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Babesia bovis Merozoite Surface Antigen 1 and Rhoptry-Associated
Protein 1 Are Expressed in Sporozoites, and Specific Antibodies
Inhibit Sporozoite Attachment to Erythrocytes
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We examined Babesia bovis sporozoites for the expression of two molecules, merozoite surface antigen 1
(MSA-1) and rhoptry-associated protein 1 (RAP-1), that are postulated to be involved in the invasion of host
erythrocytes. Both MSA-1 and RAP-1 were transcribed and expressed in infectious sporozoites. Importantly,
monospecific MSA-1 and RAP-1 antisera each inhibited sporozoite invasion of erythrocytes in vitro. This is the
first identification of antigens expressed in Babesia sp. sporozoites and establishes that, at least in part,
sporozoites and merozoites share common targets of antibody mediated inhibition of erythrocyte invasion.

Parasites in the genus Babesia are transmitted when sporo-
zoites are released with the saliva during tick feeding, and
cause disease when merozoites invade and replicate within
host erythrocytes (35). Unlike their close relatives Plasmodium
sp., in which sporozoites initiate an exo-erythrocytic cycle by
invasion of hepatocytes, sporozoites of true babesial species,
including Babesia bovis, Babesia bigemina, Babesia divergens,
Babesia canis, Babesia caballi, and Babesia ovis, directly invade
erythrocytes (7, 14, 15, 24). We hypothesized that surface mol-
ecules may be shared by both babesial sporozoites and mero-
zoites and represent a common target for antibody-mediated
inhibition of erythrocyte invasion. In this study, we tested this
hypothesis by using Boophilus microplus transmission of B.
bovis sporozoites.

Babesial merozoites, like other apicomplexan parasites, use
a combination of cell surface and apical complex molecules to
bind and invade host cells (2, 4, 29). In B. bovis, merozoite
surface antigen 1 (MSA-1) and rhoptry-associated protein 1
(RAP-1) are postulated to be involved in the merozoite inva-
sion of erythrocytes. MSA-1 is a 42-kDa glycoprotein that
belongs to the family of variable merozoite surface antigens
(VMSA) and is uniformly distributed on the surface of B. bovis
merozoites (8, 9, 16). MSA-1 is encoded by a single gene, and
antibodies against either native or recombinant MSA-1 neu-
tralize merozoite infection in vitro, suggesting a role in the
early steps of erythrocyte invasion (10, 11, 30). RAP-1 of B.
bovis is a 60-kDa protein localized to the apical surface and
within the rhoptries of merozoites (8, 26, 33). RAP-1 is en-
coded by two identical, tandemly arranged rap-1a genes and is
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highly conserved among diverse isolates (1, 31-33). Studies
using its orthologue in B. bigemina, a 58-kDa RAP-1, show that
monoclonal antibodies (MAbs) against RAP-1 are able to in-
hibit multiplication in vitro (5, 6). Consistent with a role in
invasion, calves immunized with native RAP-1 or a recombi-
nant fusion protein develop a significantly reduced mean peak
parasitemia upon merozoite challenge (20, 34).

To obtain sporozoites for the examination of msa-I and
rap-1 expression, adult B. microplus ticks were allowed to feed
on a splenectomized calf by using skin patches (12). A Babesia-
free colony of B. microplus ticks (La Minita strain) was used in
all the experiments. Adult female ticks start engorgement ap-
proximately 21 days after being placed on the calf (22). Calves
were inoculated with 5 ml of the Mexico strain of B. bovis at 13
days postattachment so that parasitemia, determined by mi-
croscopic examination of Giemsa-stained blood smears, was
maximal during the final stages of female tick engorgement.
Engorged ticks were washed and placed in individual vials
during ovoposition (13). To obtain a high percentage of in-
fected ticks, only those females replete during the period of
highest parasitemia were used. Infection of female ticks was
determined on day 10 of ovoposition by the hemolymph test
(28), and only eggs from infected females with more than 10
kinetes per hemolymph sample were used. Eggs laid during the
first 120 h postengorgement were discarded, and the rest of the
eggs were incubated at 27°C and 92% relative humidity for 3
weeks (17). Once the larvae hatched and their cuticles hard-
ened, they were kept at 14°C and 92% relative humidity for an
additional 21 days (3). To stimulate the development of B.
bovis sporozoites, infected larvae were fed on an uninfected
calf for 60 h using skin patches (R. J. Dalgliesh and N. P.
Stewart, Letter, Aust. Vet. J. 52:543, 1976). After this period,
larvae were removed and incubated at 37°C for an additional
12 h. Uninfected larvae were obtained by using the same pro-
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FIG. 1. RT-PCR analysis of total RNA extracted from B. bovis-
infected erythrocytes (lanes 1 and 5), B. bovis-infected larvae (lanes 2
and 6), B. bovis-infected larvae without RT treatment (lanes 3 and 7),
and uninfected larvae (lanes 4, 8, and 9). Amplification used primers
specific for rap-1 (lanes 1 to 4, 800 bp), msa-1 (lanes 5 to 8, 711 bp), and
Bm86 (lane 9, 400 bp). Amplicons were detected by agarose gel elec-
trophoresis and ethidium bromide staining. Molecular size markers are
shown on the left.

