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� RBCs invasion is a critical step in the
pathogenesis and survival of Babesia
spp.
� Central region of BbAMA-1 domain I

and II as molecular vaccine target.
� Antibodies to rBbAMA-1P

significantly inhibited the growth of
Babesia bovis.
� Merozoites invasion into RBCs

significantly inhibited by antibodies
to rBbAMA-1P.
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Apical membrane antigen-1 (AMA-1) is a microneme protein that exists in all apicomplexan parasites
and plays an indispensable role in the invasion into host cell. Central region of ectodomains I and II of
Babesia bovis apical membrane antigen-1 (BbAMA-1P) is highly conserved with these of Babesia species
and may be beneficial for vaccine development against babesiosis. In the present study, recombinant pro-
tein encoding the central region of B. bovis AMA-1 (rBbAMA-1P) was produced in Escherichia coli and its
antiserum was prepared in mice for further molecular characterization. Anti-rBbAMA-1P serum specifi-
cally reacted with corresponding authentic protein of B. bovis as determined by Western blotting and
IFAT. Cultured B. bovis treated with anti-rBbAMA-1P serum showed significant reduction in the in vitro
growth of the parasites. Moreover, preincubated free merozoites with 1 mg/ml anti-rBbAMA-1P serum
inhibited their efficiency in the invasion into erythrocytes (RBCs) by 61% and 70% at 3 h and 6 h, respec-
tively. Our data suggest that the central region of domains I and II of BbAMA-1 may serve as a vaccine
candidate against babesiosis.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Bovine babesiosis is a tick-borne disease caused by intra-eryth-
rocytic hemoprotozoa of genus Babesia. Of these, Babesia bovis is
the most pathogenic species associated with significant economic
losses in cattle industry all over the world (Bock et al., 2004). The
infection is characterized by clinical symptoms including malaise,
fever, hemolytic anemia, jaundice, hemoglobinuria and systemic
shock that lead to death (Homer et al., 2000). Chemotherapy is still
the mainstay for treatment and control of babesiosis; however, the
emergence of drugs resistance and their toxic side effects have
spurred an interest in developing more effective strategy for
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prevention (Kuttler, 1981). Current live attenuated vaccine is used
in some countries, however its potential for transmission concur-
rent pathogens and reversion of virulence have hampered the
spread of the vaccine (De Waal and Combrink, 2006). Moreover,
the lack of satisfactory protection induced by vaccines based on
killed parasites and soluble parasite antigens of Babesia (De Vos
and Bock, 2000) emphasizes the necessity of development safer
and more effective vaccine. Recently, vaccine development efforts
have been shifted toward the use of antigenically defined immuno-
gens, particularly the molecules interacting or disrupting the para-
sites invasion process of into the RBCs. To date there is no
marketable molecular vaccine despite of the intensive research in
development of new molecular vaccine.

Apical membrane antigen-1 (AMA-1) is a microneme protein
presents in all apicomplexan parasites as type I integral membrane
protein with three characteristic structures: (i) an N-terminal (NT),
cysteine-rich ectodomain, (ii) a single transmembrane domain, and
(iii) a C-terminal (CT) contains cytoplasmic tail (Cyt). The ectodo-
main is organized into domains I, II, and III by the formation of
disulfide bridges between conserved cysteine residues (Narum
and Thomas, 1994; Remarque et al., 2008). Importantly, the immu-
nization with Plasmodium AMA-1 protected mice against blood-
stage malarial infection, and its antibody inhibited erythrocyte
invasion (Remarque et al., 2008). Likewise, immunization of mice
with Toxoplasma gondii AMA1 conferred a significant degree of pro-
tection in mice model (Dautu et al., 2007). In Babesia, Gaffar et al.
have identified B. bovis AMA-1 (Israel strain) and noted that spe-
cific antibodies to certain peptides of the protein could modestly
inhibit the invasion of parasite (Gaffar et al., 2004). In that study,
Gaffar has used three synthetic peptides, which are found to be
sharing 100% identities with several microorganisms but less with
other B. bovis strains AMA1(>79%). Moreover, synthetic peptides
are known to not suitable for vaccination due to the fact that they
are weakly immunogenic and easily subjected to proteolysis in the
body (Moisa and Kolesanova, 2011). Bioinformatics analysis of
BbAMA1 revealed the presence of highly conserved region among
B. bovis strains AMA-1 (99–100%), and other Babesia parasites
AMA-1 (45–79%) within domains I and II. Therefore, in the present
study, purified antiserum to the central region of BbAMA-1 ectodo-
mains I and II was inhibitive to the parasites invasion into the
RBCs. This may propose that ‘‘the central region of BbAMA-1 ecto-
domains I and II (BbAMA-1P) can serve as a molecular vaccine can-
didate against B. bovis infection.
2. Materials and methods

