, 2008).

Transfection efficiency

12
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Transfection efficiency was determined by the percentage of GFP-expressing
parasites at 24 hpt. Approximately 5% GFP-positive B. gibsoni was measured by
fluorescence microscope. Statistical comparisons indicated that program FA113
showed significantly more transfection efficiency when compared to V-024 using 2

and 20 pug of plasmid DNA (Fig. 3b) (*p < 0.05, ***p < 0.001). The GFP-expressing

parasites were also found at 48 and 72 hpt (Fig. 3c¢).

1-4. Discussion

Genetic manipulation techniques, such as transfection, have been previously
reported in many protozoan parasites. In Babesia, stable transfection systems have
only been established for bovine Babesia parasites. The establishment of transfection
system for B. gibsoni is considered to be urgent to improve our understanding of the

basic biology of canine Babesia parasites for a better control of canine babesiosis.

All previously established transfection systems for Babesia focused on bovine
Babesia species, which were transfected using Gene Pulser Xcell™ Electroporation
system (Bio-Rad, USA) and AMAXA Nucleofector™ 2b device (Lonza, Germany)
(Suarez and McElwain, 2009; Hakimi et al., 2016; Silva et al., 2016). In this study,
several programs of Gene Pulser Xcell™ Electroporation Systems (Bio-Rad, USA)
and AMAXA Nucleofector™ 2b device (Lonza, Germany) were also attempted for
transfection of B. gibsoni. However, parasite lysates did not show any luciferase
activity, indicating failure in introduction of the plasmids into the parasite due to
unsuitable buffer and transfection program. Therefore, the present method based on
program FA113 and buffer SF of 4D Nucleofector™ may provide a more suitable

transfection system for non-bovine Babesia parasites, such as B. gibsoni.
13
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Nevertheless, stable transfection cannot be fully assessed based on the present
study due to challenges such as low transfection efficiency and the need to overcome
the rapid in vitro aging of canine erythrocytes (Lehtinen et al., 2008). Therefore,
improve the transfection efficiency is urgently needed work. Additionally, to avoid
the rapid aging of canine erythrocytes, sub-culturing every week by fresh RBCs is
also needed. This finding is the first step towards the urgently needed stable
transfection method for B. gibsoni, which may contribute to a better understanding of

the biology of the parasite.

1-5. Summary

In summary, I present for the first time, the successful transient transfection of B.
gibsoni. The plasmid containing the firefly luciferase reporter gene (pBS-ELA) was
transfected into B. gibsoni by an AMAXA 4D Nucleofector™ device. Transfection
using program FA113 and Lonza buffer SF showed the highest luciferase expression.
Twenty micrograms of plasmid produced the highest relative transfection efficiency.
The fluorescent protein-expressing parasites were determined by GFP-containing
plasmid (pBS-EGA) at 48 and 72 hours post transfection. This finding is the first step
towards a stable transfection method for B. gibsoni, which may contribute to a better
understanding of the biology of the parasite and paves the way for the development of
more efficient molecular-based subunit vaccines (or attenuated live vaccines) and
discovery of novel drug targets. However, further efforts should be put into finding an

effective selectable marker for developing a stable transfection system for B. gibsoni.

14
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Table 1. List of primers used in the construction of pBS-ELA and pBS-EGA plasmid.

Plasmid Primer

Sequence (5'— 3')

pBS-ELA 5'-ef-10 (Hind 111-F)
5'-ef-1a. (Hind 111-R)
Luciferase (EcoR I-F)
Luciferase (EcoR I-R)
3'-actin (Pst I-F)
3'-actin (Pst I-R)

pBS-EGA 5'-ef-10 (Hind 1I-F)
5'-ef-10. (Hind TII-R)
GFP (EcoR V-F)
GFP (EcoR V-R)
3'-actin (BamH I-F)

3'-actin (BamH 1-R)

GACGGTATCGATAAGCTTCACTGTATAACGGATGAAGGT
GAATTCGATATCAAGCTTTTTGGTAAAGGTTGACGATA
AAGCTTGATATCGAATTCATGGAAGACGCCAAAAACAT
CCCGGGCTGCAGGAATTCTTACAATTTGGACTTTCCGCC
TTGTAAGAATTCCTGCAGACGCAAAAAACAATCAACTACG
GGATCCCCCGGGCTGCAGGAGCATCAACGGAATAGGGA
GACGGTATCGATAAGCTTCACTGTATAACGGATGAAGGT
CACCATGATATCAAGCTTTTTGGTAAAGGTTGACGATA
ATCGATAAGCTTGATATCATGGTGAGCAAGGGCGA
CTGCAGGAATTCGATATCTTACTTGTACAGCTCGTCCATG
CTGCAGCCCGGGGGATCCACGCAAAAAACAATCAACTACG

TCTAGAACTAGTGGATCCGAGCATCAACGGAATAGGGA

Restriction enzyme sites are underlined.

15
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1347 bp 1354 bp 1347 bp

FUTRI  fleAORF  |ef  ¢fleBORF 13 UTR

B. gibsoni genome
1131 bp

—————————

5'UTR|  actin ORF 3'UTR

GFP/Luciferase 3 ULR i— pBluescript (pBS) back-bone
I

757 bp 720 bp/1653 bp 756 bp

pBS-EGA/pBS-ELA

Fig. 1. Schematic diagram of the Bg ef-/a and Bg actin locus structure used in transient transfection of B. gibsoni.
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Fig. 2. a, The schematic diagram of plasmid pBS-ELA. b, The program optimization by 4D Nucleofection. 9 ul iRBCs (7.2 x 10° merozoites)
and 9 pl Lonza buffers SG, SF or SE (4D Nucleofection) were combined with 2 pl (5 pg) pBS-ELA plasmid. Samples were transfected using
V-024 (Nucleofection 2b) and various 4D Nucleofection program settings. Transfected iRBCs were mixed with fresh RBCs and luciferase
activity was measured at 24 hours post transfection (hpt). ¢, Transfection was further optimized by comparing the best preliminary setting with
additional pulse programs. Transfection was carried out as in b. d, Transfection by varying amounts of plasmid. 45 pl iRBCs (3.6 x 10’
merozoites) and 45 pl buffer (SG or SF) were combined with 10 pl (2-50 pg) pBS-ELA plasmid. Samples were transfected by 4D Nucleofection
FA113. Parasites were added to the cultures and luciferase activity was measured after 24 hpt. e, Parasite viability was determined by Hoechst
33342/PI double staining at 24 hpt. f, Time course of luciferase activity (full line) and parasitemia (dotted line) was measured at 24, 48 and 72
hpt. 45 ul iRBCs (3.6 x 10" merozoites) and 45 pl buffer SF were combined with 10 pul (20 pg) pBS-ELA plasmid. Samples were transfected by
4D Nucleofection FA113. The values were presented as means + S.D. of three independent experiments. Statistical analysis was performed by

one-way ANOVA analysis of variance, followed by Tukey's multiple comparison test in ¢, Student's ¢-test in d and e (*p < 0.05, **p < 0.01, ***p

<0.001).