cedure, with ticks from the same colony, except that the adult
ticks were fed on an uninfected calf. Temperature and humid-
ity conditions were the same for uninfected adult ticks, eggs,
and larvae as those used for the infected ticks.

B. bovis migration to salivary glands occurs only after larval
feeding commences (23). Inside the salivary gland cells, B.
bovis kinetes increase in size and mature into round sporonts
from which thousands of sporozoites develop during larval
engorgement 3 to 4 days after initial attachment (27). Since
maximum sporozoite development occurs at 72 h after larval
attachment, infected larvae were examined during this period.
To determine if msa-1 and rap-1 transcripts are present in B.
bovis stages in fed larvae, transcriptional analysis was carried
out using a reverse transcriptase PCR (RT-PCR) on larval
extracts. Infected larvae were homogenized in a mortar, and
total RNA was extracted using TRIzol Reagent (Gibco BRL).
The msa-1 primers (forward and reverse primers for msa-I
were 5'-GCTACGTTTGCTCTTTTCATT and 5'-TTGCAAT
TCCTTTTCTAATGOC, respectively) were predicted to amplify
a fragment from nucleotides 4 to 714, and the rap-1 primers
(forward and reverse primers for rap-1 were 5'-CTCGCTCC
AGCTGAAGTGGTA and 5'-GGAGCTTCAACGTACGAG
GTC, respectively) were designed to amplify a fragment from
nucleotides 91 to 890. The resulting amplicons from infected
larvae had the expected sizes of 711 bp (msa-1) and 800 bp
(rap-1) (Fig. 1). The cDNA sequences obtained were 100%
identical to the published sequences of both genes (msa-I
accession number, M77192; rap-1 accession number, M38218).
Amplicons of similar size to the msa-/ and rap-1 fragments
were identified in cDNA from merozoite samples obtained
from the in vitro-cultured Mo7 clone, used as a positive con-
trol. No amplification was observed when RNA from unin-
fected larvae was used or when RT was omitted, confirming
specificity and purity of RNA (Fig. 1). Presence of cDNA in
uninfected larval samples was confirmed by amplification of a
400-bp fragment of BmS86, a B. microplus gene (25).

Next, to determine if mRNA was translated, a Western blot
analysis was carried out using infected larvae and MAbs spe-
cific for MSA-1 and RAP-1. Protein extracts from infected
larvae were incubated for 1 h with 2 pg of MAb/ml against
MSA-1 (MADb 23/10.36.18; isotype IgG2b) or RAP-1 (MAb
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FIG. 2. Immunoblot analysis of total protein extracted from nor-
mal erythrocytes (lanes 1 and 5), B. bovis-infected erythrocytes (lanes
2 and 6), B. bovis-infected B. microplus larvae (lanes 3 and 7), and
uninfected B. microplus larvae (lanes 4 and 8). Protein extracts were
electrophoresed on sodium dodecyl sulfate-containing polyacrylamide
gels and transferred to nitrocellulose membranes. The membranes
were incubated with MAb BABB75A4 against RAP-1 (lanes 1 to 4) or
MAD 23/10.36.18 against MSA-1 (lanes 5 to 8). Molecular size markers
are on the left.