2.1. Parasites

The Texas strain of B. bovis was continuously cultured with bo-
vine erythrocytes using a microaerophilous stationary-phase cul-
turing system (AbouLaila et al., 2010). The cultured parasites
were harvested when the parasitemia reached 8–10% for further
use.
2.2. BbAMA-1P cloning and sequencing

Total RNA extracted from the cultured B. bovis Texas strain
using TRI Reagent (Sigma, St. Louis, Missouri, USA) was utilized
as a template for the subsequent reverse transcription-polymerase
chain reaction (RT-PCR), following the manufacturer’s instructions
for the one-step RT-RNA kit (Takara, Tokyo, Japan), to amplify the
BbAMA-1 with the oligonucleotide primers designed on the basis
of B. bovis data in the GenBank. The BbAMA-1P was amplified, sub-
cloned into a pCR4-TOPO� plasmid (Invitrogen, California, USA),
and then transformed into chemically competent Escherichia coli
host cells. The plasmid DNA of positive clones was used as a tem-
plate for sequencing using an automated sequencer (ABI PRISM
3100 Genetic Analyzer, USA). The resulting sequences were aligned
for phylogenetic analysis using the MegAlign program (DNASTAR
software; NetWell Corporation, Tokyo, Japan) by the CLUSTAL W
method.

2.3. Recombinant protein expression and polyclonal antibody
production

The DNA fragment encoding truncated apical membrane antigen-
1 (BbAMA-1: Leu193-Thr365) GenBank accession no (XM_001610993)
was amplified from the B. bovis cDNA by PCR using the gene-specific
primers F (50-CGAATTCTTACTCCTGTTTCGGCG-30) and R (50-GCTC
GAGCTACAATTCTTTAAGTTC-30), subcloned into a pGEX-4T1 plasmid
vector (Amersham Pharmacia Biotech, Madison, California, USA)
with EcoRI and XhoI enzyme sites. BbAMA-1P was then expressed
as glutathione S-transferase (GST)-fusion protein in DH5a E. coli host
cells (Amersham Pharmacia Biotech). The recombinant protein was
purified from the soluble fractions of E. coli lysates using Glutathi-
one-Sepharose 4B beads (Amersham Pharmacia Biotech). Thereafter,
antiserum was prepared against rBbAMA-1P and GST in six-week-
old ICR mice (CLEA, Japan) as previously described (Terkawi et al.,
2011). The IgGs were then purified from pooled mice sera through
Protein A chromatography columns according to the manufacturer’s
instructions (Bio-Rad Laboratories, USA). The purity, quantity, and
activity of IgGs were tested by SDS–PAGE, BCA protein assay kit
(Thermo Fisher Scientific, Inc., Rockford), and ELISA, respectively
(Terkawi et al., 2011). Experimental animals were conducted in
accordance with the guiding principles for the care and use of re-
search animals promulgated by Obihiro University of Agriculture
and Veterinary Medicine.

2.4. SDS–PAGE and Western blotting analysis

The expressed recombinant protein was verified by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
stained with Coomassie blue, and the antigenicity was confirmed
by Western blot analysis. To identify the native AMA-1 of the par-
asites, cultured Babesia-infected erythrocytes were washed three
times with cold phosphate-buffered saline (PBS), and lysed with
0.25% saponin. Released parasites were then pelleted and sonicated
for 25 s in an ice. The lysate parasites were separated in 12%
SDS–PAGE and then electroblotted onto a nitrocellulose mem-
brane. The membrane was blotted with specific antiserum to rBbA-
MA-1P as primary antibody and horseradish peroxidase (HRP)-
conjugated anti-mouse immunoglobin G (IgG) antibody (Bethyl
Laboratories, Montgomery, TX, USA) as secondary antibody. Reac-
tion was visualized using a solution containing 3-diaminobenzi-
dine tetrahydrochloride DAB and H2O2 (Dojindo, Tokyo, Japan)
(Terkawi et al., 2011).