18
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Fig. 3. a, The schematic diagram of plasmid pBS-EGA. b, Evaluation of transfection efficiency. GFP-expressing parasites were counted by
fluorescence microscope at 24 hpt. The values were presented as means + S.D. of three independent experiments. Statistical analysis was
performed by Student's ¢-test (*p < 0.05, **p < 0.01, ***p < 0.001). ¢, Fluorescence microscope images of GFP-expressing parasites. Top panels
show a transfected GFP-expressing B. gibsoni trophozoite detected at 48 hpt, bottom panels show a transfected GFP-expressing B. gibsoni

merozoite detected at 72 hpt. Merged panels show overlap of GFP and Hoechst (parasite nuclei) fluorescence. The parasite nucleus was stained

with Hoechst 33342.
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Chapter 2

Identification and characterization of interchangeable
cross-species functional promoters between Babesia

gibsoni and Babesia bovis

2-1. Introduction

Babesiosis i1s a tick-transmitted, zoonotic disease caused by hematotropic
parasites of the genus Babesia (Bonnet et al., 2009). Babesia parasites are some of the
most ubiquitous and widespread blood parasites in the world (Homer et al., 2000).
Babesia gibsoni and B. bovis are the main parasites responsible for canine and bovine
babesiosis in terms of global parasite distribution, with considerable worldwide

economic, and veterinary impact (Schnittger et al., 2012).

Transcriptional machinery of Apicomplexan parasites is unable to recognize
viral promoters, such as the cytomegalovirus (CMV) and simian virus 40 (SV40)
promoters (Meissner et al., 2001; Azevedo and Del Portillo, 2007). However,
important elements for transcriptional control are interchangeable among some
Plasmodium species (Crabb and Cowman, 1996; Mota et al., 2001). Recently, two
distinct promoters with interchangeable homologous and heterologous promoter
function were also identified in B. bigemina and B. bovis by Elongation factor-1

alpha (ef-1a) promoter (Silva et al., 2016). Ef-Ia is a constitutively expressed and
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abundant protein in eukaryotic protein translation (Suarez and McElwain, 2010). The
promoter region of the ef~/a gene of Plasmodium and Babesia parasites has a high
level of transcription and a bidirectional activity (Vinkenoog et al., 1998; Suarez et al.,

2006).

Genetic manipulation is one of the ways through which novel therapeutic and
preventing agents such as drugs and vaccines can be discovered against parasites.
Perilously study reported that the challenges in developing effective treatment and
vaccines against B. gibsoni may be partly attributed to lack of techniques for genetic
manipulation of the parasite (Goo and Xuan, 2014). In Chapter I, I established a
transient transfection of B. gibsoni by 5'-intergenic (IG) region-B of the ef~/a (Bg

"ef-1a) promoter. This being the only identified promoter for B. gibsoni transient
transfection, there is a need for species specific or cross-species functional analysis of
available promoters to advance our understanding of the molecular biology of B.
gibsoni. Such knowledge will in turn contribute to the establishment of a stable
transfection system in the future. This study identified and characterized

interchangeable cross-species functional promoters between B. gibsoni and B. bovis.

2-2. Materials and methods

Parasites culture

The B. gibsoni Oita strain (Sunaga et al., 2002) and B. bovis Texas
strain (Brayton et al., 2007) were used in this study. The in vitro B. gibsoni and B.
bovis were cultured in 24-well culture plates (Thermo Fisher Scientific, USA) and

grown at 37°C in humidified CO; (5%) and O, (5%) incubator (BIO-LABO, Japan). B.
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gibsoni was cultured in 10% canine erythrocytes suspended in RPMI-1640 medium
supplemented with 20% dog serum while B. bovis was cultured in 10% bovine
erythrocytes suspended in GIT (Wako Pure Chemicals, Japan), and mediums were

replaced every day.

Promoter prediction

Putative promoter regions used in this study were determined using the Promoter

2.0 Prediction Server (http://www.cbs.dtu.dk/services/Promoter/).

Plasmid constructs

The plasmid schematic diagrams used in this study are shown in Fig. 4a and 5a.
First, the firefly luciferase and renilla luciferase genes were cloned into the
pBluescript (pBS) back-bone plasmid, respectively, using the In-fusion HD Cloning
Kit (Takara, Japan). Subsequently, the 3'-untranslated region (UTR) of the B. bovis
rap gene (3"-rap) was cloned into the downstream of the firefly luciferase and renilla
luciferase genes, respectively. Then, a total of 12 Babesia promoters, including Bg

"ef-1a-1G-B (Bg 5'-ef-1a)), Bb 5'-ef-10-1G-B (Bb 5"-ef-1a), Bg 5"-actin, Bb 5'-actin,
Bg 5'-thioredoxin peroxidase-1 (tpx-1), Bb 5'-tpx-1, Bg 5"-heat shock protein 70
(hsp70), Bb 5"-hsp70, Bg 5'-enolase, Bb 5'-enolase, Bg 5'-tubulin, Bb 5'-tubulin were
amplified from genomic DNA by PCR and cloned into the upstream of the firefly
luciferase gene. Finally, to construct an internal control plasmid to normalize the
promoter activity, Bg 5-ef-l1o. and Bb 5'-ef-1a were cloned into the upstream of the
renilla luciferase gene. All of the primer pairs (Table 2) were designed based on B.
gibsoni genome (unpublished data), B. hovis genome and previous studies (Asada et

al., 2012; Hakimi et al., 2016). The constructed plasmids were purified using
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Qiagen® Plasmid Midi Kit (Qiagen, Germany) according to the manufacturer's

instructions, and the DNA sequence was confirmed by sequencing before transfection.

Transfection of parasites

Babesia-infected red blood cells (iRBCs) were pretreated as described (Chapter
1). Transfections were conducted by introducing 20 pg of each firefly luciferase
promoter plasmid together with 20 pg of renilla luciferase internal plasmid into
Babesia-iRBCs. The B. gibsoni-iIRBCs-plasmid and B. bovis-iIRBCs-plasmid mixtures
were electroporated using Amaxa 4D Nucleofector™ device (Lonza, Germany) and
Amaxa Nucleofector™ 2b device (Lonza, Germany), respectively, and immediately

transferred into 1 ml of culture medium containing 10% fresh RBCs.

