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The competitive enzyme-linked immunosorbent assay (cELISA) format has proven to be an accurate,
reliable, easily standardized, and high-throughput method for detecting hemoparasite infections. In the
present study, a species-specific, broadly conserved, and tandemly repeated B-cell epitope within the C
terminus of the rhoptry-associated protein 1 of the hemoparasite Babesia bovis was cloned and expressed as a
histidine-tagged thioredoxin fusion peptide and used as antigen in a cELISA. The assay was optimized with
defined negative and positive bovine sera, where positive sera inhibited the binding of the epitope-specific
monoclonal antibody BABB75A4. The cELISA accurately differentiated animals with B. bovis-specific antibod-
ies from uninfected animals and from animals with antibodies against other tick-borne hemoparasites (98.7%
specificity). In addition, B. bovis-specific sera from Australia, Argentina, Bolivia, Puerto Rico, and Morocco
inhibited the binding of BABB75A4, confirming conservation of the epitope. The assay first detected experi-
mentally infected animals between 13 and 17 days postinfection, and with sera from naturally infected carrier
cattle, was comparable to indirect immunofluorescence (98.3% concordance). The assay appears to have the
characteristics necessary for an epidemiologic and disease surveillance tool.

Bovine babesiosis is a tick-borne, hemoprotozoan disease
responsible for substantial morbidity and mortality in cattle
throughout the world (16). Definitive diagnosis can be made by
microscopic detection of parasites within stained blood films.
However, parasitemias are often too low in subclinical and
chronic infections for microscopic diagnosis. For this reason,
several serologic assays, including complement fixation (14),
indirect hemagglutination (7), rapid card agglutination (23),
latex bead agglutination (12), and indirect immunofluores-
cence (IIF) (4) have been used to detect antibody in infected
cattle. Although these assays allow for the detection of persis-
tently infected cattle, they have limitations in specificity and/or
sensitivity. The IIF assay has been the most sensitive assay, but
cross-reactivity among babesial species, subjective interpreta-
tion, and low throughput have limited its usefulness.

Enzyme-linked immunosorbent assays (ELISAs) have found
wide application in infectious disease diagnosis. The assay is
nonsubjective, can be automated for high throughput, and has
the potential for improved specificity depending on the efforts
made in antigen preparation and characterization. A number
of ELISAs have been designed for the diagnosis of Babesia
bovis infection (1, 2, 13, 17, 26). Although these studies report
an improvement in sensitivity over other assays, problems with
specificity remain due to the fact that antigen preparations are
at best only partially purified.

The cELISA format can provide an additional level of spec-

ificity since antibody against a single epitope known to be
organism specific is detected. Several cELISA assays have been
developed for diagnosis of hemoparasites, including B. equi
and B. caballi in horses (9, 10) and Anaplasma in cattle (24).
The cELISA for B. caballi relies on inhibition of a monoclonal
antibody (MAb) against a repetitive epitope of rhoptry-asso-
ciated protein 1 (RAP-1). Since the B. bovis RAP-1 homologue
is structurally similar to B. caballi RAP-1 and contains a similar
region of C-terminal tandem repeats encoding a B-cell epitope
(20), we reasoned that a cELISA-based on this epitope would
prove equally effective in detecting B. bovis-infected cattle.

A 1.9-kb sequence encodes the entire B. bovis RAP-1 pro-
tein and a recombinant product is a faithful antigenic replica of
the native protein. Seven tandem 23-amino-acid degenerate
repeats comprise the C-terminal third of the protein and, to-
gether with the secondary structure, contribute to its antige-
nicity and immunogenicity (20). The species-specific continu-
ous B-cell epitope encoded by at least two of these repeats is
recognized by MAb BABB75A4 and is conserved among geo-
graphic isolates (19, 21, 22). It is the basis for the development
of a cELISA described here, where we define: (i) the condi-
tions for optimal differentiation of defined positive and nega-
tive sera, (ii) the specificity of the cELISA, (iii) the kinetics of
seroconversion, and (iv) the concordance of the cELISA with
IIF.