2.5. Confocal laser microscopic observation

Thin blood smears of cultured Babesia-infected erythrocytes
were fixed in a solution of 95% methanol and 5% acetone at
�20 �C for 30 min. Then, the standard protocol for immunofluores-
cence was carried out to obtain the cellular localization (Terkawi
et al., 2011). Imaging was performed using a confocal laser scan-
ning microscope (TCS NT, Leica, Germany).

2.6. In vitro B. bovis growth inhibition assay

The growth inhibition assay was performed as described previ-
ously (AbouLaila et al., 2010) with slight modification. Briefly, in-
fected bovine RBCs with approximately 5% parasitemia were
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suspended in a 900 ll GIT medium (Wako Pure Chemical, Japan)
and then diluted with fresh bovine RBC to 1% parasitemia and
10% packed cell volume (PCV). Two hundred microliters of the mix-
ture were dispensed into 96-well plates (Nunc, Roskilde, Den-
mark), incubated at 37 �C in a humidified multigas (90% N2, 5%
CO2, 5% O2) water-jacketed incubator for 4 days, and maintained
daily with exchange of fresh medium. Anti-rBbAMA-1P IgGs were
added to medium at final concentration of 0.25, 0.5, and 1 mg/ml
with free GIT control and anti-GST 1 mg IgG control. Parasitemias
were monitored in Giemsa-stained smears on the basis of approx-
imately 1000 observed RBC for three days of culture.

2.7. In vitro B. bovis invasion inhibition assay

The invasion inhibition assay was performed as described pre-
viously (Franssen et al., 2003; Gaffar et al., 2004) with some mod-
ifications. To liberalize merozoites from infected RBCs for
examining the efficacy of free merozoite to invade fresh RBCs,
high-voltage pulses were used. Briefly, B. bovis-infected RBC were
suspended in equal volumes of a GIT medium, and the mixture
of 400 ll was subjected to 5 intermittent (10 s, 0 �C) high-voltage
pulses (1.25 kV, 300 X, 25 lF) in the Bio-Rad Gene Pulser II (Hercu-
les, CA, USA) with a 0.2 cm pulser cuvette (Bio-Rad). Thereafter, the
mixture was washed three times by centrifugating at rate of 2000g,
and removing the supernatant for each time. The pellet was ob-
tained after washing containing free merozoites was resuspended
in 600 ll GIT medium containing 1 or 0.5 mg/ml anti-rBbAMA-1P
IgG (test), or 1 mg/ml anti-GST IgG at concentration. Controls were
made without antibody. All preincubated in a 96-well tissue cul-
ture plate (Nunc) for 30 min at room temperature. Thereafter,
20 ll of packed RBCs were added to 180 ll of preincubated para-
site and incubated at 37 �C for 6 h. Giemsa-stained smears were
prepared at 3 h and 6 h on basis of 3000 RBCs. Percentage of mer-
ozoites invasion into RBCs considered as relation of intracellular
parasites of test cultures to that of controls. The assay was repeated
twice to obtain reproducible data.

2.8. Statistical analysis

All data were analyzed using GraphPad Prism software (Graph-
Pad Software, San Diego, USA) using the independent Student’s t
test and one way ANOVA and considered significant when P < 0.05.
3. Results