Luciferase assay

The luciferase activity was measured by Dual-Glo® luciferase assay (Promega,
USA) at 24 hours post transfection (hpt). The pellets were resuspended in 100 ul of
freshly-prepared Promega's 1X cell culture lysis reagent (Promega, USA). The pellets
were incubated for 15 min at room temperature (RT) for complete lysis and briefly
centrifuged to remove the cell debris. The firefly and renilla luciferase activity was
measured for a 10 s integration interval using GloMax®-Multi Detection System
(Promega, USA), successively. Readings from mock transfected parasites were
subtracted from the firefly and renilla luciferase readings and the resulting values of
firefly luciferase activity were normalized using the renilla luciferase activity for each
sample. To evaluate promoter activities, three independent transfections were done for

each promoter and each luciferase assay was performed in triplicate.

Bio-statistical analysis of promoter activities
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The normalized luciferase activities were plotted using GraphPad Prism 6.
Activity of each promoter candidates was performed by one-way ANOVA analysis of
variance, followed by Dunnett's multiple comparison test with a promoter-less
(control) plasmid. Student's z-test was used for the comparison between promoter

candidates. Differences were statistically significant when P<<0.05.

Statistical analysis

Statistical significance between promoter-less plasmid (No promoter) and other
promoter candidates was performed by one-way ANOVA analysis of variance,
followed by Dunnett's multiple comparison test. Student's #-test was used for the

comparison between promoter candidates (*P<<0.05, **P<<0.01, ***P<<0.001,

*#%xP () 0001).

2-3. Results

Promoter activities

A total of twelve promoters, consisting of 6 homologous and 6 heterologous
promoters for B. gibsoni and B. bovis, were investigated. The result of homologous
promoter function showed that Bg 5'-actin promoted a higher luciferase activity than
Bg 5'-ef-1a.in B. gibsoni (Fig. 4). On the other hand, Bg 5-ef-la and Bg 5'-actin
heterologous promoters resulted in significantly higher luciferase activity than Bb

"-ef-1a homologous promoter in B. bovis (Fig. 5).

Cross-species function of promoters
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Ten out of the 12 promoters had cross-species function and promoted
significantly higher luciferase activity compared to the promoter-less control in both
B. gibsoni and B. bovis (Figs. 4 and 5). The two tubulin promoters exhibited only
homologous promoter function, with low but significant luciferase activity compared

to the control (Figs 4 and 5).

Sequence homology among promoters

Sequence homology among the 12 promoters was 40.9-58.3% (Table 3). The B.
gibsoni and B. bovis promoter sequences used in this study were deposited into the

GenBank database (accession numbers: MF598081-MF598090).

2-4. Discussion

Previous transfection studies on B. bovis mainly focused on Bb ef-1o 1G region
and Bb 5'-actin promoters (Suarez et al., 2006; Asada et al., 2015), and in B. gibsoni,
only Bg 5"-ef-la. promoter has been reported (Chapter 1). Of the 12 promoters
identified in this study, Bg 5'-actin promoted higher luciferase activity than other 11
promoters, including Bg 5-ef-1a, Bb 5'-ef-1a. and Bb 5'-actin which were previously
reported (Figs. 4 and 5). Interestingly, Bg 5™-actin promoter resulted in a higher
luciferase activity in B. bovis than in B. gibsoni. This may be due either to Bg 5"-actin
promoter having particular affinity for B. bovis transcription factors or to B. bovis
lacking of proper regulatory signals for the regulation of the activity of Bg 5™-actin
promoter. On the other hand, based on previous studies (Paparini et al., 2014; Hakimi
et al., 2016), except for Bg 5-ef-1a and Bb 5'-ef-1a., all the other promoters including

Bg 5'-actin are unidirectional, and none of the determined promoters showed
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conserved or similar structures (Table 3). Hence, Bg 5"-actin results may not be
related to a bidirectional activity, and the identified cross-species function may not be
due to sequence similarities in promoters. The observation that the heterologous
promoter is more active than the homologous promoter was reported previously in B.

bovis and B. bigemina (Silva et al., 2016).

Evaluation of different types of cross-species interchangeable promoters and
their luciferase activities is useful in increasing the range of options of promoters for
possible selection in transfection studies. The role of heterologous promoters in
driving the expression of reporter genes in different species of apicomplexan parasites
has been widely reported (Crabb and Cowman, 1996; Howe et al., 1997; Silva et al.,
2016). However, some reports indicate that the heterologous promoters may be poorly
or even not recognized at all by the transcriptional machinery (Azevedo and Del
Portillo, 2007; Hakimi et al., 2016). The successful stable transfection of B. bovis
(Suarez and McElwain, 2010) has created an opportunity for advanced genetic
investigation of the parasite. Since the B. gibsoni genome is not yet published, I
sought to mine for novel B. bovis interchangeable promoters that can be used for
transfection of B. gibsoni. The current study identified 10 interchangeable
cross-species functional promoters in both B. gibsoni and B. bovis (Figs. 4 and 5).
Furthermore, my result also indicated that Bb 3'-rap terminator has cross-species
function in B. gibsoni. Regrettably, due to the absence of data on Bg 3'-rap terminator,
its interchangeable cross-species function could not be investigated in this study. The
functional promoters and the terminator identified are expected to contribute towards
the establishment of a stable transfection system for genetic manipulation of B.
gibsoni. This result also indicates that heterologous promoter function widely exists

between B. gibsoni and B. bovis. The promoters can recognize the transcription or
27



Chapter 2

translation system mutually. These results will provide considerable flexibility in the
future construction of plasmid vectors to be used for transfection systems in Babesia

species.