MATERIALS AND METHODS

Recombinant antigen constructs. Recombinant antigens spanning RAP-1, in-
cluding (i) full-length rRAP-1, (ii) the N terminus (amino acids 1 to 316; rRNT),
and (iii) the C terminus (amino acids 317 to 565; rRCT) (18), were prepared
from a Mexican isolate (5). Recombinant antigens were expressed as histidine-
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tagged thioredoxin fusion proteins (HTP). Each RAP-1 insert was amplified by
reverse transcription-PCR with specific primer sets and ligated into pBAD/Thio-
TOPO vector (Invitrogen, Carlsbad, Calif.) as recommended by the manufac-
turer. The primers included RAP-1 (forward, 5�-ATGAGAATCATTAGCGGC
GTTG-3�; reverse, 5�-GAGGTATCCGGCGGTGTCTTCAC-3�), RNT (forward,
5�-TGAGAATCATTAGCGGCGTTG-3�; reverse, 5�-TTGGGTAACGTTTTT
AGAG-3�), and RCT (forward, 5�-CCTACAAAGAAGTTCATCGAGG-3�; re-
verse, 5�-GAGGTATCCGGCGGTGTCTTCAC-3�). The insert orientation and
frame of each clone was confirmed by sequencing. The expression and purifica-
tion of each recombinant antigen was accomplished as recently described (18).
Briefly, single recombinant Escherichia coli colonies were inoculated into Luria
broth containing 50 �g of ampicillin per ml and incubated overnight at 37°C with
shaking. Protein expression was induced with 0.2% L-(�)-arabinose for 4 h. E.
coli were pelleted, lysed, and sonicated, followed by purification of the soluble
protein on a ProBond resin column (Invitrogen). Protein was eluted with PNB
(50 mM K2HPO4, 400 mM NaCl, 100 mM KCl, 10% glycerol) containing a series
of imidazole solutions (50, 100, 200, and 500 mM and 1 M imidazole), and
eluates were collected into separate tubes. For sodium dodecyl sulfate (SDS)-
treated rRCT, the purified protein was stored in PNB containing 1% (wt/vol)
SDS. The yield and expected size of the products were determined by SDS-
polyacrylamide gel electrophoresis (Coomasie blue-stained dilutions of antigen
compared to a diluted protein standard).

MAbs and antigen assessment by Western blotting. Equivalent amounts of
rRAP-1, rRCT, and rRNT were electrophoresed according to the method of
Laemmli (11) by using 4 to 20% continuous gradient resolving gels. Proteins
were transferred to nitrocellulose (Bio-Rad, Richmond, Calif.) (25) at 250 mA
for 45 min and probed with the MAbs BABB75A4 and 23.53.156, previously
described as specific for rRCT and rRNT, respectively (21). Bound MAb was
detected with peroxidase-labeled affinity-purified goat anti-mouse immunoglob-
ulin G (IgG; H�L; KPL, Gaithersburg, Md.) and ECL-Plus (Amersham Phar-
macia Biotech, Piscataway, N.J.).

Bovine sera. Bovine serum samples were from four sources: (i) Washington
Animal Disease Diagnostic Laboratory (227 randomly selected samples); (ii)
experimentally infected animals maintained at the USDA-ARS-ADRU research
facility (32 preinoculation sera and 103 postinoculation and confirmed infected
sera); (iii) United Nations Food and Agriculture Organization reference diag-
nostic serum from Argentina (1 sample); and (iv) cattle representing field sam-
ples from Bolivia (20 samples), Puerto Rico (38 samples), and Morocco (72
samples). Some samples were irradiated prior to use, and all were stored at
�20°C until used. Samples from experimental animals were collected prior to
and after inoculation with blood stabilates of B. bovis isolates from Mexico (19
animals and 76 sera), Texas (13 animals and 27 sera), or Australia (1 animal and
1 serum). All experimental animals were maintained according to the American
Association for Laboratory Animal Care procedures and were provided an ac-
ceptable bovine ration, with water and mineral block provided ad libitum.