3.1. Targeting and cloning of a conserved region of B. bovis apical
membrane antigen-1

B. bovis AMA-1 cDNA contains an open reading frame of
1820 bp encoding 605 amino acids protein with 66.7-kDa pre-
dicted molecular weight. The N-terminal of BbAMA-1 is composed
of a signal peptide (Met1-Ala39 aa), cysteine rich ectodomains
(Ser40-Ile523 aa) and the C-terminal consists of transmembrane do-
main and a cytoplasmic tail. Ectodomains I, II and III were defined
on basis of these domains described in Babesia divergens AMA-1
(Montero et al., 2009). Alignment of the deduced amino acid se-
quence of Babesia AMA-1 revealed a conserved region sharing
45–68% identities with other Babesia parasites and located in cen-
tral region of domains I and II (Leu193-Thr365 aa) (Fig. 1A and B).
Moreover, the most potent inhibitor of Plasmodium falciparum mer-
ozoite invasion in vitro is by antibody targeting disulfide bond
(Cys217-Cys247) of PfAMA-1 located within DI and DII (Remarque
et al., 2008). Therefore, we speculate that conserved region
(BbAMA-1P) can be major target for invasion inhibition of B. bovis.
To test our hypothesis, we produced recombinant protein encoding
the target region (rBbAMA-1P) in E. coli, and the inhibitory effect of
antibody against rBbAMA-1P was examined in an in vitro culture.
Recombinant BbAMA-1P had a molecular weight of 46-kDa,
including 26-kDa GST tag (Fig. 2A). The antigenicity of rBbAMA-1
with B. bovis-infected sera was determined by ELISA. Of note, rBbA-
MA-1P showed high reactivity with B. bovis sera but not with non
infected bovine sera (Fig. 2B). Interestingly, the same protein dem-
onstrated reaction with Babesia bigemina-infected bovine sera as
well as with Babesia caballi-infected equine sera (data not shown).
Thereafter, anti-rBbAMA-1P serum was used to identify native
AMA-1 protein using Western blot analysis and IFAT. As consistent
with predicted molecular weight of BbAMA-1 (66.7-kDa), Western
blotting demonstrated two bands corresponding to 67-kDa and 44-
kDa proteins on the lysate of B. bovis but not on bovine RBCs
(Fig. 3A). Confocal laser microscopy revealed cytosolic localization
of BbAMA-1P in extracellular and intracellular parasites (Fig. 3B).
Moreover, the same antiserum reacted with native AMA1 of B.
bigemina, and B. caballi by Western blot analysis and IFAT (data
not shown). Anti-GST and preimmune mouse sera did not show
any reaction in the native protein by Western blotting and IFAT
(data not shown).
3.2. Anti-rBbAMA-1P serum inhibited the growth and the invasion of B.
bovis

To examine the potential inhibitory effect of the antiserum on
the growth of parasites in an in vitro culture, purified anti-rBbA-
MA-1P-IgG was added daily to culture and the parasitemias were
monitored for three days. Test cultures were incubated with differ-
ent concentrations of anti-rBbAMA-1P-IgG; 0.25, 0.5 and 1 mg/ml.
Control cultures were maintained with either 1 mg/ml anti-GST-
IgG or without antibody. On days two and three, treated culture
with 1 mg/ml anti-rBbAMA-1P-IgG showed significant decreases
in the growth of the parasites, while cultures with 0.5 mg/ml IgG
showed significant inhibition observed only on day three as com-
pared to control cultures. Moreover, lower concentration
(0.25 mg/ml) showed slight inhibition, which was not statistically
different (Table 1). To ascertain that inhibition by anti-serum
was occurred at invasion step, invasion assay was performed with
the purified free merozoites. Giemsa-stained thin blood smears
were prepared after 3 h and 6 h; a period covers the first life cycle
of parasites in vitro (Franssen et al., 2003). A potent inhibition of
parasite invasion was observed in test cultures having anti-rBbA-
MA-1P at concentration of 0.5 mg (6 h) and at 1 mg/ml (3 h and
6 h). The inhibitory percentages of invasion using 1 mg/ml were
61% and 70% at 3 h and 6 h, respectively. At concentration of
0.5 mg/ml, 41% inhibition of invasion was observed at 6 h. These
results were statistically significant as compared with anti-GST
IgG (Fig. 4A). Furthermore, to test that the free merozoites were
neutralized by anti-rBbAMA1P-IgG, methanol-fixed smears ob-
tained 3 h post-culture were examined by confocal laser micro-
scope. Smears from cultures having 1 mg/ml anti-rBbAMA-1P-IgG
were shown abundant extracellular parasites with fluorescence,
and few intracellular parasites without fluorescence (Fig. 4B).
Smear obtained from cultures incubated with anti-GST serum
show no fluorescent reaction (Data not shown). These results indi-
cated that the anti-rBbAMA-1P serum could neutralize the free
merozoites and hinder the invasion.
4. Discussion