2-5. Summary

In summary, this study identified and partially characterized 10 interchangeable
cross-species functional promoters between B. gibsoni and B. bovis. Bg 5-ef-1a and
Bg 5'-actin heterologous promoters resulted in a significantly higher luciferase
activity than Bb 5'-ef-1a homologous promoter in B. bovis. In particular, Bg 5"-actin
was found to be the more active among the 12 tested promoter candidates. This study
further indicates that heterologous promoter function widely exists between B. gibsoni
and B. bovis. The data presented herein may be used to improve the already
established transfection systems for B. bovis, and serve as a foundation for the future
development of urgently needed gene editing and stable transfection systems for B.

gibsoni.
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Table 2. List of primers used to construct the plasmid of promoter evaluation.
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Element Primer Sequence (5'— 3") Size (bp)
Promoter Bg 5'-ef-1o (Hind 111-F) GACGGTATCGATAAGCTTCACTGTATAACGGATGAAGGT 757
Bg 5'-ef-1o (Hind 111-R) GAATTCGATATCAAGCTTTTTGGTAAAGGTTGACGATA
Bb 5'-ef-1o (Hind 11I-F) GACGGTATCGATAAGCTTCACGTAATAAATGAGATAAATAAGT 724
Bb 5'-ef-1a (Hind 11I-R) GAATTCGATATCAAGCTTTTTCGTAAAGTTGCAATAAATT
Bg 5'-actin (Hind 111-F) GACGGTATCGATAAGCTTCCAGTAAAAAGTGACTACCATA 1455
Bg 5'-actin (Hind 111-R) GAATTCGATATCAAGCTTTTTGATAACGTAATAGCTCTGTA
Bb 5'-actin (Hind 111-F) GACGGTATCGATAAGCTTTGTACCAGGGATTG 1430
Bb 5'-actin (Hind 111-R) GAATTCGATATCAAGCTTTTTGTCAAAAGCTATT
Bg 5'-tpx-1 (Hind 111-F) GACGGTATCGATAAGCTTACCGTGAGCGAAGGGGAC 974
Bg 5'-tpx-1 (Hind 11I-R) GAATTCGATATCAAGCTTTTTATGTATATAGATATTTAG
Bb 5'-tpx-1 (Hind 111-F) GACGGTATCGATAAGCTTAACCAATTTACCAAACTCTGTA 723
Bb 5'-tpx-1 (Hind 111-R) GAATTCGATATCAAGCTTTTTGATGTTTAAATAATAATGCTT
Bg 5"-hsp70 (Hind 111-F) GACGGTATCGATAAGCTTCAGGCTAAAGAGAAGGGC 928
Bg 5'-hsp70 (Hind 111-R) GAATTCGATATCAAGCTTTTTGATTCATCGACTACA
Bb 5'-hsp70 (Hind 111-F) GACGGTATCGATAAGCTTCCTACAAGACTTCTCAGCAACA 972
Bb 5'-hsp70 (Hind 11I-R) GAATTCGATATCAAGCTTTTTGTTAAAATGAAGGCCAAG
Bg 5'-enolase (Hind 111-F) GACGGTATCGATAAGCTTCCCCTATTTATCACAGCG 952
Bg 5'-enolase (Hind 111-R) GAATTCGATATCAAGCTTTGTCTAAAAAGCGTAAGCG
Bb 5'-enolase (Hind 111-F) GACGGTATCGATAAGCTTCTCCTTGACCTCTTTAGCCTTA 1036
Bb 5'-enolase (Hind 111-R) GAATTCGATATCAAGCTTTTTGAGATAGAAGGAAGATGAAAA
Bg 5'-tubulin (Hind 111-F) GACGGTATCGATAAGCTTGAGTAAACGAGAATGGCA 1098
Bg 5'-tubulin (Hind 11I-R) GAATTCGATATCAAGCTTCCTGTATAATCATGAAAT
Bb 5'-tubulin (Hind 111-F) GACGGTATCGATAAGCTTAGCAGGCTTACTCGCAGGGT 1383
Bb 5'-tubulin (Hind 111-R) GAATTCGATATCAAGCTTCGTCGCATGTCGGAATGAAG
Reporter Firefly luciferase (EcoR I-F) ~ AAGCTTGATATCGAATTCATGGAAGACGCCAAAAACAT 1653
Firefly luciferase (EcoR I-R) CCCGGGCTGCAGGAATTCTTACAATTTGGACTTTCCGCC
Renilla luciferase (EcoR I-F)  AAGCTTGATATCGAATTCATGACTTCGAAAGTTTATGATCCA 936
Renilla luciferase (EcoR I-R) CCCGGGCTGCAGGAATTCTTATTGTTCATTTTTGAGAACTCG
Terminator  Bb 3"-rap (Pst I-F) TAAGAATTCCTGCAGGATGAGATGCGTTTATAATGGC 1283

Bb 3'-rap (Pst I-R)

GGATCCCCCGGGCTGCAGCCTACGAACGATATGTCAAAGAG

Restriction enzyme sites are underlined.

29



Chapter 2

Table 3. Comparison of the sequences of the promoters used in this study.

Promoter 1 2 3 4 5 6 7 8 9 10 11 12

Bg 5'-ef-1a 1 0.496 0469 0.493 0.465 0.441 0.469 0452 0473 0480 0.457 0476
Bb 5'-ef-1a 2 0.859 0.485 0.459 0473 0471 0.494 0496 0.434 0485 0472 0477
Bg 5'-actin 3 1.032  0.906 0.440 0472 0447 0452 0476 0.487 0457 0.447 0.462
Bb 5'-actin 4 0.881 0988 1.092 0.456 0.452 0450 0455 0454 0465 0478 0.463
Bg 5'-tpx-1 5 1.001 0932 0.942 1.006 0.583 0433 0.467 0428 0452 0439 0482
Bb 5'-tpx-1 6 1.053 0952 1.045 1.051 0.626 0.466 0.496 0.460 0.459 0.442 0474
Bg 5"-hsp70 7 0969 0.896 1.053 1.030 1.123 0.966 0.431 0416 0.466 0459 0.486
Bb 5'-hsp70 8 1.060 0.861 0953 1.030 0.966 0.884 1.114 0.409 0.446 0.433 0.505
Bg 5'-enolase 9 0942 1.136 0902 1.029 1.112 1.016 1.254 1.234 0.571 0.438 0.470
Bb 5'-enolase 10 0912 0.904 1.007 0.978 1.050 0.990 0.967 1.059 0.646 0.451 0.448
Bg 5'-tubulin 11 1.016 0952 1.066 0.924 1.082 1.067 1.030 1.142 1.103 1.047 0.498