BABB75A4; immunoglobulin G2b [IgG2b]). Bound antibody
was detected using a peroxidase-labeled goat anti-mouse IgG
(Kinkegaard & Barry Laboratories) at a 1:2,500 dilution fol-
lowed by enhanced chemiluminescence using a Western blot-
ting Detection Reagent (Amersham). MAb 23/10.36.18 bound
a protein with the expected size of 42 kDa for MSA-1 in both
infected larvae and infected erythrocytes but not from unin-
fected larvae or uninfected erythrocytes (Fig. 2). MADb
BABB75A4 recognized the 60-kDa RAP-1 only in extracts
from infected larvae and infected erythrocytes but not in those
from uninfected larval or uninfected erythrocytes (Fig. 2).
The identification of msa-1 and rap-1 transcripts and protein
expression at 72 h after larval attachment coincided with the
development of sporozoites. To confirm that msa-I and rap-1
are expressed by sporozoites and not only by remaining kinetes
or sporonts present in infected larvae tissues at this time,
erythrocyte cultures were initiated with infected larvae extracts
and examined at various time points prior to merozoite devel-
opment, which occurs at 8 h postinvasion (18). Expression of
MSA-1 and RAP-1 in sporozoites attached to and within eryth-
rocytes was examined using immunocytochemistry. Approxi-
mately 300 infected fed larvae in 1.5 ml of M199 complete
medium were ground using a mortar. The extracts were cen-
trifuged at 70 X g for 5 min, and the supernatant was collected
and then centrifuged again at 400 X g for 8§ min to remove tick
cells. The supernatant containing B. bovis sporozoites was
added to uninfected erythrocytes and cultured in vitro in M199
complete medium for 5 h to allow the detection of binding and
invasion prior to development of merozoites. Smears of the
culture were made using Probe-On slides (Fisher) and were
air-dried for 2 h and fixed in methanol for 5 min. Smears were
rinsed in 125 mM Tris buffer containing 0.05% Triton X-100.
Smears were blocked with this buffer containing 5% goat se-
rum at 37°C for 10 min. MAbs 23/10.36.18 (anti-MSA-1),
BABB75A4 (anti-RAP-1), and ANA22B1 (anti-Anaplasma
marginale MSP-1 as a negative control; IgG3 isotype) (21) were
used at final concentrations of 10 pg/ml and were incubated at
37°C for 15 min. Biotinylated goat anti-mouse immunoglobulin
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FIG. 3. Immunocytochemistry of B. bovis cultured with erythrocytes. Smears of erythrocyte cultures initiated using sporozoites (A, B, D, E, and
G) and merozoites (C, F, and H) were incubated with MAb 23/10.36.18 against MSA-1 (A, B, and C), MAb BABB75A4 against RAP-1 (D, E,
and F), or negative-control MAb ANA22B1 against A. marginale MSP-1 (G and H). The reaction was visualized with AEC, which results in a brown

staining. Bar = 10 pm.

(USA-HRP Detection System; Signet Laboratories, Inc., Ded-
ham, Mass.) was incubated for 10 min at 37°C followed by
addition of streptavidin-horseradish peroxidase complex and
incubation for 10 min at 37°C. Slides were blotted and rinsed
10 times between steps. The chromogen AEC (DAKO) was
added to develop the reaction, and filtered Mayer’s hematox-
ylin was used as a counterstain. As a positive control, B. bovis
Mo7 merozoites in erythrocyte cultures were used. Extracts
from uninfected B. microplus larvae cultured in vitro with
erythrocytes were used as a negative control.

MSA-1-specific MAb 23/10.36.18 recognized both sporozo-
ites bound to erythrocytes (Fig. 3A) and early intra-erythro-
cytic stages (Fig. 3B). MAb BABB75A4 against RAP-1 also
bound to sporozoites attached to the erythrocyte membrane
(Fig. 3D) and to early intra-erythrocytic stages (Fig. 3E). Both

MADbs reacted with cultured merozoites used as positive con-
trols (Fig. 3C and 3F) but did not bind erythrocytes cultured
alone or with extracts from uninfected larvae (data not shown).
Neither sporozoites (Fig. 3G) nor merozoites (Fig. 3H) were
bound by negative-control MAb ANA22B1. The detection of
MSA-1 and RAP-1 proteins both within the infected larvae at
72 h postattachment and in sporozoites attached to erythro-
cytes in vitro confirms that both of these molecules are ex-
pressed in sporozoites.