IIF. Blood stabilates of the Texas isolate (T2Bo) of B. bovis (6) were used for
antigen. Vials of stabilate with 50% packed erythrocytes (5% infected erythro-
cytes) in phosphate-buffered saline (PBS) containing 4 M dimethyl sulfoxide
were thawed, washed in PBS three times, and adjusted to 20% packed cells in
PBS containing 1% bovine serum albumin. Uniform thin films were made on
microscope slides and air dried. Slides were fixed in cold acetone, and wells were
formed on each slide by using fingernail polish. Each slide included three wells
of control sera: a strong positive serum diluted 1/100, a negative serum diluted
1/100, and a weak positive serum (the strong positive serum diluted 1/6,400).
Then, 10 �l of a 1/100 dilution of each test serum was applied to appropriate
wells, followed by incubation in a humidity chamber at 37°C for 30 min. Slides
were washed three times for 10 min each in cold PBS. Next, 10 �l of a 1/80
dilution of fluoresceinated goat anti-bovine IgG (H�L; KPL) was applied to
each well, and the slides were incubated and washed as described above. Reac-
tions were observed by using epifluorescence microscopy. A positive test serum
was defined as a reaction equal to or greater than the weak positive control
reaction.

cELISA conditions. rRAP-1, rRCT, or SDS-treated rRCT antigen was added
to wells of Immulon II (Dynatech, Chantilly, Va.) plates in PBS containing 20
mM MgCl2 and incubated overnight. Antigen-coated plates were blocked with
PBS plus 0.2% Tween 20 containing 20% nonfat dry milk for 1 h at room
temperature on a rotator, followed by 100 �l of test sera in duplicate wells for 15
min. The sera were discarded, and 100 �l of diluted BABB-75A4 was added to
each well, followed by incubation for 15 min as described above. Bound BABB-
75A4 was detected by the addition of avidin-alkaline phosphatase complex (Vec-
taStain ABC-AP; Vector Laboratories) and p-nitrophenyl phosphate substrate.
Each plate contained a panel of five known negative samples (experimental
calves confirmed negative by IIF and PCR [3]) that were used to compute a mean

optical density (OD) at 414 nm for the plate. The percent inhibition of the mean
of test sample wells was computed as follows: 100 � [(the OD of the test
sample/the mean OD of the normal control serum panel) � 100].

RESULTS

MAb recognition of RAP-1 epitope in the C terminus. Full-
length rRAP-1, rRCT, and rRNT constructs were purified, and
products of the predicted size for each fusion protein were
identified. The products were subjected to Western blotting
with the epitope-specific MAbs BABB75A4 and 23.53.156.
Earlier studies located the epitope recognized by BABB75A4
in the C terminus and the epitope recognized by 23.53.156 in
the N terminus of RAP-1 (21). This was confirmed, as dem-
onstrated in Fig. 1. BABB75A4 recognized rRAP-1 and rRCT
but not rRNT (Fig. 1A), whereas 23.53.156 recognized only
rRAP-1 and rRNT (Fig. 1B).

Optimal conditions for cELISA. Appropriate concentrations
of rRCT and BABB75A4 for the cELISA were determined by
an ELISA block titration (Fig. 2.). An OD of between 2.0 and
2.5 was selected as the optimal reactivity from which inhibition
could be determined. BABB75A4 at 50 ng/well with 5 ng of
rRCT/well consistently produced an OD at the target level and
at a point on the titration curve (linear range) allowing optimal
inhibition, and so these concentrations were used in the
cELISA thereafter.

