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Babesia bovis merozoites are exposed to antibodies during the extraerythrocytic phase, and surface
polypeptides bearing exposed epitopes are possible immunogens. Monoclonal antibodies reactive with the
merozoite surface bind either immunodominant epitopes expressed diffusely on the merozoite surface or,

alternatively, epitopes expressed in a polar pattern. Epitopes expressed diffusely on the immunodominant 42-
and 44-kDa merozoite polypeptides were not conserved among strains from geographically diverse regions. In
contrast, epitopes expressed in a polar pattern on the merozoite surface were conserved among nine strains and
clones. Identification of variable and conserved epitopes provides a basis for defining antigenic variation and
cross-protective immunity.

Immunization of cattle with merozoite antigens induces
protection against challenge with the hemoprotozoan Babe-
sia bovis (6, 13). Merozoite surface epitopes are exposed to
the immune system during the extraerythrocytic phase prior
to invasion of new target erythrocytes. We have identified
five polypeptides (of 225, 60, 44, 42, and 16 kDa) that bear
epitopes exposed on the surfaces of live merozoites (3, 10) of
a Mexico strain (13). Cattle protected against homologous
challenge with the Mo7 biological clone of the Mexico strain
develop high titers of antibody to the 225-, 60-, 44-, and
42-kDa polypeptides (4), and immunization of cattle (with
the recombinantly derived 44-kDa polypeptide) and rabbits
(with the recombinantly derived 60-, 44-, and 42-kDa poly-
peptides) induces antibodies reactive with the surfaces of
live Mexico strain merozoites (10, 14). In this study, we
tested the conservation of merozoite surface-exposed
epitopes among B. bovis strains from North America, Israel,
and Australia.
The merozoite surface-reactive monoclonal antibodies

(MAbs) used were developed against the Mexico strain and
included single MAbs reactive with the 225- (MAb 23/8.34),
44- (23/70.174), and 16-kDa (23/28.57) polypeptides (3, 10).
Three MAbs identified surface-exposed epitopes on the 42-
kDa polypeptide (MAbs BABB35A4, 23/10.36.8, and 23/
3.16.45), and four MAbs reacted with exposed epitopes of
the 60-kDa polypeptide (BABB75A4, MBOC79B2, 23/
38.120.8, and 23/53.156.77) (10). To identify the number of
independent epitopes recognized by the multiple MAbs
reactive with either the 42- or 60-kDa polypeptides, the
ability of unconjugated MAb to inhibit binding of Sepharose
4B-conjugated MAb to radiolabeled B. bovis was determined
by using a competition radioimmunoassay (9). Briefly, im-
munoglobulin was purified from ascitic fluid, quantitated,
and coupled at 10 mg/ml to Sepharose 4B (9). The reactivity
of each Sepharose-MAb conjugate was confirmed by immu-
noprecipitation of [35S]methionine-labeled B. bovis Mexico
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strain as previously described (3). For the inhibition assay, a
range of 0.1 to 30 ,ug of unconjugated MAb was incubated for
30 min at 4°C with 106 cpm of detergent-solubilized [35S]me-
thionine-labeled merozoites. Following the primary incuba-
tion, 5 ,ug of MAb conjugated to Sepharose was added and
incubated for 30 min at 4°C. The Sepharose-MAb beads were
washed four times, and Sepharose-bound radioactivity was
determined following the addition of scintillant (9).
Each of the three merozoite surface-reactive MAbs

against the 42-kDa polypeptide bound a different epitope, as
demonstrated by a complete lack of cross-inhibition with
each different free MAb (Table 1). Of the four MAbs reactive
with the surface of the 60-kDa polypeptide, BABB75A4 and
MBOC79B2 reciprocally inhibited binding, indicating recog-
nition of the same or an overlapping epitope (Table 1). There
was no inhibition between MAbs BABB75A4 or MBOC79B2
when tested against either 23/38.120.8 or 23/53.156.77, indi-
cating a minimum of two independent surface-exposed
epitopes on the 60-kDa polypeptide (Table 1). A one-way
partial inhibition occurred between MAbs 23/38.120.8 and
23/53.156.77 (Table 1), indicating differences in affinity for an
identical epitope or recognition of nonidentical epitopes on
the 60-kDa polypeptide. Each conjugated MAb could be
100% inhibited by the same unconjugated MAb, although the
concentration of unconjugated antibody required varied with
each MAb (Table 1). No inhibition occurred between any of
the conjugated MAbs and an unrelated unconjugated MAb
(ANA22B1, reactive with Anaplasma marginale).
The three independent exposed epitopes on the 42-kDa

polypeptide and a single epitope on the 44-kDa polypeptide
are diffusely expressed over the surface of live Mexico strain
merozoites as previously demonstrated by immunofluores-
cence assays (10). Conservation of these epitopes was ex-
amined for the following nine B. bovis strains and clones
(location and year of isolation are given): Mexico (northern
Mexico, 1979); Mo7 (biological clone derived from the
Mexico strain) (11); Texas (southern Texas, 1978); Israel-
BbV (Israel, 1963); Isr-B and Isr-C (biological clones derived
from the Israel-BbV strain); Israel-BbTD (Upper Galilee,
Israel, 1982); Australia-L (New South Wales, 1965) (7); and
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TABLE 1. Epitope mapping by competitive inhibition
radioimmunoassay