Having demonstrated the presence of MSA-1 and RAP-1 in
sporozoites bound to erythrocytes, we determined if antibodies
specific for these antigens were able to block sporozoite at-
tachment to erythrocytes. We used an in vitro system previ-
ously developed for merozoite inhibition with specific antisera
generated against recombinant proteins (10, 33). Antisera spe-
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FIG. 4. Antibody-mediated inhibition of sporozoite attachment to erythrocytes at 5 h. (A) Total number of parasites attached to 2,000
erythrocytes after incubation with antibodies against MSA-1, control antibody, or culture medium. The percentages of inhibition were 59 and 68%
for serum 1 and serum 2, respectively. (B) Total number of parasites attached to 2,000 erythrocytes after incubation with antibodies against RAP-1,
control antibody, or culture medium. The percentages of inhibition were 61 and 53% for serum 1 and serum 2, respectively. Error bars indicate

standard deviation of the results from triplicate cultures.

cific for MSA-1 or RAP-1 were tested for their ability to block
sporozoite binding to erythrocytes. The anti-MSA-1 sera were
obtained following the immunization of calves with recombi-
nant MSA-1, and the specificity has been previously shown by
immunoblotting and immunofluorescence (10, 30). A bovine
anti-ovalbumin serum, obtained following immunization using
the same adjuvant and schedule as those for MSA-1, was used
as negative control. The anti-RAP-1 sera were obtained by
immunizing rabbits with recombinant RAP-1, and the speci-
ficity was verified by immunoprecipitation and immunofluores-
cence (33). Control serum was produced by immunization of a
rabbit with recombinant MSP-2 from A. marginale using the
same protocol as that for RAP-1. Sporozoites were isolated
from approximately 500 infected larvae as described above.
The number of live sporozoites was determined using the
6-carboxy fluorescein diacetate staining method (19). Each
serum was heat inactivated and diluted 1:5 in complete M199
medium and incubated with 10° live sporozoites at 4°C for 30
min. An equal volume of 1.5% bovine erythrocytes in complete
medium was added, and the culture was incubated in 96-well
plates at 37°C in a 5% CO, atmosphere. The number of sporo-
zoites attached to erythrocytes was recorded from a total of
2,000 erythrocytes counted by microscopic examination of Gi-
emsa-stained smears prepared from each well at 5 and 48 h.
Results were analyzed by one-way analysis of variance and
Fisher’s pairwise comparisons using the Minitab 13 software
computer program.

At 5 h, cultures of sporozoites incubated with either of two
bovine antisera against MSA-1 showed a significantly lower
number of sporozoites attached to the erythrocyte membrane
when compared to sporozoites incubated with medium alone
or with an unrelated bovine antiserum against ovalbumin (Fig.
4A). Rabbit antisera against RAP-1 also blocked attachment,
as indicated by a significantly lower number of sporozoites
attached to erythrocytes when compared to medium alone or
to control rabbit antiserum against recombinant A. marginale
MSP-2 (Fig. 4B). When examined at 48 h, antisera against
MSA-1 and RAP-1 still showed significant inhibition of sporo-
zoite attachment compared to the control groups (data not
shown), and the percentage of inhibition was similar to that of

cultures incubated for 5 h. The level of inhibition of sporozoite
attachment at 5 h (59 to 68% in this study) is similar to pre-
vious results for MSA-1 antibody inhibition of merozoite in-
vasion (71%) (11). Previously, in vitro inhibition of merozoite
multiplication by RAP-1 antibodies has been demonstrated
only in B. bigemina using MAbs. A MAD against a surface
exposed region of RAP-1 inhibited 62% of merozoite multi-
plication (5). In the present experiment with B. bovis, the
percentage inhibition of sporozoite attachment to erythrocytes
at 5 h was up to 61% with the anti-RAP-1 sera, comparable to
the previous results with B. bigemina merozoites. This is the
first report of inhibition of B. bovis attachment or invasion by
any stage using RAP-1 antibodies. Since we tested only sporo-
zoite viability prior to incubation with antibodies, we cannot
rule out an effect of antibody on sporozoite survival that sub-
sequently resulted in decreased binding compared with actual
neutralization of a receptor-ligand interaction. Nonetheless,
these results demonstrate that antibodies against MSA-1 and
RAP-1 can inhibit babesial infection initiated by sporozoites,
as well as subsequent cycles of merozoite invasion (5, 11).

The expression of MSA-1 and RAP-1 in both sporozoites
and merozoites increases the likelihood of effective vaccination
against a tick challenge using these antigens. Importantly, each
sporozoite that invades an erythrocyte generates only a pair of
merozoites, unlike the thousands generated by Plasmodium
sporozoite invasion of a hepatocyte. Thus, inhibition of initial
invasion by sporozoites, followed by blocking subsequent
rounds of merozoite invasion, may be particularly effective in
control of babesiosis.
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