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General introduction

1. Bovine babesiosis

Bovine babesiosis or redwater is a tick-born disease caused mainly by the

intraerytlﬁrocytic protozoan parasites mainly B. bovis and B. bigemina (McCosker, 1981).

"The genus Babesia belongs to the phylum Apicomplexia, class Sporozoasida, order

Piroplasmorida, and family Babesidae (Levine, 7l1985). The parasite was first described by
Babes in 1888 in the blood of cattle showing haemoglobinuria (Babes, 1.888), and the named
Babesia was adppted in his honor (Ristic and levy, 1981). Ticks were first recognized as
vectors of babesiosis in 1893 when Smith and Kilbourne described Boophilus ticks as the
vector of B. bigemina (Smith and Kilbourne, 1893). It is now known worldwide that ticks
are the main vectors of Babesia of domestic animals (Friedhoff and Smith, 1981).

Bovine babesiosis causes serious economic losses (Carson and Philips, 1981) in tropical

and subtropical countries (McCosker, 1981). It has been estimated that bovine babesiosis

endangers half a billion cattle throughout the world (Ristic and Levy, 1981). The diseases is

endemic in many regions of Woﬂd where the Boophilus ticks are present (Vial and Gorenflot,
2006). B. bovis and B. bigemina is present in many countries including North and South
America, south Europe, Africa, Asia and Australia (Ristic, 1988): The acute cases of B.
bigemina and’B. bovis infections are characterized by fever, haémoglobinuria and anemia.
(Shkap et al., ,'2005).

In addition to the clinical signs exhibited by the B. bigemina infected cattle, B. bovis

infection is characterized by cerebral/nervous signs (Shkap et al., 2003) and the diseases is

" considered to be more severe than that of B. bigemina (Ristic, 1981). B. bovis infection

usually occurs in the same areas as in case of B. bigemina, however, it has been identified in



some parts of Europe where the Boophilus ticks do not exist suggesting that there can be
other vectors which may be involved in the transmission of B. bovis (Vial and Gorenflot,

2006).

2. Life cycle

Life-cycle of the Babesia parasites involves two hosts, definitive vertebrate host and tick
as intermediate host (Fig. 1). The life cycle in the vertebrate host begins with the injection of
sprozoﬁes by Ixodid ticks (Uilenberg, 2606), that can directly invade the red blood cells
(RBC) (Brown et al., 2006), and differentiate into merozoites (U ileﬁberg, 2006). The process
of erythrocyte invasion by me;ozoites can be divided into three steps, attachment,
penétration and internalization. (Yokéyama et al., 2006). Within the host RBC most of the
merozoites transform into trophozoites and new mqrozoites will be produced by asexual
binary fission (Homer et al., 2000). However, some of the trophozoites become gamatocytes
that can not replicate in the erythrocytes (Rudzinska et al., 1979).

The Ixodid ticks ingest blood cells contained gamatocytes when they feed oﬁ an infected
vertebrate host (Wenyon, 1926). Gametocytes then develop into male and female gametes in
the tick gut and they fuse together to form zygotes, (Mehlhom and Schein, 1984) that
develop to vermicﬁles which are capable of invading many tissues of ticks via the
haemolymph (Rudzinska et al., 1983). In the infected female ticks, the Vermicules,feach the
ovary and passes the infection to the next generation through eggs, larvae and nymph. When
the progeny ticks attach to a new host, infectious sporozoites can be released from salivary

glands during their feeding (Howell et al., 2007).



3. Diagnosis.

Three majoi' methods, detection of parasites, detection of antibody and molecular
identification, are currently used for the diagnosis of babesiosis.

3.1. Detection of parasites

The diagnosis of babesiosis should begin with the history of the clinical manifestation
of the infected animals (Homer et al., 2000). The parasites could be detectable in circulting
blood during the first few weeks of infection.

3.1.1. Microscopy: Examination of Giemsa-stained thin blood-smears under the light
microscopy is the most frequently used technique to detect the Babesia parasites (Etkind et
al., 1980). Capillary blood smears are highly preferred over the venous blood smears since
more parasites can be detected in the former (Tatchell, 1984). Thin blood smears or
impression made from organs such as kidney, brain and heart muscle can also be examined
under a microscope for the detection of parasites. However, sub-clinical infections and
carrier stages cannot be detected by light microscopy alone (Calder et al., 1996).

3.1.2. In vitro culture: Many Babesia species such as B. bovis (Rodriguez et al., 1983),

B. bigemina (Vega et al., 1985), B. divergens (Grande et al., 1997), B. caballi (Zweygarth et

| al., 1999, Avarzed et al., 1997) and B. equi (Holman et al., 1994, Avarzed et al., 1997) can

be maintained in in vitro cultures. The continuous micro-aerophilous stationary phase
culture system, an improved technique for the in vitro cultivation of Babesia pa:rasités,
allows culturing of the individual parasites (Vega et al., 1985, Igarashi et al., 1998). It could
be used to detect the Babesia infected carrier animals (Holman et al., 1993). However, since
ﬁs technique needs expensive culture facilities and skilled personnel, it can only be used -
for the disease certification of expensive aﬂmﬂs for commercial purposes (Holman et al.,

1993).



3.2. Detection of specific antibody

Serological diagnosis is £he most reliable method of detecﬁng the infection in carrier
animals. Various serological diagnostic techniques have been used to demonstrate fhe
presence of antibodies against B. bigemina and B. bovis infections in cattle, with varying
levels of accurécy. The ser;)logical diagnostic techniques include examination of indirect
immunofluorescent antibody test (IFAT), complement fixation test (CFT), enzyme linked
immunosorbent assay (ELISA) and Immunochromatographic test (ICT).

3.2.1. Indirect fluorescent antibody test (IFAT): IFAT is 'aiéo a commonly used
technique for the detection of specific antibodies against the Babesia species (Araujo et al,,
1998). Cross-reaction of the specific antibodies to B. bovis in the IFAT for B. bigemina is a
partiéular problem in the areas where the two. parasites coexist. Additionally, the TFAT has

“

the disadvantages of low sample throughput and subjectivity.

3.2.2. Complement fixation test (CFT): CFT is mainly used for the detection of IgM
antibodies‘ which are produced in the early stage of the primary infections and therefore it
has low sensitivity (Bose et al., 1995). This observation was confirmed by the studies
conducted to compare the in vifro culture teéhnique‘(Holman et al.,, 1993) and other sero-
diagnostic assays (Tenter and Friedhoff, 1986) with CFT.

~ 3.2.3. Enzyme Linked Immunosorbent Assay (ELISA): ELISA is widely used to
detect the subclinical infection and for epidemiological surveys (Weiland and Reiter, 1988).
Sensitive ELISA for B. bovis infection was developed.with whole antigens derived from
infected blood (Waltisbuhl et al., 1987). However, usage of these antigens for ELISA is
severely constrained by the difficulties in o_btaim'ng large quantities and by the unfavorable
contamiﬁation (Bose et al., 1995) what causes a cross reéctivity. Several reébmbinant
diagnostic antigens have also been developed for use in ELISA to detect both B. bovfs and B.

bigemina antibodies. Boonchit et al., (2004 and 2006) demonstrated the use of truncated
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form of rhoptl"y associated protein-1 (RAP-1) derived from B.bovis and B.bigemina as a
diagnostic antigen to detect infection. Tebele et al. (2000) showed that the 200- kDa antigen
of B. bigemina has the potential to be used as an antigen for ELISA. Although they found
that the truncated form of this antigen could recognize only the B. bigemina-infected sera,
field studies had not been con;iucted to evaluate the utility of this antigen (Tebele et al.,
2000).

3.2.4. Immunochromatographic test (ICT): Recently rapid assays such as an
immochoﬁatograpMc test, which can be performed at field level, have also been

developed to detect the species specific antibodies in bovine sera (Kim et al., 2007).

33 Molecular diagnosis

3.3.1. Polymerase chain reaction (PCR): PCR assays are generally based on the
amplification of species specific and highly conserved gene (Homer et al., 2000). PCR.
amplication of target gene is considered to be highly sensitive ‘diagnostic method than that of
light microscopy (Calder et al., 1996). The conventional PCR technique can detect up to 1
pg of DNA and the sensitivity of nested PCR is very high since it can detect as low as 1fg of
the parasite DNA (Persing, 1991; Gibson and Rawlin, 1992; Belak Ballagi-Pordany, 1993).
Sevel;al researchers have developed species specific primers to detect Babesia species by
PCR technique (Figueroa et al., 1993; Criado-Fornelio et al., 2003). Although multiplex
PCR assays have b‘een developed to detect several species of Ba;’ae;via parasites
simultaneously, threy lack sensitivity and therefore the accuracy of the test becomes
questionable (Figuelroa et al,, 1992). In addition to the above mentioned diagnostic tests
other test such as reverse line blot hybridization (Gubbels et al., 1999) for the diagnosis of

bovine Babesia parasites have also been described.
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3.3.2. Loop-mediated isothermal amplification (LAMP): LAMP method are .I‘recently
developed novel gene amplification methods. A loop-mediated isothermal amplification
(LAMP) method allows a whole reaction process at an isothermal condition and ﬁnallj
makes it possible to easily detect the LAMP-amplified product due to a visual confirmation
of the reacted tube (Notomi et al., 2000). Furthermore, since four LAMP-specific primers
are designed to recognize six distinct regions on the target gene, the reacted DNA can be -
amplified with high specificity (Notomi et al., 2000). Since the LAMP method does not
reqﬁire any complicated equipment, it may provide a cost-effective, simple, aﬁd rapid DNA
amplification method. For bovine babegiosis, multi loop-mediated mediated isothermal

amplification (nLAMP) method was developed (Iseki et al.,; 2007).