MAb-Sepharose conjugatea Inhibiting MAbbc % Inhibition'
(polypeptide bound)

BABB35A4 (42 kDa) BABB35A4 100 (3 ±Lg)
23/3.16.45 0
23/10.36.8 0

23/3.16.45 (42 kDa) 23/3.16.45 100 (3 pLg)
BABB35A4 0
23/10.36.8 0

23/10.36.8 (42 kDa) 23/10.36.8 100 (0.3 pg)
BABB35A4 0
23/3.16.45 0

BABB75A4 (60 kDa) BABB75A4 100 (3 ,ug)
MBOC79B2 100 (3 ,ug)
23/38.120.8 0
23/53.156.77 0

MBOC79B2 (60 kDa) MBOC79B2 100 (1 p.g)
BABB75A4 100 (1 ,ug)
23/38.120.8 0
23/53.156.77 0

23/38.120.8 (60 kDa) 23/38.120.8 100 (0.3 ['g)
23/53.156.77 100 (30 ,ug)
BABB75A4 0
MBOC79B2 0

23/53.156.77 (60 kDa) 23/53.156.77 100 (10 ,ug)
23/38.120.8 0
BABB75A4 0
MBOC79B2 0

a Five micrograms of each MAb conjugated to Sepharose-4B was added per
tube.

b All MAbs were tested in duplicate over a range of 0.1 to 30 pg.
c ANA22B1, an unrelated monoclonal antibody reactive with Anaplasma

marginale MSP-la, was used as a negative control with all Sepharose-bound
MAbs.

d The amount at which 100lo inhibition was observed is given in parenthe-
ses; 0% inhibition was at the highest concentration tested (30 p.g).

Australia-S (Queensland, 1969) (7). The biological clones (B
and C) of the Israel BbV strain were derived as previously
described (11). Merozoites were purified by Percoll gradient
centrifugation (12) and standardized to 5 x 107 merozoites,

and viability was confirmed by staining with 6-carboxyfluo-
rescein diacetate as previously described (8). All four MAbs
(BABB35A4, 23/10.36.8, 23/3.16.45, and 23/0.174) bound
100% of live merozoites of the Mexico and Texas strains and
the Mo7 biological clone as determined by immunofluores-
cence (Table 2). Binding occurred diffusely over the entire
merozoite surface of live gradient-purified merozoites and of
acetone-fixed intraerythrocytic merozoites in peripheral
blood smears. Binding of merozoites sequestered in the
cerebral vasculature was determined by using frozen cere-
brum sections from calves with acute babesiosis. Prominent
sequestration of parasitized erythrocytes within cerebral
capillaries was confirmed for each strain by microscopic
examination of Giemsa-stained frozen sections. All four
MAbs bound 100% of Mexico and Texas strain merozoites
within sequestered parasitized erythrocytes. None of the
four MAbs reacted with merozoites of the two Australia
strains, the two Israel strains, and the two Israel clones
when examined by immunofluorescence using acetone-fixed
parasitized erythrocytes in peripheral blood smears (Table
2). There was no MAb binding to the live merozoite surface
or to merozoites within parasitized erythrocytes sequestered
in cerebral capillaries (only Australia strains were exam-

ined).
To determine whether the 42- and 44-kDa polypeptide

epitopes present in the North American strains were highly
conformationally dependent, merozoites of all strains and
clones were solubilized, reduced, denatured (2% sodium
dodecyl sulfate, 1% Nonidet P-40, 100 mM dithiothreitol,
20% methanol) (9), and then reacted with the four MAbs in
immunoblots. Antibody reactivity to denatured polypeptides
was detected by sequential incubation with rabbit anti-
murine immunoglobulin and 1251I-labeled protein A followed
by autoradiography (3). All four MAbs bound the 42- and
44-kDa polypeptides in the North American strains, whereas
no binding was detected with the Australia and Israel strains
(data not shown). The resistance to denaturation of these
North American strain epitopes is consistent with the exist-
ence of non-conformation-dependent linear epitopes (1, 5,
9). Therefore, the antigenic diversity among strains is likely
due to variation within the epitope coding sequence rather
than to a conformational effect from variation elsewhere in
the polypeptide.