Bb 5'-tubulin 12 0956 0929 0985 1.005 0.906 0957 0913 0.854 0971 1.054 0.857

The numbers in the upper right half and lower left half in the table, represent the ratio of sequence identities and

divergences between promoter regions, respectively.
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Fig. 4. a, Schematic diagram of plasmid construct to evaluate the promoter activity in B. gibsoni, and a Renilla luciferase-expressing plasmid for
normalization. b, Comparison of luciferase activity in lysates of B. gibsoni transfected with different constructs at 24 hours post transfection
(hpt). A promoter-less plasmid was used as a negative control. The values were presented as means + S.D. of three independent experiments.
Statistical significance between promoter-less plasmid (No promoter) and other promoter candidates was performed by one-way ANOVA

analysis of variance, followed by Dunnett's multiple comparison test (*P<<0.05, **P<<0.01, ***P<<0.001, ****P<T0.0001).
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Fig. 5. a, Schematic diagram of plasmid construct to evaluate the promoter activity in B. bovis, and a Renilla luciferase-expressing plasmid for
normalization. b, Comparison of luciferase activity in lysates of B. bovis transfected with different constructs at 24 hours post transfection (hpt).
A promoter-less plasmid was used as a negative control. The values were presented as means = S.D. of three independent experiments.
Statistical significance between promoter-less plasmid (No promoter) and other promoter candidates was performed by one-way ANOVA
analysis of variance, followed by Dunnett's multiple comparison test. Student's #-test was used for the comparison between promoter candidates

(*P<<0.05, *#*P<<0.01, ***P<<0.001, ****P<T0.0001).
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Chapter 3

Establishment of a stable transfection system for

genetic manipulation of Babesia gibsoni

3-1. Introduction

Transient and stable transfection systems have been established for several
apicomplexan parasites, such as Plasmodium falciparum (Ganesan et al., 2011),
Toxoplasma gondii (Donald and Roos, 1993), Cryptosporidium parvum (Vinayak et
al., 2015), Theileria annulata (Adamson et al., 2001) and 7. parva (De Goeyse et al.,
2015). Among Babesia species, transient and stable transfection systems have been
reported for B. bovis (Suarez and McElwain, 2009), B. ovata (Hakimi et al., 2016) and
B. bigemina (Silva et al., 2016). For B. gibsoni, | have described transient transfection
systems (Chapter 1, Chapter 2). B. gibsoni elongation factor-1 alpha (Bg 5'-ef-1a)
promoter, Program FA113 of AMAXA 4D Nucleofector™ and Lonza buffer SF
successfully supported the expression of reporter genes (Chapter 1). In addition,
among the 12 promoter candidates tested, Bg 5'-actin was found to be the most active
promoter (Chapter 2). Similar to B. bovis (Suarez and McElwain, 2010) the
development of a stable transfection system for B. gibsoni parasites requires a drug
selection system and an integration target. The WR99210/human dihydrofolate

reductase gene (hdhfr) selection system and double cross-over homologous
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recombination locus have previously been successfully used for B. bovis (Asada et al.,

2012) and B. ovata (Hakimi et al., 2016) stable transfection.

In this study, in order to establish B. gibsoni stable transfection, I investigated
whether stable transfection of GFP-expressing B. gibsoni could be achieved using
hdhfr as a selectable marker under the control of the Bg 5™-ef-la (IG-B) and Bg

5"-actin promoters, and ef-/a locus as the integration target.

3-2. Materials and methods

Parasite culture

In this study, B. gibsoni Oita strain (Sunaga et al., 2002) was cultured in vitro in
24-well culture plates (Thermo Fisher Scientific, USA) at 37 °C in humidified CO,
(5%) and O, (5%) incubator (BIO-LABO, Japan). The parasite was cultured in 10%
canine erythrocytes suspended in RPMI-1640 medium supplemented with 20% canine

serum.

Evaluation of B. gibsoni sensitivity to WR99210

B. gibsoni was cultured in vitro in 96-well culture plates with 100 ul RPMI-1640
medium containing 10% canine erythrocytes supplemented with 20% dog serum and
different concentrations of WR99210 (0.1, 0.5, 1, 5, 10 and 100 nM). For each drug
concentration, parasites were cultured in triplicate wells and the culture medium was
replaced daily. Parasitemia was calculated on day 3 by examining 3,000 RBCs of a

prepared thin blood smear stained with Giemsa solution.

Plasmid constructs

36



Chapter 3

The schematic diagram of the plasmid used in this study (pBS-EGRADE) is
shown in Fig. 7a. The reporter gene and drug selection gene cassettes were separated
in order to drive gfp and hdhfr with Bg 5"-ef-1a (1G-B) and Bg 5'-actin promoters,
respectively. Bg 5™-ef-1o. (1G-B) and Bg 3'-ef-Ia were used as recombination sites
cloned into the upstream and downstream of the gfp and hdhfi genes, respectively. All
the PCR primer pairs used for plasmid construction are listed in Table 1 and
restriction sites are underlined. The constructed plasmid was purified using Qiagen®
Plasmid Maxi Kit (Qiagen, Germany) according to the manufacturer's instructions,
and was confirmed by sequencing before transfection. The sequence of
pBS-EGRADE plasmid was deposited in the GenBank database under the accession

number MG913246.

Transfection of parasites

B. gibsoni-infected red blood cells (iIRBCs) were pre-treated as previously
described (Chapter 1). Transfection was conducted using 20 pg of linearized
pBS-EGRADE plasmid. The plasmid-iRBCs mixtures were transfected using Lonza
buffer SF and program FAI113 of Amaxa 4D Nucleofector™ device (Lonza,
Germany) and immediately transferred into a preheated culture containing 10% fresh
RBCs. To avoid the rapid in vitro aging of canine erythrocytes, transfected parasites
were sub-cultured every week and supplemented with fresh RBCs. To select
GFP-expressing transgenic parasites, 10 nM WR99210 was added to the culture
medium two days after transfection. After 4 weeks of drug selection, the parasite
population was cloned in a 96-well culture plate using limiting dilution as previously

described (Asada et al., 2012).

PCR characterization of GFP-expressing B. gibsoni
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Three sets of primers (Table 4) were used to confirm the integration of
pBS-EGRADE into B. gibsoni ef-1o locus. Primer pair Integ-F and GFP-R was used
to amplify a 1.6 kb DNA fragment to confirm the 5’ recombination. Primer pair
hDHFR-F and Integ-R was used to amplify a 2.0 kb DNA fragment to examine the 3’
recombination whereas primer pair GFP-F and hDHFR-R was used to amplify a 4.1
kb DNA fragment to detect the insertion region. The DNA fragments amplified were

confirmed by sequencing.
Southern blot analysis

Two micrograms of genomic DNA from wild type (WT) and genome integrated
(GD) B. gibsoni were digested overnight with 20 units of Sca I and Sph 1. The
digestion products were separated by agarose gel electrophoresis, transferred onto
Hybond N™ membrane (GE Healthcare, UK) then hybridized with labeled probes
using an AlkPhos Direct Kit (GE Healthcare, UK) according to the manufacturer’s
instructions. Two probes corresponding to the complete open reading frame (ORF) of
gfp and the 0.4 kb length of Bg 3"-ef-1a fragment, respectively, were used. The primer
pairs used to amplify the probes are listed in Table 1. Probe signal was detected using

a CDP-star detection reagent (GE Healthcare, UK).
Growth curves

WT and GI parasites were continuously cultured from approximately 0.5%
parasitemia by sub-culturing every 3 days for two generations. Parasitemia were

monitored daily by examining 3000 RBCs with Giemsa staining.