Host cell invasion is a critical step in the pathogenesis and sur-
vival of apicomplexan parasites including Babesia spp. (Blackman
and Bannister, 2001). Failure to prepare transgenic knockout
AMA-1 of Plasmodium and T. gondii strongly suggests its vital
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Fig. 1. (A) Graphic depiction of BbAMA-1 cDNA (GenBank accession number: XM_001610993). BbAMA-1 cDNA contains the complete ORF (1820 bp). Noncoding regions of
the gene are shown in black, and coding regions are indicated by the gray box. The graphic representation of the predicted full-length BbAMA-1 protein is shown in the bar
below. BbAMA-1 is a type I integral membrane protein with characteristic structures: an N-terminal domain (NT), a signal peptide (SP: red), a cysteine-rich ectodomains
which include, a single transmembrane domain (TM: gray), and cytoplasmic tail (Cyt: white box). Targeted region represent BbAMA-1: (Leu193-Thr365 aa) (BbAMA-1P)
showed in gray bar below. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). (B) Multiple alignment of
the deduced amino acid sequence of targeted region of AMA-1P (AMA-1CD1/2) sequences from Babesia parasites.
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Fig. 2. Molecular characterization of BbAMA-1. (A) SDS–polyacrylamide gel elec-
trophoresis of purified recombinant BbAMA-1P. The gel was stained with
Coomassie blue; rBbAMA-1P has a molecular weight of 46-kDa. Lane 1, molecular
weight marker; lane 2, rBbAMA-1P. (B) The antigenicity of rBbAMA-1P that was
determined by ELISA. B. bovis-infected sera showed high reactivity compared to
non-infected bovine sera as a control.
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Fig. 3. Characterization of native BbAMA-1. (A) Western blot analysis for native
BbAMA-1 recognized by anti-rBbAMA-1P serum. Lane 1: B. bovis lysate; lane 2:
bovine RBCs lysate. (B) Confocal laser microscopic observation for the localization of
BbAMA-1. Apical localization of BbAMA1 in extraerythrocytic (b-1) and intra-
erythrocytic stages; single form (b-2) and dividing form (b-3) of B. bovis. Upper
panel, overlaid images of anti-rBbAMA-1P serum (green) and red nuclear staining
(red). Lower panel, overlaid images on phase-contrast images of the parasites.
Bar = 5 lm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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function in this process (Remarque et al., 2008). Moreover, in vitro
studies using anti-serum against P. falciparum, T. gondii, B. diver-
gens, and B. bovis AMA-1 demonstrated significant decreases in
the invasion into their host cells (Gaffar et al., 2004; Mital et al.,
2006; Montero et al., 2009). AMA-1 is a type I microneme protein
that has remarkable conservation within and across genera of Api-
complexa (Hodder et al., 2001). The structural features of this
molecule reveal the presence of PAN-folding motifs within cys-
teine-rich ectodomains DI/II (Remarque et al., 2008), which may
function in adhesion to protein or carbohydrate receptors (Pizarro
et al., 2005). Interestingly, monoclonal antibody to PfAMA-1 targeting
disulfide bond (Cys217-Cys247) located in (DI and DII) region has the
most potent inhibition effect on the merozoite invasion (Remarque
et al., 2008). Therefore, in the present study, a conserved region of
BbAMA-1 located in central region of domains I and II sharing high
identities among Babesia spp. (45–68%) and P. falciparum AMA-1
(39%) was characterized as molecular vaccine target.

The two bands of 67-kDa and 44-kDa on the blot probed with
anti-rBbAMA-1P serum suggested a proteolytic processing of
AMA-1. This finding was earlier documented in other apicom-
plexan AMAs-1 that can be cleaved and shed upon the invasion
process (Remarque et al., 2008; Montero et al., 2009). In related
studies, multi-products of native AMA-1 were indentified in B. div-
ergens and P. falciparum lysates (Montero et al., 2009; Remarque
et al., 2008). On the contrary, Gaffar et al. noted that BbAMA-1 is
69-kDa protein secreted upon invasion of RBCs without proteolytic



Table 1
Growth inhibitory effects on B. bovis in vitro by specific antibodies.