In contrast to the 42- and 44-kDa polypeptides, surface-
exposed epitopes on the 225-, 60-, and 16-kDa polypeptides

TABLE 2. Conservation of merozoite surface-exposed epitopes among B. bovis strains

MAb Fluorescence patterna Polypeptide (epitope) Strain reactivityb

BABB35A4 Merozoite surface; diffuse 42kDa (epitope 1) Mexico and Texas
23/3.16.45 Merozoite surface; diffuse 42kDa (epitope 2) Mexico and Texas
23/10.36.8 Merozoite surface; diffuse 42kDa (epitope 3) Mexico and Texas
23/0.174 Merozoite surface; diffuse 44kDa (epitope 1) Mexico and Texas
23/8.34 Merozoite surface; polar + parasitized 225kDa (epitope 1) All strains tested

erythrocyte membrane
BABB75A4 Merozoite surface; polar 6OkDa (epitope 1) All strains tested
MBOC79B2 Merozoite surface; polar 6OkDa (epitope 1) All strains tested
23/38.120.8 Merozoite surface; polar 6OkDa (epitope 2) All strains tested
23/53.156.77 Merozoite surface; polar 60kDa (epitopec) All strains tested
23/28.57 Merozoite surface; polar 16kDa (epitope 1) All strains tested

a Pattern of fluorescence on live merozoites and acetone-fixed intraerythrocytic merozoites in peripheral blood and sequestered in cerebral vasculature.
Reactivity patterns were identical for all positive strains.

b Strains tested: Mexico, Texas, Israel BbV, Israel BbTD, Australia-L, and Australia-S. The Mo7 clone from the Mexico strain and the B and C clones of the
Israel BbV strain reacted identically to the parent strains.

' One-way partial inhibition occurred with MAb 23/38.120.8 (Table 1).
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are expressed in a polar pattern on live Mexico strain
merozoites (3, 10). All six MAbs, binding a minimum of four
independent epitopes (one each on the 16- and 225-kDa
polypeptides and at least two on the 60-kDa polypeptide),
reacted with merozoites from each of the nine strains and
clones (Table 2). The polar binding pattern on intraerythro-
cytic merozoites of all strains was detected by immunofluo-
rescence on peripheral blood smears and in sections of
cerebral vasculature. All MAbs bound 100% of the live
merozoites of the five strains and clones tested (live mero-
zoites of the Israel strains and clones were not tested). In
addition to merozoite binding, MAb 23/8.34 (reactive with
the 225-kDa polypeptide) also bound the membranes of
erythrocytes parasitized by each strain. Binding of MAb
23/8.34 to both the merozoite and the cytoplasmic side of the
erythrocyte membrane has previously been described for the
Mexico strain (10) and is hypothesized to be related to the
invasion process. The presence of dual binding in all strains
examined indicates that the mechanism leading to antigen
deposition on the erythrocyte membrane is the result of a
conserved function. All six MAbs reacted with the appropri-
ately sized denatured polypeptide for each strain in immu-
noblots (data not shown), again consistent with linear
epitopes that are not highly dependent upon the conforma-
tion of the native polypeptide.
The 42- and 44-kDa polypeptides are major components of

the merozoite surfaces of the Mexico and Texas strains and
are immunodominant in cattle that have recovered from
Mexico strain infection and are protected against further
challenge (4). The loss of four independent merozoite sur-
face epitopes on these polypeptides in the Australia and
Israel strains and clones suggests that dominant antibody
responses are directed against antigenically variable mole-
cules. Changes in virulence have been shown to be gener-
ated by sequential in vivo passage of parasitized erythro-
cytes (2). The variation in the immunodominant 42- and
44-kDa polypeptides cannot be attributed solely to in vivo
passage following isolation, since epitopes are conserved on
both the second-passage Texas strain and the multiple-
passage Mexico strain and have been lost from both the
one-passage Israel-BbTD and the multiple-passage Israel-
BbV strains. In addition, passage-induced changes are at-
tributed to selection of parasite subpopulations, and the
identical reactivities of clones and uncloned parents indi-
cates that selection of these antigenic variants did not occur
in passaging. Identity betWeen clones and parents for the
examined epitopes was maintained both in strains bearing
the 42- and 44-kDa polypeptide epitopes (Mexico strain and
the Mo7 clone) and in strains which lost all four epitopes on
these polypeptides (Israel BbV strain and clones B and C).
Consequently, it appears that epitope variation reflects the
presence of antigenic variants in different geographical, re-
gions. The rapidity with which these variants arise and their
distribution among cattle and tick populations is unknown.
Examination of additional strains from the Americas is
needed to determine whether variation of 42- and 44-kDa
polypeptide epitopes occurs among regional strains. In con-
trast to the variation observed in the diffusely expressed
epitopes, the conservation of the polar-expressed epitopes in
all strains examined suggests that these molecules have an
obligate role in merozoite growth or replication. The polar
distribution is consistent with localization to the apical-
complex organelles demonstrated to be involved in Plasmo-
dium merozoite invasion of erythrocytes (15). The marked

conservation of these B. bovis epitopes, combined with their
merozoite surface exposure, targets the polypeptides bear-
ing these epitopes (225-, 60-, and 16 kDa) as candidates for
experimental immunization and challenge.
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