3-3. Results
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B. gibsoni sensitivity to WR99210

WR99210 successfully inhibited the growth of B. gibsoni in vitro at a nanomolar
concentration (Fig. 6). The calculated ICsop was 1.1 nM, and 10 nM WR99210
completely inhibited the growth of B. gibsoni. Thus, 10 nM WR99210 was used for

the selection of transfected parasites.

Establishment of stable GFP expression in B. gibsoni

GFP-expressing parasites emerged as early as two weeks after drug selection
with 10 nM WR99210. The parasite population was cloned by limiting dilution and
consistently expressed GFP for more than 3 months without drug pressure (Fig. 7b).
After obtaining parasite clonal lines, the correct integration of pPBS-EGRADE into the
ef-1o locus was confirmed by the results of both PCR and Southern blot analysis. The
PCR-1, -2 and -3 primer pairs successfully amplified 1.6, 2.0 and 4.1 kb DNA
fragments, respectively, using DNA template from one clonal line named GI parasite
(Fig. 8a) and the amplified DNA fragments were validated by sequencing. The
sequences of the above DNA fragments were deposited in the GenBank database
under the accession numbers MH087225-MH087227. No amplicons were obtained
with DNA template from the WT parasite. In Southern blot analysis, both gfp and
3"-ef-1a probes detected a single 5.5 kb band for GI parasite, while the 3"-ef-/a probe
detected a single 2.1 kb band, and the gfp probe did not detect any band for the WT
parasite (Fig. 8b). In addition, the growth curves of WT and GI parasites showed high

similarity (Fig. 9).

3-4. Discussion
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Transfection systems improve our understanding of the molecular biology of
parasites and pave the way for genetic manipulation (Suarez et al., 2017). The
application of transfection systems can also lead to a better understanding of the
mechanisms underlying drug resistance, host-parasite interactions, and provide novel
information for vaccine development and drug target discovery (Suarez and Noh,
2011). Currently, there is a lack of techniques for the genetic manipulation of B.
gibsoni. In order to fill this gap, I describe herein the development of a stable

transfection system for B. gibsoni.

In this study, I employed a WR99210/hdhfr selection system for B. gibsoni
stable transfection. The 1Csy of WR99210 against B. gibsoni was 1.1 nM (Fig. 6),
which is similar to B. bovis (1 nM) (Asada et al., 2012) and almost twice that of the
one reported for B. ovata (0.56 nM) (Hakimi et al., 2016). The transfected parasite
selected with WR99210/hdhfr emerged as early as two weeks after adding the drug,
indicating the suitability of this selection system for stable transfection of B. gibsoni.
Babesia bovis 3'-rap was successfully used as terminator in this study (Fig. 7a). This
result is consistent with my previous work (Chapter 2), confirming that Bb 3"-rap
heterologous terminator is fully functional in B. gibsoni. These findings provide
considerable flexibility in the construction of plasmid vectors to be used for
transfection systems in Babesia species. The cloned GI parasite stably expressed GFP
(Fig. 7b) and PCR amplicons (Fig. 8a) and Southern blot analyses (Fig. 8b) indicated
that pBS-EGRADE was integrated into B. gibsoni genome by homologous
recombination as expected. In addition, the growth of GI parasite was comparable
with that of the WT parasite (Fig. 9). These results indicate that the genetic

manipulations in this study did not affect the growth of parasite in vitro.
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The proliferation of Babesia organisms in the vectors is an essential part of their
survival. However, the detailed life-cycle of the parasite in ticks, including
information about the timing of migration, remains unknown (Maeda et al., 2016).
Haemaphysalis longicornis, a vector for B. gibsoni (Iwakami et al., 2014), is widely
used as a model tick to study pathophysiology in tick infestation (Islam et al., 2009).
Therefore, transfected B. gibsoni and H. longicornis could be used for developing
tick-Babesia experimental models for clarifying the kinetics of the tick stage of canine
Babesia parasites. A tick-Babesia interactions model may contribute to a better
understanding of tick transmission as well as the way Babesia species interact with

the ticks.

All previously established transfection systems for Babesia focused on bovine
Babesia species, which were transfected using Gene Pulser Xcell™ Electroporation
system (Bio-Rad, USA) and AMAXA Nucleofector™ 2b device (Lonza, Germany)
(Suarez and McElwain, 2009; Hakimi et al., 2016; Silva et al., 2016). However, these
transfection systems were not effective for B. gibsoni (Chapter 1). Therefore, the
present method based on 4D Nucleofector™ may provide a more suitable transfection
system for non-bovine Babesia parasites, such as B. gibsoni. The rapid in vitro aging
of canine erythrocytes (Lehtinen et al., 2008) may play an important role in restricting
a successful transfection. Therefore, to avoid the rapid aging of canine erythrocytes, I
strongly suggest sub-culturing every week by fresh RBCs after transfection. A
host-Babesia infection model may be easier to achieve using canine Babesia rather
than bovine Babesia because using dogs for animal experiments is more feasible than
using cattle. The urgently needed genome edited host-Babesia infection model may

help us monitor transmission in vivo, investigate mechanisms of infection and
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immunity, and also improve the development of novel strategies for controlling

babesiosis.

3-5. Summary

In summary, I established a stable transfection system for B. gibsoni and
successfully integrated exogenous genes into the B. gibsoni genome. The
establishment of this system is critical to fulfill genome editing, which may contribute
to determining gene function, discovery of novel drug targets and evaluation of the
interactions between the parasite and the host. This finding will also facilitate
functional analysis of Babesia genomes using genetic manipulation and will serve as a

foundation for the development of tick-Babesia and host-Babesia infection models.