4. Treatment and vaccination

Early diagnosis and proper selection of effective drugs are essential for the successful
prevention of clinical disease, while it is less likely when the treatment is delayed (Vial and
Gorenflot, 2006). At present many chemotherapeutic agents are availablle for the treatment
of bovine babesiosis such as diminazene aceturate (Berenil), Imidocarb dipropionate-
(Imizol) and‘ amicarbalide isothionate (Diampron) (Vial and Gorenflot, 2006). Recently
‘several novel antibabesial drugs, such as triclosan (Bork et al., 2003), 'arteéunate,
pyrimethamine, pamaquine (Nagai et al., 2003), heparin (Bork et al., 2004), imidazole
derivatives, staurosporine (Bork et al., 2006), cysteine protease inhibitors (Okubo et al.,
2007), atovaquone and azithromycin (Krause et al., ZﬁOO), I;aVe been successfully studied
by using both in vifro and in vivo models. However further studies and clinical trials with
field cases should be conducted -to evaluate the‘ utility of these novel anti babesial agents.

Prevention: The preventive measures to control the bovine babesiosis can be divided
into three parts, vector control, chemoprophylaxis, and vaccination (De Waal and Combrink,
2006) at descﬁbed below. |

_ Tick control: Integrated control strategies must be adoptéd to control ticks rather than
adhere to a single method. Arsenic compounds were used for the control for long time until
the development of resistance (George, 2000). Although many organic pesticides we;é
developed later, the .successive evolution of resistance of ticks for.the acaricides is the
biggest problem in controlling the ticks by chemical means (George et al., 2004). Rotational
application of pesticides in crop farming minimizes the emergence of resistancé. However
this strategy is still to be explored in tick cﬁntrol (Willadsen, 2006). Vaccine against B.
microplus based on a recombinant antigen, Bm86, reduces t};e number of engorging female
ticks, their weight and reproduétive performance (Willadsen et al., 1995; de la Fuente et al.,

1999). The study carried out in Cuba with this vaccine shows that a two-third reduction in



the number of acaricide treatment needed for tick control (de la Fuente et al., 1999).
. ‘ o
‘However, further studies on immunolqgical mechanisms of ticks are essential for the
potential application of vaccines as a major control measure (Willadsen,- 2096). In addition
to the use of chemical and vaccination methods, biocontrol methods have also been used as
part of integrated management practices (Samish and Rehacek, 1999).
Vaccination: Live attenuated vaccines have been used to control bovine babesiosis in
many parts of world (Shkap et al., 2007). However, vaccination failure is common because

of the long use of region specific strains, which possibly results in vaccine breakthrough (De

Vos and Bock, 2000). In addition, %here is a risk of transmission of other blood borne

pathogens during the wvaccination (DeWaal, 1996). Therefore, alternative vaccination
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strategies, such as a choice of recombinant vaccines, must be explored.
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5, Aims of the presenﬁ study
Bovine babesiosis that caused by B. bovis and B. bigemina remains the leadlng cause of
huge economical losses among cattle worldwide. The proper diagnostic methods and

preventive measures are essential for the control of clinical disease to minimize the

' economical losses. Currently, there are no suitable drugs or effective vaccines for babesiosis

and these tick born diseascs (TBDs) have become major international concerns owing to the
possible introduction of parasites 'into none endemic areas such as Japan. Therefore, it is
very important to develop a more rapid, sensitive a.nd specific method for the detection of
bovine babesiosis. The objective of this study is to identify sero-diagnostic antigens for the
development of ELISA for bovine babesiosis and evaluation of ELISA for the surveillance
in endemic countries. A truncated 200-kDa protein (rP200/CT) of Babesia bzgemma was
identified and ELISA using the rP200/CT was evaluated for the spe01ﬁ01ty and sensitivity
using cattle sera from experimentally infected with B. bigemina and sera collected from
Ghena (Chapter 1). Novel genes (P36 and rBvP29) v\.fere isolated from tﬁe genomic DNA of
B. bov?'s and their recombinant proteins were analyzed their localization and specificity of
theses proteins using by the sera collected from cattle expeﬁmentally infected with B. bovis

and B. bigemina (Chapters 2 and 3).




F' s ,.‘;!34'\’ The Life Cycle of Babesia bigemina |

and B. bovis

Fig. 1. Life cycle of B. bigemina and B. bovis; in tick and vertebrate hosts. 1- Sporozoite,
inoculated into the cow during tick feeding via the saliva, attaches to and penetrates RBC. 2-
The sporozoite becomes an intraerythrocytic trophozoite (feeding stage). 3- The trophozoite
undergoes intraerythrocytic division (merogony) to form 2 daughter cells called merozoites. 4-
Merozoites escape from the RBC resulting in the destruction of the latter. 5- Free merozoites
penetrate new RBC and repeat the merogony (7). 6- Some forms stop dividing, these
differentiate to form gametocytes. 8- Female Boophilus feeds on infected cow and ingests
infected RBC. Only the gametocytes continue development in the gut lumen of the tick. 9-
Gametes are formed from the “ strahlenkorper” stage and fuse to form a zygote (10-12). 13- The
zygote differentiates to form sporokinetes (17) which are liberated and are motile (18). 16- A
multiple fission body is formed with many nuclei which differentiates to form sporokinetes (17)
which are liberated and are motile (18). 19- The sporokinetes can initiate further sporogony in
various tissues of the tick. 20~ Some sporokinetes initiate the infection of the ova before the
cuticle is formed and remain dormant (21) until the Fy ticks start feeding. 22-26- Sporokinetes
initiate sporogony in tissues of feeding Fp ticks resulting in numerous sporokinetes. 27-
Sporokinetes invade the salivary glands and intiate sporogony during tick feeding which results
in many sporozoites being formed (28). These are released into the salivary ducts of the tick

during feeding (Young and Morzaria, 1986).

10
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Chapter 1

Evaluation of Babesia bigemina 200 kDa recombinant antigen in

enzyme-linked immunosorbent assay

1-1. Introduction

Babesia bigemina is a tick-borne hemoprotozoan that causes babesiosis in cattle
(Barnett 1974; McCosker 1981). The parasite is widely distributed throughout Africa,

Southern Europe, Asia, Australia, Central and South America, coinciding with its main

- vector, the Boophilus tick. Economically, it is the most important cause of heavy losses as a

result of infection in susceptible cattle, particularly in imported breeds (Akinboade and

Akinboade 1985; Solari et al. 1992). Animals that recover from infection develop lifelong

- immunity and may become carriers (Bdse et al. 1995).

The classical diagnosis of acutely infected animals is by light microscopic
demonstration of intra-erythrocytic parasites in Giemsa-stained blood smears (Araujo et él.
1998); however, in subclinical or latent infection, parasites may not always be demonstrable
because of low parasitemia (Base et al. 1995). In epidemiological  studies, exposure to B.
bigemina is best determined by the detection of antibodies in the sera of infected cattle
(Molloy et al. 1998). Several serological tésts such as the indirect flourescent antibody tegt
(IFAT) and enzyme—linked immunosorbent assay (ELISA) have been developed for bovine
babesiosis (Boonchit et al. 2006; Goff et al. 2008; Mbati et al. 2002; Ravindran et al. 2007).
However, the IFAT has poor specificity because antibodies cross-react between B. bovis and
B. bigemina. Furthermore, this technique is time-consuming, and the interpretation of the
results is subjective and depends on individual expertise (Bose et al. 1995). On the other

hand, ELISA is quite sensitive and is appropriate for testing large number of samples

11
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especially in field surveys (Weiland and Reiter 1988). Previously,A ELISAs have been
evaluated for detection of antibodies to bovine Babesia pafasites using native antigens.
Although, such tests proved to be powerful tools for serological surveys, the poor quality of
the antigens, and sometimes cross-réactions between the B. bovis and B. bigemina species
and with closely related apicomplexan parasites resulting in false positive results have
limited their application (Bdse et al. 1995).

Considering these problems associated with Babesia infections, it is, therefore,

‘necessary to develop a reliable diagnosticimethod for this disease. Although some antigens

have shown potential for effective diagnosis and putative vaccine candidaftes in preliminary
experiments, a successful antigen to diagnose and prevent this disease has not been found.
Several factors have contributed to this lack of proper antigens including a complicated life
cycle of the parasite, wide variety of immune responses induced by the parasite, and
insufficient information concerning the relationship between the parasite ‘and its hosts
Wright et al. 1987. Cross-reactivity with antibodies to B: bovis is a complication in regions
where the two patasites coexist (Dalrymple et al. 1992; Morzaria et al. 1992). Furthermore,
B. bigemina immune serum has been shown to -cross-react with bovine fibrinogen (El-
Ghaysh et al. 1996). Hence, it is. essential to develop a suitable serological test to
differentiate between B. bovis and B. bigemina. In a review of serological tests for the

diagnosis of babesiosis, Bose et al. (1995) concluded that the existing serological tests for B.

- bigemina were inadequate and that the development of an improved test was a priority. In

this study, the gene encdding the 200 kDa protein of B. bigemina (Tebele et al. 2000) was
expressed as a glutathione-S-transferase (GST) fused protein in Escherichia coli and used
for serological diagnosis_of B. bigemina infection in enzyme?linked immunosorbent. assay
(ELISA). In addition, corresponding DNA samples obtained from the same animals were

also screened by polymerase chain reaction (PCR) for the detection B. bigemina.