Antiserum (IgG) Growth parasitemia (%) over the
period of cultivation (Day)

1 2 3

Anti-rBbAMA-1P (0.25 mg/ml) serum 2.1 ± 0.07 4.9 ± 0.2 7 ± 0.16
Anti-rBbAMA-1P (0.5 mg/ml) serum 1.96 ± 0.08 4.6 ± 0.54 6.7 ± 0.76a

Anti-rBbAMA-1P (1 mg/ml) serum 1.44 ± 0.33 3.7 ± 0.54a 5.9 ± .5a

Anti-anti GST (1 mg/ml) serum 2.14 ± 0.2 6.2 ± 0.8 7.9 ± 0.46
Control 2.2 ± 0.17 6.3 ± 0.8 8.1 ± 0.19

Parasitemia % ± SD of each group over the period of cultivation.
a Indicates significant differences (P < 0.05).
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processing. The failure in detection of the multi-products of
BbAMA1 can be explained by the difference in the antibody used
to identify the native protein, which targeted short sequence pep-
tides. Furthermore, purified anti-rBbAMA-1P-IgG at concentration
of 1 mg/ml was significantly effective against the growth of para-
sites between 40% and 50% inhibition on day two compared to con-
trols. Consistently, free merozoites preincubated with 1 mg/ml
anti-rBbAMA-1P-IgG significantly decreased the parasite invasion
into RBCs by 60% after 3 h and 70% after 6 h. At 0.5 mg/ml concen-
tration, the inhibitions were ranged between 22% and 42% after 3 h
and 6 h, respectively. These were in agreement with previous study
showing that anti-sera produced against different peptides of B. bo-
vis Israel strain AMA-1 inhibited the invasion into RBCs by maxi-
mum 50% (Gaffar et al., 2004). The difference of the inhibition
obtained in the present study as compared to previous report is
probably due to difference of targeted regions or methods of
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Fig. 4. Inhibitory effect of anti-rBbAMA-1 on B. bovis. (A) B. bovis invasion inhibition assay
1 mg/ml. Asterisk indicates a significant difference (P < 0.05) in the inhibition rates at
examination for the neutralized free merozoites following invasion inhibition assay. T
Overlaid images of anti-rBbAMA-1P IgG (green) and red nuclear stain (red) on phase-con
interpretation of the references to color in this figure legend, the reader is referred to th
antisera preparation. In that study, antisera were made against
peptides of Ala46-Ser60 aa, Arg395-Gly409 aa and Tyr453-Val467 aa.
Moreover, purified antibody to B. divergens AMA-1 ectodomains
DI–DII showed approximately 50% inhibition of invasion into RBCs
(Montero et al., 2009). Likewise, treatment of the P. falciparum in-
fected culture with MAb 1F9 PfAMA-1 had 60–75% inhibition of
invasion (Coley et al., 2006). Next, confocal laser microscopic
observation revealed that the reduction in parasitemia after treat-
ment by anti-rBbAMA-1P serum is most probably due to the neu-
tralization of extracellular merozoites disturbing their invasion
ability. Moreover, it would be very interesting for further study
to examine the ability of anti-BbAMA-1P serum against the growth
of other Babesia in vitro and in vivo using mouse model. Particu-
larly, 1 mg/ml concentration of purified anti-rBbAMA-1P-IgG is
considered to be lower than that induced by immunization
in vivo. For instance, in a clinical study using PfAMA-1 as vaccine
against P. falciparum, specific antibody to the protein in the volun-
teers had reached 10–40 mg/ml (Malkin et al., 2005).

In conclusion, our results showed that targeted region of
BbAMA-1P may have an important role in the invasion process
of B. bovis. Further study is necessary to examine the possibility
of the same antibody to inhibit other Babesia species. These data
provide beneficial information regarding development common
candidate vaccine for Babesia parasites.
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