42



Chapter 3

Table 4. List of primers used in this study

Primer

Sequence (5'-3'")*

Bg 5'-ef-10-F (Hind 111)
Bg 5'-ef-10-R (Hind 111)
GFP-F (EcoR V)
GFP-R (EcoR V)

Bb 3'"-rap-F (Sma 1)

Bb 3"-rap-R (Sma 1)

Bg 5'-actin-F (Hind 111)
Bg 5'-actin-R (Hind 111)
hDHFR-F (EcoR V)
hDHFR-R (EcoR V)
Bg 3'-ef-10-F (Sma 1)
Bg 3'"-ef-1a-R (Sma 1)
EGR-F (Sal 1)

EGR-R (Sal 1)

Integ-F

Integ-R

Probe-GFP-F
Probe-GFP-R
Probe-3"-ef-10-F

Probe-3'"-ef-1a-R

GACGGTATCGATAAGCTTCACTGTATAACGGATGAAGGT
CACCATGATATCAAGCTTTTTGGTAAAGGTTGACGATA
ATCGATAAGCTTGATATCATGGTGAGCAAGGGCGA
CTGCAGGAATTCGATATCTTACTTGTACAGCTCGTCCATG
GAATTCCTGCAGCCCGGGGATGAGATGCGTTTATAATGGC
ACTAGTGGATCCCCCGGGCCTACGAACGATATGTCAAAGAG
GACGGTATCGATAAGCTTCCAGTAAAAAGTGACTACCATA
AACCATGATATCAAGCTTTTTGATAACGTAATAGCTCTGTA
ATCGATAAGCTTGATATCATGGTTGGTTCGCTAAAC
CTGCAGGAATTCGATATCTTAATCATTCTTCTCATATACTTC
GAATTCCTGCAGCCCGGGAGCTGATTATTTCGTGTTAACT
ACTAGTGGATCCCCCGGGGATTGGTAGTATTTGTCGTCAT
CCCCCCCTCGAGGTCGACCACTGTATAACGGATGAAGGT
CTTATCGATACCGTCGACCCTACGAACGATATGTCAAAGAG
TAGCAGCCAAGCGAGATA

CAACTTAGATTGATCGGTG

ATGGTGAGCAAGGGCGA

TTACTTGTACAGCTCGTCCATG

ATCCCCTGTCTCAATGG

GATTGGTAGTATTTGTCGTCA

*Restriction enzyme sites are underlined
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Fig. 6. B. gibsoni sensitivity to WR99210. All data are expressed as means = SD of

triplicate cultures.
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Fig. 7. Schematic diagram of GFP-expressing plasmid (pBS-EGRADE) construct and fluorescence microscopy images of stably expressing GFP
B. gibsoni. a, Plasmid construct of pBS-EGRADE showing the recombination sites for integration into ef-/a locus by double cross-over
homologous recombination. The restriction site for linearization (Kpn I) is shown. b, Fluorescence microscopy images of stable GFP-expressing
B. gibsoni. Merged panel shows overlap of GFP and Hoechst (parasite nuclei) fluorescence. The parasite nucleus was stained with Hoechst

33342
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Fig. 8. Confirmation of integration of pBS-EGRADE into the ef-/a locus. a, Schematic diagram and results of PCR to confirm the integration of
pBS-EGRADE into the ef-/a locus. PCR-1, -2 and -3 were done with primer sets Integ-F/GFP-R, hDHFR-F/Integ-R and GFP-F/hDHFR-R,
respectively. b, Schematic diagram and Southern blot analysis to confirm the integration of pPBS-EGRADE into ef-/a locus. Two pg of samples
genomic DNA were digested with Sca I and Sph 1, and hybridized with 3"-ef-1a and gfp probes. Abbreviations: GI, genome-integrated; WT, wild

type; C-, pBS-EGRADE plasmid control
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Fig. 9. Growth curves of wild type (WT) and genome integrated (GI) parasites. WT
and GI parasites were maintained by sub-culturing every 3 days and parasitemia were

monitored daily. All data are expressed as means + SD of triplicate cultures.
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General discussion

Important constraints to research on parasite has included the difficulties
associated with the maintenance of in vitro culture, promoter, drug selectable marker
and transfection system (Suarez and McElwain, 2010). Babesia gibsoni in vitro
culture was established in 2002 (Sunaga et al., 2002), which is widely used in B.

gibsoni research and strongly supported the present study.

All previously established transfection systems for Babesia focused on bovine
Babesia species, which were transfected using Gene Pulser Xcell™ Electroporation
system (Bio-Rad, USA) and AMAXA Nucleofector™ 2b device (Lonza, Germany)
(Suarez and McElwain, 2009; Hakimi et al., 2016; Silva et al., 2016). However,
parasite lysates did not show any luciferase activity, indicating failure in introduction
of the plasmids into the parasite due to unsuitable buffer and transfection program.
This suggests that program FA113 and buffer SF constitutes the best condition among
the programs and buffers tested for transfection of B. gibsoni. The present method
based on 4D Nucleofector™ may provide a more suitable transfection system for
non-bovine Babesia parasites, such as B. gibsoni. The rapid in vitro aging of canine
erythrocytes (Lehtinen et al., 2008) may play an important role in restricting a
successful transfection. Therefore, to avoid the rapid aging of canine erythrocytes, I

strongly suggest sub-culturing every week by fresh RBCs after transfection.

Of the 12 promoters identified in this study, Bg J5™-actin promoted higher
luciferase activity than other 11 promoters, including Bg 5"-ef-1a, Bb 5'-ef-10. and Bb
S'-actin which were previously reported. Interestingly, Bg 5'-actin promoter resulted
in a higher luciferase activity in B. bovis than in B. gibsoni. This may be due either to

Bg 5"-actin promoter having particular affinity for B. bovis transcription factors or to
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B. bovis lacking of proper regulatory signals for the regulation of the activity of Bg
5"-actin promoter. This result also indicates that heterologous promoter
function widely exists between B. gibsoni and B. bovis. The promoters can recognize
the transcription or translation system mutually. These results will provide
considerable flexibility in the future construction of plasmid vectors to be used for

transfection systems in Babesia species.

In this study, I also employed a WR99210/Ahdhfr selection system for B. gibsoni
stable transfection. The 1Csy of WR99210 against B. gibsoni was 1.1 nM, which is
similar to B. bovis (1 nM) (Asada et al., 2012) and almost twice that of the one
reported for B. ovata (0.56 nM) (Hakimi et al., 2016). The transfected parasite
selected with WR99210/hdhfr emerged as early as two weeks after adding the drug,
indicating the suitability of this selection system for stable transfection of B. gibsoni.
B. bovis 3"-rap was successfully used as terminator in this study. This result is
consistent with my previous work (Chapter 2), confirming that Bb 3'-rap heterologous
terminator is fully functional in B. gibsoni. These findings provide considerable
flexibility in the construction of plasmid vectors to be used for transfection systems in

Babesia species.