12



1-2. Materials and methods

Parasites. B.‘ bigemina (Argentina strain) was continuously cultured w1th bovine
erythrocytes using a microaerophilous stationary-phase culturing system (Vega et al., 1985).
When the level of parasitemia reached 5%, the infected erythrocytes were washed thrice
with phosphafe buffered saline (PBS), and the pellets were stored at —80°C until use.

Bovine sera and DNA. Serum samples used for the evaluation of the ELISA with
tP200/CT were as follows: serum samples from cattle experimentally infected with B. bovis
(n = 12) or B. bigemina (n = 12), negative serum samples (# = 12) from healthy céttle
with no known past history of Babesia infection (Boonchit et al. 2006). To evaluate the
diagnostic utility of p200/CT, ﬁeld blood samples were collected from cattle in Accra Ghana.
Samples were taken to the veterinary services laboratory in Accra for analysis. Blood
samples were collected in EDTA tubes from the jugular vein of cattle. For each of the blood
samples, Giemsa-stained blood smears were prepared fof microscopic examination. Serum
samples were separated after centrifugation and were tested by ELISA for detection of

antibodies against B. bigemina. DNA was also extracted from same samples using a

commercial Kit (QIJAamp DNA Blood Mini-Kit Madison, WI, USA) according to the

manufacturer’s instructions.

Microscopic analysis. Iﬁ the laboratory, blood smears were fixed in methanol for 5 min
and stained for 30 min in Giemsa stain diluted with 5% buffer and observed with Bright-
field light microscopy at 1,000x for the presence of Babesia organisms.

Cloning of the truncated P200 gene. B. bigemina genomic deoxyribonﬁcleic acid

(DNA) was extracted from B. bigemina-infected erythrocyte pellets with phenol—chloroform

as previously described (Boonchit et al. 2002). The genomic DNA was used as the template
in the PCR. Oligonucleotide primers were designed based on the DNA sequence of the B.

bigemina 200 kDa gene (Gene Bank accession no AF142406) with restriction enzyme-

13
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compatible ends for subsequent cloning. The nucleotide sequence (nt 3112-3327 nt)
encoding the 200 kDa gene was obtained by PCR using primers Big-P200-F-5-CCG
GA,ATTCj-&TGGT}L‘MMXCPJTGCATCC%r and Big-P200-R-5’-CC'CTGCGAGCTA
AGAGTCATCACC-3' containing EcoRI and Xhol sites, respectively. The PCR conditions
were 30 cygies of denaturation at 95°C for 1 min, annealing at 58°C for 1 min, and
extension at 72°C for 2 min. Each of the PCR-amplified DNA fragments was digested with
restriction enzymes, and EcoRI and _X?;ol were then ligated to a similarly digested pGEX—4T—
1 expression plasmid (Amersham Pharmacia Biotech, Little Chalfont, Buckinghalmshire,
UK), resulting in plasmid pGEX-P200/CT containing the truncated P200 gene fragment.
Expression and purification of B. bigemina. rP200/CT recombinant protein. The
recombinant plasmid pGEX-P200/CT was ﬁansformed in E. coli (BL21). Each transformed
colony was cultured in LB medium (1% bacto tryptone, 0.5% yeast extract, 1% NaCl, 0.1%
5-NNaCl) with ampicillin sodium (50 ug/I;nL) at 37°C. At optical density (OD; 600 nm) 0.5,
the plasmids were induced to synthesize the recombinant fused proteins by the addition of 1-
M isopropyl-b.-d-thiogalactopylanoside (IPTG)—, (Wako, Tokyo. Japan) and incubat;::d for 4 h.
The bacterial cultures were harvested by low centrifugation and sonicated with STE buffer

(50-mM Tris-HCl at pH9.5, 100 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA))

cbntaim'ng 50-pg/mL lysozyme and 1% Triton X-100. The supernatﬁnt containing the
recombinant fused proteins (tP200/CT) was removed by centrifugation and then purified

with glutathione sepharose 4B according to the manufacturer’s instructions (Amersham

‘Pharmacia Biotech, little Chalfont, UK).

SDS-PAGE and Western blotting. The expression and purification of the recombinant
proteins were confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using 12% acrylamide gel according to Laemmli’s method (1970). Proteins

were electrophoretically transferred to polyvinylidene difluoride membranes (Millipore,

14
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USA), by the method of Towbin et al. (1979). Thgreafter; the membranes were treated as
described by Boonchit et al. (2006).

ELISA. ELISA was performed according to the method followed by Xuan et al. (2001)
with some modifications. Briefly, the optimal working conditions for the rP200/CT
conjugates were determined in a checkerboard assay by using serial dilutions. Pre-infection

(negative control) and post-infection (positive control) cattle sera were diluted 1:100 in

~blooking solution before use. The conditions rendering the highest difference in OD

measured for positive and negative sera were chosen for screening all the sera. Purified
P200/CT antigen was diluted to 7 pg/mL in 0.05 M carbonate—bicarbonate buffer (pH 9.6),

and 50 pL of this solution was added to each well of a flat-bottomed microtiter Maxisorp
plate (Nalgen Nunc, Denmark). Control wells for each of the sera were coated with 7 pg/mL
purified GST. Duplicate serum samples were titered by doubling the serial dilutions in a
blocking solution containing 3% skimmed milk, and the mixture was incubated at 37°C for
1 h. After blocking, the plates were washed once with PBS-T and then 50 uL of dilutéd sera
was added to each well. The plates were incubated at 37°C for 1 h and then washed six times
using PBS-T. Bovine antibodies were detected by using HRPO conjugated sheep anti-bovine
immunoglcl)bin G (1gG; 1:5,000). The plates were incubated atl37°C for 1 h and then washed
six times with washing buffer. .To each well, 100 pL. of the substrate (0.1 M citric acid,
02M sodium phosphate, 0.003% H;0;, 0.5mg 2,2'-azino-di-3-ethylbenzthiazoline-6-
sulfonic acid) (Sigma Chemicals, USA) was added. The plates were further incubated at
room temperature for 1 h, and the OD (415 nm) was measured by using an automatic ELISA
plate reader (Corona, Japan). The net OD values were obtainea by subtracting the OD for
the GST control from that of the test sera. This contrél procedure ensured that the net OD

values were due to the presence or absence of B. bigemina antibodies and not due to

nonspecific binding. The cutoff point of OD > 0.25 was used as the mean OD for the

15
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negative sera plus three standard deviations. B, bigemina RAP-1CT ELISA was performed
as previously described by Boonchit et al. 2006.

PCR amplificaﬁon and se(iuence analysis. A PCR was performed to rdetect B.
bigemina DNA using previously described method by (Boonchit et al. 2006). Amplification
was performed using SQ-ul reactions. Each reaction contained a 1x concentration of PCR
buffer (Roche), 2.5 U of Taq polymerase, 5 pl of DNA template, 10 pmol of each primer,
2 mM concentration of each deoxynucleoside triphosphate. A forward primer pair (BigF-
CGAAGCAGCTGTAGAGGAAA and reverse primer BigR-TTTCTGCATCTGGAAGCTGC)
were designed to amplify approximately 195 bp fragment from B. bigemina DNA. The PCR | |
conditions were as follows; initial denaturation at 95°C for 5 min, followed by 35
ampliﬁcation cycles (95°C for 1 min, 58°C for 1 min, and 72°C for 1 min), and a final
extension step at 72°C for 7 min. The PCR products were electrophoresed in 1.5% agarose
gel, stained with ethidium bromide, and visualized under UV-transillumination. Positive B.
bigemina amplified DNA products were gel purified by a GENECLEAN kit (BIO 101, Vista,
CA, USA). The nucleotide sequence of DNA fragments were directly sequenced by an ABI
PRISMTM 3100 Genetic Analyzer (Applied Biosystems Japan Ltd., Tokyo, Japan) with ABI
PRISMTM BigDyeTM terminator cycle-sequencing rea;iy-reaction kit (Applied Biosystems

Japan Ltd).
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1-3. Results

Expression of the rP200/CT in E. coli. To establish an effective and hﬁproved method
for the diagnosis of B. bigemina infection, the DNA sequence encoding a truncated 200 kDa
gene (1,038-1,108 aa) wes amplified by PCR and inserted into the pGEX-4 T-1 plasmid
vector, resulting in the recombinant plasmid pGEX-rP200/CT. The recombinant plasmids
were transformed and expressed in E. coli as GST fused proteins. The resultant rP200/CT
was purified and observed by SDS-PAGE (Fig. 2).I The protein had a molecular size of
approximately 33.9 kDa. In the Western blot analysis, rP200/CT reacted strongly with the
sera from cattle infected by B. bigemina but not with sera from B. bovis-infected cattle
(Fig. 3).