In order to facilitate the storage and shipment of plates and
increase the utility of the assay, rRCT was dried onto plates
and compared to fresh rRCT. Thirty different sera represent-
ing both known positive and negative cattle were used to eval-

FIG. 1. Western blot confirming the presence of the BABB75A4
epitope within the C-terminal RAP-1 recombinant construct rRCT.
(A) MAb BABB75A4 was used as the probe. (B) MAb 23.53.156 was
used as the probe. Lanes: 1, full-length rRAP-1 fusion protein; 2,
rRCT fusion protein; 3, rRNT fusion protein.
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uate the two preparations. There was no significant difference
in OD between the two antigen preparations (data not shown),
and dried antigen plates were used throughout the remainder
of the study.

The rRCT antigen was temperature sensitive even when
dried onto plates. Plates were sealed with acetate covers and
stored at four different temperatures for 48 h. The effect of
temperature on the binding of BABB75A4 is shown in Fig. 3.
Although there was no difference between plates stored at 4°C
and room temperature over this period of time, there was a
pronounced decrease in MAb binding with increased temper-
ature (Fig. 3A). However, the addition of 1% SDS to fresh
rRCT overcame this heat degradation and stabilized the dried
antigen for MAb binding at 50°C for at least 1 month (Fig. 3B).

Inhibition levels. Initially, 30 sera from uninfected calves
that were subsequently used for experimental infections in this
and other studies were assessed with the cELISA to determine
a percent inhibition that would differentiate positive and neg-
ative reactions. The mean percent inhibition plus three stan-
dard deviations (41.4%) was chosen as the level above which
samples were considered positive on this initial assessment. To
refine this level, 318 sera representing 227 sera from disease-
free areas of the northern United States acquired from the
Washington Animal Disease Diagnostic Laboratory (defined
negative samples) and 91 additional known positive samples
from experimental infections were assessed. Figure 4 shows the
frequency distribution of the percent inhibition for these sam-
ples. An inhibition of 40% represented the point between the
lowest percent inhibition from the positive group and the high-
est percent inhibition from the negative group and was used as
the threshold level above which samples would be considered
positive thereafter. Of 227 negative samples, 86.3% (196 of
227) inhibited BABB75A4 binding �15%, whereas 75.8% (69

of 91) of the positive samples inhibited BABB75A4 binding by
�75%.

Specificity. An additional 12 sera representing both pre- and
post-experimentally infected animals were added, for a total of
330 sera. Using the 40% inhibition threshold, the cELISA
correctly identified 99% of the 330 samples (Table 1). Three
samples were falsely positive (all three were negative when
evaluated with IIF and resulted in decreased inhibition levels
when reevaluated by cELISA after adsorption with an irrele-
vant purified HTP). Therefore, under these conditions, the
specificity was 98.7% (95% confidence interval of 98.75 to
100%).

Serum samples from cattle after experimental infection with
B. bigemina (5 sera), Theileria orientalis (1 serum), Anaplasma
marginale (4 sera), and B. bovis from Argentina (1 serum) and
Australia (1 serum), along with field samples from Puerto Rico
(38 sera), Bolivia (20 sera), and Morocco (72 sera) (all areas
where B. bovis is endemic), were assayed by both cELISA and
IIF. The cELISA detected antibody in the sera from animals
infected with isolates of B. bovis from Argentina and Australia,
whereas none of the samples from animals infected exclusively

FIG. 2. ELISA block titration with the indicated concentrations of
rRCT and MAb BABB75A4.

FIG. 3. Effects of temperature and SDS treatment on the stability
of rRCT. (A) Purified rRCT dried onto plates and stored for 48 h at
the indicated temperatures before reaction with MAb BABB75A4.
(B) Purified rRCT dried onto plates and used in a competitive format
with MAb BABB75A4 and a known positive control bovine serum
immediately (Fresh Antigen), stored at 50°C for 1 month without SDS
treatment, and stored at 50°C for 1 month after SDS treatment.
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with other hemoparasite species reacted in either the cELISA
or in the IIF analysis. Field sera reacted at a range of inhibition
levels and, when the tests were repeated, similar levels of
inhibition were recorded for each sample. The cELISA clearly
identified positive animals from diverse geographic regions,
and the mean percent inhibition of the positive samples varied
from 56% in Morocco to 74% in Bolivia. The cELISA and IIF
were compared by using the field sera from Puerto Rico, Bo-
livia, and Morocco. The cELISA and the IIF analysis were in
98.5% agreement, with only two discrepant samples (Kappa
value � 0.97) (Table 2).