Overall, a host-Babesia infection model may be easier to achieve using canine
Babesia rather than bovine Babesia because using dogs for animal experiments is
more feasible than using cattle. The urgently needed genome edited host-Babesia
infection model may help us monitor transmission in vivo, investigate mechanisms of
infection and immunity, and also improve the development of novel strategies for
controlling babesiosis. Transfection systems improve our understanding of the

molecular biology of parasites and pave the way for genetic manipulation (Suarez et
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al., 2017). The application of transfection systems can also lead to a better
understanding of the mechanisms underlying drug resistance and provide novel
information for vaccine development and drug target discovery (Suarez and Noh,
2011). Therefore, due to the lack of techniques for the genetic manipulation of B.
gibsoni. In order to fill this gap, I describe herein the development of a stable

transfection system for B. gibsoni.
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General summary

The main objectives of the present study is showing as follow: Firstly, to
establish a useful transient transfection system of B. gibsoni, towards a stable
transfection method of B. gibsoni. Secondly, to identify and characterize of
interchangeable cross-species functional promoters between B. gibsoni and B. bovis.
Thirdly, to establish a stable transfection system for B. gibsoni, towards a further

genome editing of B. gibsoni.

In chapter 1, I established the successful transient transfection of B. gibsoni. The
plasmid containing the firefly luciferase reporter gene (pBS-ELA) was transfected
into B. gibsoni by an AMAXA 4D Nucleofector™ device. Transfection using
program FA113 and Lonza buffer SF showed the highest luciferase expression.
Twenty micrograms of plasmid produced the highest relative transfection efficiency.
The fluorescent protein-expressing parasites were determined by GFP-containing
plasmid (pBS-EGA) at 48 and 72 hours post transfection. This finding is the first step
towards a stable transfection method for B. gibsoni, which may contribute to a better

understanding of the biology of the parasite.

In chapter 2, I investigated 6 homologous and 6 heterologous promoters for B.
gibsoni and B. bovis and identified novel interchangeable cross-species functional
promoters between B. gibsoni and B. bovis. Ten out of twelve promoters had
heterologous promoter function. In particular, Bg 5-ef~-lo and Bg 5'™-actin
heterologous promoters resulted in a significantly higher luciferase activity than Bb

"-ef-10 homologous promoter in B. bovis. The present study showed that Bg 5"-actin

promoted the highest luciferase activity in both B. gibsoni and B. bovis. The study
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further indicates that heterologous promoter function widely exists between B. gibsoni
and B. bovis. This finding is an important step for future stable transfection construct
design and for the production of vaccines based on transfected B. gibsoni and B. bovis

parasites.

In chapter 3, I generated a plasmid construct in which the 5'-intergenic (IG)
region-B of the ef-/a gene (5'-ef-1a) drives the gfp reporter gene, and the 5'-actin
promotes the expression of the selection marker Adhfr. The plasmid was designed for
integration into the ef-/a locus of B. gibsoni genome by double cross-over
homologous recombination. Linearized plasmid was transfected by 4D
Nucleofector™ into in vitro cultured B. gibsoni and 10 nM WR99210 was added for
drug selection two days after transfection. GFP-expressing parasites were observed by
fluorescence microscopy as early as two weeks after drug selection, and consistently
expressed GFP for more than 3 months without drug pressure. Genome integration
was confirmed by PCR, sequencing and Southern blot analysis. This finding will
facilitate functional analysis of Babesia genomes using genetic manipulation and will
serve as a foundation for the development of tick-Babesia and host-Babesia infection

models.

In summary, I established the transient and stable transfection systems of B.
gibsoni parasite, which successfully integrated exogenous genes into the B. gibsoni
genome. The genetic manipulation method describing in this study will serve as the
knockout parasite construction, which is widely used in analyzing the gene function

and drug target discovery.

54



Abstract in Japanese

FR LR

v A=A SN D ARMERN T AR Td 5 3T T RICITA 100 FEEHIE
ESNTWDH, FICFHES D 3HIH (B bovis, B. bigemina, B. ovata) D%
[ZDWTHEB TR X TFIEDBHSL STV D, D SR TIZONT H BB T
KX FEOBADBRD N TWD, 2T, BREZELT V7 HUITRITIA
FZPRAT LSy FEEEICEA R EE 5 2 T D A X3 T (B. gibsoni)

(ZOW TR T 2 T VE DMESL 2 3 A T2

51 ECITASRER - M BL R O EL A3 7 72, B. gibsoni D) I
F—H_XR—=2Z LD HERT a (ef-la) OF 1E—F —fEREZFE L, S8
%78 (GFP) I FE£72130y 7 =27 —F (Lue) EaFRHEFT X3
REME L2, BUIL. ThHDF T A Ry ARy T TRE Sz HE
ThRIVART 2l var&iiolbl A, WINbHEII L2 oz, £IZ T,
MaD T A7 27 va ket Lzl 25 Lonza f80 AMAXA 4D
Nucleofector™#4 & H & & OFEFEHR 2 Ve & 2 A, GFP £721% Luc BI5 1

—iE PRI R DIERIC AT LT,

F2ETIIIa®— 4 —ORKEIToT, LRROMWER o 7ot —4%—%
e 6 D Y v T — 2 —FHIROHIE T T Luc BB 77 2 I FaA/FRIL | R
L7 —DEEEZRE LA, T2 F 2 (actin) 7BE—H—2 g
HIRVEMZ AT 5 Z E B LTz, £72.B. gibsoni & B. bovis ® ef-1a. & actin

T —F =TT, BERKISEALTEDOT 0 —X =Gt e~
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LA INLDOT T T RERRICBWTHUOEET S A X IED
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J LW BB =y b (ef-la 7B E—%— : GFP ORF : #—3 3—& —:
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R (& dhfr, Y A ¥ I UEAIMMSEIS ) 25 L, MIRISEA L2,
FHNRRZAT 7oL 2 A, MFEMAHZIZ LY GFP Bis 1 & dhfr 51 03E
(757 7 DI AR AA T R ERBUBIROERI ) LTe, Fio, BEREAL
D eflaBfEr2 /v 77U R (KO) Sl & bR L7z (B gibsoni 21X

efla BETF2a—FEL, #0951 a—DLNKO SN) |

LED X2, ZOMETIE, 7 R T LUANDONARU TR TIE, Y10 T
A XXX T RO BAR TR 2 EOWMESLITEE) LTz, A RIS L7z TIEIC &
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ZHIZKO T2 2 ENHPRD K91t ole, 5% A X AT T FHRORRR
MBI TFORE - KO IZX D, ko5 Elks . Zofmsbikts s 2—L

LTI 2 T 7 F U BEEA~DICH IR S D,
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