Reactivity and specificity of +P200/CT. ELISA was used to evaluate the rP200/CT
expressed in E. coli to ascertain whether it can be a useful antigen for the serodiagnosis of
babesiosis. The ODy;5 cutoff pomt was set as the mean value of the negative samples plus

three standard deviations. The ELISA detected antibodies (OD > 0 25) in the sera of B.
bigemina-infected cattle but was negative (OD < 0.25) for B. bovis-infected cattle sera and

uninfected bovine sera (Fig. 4). Similarly, when the OD Values of tP200/CT were compared
with those of the B. bigemina rhoptry-associated proteiﬁ 1 (tRAP-1/CT) ELISA, the
| absorbance values of the rRAP-1/CT ELISA were higher than those of the rP200/CT ELISA.
In addition, the absorbance values of the negative serum samples were less than the cutoff
point in both ELISAs (Fig. 5).
Diagnosis of B. bigemina infection in cattle by the ELISA with rP200/CT and PCR.
A total of 108 blood samples collected from cattle Ghana were tested for the detection of
antibodies to B. bigemine by’the ELISA with rP200/CT and for the detection of B. bigemina
parasites in microscopy and DNA by PCR. As shown in Table 1, nene of the animals were

positive for Babesia parasites by microscopic examination of Giemsa stained blood smears.
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On the other hand, 66 (61%) and 67 (62%) of the tested samples were positive by the ELISA
and PCR, fespectively. In additidn, 42 (38.8 %) samples were positive by both the ELISA
and PCR, while 25 (23.1%) PCR positive samples were ELISA negative and 22 (20.0 %)
PCR negative samples were ELISA ﬁositive (Table 1). Sequence analysis of all positive field

PCR samples showed a 100% identity with p200 (data not shown).
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1-4. Discussion

In the search for suitable antigens to detect B. bigemina infection, attention has been
focused on the identification of inimunodominant antigens recognized by sera from animals
infected with distant geographical isolates and from both acute and chronically infected
animals (Boonchit et al. 2006). B. bigemina 200 kDa protein (P200), one of such conserved
and immudominant antigens, was previously identified as a candidate diagnostic antigen for
serological assaying in the detection of B. bigemina antibodies in infected cat.tle. (Tebele ct al.‘
2000).

B. bigemina p200 is present in merozoite cytoplasm, suggesting that the antigen may be
a structural protein involved in forming filament structures within the cytoskeleton. In

addition, P200 is immunogenic and is conserved among different strains of B. bigemina. In

this study, a truncated fragment of the 200 kDa (rP200/CT) protein was expressed in E. coli

fqr the serological diagnosis of B. bigemina infection. To examine whether antibodies
égajnst rP200/CT were elicited during natural infection with B. bigemina, recombinant
tP200/CT was examined for its reactivify with known positive sera collected from infected
cattle of endemic areas. As shown in Fig. 3, sera from these anﬁals showed reactivity with
the recombinant protein on Western biotting-. Furthermore, in a comparative ELISA wifh
RAP-1/CT (Boonchit et al'. 2006), rp200/CT protein was recognized by B. bigemina-iﬁfected
serum samples. However, the OD values of B. bigemina-infected bovine sera in the
rP200/CT ELISA were slighﬂy lower than those in the rRAP-1/CT ELISA, probably
indicating that some immunodominant region capable of inducing a stronger humoral
immune response could have been removed as a result of the truncation. Although the
sensitivity of rP200/CT was low, as compared to RAP-1, it proved to be highly conserved
and specific for the detection of antibodies against B. bigemina infection across different

geographical regions.
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In ‘the current study, none of the cattle examined had detectable Babesia parasites by
micr_oscopy; however, some positive detection was obtained by ELISA and PCR methods,
respectively (Table 1). The mechanisms involved in parasitemia variations in carrier
infections are not well understood. However, it has been observed that pa;casite densities In
Babesia-carrier animals seem ;co fluctuate with time and periodically fall below the detection
lev;:l of microscopy and PCR (Aguilar-Delfin et al. 2001, 2003; Brown et al. 2006; de Vos
and Bock 2000). The proportions of seropositive samples from B. bigemiria Inaturally
infected cattle compared with the PCR results (67%) are indicative of high sensitivity of
rp200/CT antigen. In addition, the rp200/CT-ELISA detected antibodies against B. bigemina
in samples that were PCR negative (Table 1). Either this could imply low level of parasite
DNA below detection limit of the PCR or the persistence of the parasite antibodies for a
period even after the living pathogen has been eliminated from the host. In fact, .microscopy :

and PCR-based detection methods are less likely to detect low parasite densities because of

a higher probability that no infected erythrocytes are present in the minute blood volume

used. In this respect, this ELISA could be useful in screening caitle, which are exposed to B.
bigemina infection by monitoring thgir antibody levels. Such a strategy is normally vital in
prevention of new infections rather than in treatment of clinical infection, which require
specific methods of lﬁarasite identification. On the other hand, some 20 seronegative samples
tested positive for parasite DNA b.y PCR suggesting that the samples could have been from
cattle with early parasitic infection characterized by undetec;cable antibody titers.
Alternatively, this could have been due to the relatively higher sensitivity of PCR compared
with the rp200-ELISA. The rp200/CT-ELISA detected h_igher proportion of positive samples
than PCR in ‘samples collected from apparently healthy cattle (Table1). From
epidemiological point of view, screening for subclinical or latent infections is important

because such cases could serve as potential source of re-infection (Stegeman et al. 2003);
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moreover, cases of relapses of infection are possible. Therefore, rp200/CT-ELISA could be
useful in screening surveys and in identification of infected cattle that appear apparently
healthy while PCR could be useful especially in cases where microscopic findings are
inqonclusive. Nevertheless, the ELISA and PCR each has its own advantages and
disadvantages depending on the intended use. Alternatively, a repetition or a combination of
different diagnostic tests might provide a more accurate picture of the true prevalence of

infection. ?
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1-5. Summary:

- A truncated fragment of the gene encoding the 200-kDa protein (P200) of Babesia

| bigemina was cloned into a plasmid vector, pGEX-4 T-1 and expressed in Escherichia coli

as a ghutathione-S-transferase fused protein. An indirect enzyme-linked immunosorbent
assay (ELISA) using the rp200/CT detected specific antibodies in cattle experimentally -
infected with B. bigemina. Furthermore, the antigen did not cross-react with antibodies to
Babesia bovis, a closely related Babesia parasite indicating that rp200/CT is a specific
antigen for the diagnosis of B. bigemina infection. Additionally, ELISA using p200/CT and
poljrmerase chain reaction were conducted on serum and corresponding DNA samples
obtained from field cattle to evaluate the diagnostic utility of the p200/CT antigen. Results
from ’the current study suggest that p200/CT ELISA is a sensitive and spleciﬁc method for

improved serodiagnosis of B. bigemina infection.
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Fig. 2. Expression and purification of the GST fusion with B. bigemina P200/CT protein
expressed in E. coli. Lane 1: proteins in soluble fraction; Lane 2: purified protein; Lane 3:
GST. Proteins were analyzed by sodium dodecyl sulphate—polyacrylamide gel

electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue.
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Fig. 3. Western blot analysis of B. bigerhina P200/CT protein. The membrane was incubated

with B. bigemina-infected cow sera (Lane 1) and B. bovis-infected sera (line 2).
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Fig. 4. Reactivity of the bovine sera with the B. bigemina tP200/CT in enzyme-linked
immunosorbent assay (ELISA). Column 1: B. bigemina-infected bovine sera (n = 12),

Column 2: B. bovis-infected bovine sera (n = 12); dotted line: cutoff point 0.25.
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Fig. 5. Reactivity of rhoptry-associated protein 1 (rRAP-1/CT) antigen (1) and the B.
bigemina tP200/CT (2) in the enzyme-linked immunosorbent assay (ELISA). The dotted

line represents the cutoff point.
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Table 1. Comparison of microscopy, PCR, and ELISA results

Number of L
sampl Microscopy Elisa PCR  ELISA-PCR* ELISA-PCR’ PCR-ELISA®
ples
108 0 66 (61%) 67 (62%) 42 (38.8%) 25 (23.1%) 22 (20.0%)

2 Samples positive with both (GST-rP200/CT-ELISA and PCR
b ELISA-positive field samples but negative according to the PCR

© PCR-positive field samples but negative according to the ELISA
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Chapter 2

A Babesia bovis BvP36 gene is expressed at least in the asexual

stage of Babesia merozoite

2-1. Introduction

Babesiosis is an intraerythrocytic protozoan disease affecting a variety of wild and
domestic animals. This disease is caused by the members of genus Babesia of apicomplexan
parasites (Homer et al., 2000). B. bovis and B. bigemina have. been identified as 2
economically important species causing bovine babesiosis (De Waal and Combrink, 2006).
Of these 2 species, B. bovis is the most pathogenic causing high mortality of the affected
cattle (Brown et al., 2006). Previously, it was estimated that around half-a-billion of the
world’s cattle population are at risk of contracting babesiosis (McCosker, P.J., 1981).

Proper treatment is essential to minimize the potentially adverse economic impact.
However, delayed treatment could result in an unsuccessful treatment outcome (Vial and
Gorenflot, 2006). Additionally, effective control of Boophilus ticks is becoming increasingly
difficult because of the development of acaricide resistance and the spreading of ticks to
nev;r areas due to climatic changes (De Waal and Combrink, 2006). Despite the wide use of
live attenuated vaccines in many parts of the world (Shkap ef al., 2007), vaccination failure
was evident due to the use of region-specific strains (De Vos and Bock, 2000), short lifespan,
and side effects of the vaccines (Hope ef al., 2005). Therefore, alternative vaccination
strategies must be developed to resolve the problem of bovine babesiosis. Plasmodium yoelii
and P. berghei have been used as rodent model organisms to study malarial diseases (Luke
et al., 2003). Recent studies indicate that the P36 antigen in thé sporozoite of P. berghei

plays an important role in hepatocyte infection (Ishino ef al., 2005). The P36 homolbgous
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antigens are the members of the 6-Cys protein superfamily, which possesses a structure
unique to Plasmodium species (Carter et al., 1995). Deletion of the P36 gene from the
genome of P. yoelii resulted in loss of the ability of the sporozoite to develop into the liver
stage ap.d complete attenuation of the sporozoite (Labaied ez al., 2007). More importantly,
these sporozoites induced sterile immunity in mice, which completely protected the mice
from subsequent challenge infections w1th the sporozoites (Labaied et af., 2007). Structure
prediction analysis showed that the 6-Cys proteins of Plasmodium parasites are similar to
the surface antigen 1 (SAG 1) of Toxoplasma gondii (Gerloff et al., 2005). SAG 1 is
localized on the surface of tachyzoite and is involved in the‘ host-cell attachment and
immune modulation (Mineo et al., 1993). In another study, mucosal protective immunity
was induced in mice immunized with recombinant SAG 1 via the iniranasal route (Velge-
roussel et al., 2000). The P36 antigen of Neospora caninum is closely related to the T.
gondii SAG 1 (Sonda et al.,, 1998). The P36 gene of N. caninum is expressed in the
tachyzoite stage, and the antigen is involved in the invasion of host celis (Nishikawa ef al.,
2000). Therefore, these P36 homologous antigens may be considered as commonly available
new vaccine candidates against the infections caused by the apicomplexan parasites.

Recent genome project of B. bovis identified a homologous gene to the Plasmodium P36 |
gene (Brayton et al » 2007). Because of the greater vaccine potential of P36-related antigens,
Brayton ef al. (2007) suggested that the P36 homologous antigen of B. bovis (BvP36) could
be a potential vaccine candidate. Therefore, in the present study, we isolated the BvP36 gene
and characterized BvP36 immunologically. This study was conducted as a preliminary study

prior to the evaluation of the vaccine utility of the BvP36 antigen.
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2-2. Materials and methods

Parasites. A continuous micro-aerophilous stationary bhase culture system, which was
previously established (Igarashi et al., 1998; Vega ef al., 1985), was used for in vitro
cultivation of the Texas strain of B. bovis (Hines et al., 1992) and the Argentina strain of B.
bigemina (Hotzel et al., 1997). At greater than 5% parasitemia, the red blood cells (RBC)
were washed with phosphate—buffereél saline (PBS) and stored at -80°C until use.

DNA extraction. B. hovis-infected RBC were suspended in a DNA extraction buffer
containing 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 10 mM EDTA and then digested
with 1% sodium dodecyl sulfate (SDS) and 100 pg/ml of protease K. The parasite DNA was
éubsequently extracted by the phenol-chloroform me;thod as described previously (Boonchit
etal., 2002).

Cloning and sequencing of the BboP36 gene (Accession:ﬁo XM_001609815). A full-
length target gene (639 bp) was amplified from the above extracted genomic DNA by PCR
using a pair of forward, 5'-acgaattc ATGAGTAACGTCGAAAAGTTCC—3’ and reverse, 5'-
acctcgagTCAAATTAGGTCAACCTCTG-3' primers (lowercase letters in the forward and
reverse primers represent restriction sites for EcoRI and Xhol, respectively) .as described
previously (Boonchit ef al., 2002). The PCR product was purified by a QIAquick Gel
Extraction Kit (Qiagen, Tokyo, Japan), digested with 2 restriction endonucleases, namely,
EcoRJ and Xhol, and then ligated into a similarly pre-digested, expression plasmid vector,
pGEX-4T-1 (GE Healthcare, Uppsala, Sweden). After ligation, the plasmids were
transferred into E coli competence cells (BL21), and subsequently plated on ampicillin-
containing LB plateé. After an overnight incubation, the clones were cultured overnight in
LB broth at 37°C. The positive cultures were identified by the abovementioned PCR
analysis. Finally, the resultant plasmids were exiracted from the positive cultures (QIAprep

Spin Miniprep Kit, Qiagen), and an ABI PRISM 3100 Genetic analyzer was used to confirm
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 the sequence of the inserted gene (Féldvari et al., 2005).

Production of rBvP36. The abovementioned poéitive culture was incubated at 37°C until
they attained an optical density (OD) of 0.5 at 600 nm; subsequently, they were induced with
isopropyl-8-D-thiogalactoside (IPTG) for 4 hours to produce a glutathione S-transferase (GST)-
fsion recombinant protein designated rBvP36. The rBvP36 protein was subsequently purified using
a glutathione-sepharose 4B (Amersham Pharmacia Biotech, Little Chalfont, UK) (Smith and
Johnson, 1988.).

Preparation of anti-rBvP36 immune sera in mice. Polyclonal antibodies against the
rBvP36 antigen were produced in a group of 6-week-old female BALB/C mice (CLEA
Japan, Tokyo, Japan). Primary immunization was done with 100 pg of rBvP36 together with
an equal volume of Freund’s complete adjuvant (Sigma Aldrich, Saint Louis, MO, USA).
The first and second booster irﬁmunizations were carried out with 50 pg of rBvP36 with
Freund’s incomblete adjuvant (Sigma Aldrich) at‘ 14-day intervals. The control group of
mice was immunized with GST and the relevant Freund’s adjuvants. Antibody production
was monitored by enzyme-linked immunosorbent assay (ELISA) with erP36—coated plates
as described below. The blood was collected on the 10th day after the last immunization,
and the sera were separated and stored at —20°C until use.

SDS-PAGE and Western blot analyse. The purified rBvP36 antigen and the relevant
crude E. coli lysate were loaded onto the SDS-polyacrylamide gel electrophoresis (PAGE)
(Laémmli, UK., 1970). For the subsequent western blot assay; polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA) were u.sed to transfer the proteins and treated
with the indicated antibodies as described by Towbin et al. (1979) and Boén@hit et al.
(2002), respectively. Bovine sera collected from cattle experimentally infected with B. bovis
and B. bigemina and murine immune serum against the rBvP36 antigen were used as
priinary antibodies. After blocking with 3% skimmed milk solution at 4°C ovémight, the

membranes were washed with 0.05% Tween 20-PBS (PBST) 3 times and treated with the
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indicated primary antibody at 1:100 dilution for 1 hour at 37°C. The membranes washed
with PBST were incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-bovine
or murine antibody (Bethyl, Montgomery, TX, USA) (1:5,000 dilution) for 1 hour at 37°C.
Finally, the treated membranes were reacted with a substrate solution containing 0.5 mg/ml
of diabinobenzidine and 0.005% H202 to detect any positive signals.

ELISA: ELISA was performed to monitor antibody production in the mice immunized
with the rBvP36 antigen as described above. In brief, microtiter plates were coated with 5
pg/ml of the rBvP36 by using a coating buffer (50 mM carbonate-bicarbonate buffer, pH
9.6) and then incubated overnight at 4°C. After blocking with 3% skimmed milk solution at
37°C for 1 hour, the plates were washed 6 times with PBST and then incubated with a series
of the sera collected from the immunized nﬁce. After washing with PBST, the plates were
incubated with the FHIRP-conjugated rabbit anti-murine antibody (1:5,000 dilution) for 1 h at
37°C. Finally, a substrate solution [0.1 M citric acid, 0.2 M sodium phosphate, 0.003%
H202, and 0.3 mg 2,2'-azide-bis (3-etylbenzthiazoline-6-sulfonic acid) diammonium salt
(Sigma chemical, St. Louis, MO) per ml] was added to detect any positive reactions. The
0D vralue of each well was measured at 415 nm by using an MTP 500 microplate reader
(Corona Electric, Katsuta, Japan).

IFAT: For indirect immunofluorescence tests (IFAT), the RBC infected with B. bovis
and B. bigemin’a were washed three times with PBS, smeared on glass slides, and then fixed
in a solution containing the mixture of 50% acetone and 50% methanol at —20°C for 5 min.
Subsequently, the slides were incubated with 10% skimmed milk blocking solution for 30
min at room temperature. After washing the slides thrice with PBS, the slides were
incubated with anti-rBvP36 and the control GST murine immune sera at 1:100 dilution fof
30 min at 37°C. The slides washed with PBS were incubated with fluorescein isothiocyanate

(FITC)-conjugated rabbit anti-mouse IgG (Southern biotechnology associates, Birmingham,
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AL, USA) diluted to 1:200 at 37°C for 30 min, and then washed again with PBS.
Subsequently, the slides were treated with a solution containing 25 pg/ml of propidium
iodide (Wako) and 50 ng/m! of RNase A (Roche, Indianapolis, IN, USA) in PBS at 37°C for
10 min and were washed again with PBS and mounted with a fluorescent mounting medium
(Dako, Carpinteria, CA, USA). The slides were finally observed under a confocal laser

scanning microscope (Leica Microsystems, Wetzlar, Germany).
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2-3. Results.

Productions of rBvP36 and anti-rBvP36 murine immune sera: A full length of the
BvP36 gene with 639 bp was successfully amplified in PCR from the genomic DNA of B.
bovis (Fig. 6). Sequence analysis confirmed that the DNA Sequence of inserted BvP36 gerle
was completely identical to that reported previously. As detected by SDA-PAGE analysis,
approximately 45-kDa of recombinant protein, designated as rBvP36, was produced as a
GST-fusion form in £. coli (Fi.g. 7). The high solubility of rBvP36 was evident since it was
detectable in both soluble crude E. coli lysate (lane 1) and the purified fraction (lane 2).
Anti-rBvP36 immune sera were successfully raised in the rBvP36-immunized mice, as
confirmed by ELISA (data not shown).

Immune reactivity of the rBvP36 antigen against B. bovis- and B. bigemina-
infected bovine sera: During western blot analyses, the bovine serum samples collected
from the cattle experimentally infected with B. bovis and B. bigemina merozoites positively
recognized the rBvP36 of 45 kDa (Fig. 8, lanes B and C, respectively). Anti-rBvP36 murine
immune serum also showed a positive reaction to the rBvP36 (Fig. 8, lane A).

Recognition of the anti-rBvP36 immune serum to Babesia merozoites: Strong
reactions of the anti-rBvP36 immune sérum were observed against the cultured B. bovis and
B. bigemina merozoites under the confocal laser scanning microscope during IFAT. The
parasites within B. bovis-and B. bigemina-infected RBC were positively recognized with the
anti-rBvP36 immune serum (Fig. 9, panels A and B, respectively). Further, anti-control GST
immune serum failed to give any positive reactions to both B. bofz's {(Fig. 9C) and B.

bigemina (Data not shown) during the tests.
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2-4. Discussion

In the present study, I successfully isolated a P36 homologous gene from the genomic .
DNA of B. bovis. About 45-kDa of rBvP36 was produced as a highly soluble form in E. coli.
Importantly, the rBvP36 w‘as recognized with bovine immune sera raised in the cattle
infected with B. bovis and B. bigemina merozoites. Therefore, I assumed that the BvP36
gene is expressed at least in the asexual merozoite stage of B. bovis. This was further
corroborated by the finding that the antisera raised in the mice against rBvP36 antigen
reacted strongly to the B. bovis merozoites during IFAT. Interestingly, it is evident from the
results of western blot and IFAT analyses that a closély related antigen to that of BvP36 is
also synthesized during the merozoite stage of B. bigemina.

P36 of Plasmodium parasites, which is expressed only in sporozoites, is believed to be
involved in the formation of pérasitophorous vacuole in the infected hepatocytes (Labaied ef
al., 2007). When the mutant sporozoites lacking the P36 gene were injecte_d, the sporozoites
were found as free entities in the 'hepatocyltes and became completely attenuated (Labaied et
al., 2007). In contrast, Babesia sporozoites injected with the infected ticks can directly
invade the host RBC of cattle and transform into merozoites in the cases of B. bovis and B.
bigemina (Uilenberg, G., 2006). Therefore, the present finding that the B. bovis BVP36 gene
can be expressed in the merozoite stage is valuable for understanding the basic biology of
Babesia parasites. Further studies investigating the functions of BvP36 are bound to yield
interesting findings.

Since several P36 homologous antigens of other apicomplexan parasites had
demonstrated vaccine potential, the utility of tBvP36 should also be evaluated as a potential
vaccine candidate against the bovine babesiosis. Additionally, it would be interesting to
study the identification and functional analysis of the similar anﬁgen (.)bserved in the

merozoites of B. bigemina. Furthermore, it is of paramount importance to study whether
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these antigens are well conserved among geographically different isolates of both B. bovis
and B. bigemina and whether these antigens are expressed in the sporozoite stages of both

the species.
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2-5. Summary

Recently, Babesia bovis genome project identified a novel gene, which is homologous
to the gene. encoding sporozoite P36 antigen in Plasmodium parasites. In the present étudy, I
isolated the P36 homologous gene from the genomic DNA of B. bovis and designated it as
the BvP36 gene. The sequence of the BVP36 gene was identical to that reported previously.
This geﬁe was expressed in an Escherichia coli system to produce a recombinant protein
(rBvP36). The rBvP36 protein was produced as a highly soluble form in E. coli and was
detected by western blot analyses of sera collected from cattle experimentally infected wwith
B. bovis and B. bigemina merozoites. In indirect immunofluorescence tests, sera cqllected
from mice immunized with vaP36 showed strong reactions to both B. bovis and B.
bigemina merozoites. Our results indicate that the BvP36 antigen is expressed at least in the
asexual merozoite stage of B. bovis and suggest that B. bigemina merozoite carries an

antigen similar to BvP36.
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Fig. 6. PCR amplification of a full length of BvP36 gene from the genomic DNA of B. bovis.

M, Molecular DNA ladder marker; 1, PCR product for the target BvP36 gene.
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Fig. 7. Expression and purification of a recombinant GST-fusion protein (rBvP36) in E. coli.
M, Molecular protein size marker; Lane 1, Soluble crude E. coli lysate; Lane 2, Purified

fraction of the rBvP36 (45 kDa); Lane 3, Purified GST (26 kDa).
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Fig. 8. Western blot analyses of rBvP36. Panel A, Treated with anti-rBvP36 serum. Panel B,
Treated with bovine serum collected from the cattle experimentally infected with B. bovis
merozoites; Panel C, Treated with bovine serum collected from the cattle experimentally

infected with B. higemina merozoites.
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Fig. 9. Indirect Fluorescent Antibody Test analysis of tBvP36. The cultured B. bovis (Panel
A) and B. bigemina (Panel B) merozoites treated with anti-rBvP36 serum; Panel C, The B.
bovis merozoites treated with anti-GST immune serum. Note the strong fluorescence emitted

in the panels A and B ( S5pm ).
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Chapter 3

Antigenic characterization of a 29-kDa cytoplasmic protein of

Babesia bovis

3-1. Introduction

Bovine Babesia parasites, B. bovis and B. bigemina, are apicomplexan, tick-transmitted
pathogen of cattle imposing a global risk with severe constraints to livestock industry
| (Barnett, 1974; McCosker, 1981). The traditional diagnostic method for babesioses has been
done by the light microscopic examination of intraerythrocytic parasites in the Giemsa-
stained blood smears (de Vos and Jorgensen, 1991). However, when the infections are
subclinical or latent, the parasites may not always be detected by microscopy because of low
levels of parasitemia (.T orgensen et al., 1994). Alternatively, the infections can be determined
directly by polymérase chain reaction (PCR)-based tests (Calder et al., 1996) or indirectly t;y
serological tests.(Weliland et al., 1988). The global distribution, together with no available
vaccine, babesiosis is considered as one of the most important diseases in cattle, in which
over half of the world's cattle population are at the risk (McCosker, 1981).

Babesia parasites have many similarities to other apicomplexans, such as Plasmodium
parasites. In addition, almost all of apicofnplexan parasites share a set of common
cytoskeletal structures that are essential for the parasite survival and pathogenesis
(Morrissette et al., 2002, Dobrowolski et al., 199'7). Cytoskeleton components are known to
have role in maintaining the mechanical strength of the protozoan parasite (Fowler et al.,
2004). The pathégenesis associated with these parasitic diseases is due to tissue damage

caused by uncontrolled cycles of host-cell invasion, parasite proliferation, host-cell lysis,
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and reinvasion. Furthermore, understanding the mechanisms by which‘ these parasites are
transmitted, persist, and cause disease will help optimize methods for control, inclﬁding
development of vaccines. Proteins located in the apical organelles are commonly im)olved in
the selective recognition of target host cells (Sam-Yellowe et al.,, 1996; Barnwell and
Galinski, 1998).

In B. gobsoni infection, the P29 was considered to play roles at the parasite invasion of
the host erythropyte by the maintenance of physical strength (Fukumoto, et al., 2003). In this
study, therefore, I isolated the fragment of P29 gene from B.bovis genomic DNA and

produced the recombinant protein (rBvP29) in order to evaluate the antigenicity.
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3-2. Materials and methods

Parasites. B. bovis and B. bigemina were cultured in vitro using the microaerophilous
stationary phase (MAPS) methods (Levi and Ristic, 1980; Vega and Buening, 1985). The
parésites were used for DNA extraction as previously described (Boonchit et., al 2006).

Extraction of B. boﬁs‘ genomic DNA and amplification of the P29 gene. Two-
hundred microliters of infected red blood cells (RBC) were processed for isolation of B.'-
bovis genomic DNA by using a QlAamp® DNA Blood muu kit (QIAamp DNA Blood Miﬁ-
Kit Madisqn, USA) according to manufacturer’s instructions. Two oligonucleotide primers,
Bov-P29-F- (5'—ACGAATTCATGCAGTGCTGCTCAC-3') and Bov-P29-R- (§'-
ACCTCGAGTTAGTTTGAAGATCTCTC -3'), were constructed, based on the P29 gene
sequence of B. bovis (GenBank accession number: XM_001609876) (Brayton et al., 2007).

| PCR was performed in 25 pl reaction solution gontaining 10 pmol of each primer, 1.25 mM
MgCIZ, 200 puM dNTPs, 100 ng of the B. bovis genomic DNA and 0.5 U of ampliTaq Gold®
Polymérase (Applied Biosystems, Roche, Branchburg, New jersey, USA).' Reaction
conditions were as follows: initial denaturation of 5 min at 94°C, 35 cycles of 60 sec at 94°C,
45 sec at 60°C, 60 sec at 72°C and final extension of 10 min at 72°C. The amplified DNA
was purified by gel extraction kit (Qiagen, Tokyo, Japan) according to manufacturer’s
instructions.

Preparation of the recombinant BvP29 in E. coli, The amplified DNA was cloned
into a pCR® 2.1 - TOPO® vector by using a TOPO ”1'“}3[Cloning® kit (Tnvitrogen, Carlsbad,
CA, USA) and dispensed on LB agar plate containing 50 pg/ml ampicillin in the ﬁresence of
X-gal (Wako, Osoka, Japan). The positive plasmid was extracted form the culture by using a
QIAprepspin miniprep kit (Qiagen), and the DNA sequence was determined ‘us‘ing an ABI
PRISM® 3100 genetic Analyzer (Applied Biosystems, Hitachi, LDT, Tokyo, Japan) a.nd

analyzed using a Genetyx® soft of version 8 (Genetyx, Corporation, Japan). A DNA
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fragment containing P29 gene was isolated by digesting with two restriction endonucleases,
EcoRI and Xhol, and subcloned into a pGEX-4T-1 E. coli expression vector (Amersham
Pharmacia Biotech, Piscatawa}.r, NJ, USA). The resulting plasmid was checked for the
accurate insertion by sequencing and designated as pGEX-4T-1/P29. The P29 gene was
expressed as a glutathione S-transferase (GST)-fusion protein in £ coli (BL21) strain
according to the manufacturer's instructions (Amersham Pharmacia Biotech). The
transformed E. coli was washed three times with phosphate-buffered saline (PBS), lysed in
1% Triton X-100-PBS, sonicated, and then centrifuged at 12,000 x g for 10 min at 4°C. The
soluble GST-fusion protein, designated as rBvP29, was purified from the supernatant by
glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech) according to the
manufacturer's insﬁuctions. |

Production of anti-rBvP29 mouse antibedy. Anti-rBvP29 mouse serum was prepared
as described previéusly (Boonchit et al., 2002). Four BALB/c female mice of 8-week old
were immunized intraperitoneally with 50-pg rBvP29 in Freund's complete adjuvant (Sigma
Aldrich, Saint Louis, MO, USA) followed by three booster doses with the incomplete
adjuvant at 2-week interval. After the final booster, the sera were collected from the mice
and stored at -20°C. The sera were subjected as anti-rBvP29 mouse antibody to
immunoﬂuoresceﬁt antibody test (IFAT) and Western blotting analysis, as described belox;v.
All mice used in the present. study were handled with accordance to the Guiding Principles
for the Care and Use of Research Animals promulgated by Obihiro University of Agriculture
and Veterinary Medicine (Obihiro, Japan).

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis. Purified rBvP29 and total E. coli lysate were mixed 1:1 (v/v) with 2
x SDS sample buffer (62.5 mM Tris-HCI [pH 6.8], 2% SDS, 5% B-mercaptoethanol, 10%

glycerol, and 0.02% bromophenol blue) (Laemmli, 1970) and boiled for 5 min. After
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electrophoresis in a 12% SDS-polyacrylamide gel, the gel was :_subjected to a Coomassie
brilliant blue (CBB) staining or Western blotting analysis. For Western blotting analysis, the
proteins were transferred to nitrocellulose membranes (Immobilon transfer membrane;
Millipore, Billerica, MA, USA) with a semidry blotting al;params. The membrane was
incubated in a blockiﬁg solution (3% skim milk in PBS) for 2 h at room temperature (RT)
and then with experimental infected bovine sera (Boonchit et al., 2004) with B. bovis or B.
biéemina or anti-rBvP29 mouse antibody (dilution 1:100) for 1 h. The membranes were
washed three times with 0.05% Tween 20 in PBS (PBST) and incubated with horseradish
pe;oxidase (I-IRPj—conjucated rabbit anti-bovine or anti-mouse antibody (Bethyl,
Montgomery, TX, USA) (1:5,000 dilution) for 1 h at RT. Tﬁe membrane was washed three
times with PBST and placed into a substrate solution containing 0.5-mg/ml
diabinobenzidine  (Dojindo, Tokyo, Japan) and 0.005% HO, to visnalize the antigen-
antibody complexes (Xuan et al., 2001). | |

IFAT. Thin blood smear films of B. bovi;s*-infected RBC were fixed with 50% acetone-
50% methanol at -20°C for 5 min. Subsequently, the slides were incubated with 10% skim
milk blocking solution for 30 min at RT. After washing three times 'with PBS, the stides
~were incubated with anti-tBvP29-specific or the; control anti-GST mouse antibody (1:100
dilution) for 30 min at 37°C. After three-time washes with PBS, Alexa-Fluor® 488-
conjugated rabbit anti-mouse immunoglobin G (IgG) (Southern biotechnology associates,
Birmingham, AL, USA) was subsequently applied (1:200 dilution in 3% skim milk) and
incubated for 30 min at 37°C. The slides were washed three times with PBS and incubated
with 25-pg/ml propidium iodide (PI) (Wako, Japan) containing 50-pg/ml RNase A (Roche,
Indianapolis, IN, USA) for 10 min at 37°C. After two washings with PBS, the slides were
r;loﬁnted with a fluorescent mounting medium (Dako, Carpinteria, CA, USA), and examined

under a confocal laser-scanning microscope (TCS NT, Leica, Wetzlar, Germany).
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3-3. Results and discussion

The aim of the present study was to clone and characterize a cytoskeleton protein
(BvP29) of B. bovis. A full length of the BvP29 gene of 600 bp was successfully amplified
in PCR from the genomic DNA of B. bovis (Fig. 10). The BvP29 gene was ligated in to the
bacterial expression véctor PGEX4T-1 and expressed as an approximately 48-kDa GST-
fusion protein in E. coli. (Fig.11). The anti-rBvP29 mouse antibody and the experimentally
infected bovine sera with B. bovis and B. bigemina were sﬁbjected to Western blot analyses
uging the rBvP29. As shown in Figure 12, the specific band of 48 kDa was detected by both
of the infected‘ bovine sera with B. bovis and B. bigemina (panels B and C, respectively).
The rBvP29 was also cleaﬂy detected by anti-BvP29 mouse antibody (panel A).

To examine the localization of the BvP29 in the parasite, IFAT was carried out using
the anti-rBvP29 mouse antibody. Figure 13 demonstrates that the immunofluorescent signals
of BvP29 were strongly detected in the cytoplasm of cultured B. bovis and B. bigemina
parasites. These results suggested that BvP29 and the relative homolog of B, bigemina might
localize in the cytoplasm of parasites during their asexual phase. Consequently, I identified a
gene encoding BvP29 protein, which might have homology to other protozoan cytoskeletal
proteins.

In other protozoan parasites, P29 protein know to have plays a role in maintaining the
mechanical strength and stability of the parasite when it exits the blood plasma for the
purpose of invading new RBCs to proliferate (Nicols and Chiappino, 1987'; Russel and
Sinden, 1982, Fukumoto et al., 2063). The use of B. bovis genome sequence has provided an
opportunity to identify novel drug targets. Selection of parasite proteins as drug targets is
usually based on its functional importance, conservation across different species and sharing
no homology with the host. Confocal microscope observation showed that P29 is localized

broadly inside the parasite-infected erythrocyte. The immuno flourecence was observed in
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the cytoplasm of parasite and associated with membrane-like and some other unconfirmed
membrane structures (Fig.13).

Because cytoskeleton is crucial for the structural composition of the parasites, BvP29
Hﬁght also play an important physiological role in asexual growth of the parasite. Thus,
1BvP29 is an interesting molecule that may play a crucial role in the development of
pathology and/or survival of the parasite in the host_.

In summary, I cloned and characterized a B. bovis gene encoding a 29-kDa cytoplasmic
protein (BVP,29) as common antigen between B. bovis and B. bigemina. It is also.impor_tant
to study whether this antigen is well conserved among geographically different.isblates of
both B. bovis and B. bigemina and whether this antigen can Be expressed in the sporozoite
stages of both parasites. Hereafter, the tBvP29 proteins will be examined for development pf

ELISA and vaccine for bovine babesiosis.
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3-4, Summary

Although a number of antigens have been described as promising vaccines for
babesiosis, no fully protective vaccine has been developed yet. Therefore, a further
identification of new target antigens is desired. In the present study, I characterized a 29-kDa
B. bovis protein, named as BvP29. The BvP29 contains an open reading frame of 600 bp,
corresponding to a putative 29-kDa protein of 199 amino acids. The BvP29 gene was
expressed in Escheﬁchia coli as a soluble glutathione S-transferase fusion protein (rBvP29).
In Western blot analysis, approximately 48-kDa of the rBvP29 was recognized with the
experimentally infected bovine sera with B. bovis and B. bigemina. Furthermore, the
immunofluorescent assay with anti-rBvP29 mouse serum revealed that the positive reactions
were mainly seen in the cytoplasm of B. bovis and B. bigemina. These results suggested that
BvP29 might be a promising vaccine candidate for the control of bovine babesioses caused

by the both parasites.
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Fig.10. PCR amplification of BvP29 gene from the genomic DNA of B. bovis. M, Molecular

DNA ladder marker; 1, PCR product for the target BvP29 gene.
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Fig.11. Expression and purification of a recombinant GST-fusion protein (tBvP29) in E. coli.
M, Molecular protein size marker; Lane 1, Soluble crude E. coli iysate; Lane 2, Purified

fraction of the rBvP29 (48 kDa); Lane 3, Purified GST (26 kDa).
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Fig.12. Western blot analyses of rBvP29. Panel A, Treated with mouse anti-rBvP29 serum.
Panel B, Treated with bovine serum collected from the cattle experimentally infected with B.
bovis; Panel C, Treated with bovine serum collected from the cattle experimentally infected

with B. bigemina.

52



Fig.13. Indirect fluorescent antibody test analysis of t1BvP29. The cultured B. bovis (Panel
A) and B. bigemina (Panel B) merozoites treated with anti-rBvP29 immune serum; Panel C,
The B. bovis merozoites treated with anti-control GST immune serum. Note the strong

fluorescence emitted in the panels A and B (Sum).
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General discussion

Bovine babesiosis poses greater risk to the livestock sector in tropical and subtropical
regions of the world since it causes great economical losses (McCosker, 1981). The
intraerythrocytic nature of the parasites induces haemolysis and results in clinical disease in
susceptible animals. Early diagnosis and proper choice of anti-babesial agents are essential
for the successful control of the disease.

A gold standard method for the diagnosis of acute babesiosis is an observation of
parasites in Giemsa-stained thin blood smear under a light microscope (Araujo et al., 1998).
However, species identification is subjective and needs experienced personnel. In addition,
chronic infestations can not be diagnosed by this method (Calder et al., 1996). PCR
technology has been proven as an ilnproved:diagnostic tool and more sensitive than that of
light microscopy (Calder et al., 1996). Several authors have contributed for the development
of specific PCR asséys for the detection of B. bovis and B. bigemina (Figueroa et al., 1993,
Criado-Fornelio et al., 2003). Furthermore, nested PCR, which is considered as a more
sensitive technique, was also described earlier (Figueroa et al., 1993). Recently a developed
real-time PCR assay allows to detect and to quantify the Babesia parasites in the infected
animals (Kim et al., 2007). Hov;.fever, these PCR techniques have their own disadvantages.
Multiplex PCR assay developed to detect both B. bovis and B. bigemina but showed lack of
sensitivity (Figueroa et al.,, 1992). Contamination may become a serious problem due to
extreme sensitivity of PCR techniques (Persing, 1991). In addition, presence of polymerase
inhibitors in the blbod may alter the results of the assay.

Detectioﬁ of specific antibodies against Babesia parasites in bovine sera by ELISA can
be uséd for surveillance of bovine babesiosis and monitoring of subclinical infection

(Weiland and Reiter, 1988). Several authors have developed ELISA for the sero-diagnosis of
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both B. bovis and B. bigemina (Boonchit et al., 2004, Tebele et al., 2000). However, some
researchers pointed out that available serological test are not sufficient and stressed the need
of improved assays. Tebele ¢t al., 2000 demonstrated that P200 and its truncated form of
recombinant proteins can be utilized as sero-diagnostic antigens for the diagnosis of B.
bigemina infection.

In Chapter 1, I have produced truncated form of recombinant P200 antigen (P200/CT)
and evaluated its utility as a diagnostic antigen to detect B. bigemina-specific antibodies in
field bovine serum samples. Western blot analysis conducted with B. bovis and B. bigemina-
infected sera showed that the antigen is recégm'zed only by B. bigemina infected serum.
Similar results were obtained when the ELISA was performed with both antisera. These
findings indicate that rP200/CT react only with B. bigemina infected serum ahd therefore
can be used as an antigen for the sero-diagnosis of B. bigemina infected sera. However, it is
essential to analyze field serum samples from different geographical areas using the
rP200/CT as ELISA antigen to explore the possibility of using ‘rP200./CT as a diagnostic
antigen for surveillance and monitoring of B. bigemina infections. Therefore, I used serum
samples and DNA samples from Ghana and performed the ELISA using rPZOO/CT. In
addition, standard ELISAs were also conducted with B. bovis and B. bigemina specific
rRAP-1/CT antigens prepared as described earlier (Boonchit et al., 2006). All of the B.
bigemina-positive serum samples by the standard ELISA showed positive reactions in the
rP200/CT coated ELISA plates. Positive serum samples for B. bovis and negative samples
for both species identified by rRAP-1/CT antigens were negative by the ELISA conducted
with rP200/CT antigen. More importantly absorbance values were higher in rP200/CT
coated ELISA plates than that of tTRAP-1/CT with the same field serum samples. These
results indicate that the rP200/CT is very suitable_: antigen for the detection of the specific

antibodies in B. bigemina-infected sera and therefore can be used for the surveillance and
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monitoring of B. bigemina -infection in susceptible cattle population in the endemic regions.

Two major 'preventivel measures for bovine babesiosis are tick control and vaccination
with live attenuated parasites (Jenkins, MC, 2001). However, tick control strategy is limited
by the development of acaricide resistance and the costs associated with the use of
chemicals (Palmer and McElwain, 1995). Although live attenuated vaccines are widely used
to control the clinical disease (Shkap et al., 2007), certain problems such as different region
specific strains, transmission of other blood borne pathogen, pathology on vaccination and
short lifespan were encountered (De Vos and Bock, 2000, Hope et al., 2005). Therefore,
alternative vaccination strategies have been studied; such culture-derived secreted antigens
of Babesia parasites induced protective immunity in immunized cattle (Smith et al., 1981,
- Timms and Stewart, 1989) and recombinant proteins such as a 38 kDa cysteine-rich
protein that élicited 90% protection level against B. bovis infection (Wright et al., 1992).

Récenﬂy, novel genes were identified from the genome projects expecting vaccine
candidates such as a BvP36 that is a homologous antigen to P36 antigen of Plasmodium
parasites (Brayton et al., 2007). P36 antigen in Plasmodium parasites is found to be involved
in hepatocytes infection of- sinorozoites (Ishino et al., 2005). When the sporozoites lacking
P36 antigen were injected to the host the formation of parasitophorous vacuoles were
disturbed and the parasitic stages were found as free forms in hepatocytes (Labaied et al.,
2007). In addition, the sporozoites became completely attenuated forms and produced sterile
immunity (Labaied et al., 2007). Therefore, P36 gene of Plasmodium parasites is considered
as a knock-out gene for the development of attenuated vaccine (Brayton et al., 2007).
Thefefore, in order to expand the spectrum for the availability of recombinant vaccine
- candidates, [ tried to isolate a gene from B. bovis with similar homology to P36 gené of
Plasmodium in Chapter 2.

I have expressed and characterized the BvP36 antigen of B. bovis that has homology to
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the P36 antigen of Plasmodium parasites in the present study. I demonstrated that the BvP36
antigen is expressed in merozoite stages of B. bovis. Unlike the Plasmodium parasites, B.
bovis-sporozoites which are injected by the infected ticks can directly invade host RBC and
transform into merozoites (Uilenberg G, 2006). Therefore, use of BvP36 as a knock-out gene
for the development of live att;‘:nuated vaccine against B. bovis infection might be possible.
Further studies on the functions of this antigen is of paramount importance to reach any
conclusions. Another important aspect of this antigen is the concept for the development of
recorbinant vaccines. The SAG-1 antigen of 7. gondii which is similar to that of P36
antigen of Plasmodium parasites is well recognized as a vaccine candidate against 7. gondii
infection (Velge-roussel., 2000, Moorthy et al., 2004). Therefore, the vaccine potential of
recombinant BvP36 should also be explored. Interestingly, I have demonstrated the presence
of similar antigen in B. bigemina merozoites and therefore we can assume that if BvP36 can
be used as a recombinant vaccine, the animals might be protected against B. bigemina
infection as well as B. bovis infection.

Erythrocyte invasion is one of the most critical stages of the asexual growth cycle that is
immunologically vulnerable. Extracellular merozoites are directly exposéd to the host
humoral immune components, while the antibody can’t reach the parasites inside the RBC
(Yokoyama et al., 2002). Therefore, the elucidation of the invasive process will lead to the
successful identification of potential candidates that are applicable for the development of a
Babesia vaccine, like Plasmodium parasites, where an increased number of ligands involved
in the invasive stage have been identified and some of them are being explored as candidate
vaccine antigens (Moorthy et al., 2004 and Mahanty et al., 2003). In apicomplexan parasites,
the dense granule proteins are considered to function in host cell internalization (Blackman
and Bannister, 2001; Dubremetz et al., 1998). However, the internalization processes vary

within the members of the phylum Apicomlexa. In particular, parasitophorous vacuoles of
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- the Babesia species, as well as the Theileria species, rapidly disintegrate following the
ﬁenetration step, unlike Plasmodium and Toxoplasma species, in which the parasitophorous
vacuoles formation must be kept during the internalization (Sam-Yellowe, 1996). Although
it has been proposed that the contents of the spherical bodies are involved in the dissoiution
of the PV membrane via the host cell association in Babesia parasites, further experiments
are needed to identify their biological fun;:tions (Yokoyama et al., 2006).

Ip Chapter 3, BvP29 gene was isolated from B. bovis and the recombinant BvP29

(rBvP29) was expressed as a GST fusion protein. Approximately 4é-kDa of rBvP29 protein
was recognized by the both serum samples from cattle experimentally infected with B. bovis
or B. bigemina. BvP29 was mainly seen during the ring stage'of B. bovis and B. bigemina
merozoites. These results suggest that tBvP29 protein is a comrﬁon éntigen between B. bovis
and B. 'bigemina. The BvP29 antigen of B. bovis has homology to the P29 antigens of B.
gibsoni and 1 gondii. The P29 antigen of B. gibsoni is found to be involved in invasion of
merozoites into canine erythrocytes (Fukumoto et al., 2003; Mann et al., 2001). Therefore, it
will be very interesting to study the functional of the BvP29 antigen for involvement of
parasite invasion. These studies might lead to the vaccine development based on the
invasion factors of B. bovis. |

In summary, I have produced a recombinant antigen 1P200/CT and demonstrated its
potential as a sero-diagnostic antigen by ELISA. Chapters 2 and 3 dealed with expressions
and characterizations of BvP36 antigen which is homologous to the P36 antigen of

Plasmodiuﬁ parasites and similar to SAG-1 of T gondii and BvP29 antigen which is
homologous to the P29 antigen of B. gibsoni and T gondji parasites, respectively. I also
demonstrated that BvP36 and BvP29 are expressed in B. bovis merozoites. Further study
will be necessary _to examine the potential usefulness of these antigens for diagnostics and .

control of bovine babesiosis in the future.
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