Kinetics. The kinetics of antibody induction against the
RAP-1 repeat epitope was assessed in two groups of cattle
experimentally infected with the T2Bo isolate. One group was
sampled daily from the time of inoculation through 23 days
postinoculation (p.i.) (Fig. 5A), while the second group was
sampled once prior to inoculation and then every other day
beginning at day 13 p.i. and continuing through 98 days p.i.
(Fig. 5B). RCT-specific antibodies were detected in sera from

experimentally inoculated animals at days 13 (one animal), 14
(one animal), 15 (six animals), and 17 (one animal) p.i. (mean
of 14.89 	 1.05 days p.i.). Inhibition levels of between 60 and
90% were maintained for at least 98 days p.i. without challenge
exposure. Each serum sample was also assessed with IIF and,
in general, IIF detected specific antibody 1 to 2 days earlier
than did the cELISA.

DISCUSSION

Bovine babesiosis remains an important disease impacting
herd health management throughout much of the world. An-
imals that survive the acute initial infection become persis-
tently infected; long-term carriers can serve as reservoirs for
infection in the herd. One goal in developing improved diag-
nostics is to be able to identify these carrier animals. Another
goal is differential diagnosis, a concern in countries where
several hemoparasitic agents, particularly different babesial
species, occur concomitantly. Since differences in pathogenic-

FIG. 4. Frequency distribution of percent inhibition of MAb BABB75A4 binding in the cELISA by samples from known B. bovis-infected and
uninfected animals.

TABLE 1. cELISA comparison of B. bovis-infected and
uninfected cattle sera

RCT cELISAb result
No. of B. bovis samplesa

Total samples
Infected Uninfected

Positive 103 3 106
Negative 0 224 224
Total 103 227 330

a Samples were from infected animals confirmed microscopically or by nested
PCR and from uninfected animals originating and maintained in a Babesia-free
region of the northern United States.

b Threshold inhibition of 40%.

TABLE 2. Concordance of the B. bovis cELISA with the
B. bovis IIF analysis

cELISAb

result

IIF analysis
Total samplesa

No. positive No. negative

Positive 44 1 45
Negative 1 84 85
Total 45 85 130

a Field samples were obtained from Argentina, Bolivia, Morocco, and Puerto
Rico.

b Threshold inhibition of 40%.
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ity, epidemiology, and treatment exist for each species, accu-
rate diagnosis is important.

The B. bovis-specific rRAP-1 cELISA represents an im-
provement in diagnostic capability for this important agent of
bovine babesiosis in several ways. First, the cELISA format
employing MAb-based detection provides exceptional specific-
ity. RAP-1 from the equine pathogen, B. caballi, is remarkably
similar to that from B. bovis (with regard to size, structure, and
repetitive epitopes in the C terminus). A MAb directed toward
an epitope in the B. caballi RAP-1 C-terminal repeat region
has also been used in a cELISA (9). Based on the success of
the B. caballi cELISA and the similarities of B. caballi and B.
bovis RAP-1 homologues, we hypothesized that a B. bovis
RAP-1-associated rRCT cELISA would be effective. Previous
work had identified a MAb that bound to an epitope in the C
terminus of B. bovis RAP-1 (20). All RAP-1 repeat sequences
are species specific, despite being remarkably conserved
among isolates and strains (9, 19, 20, 21, 22). Conservation of
the epitope allowed detection of specific antibody in cattle
infected with geographically distinct isolates of B. bovis.

Second, it is relatively inexpensive and reproducible, lending
itself to standardization. Although the stability of the antigen
was an initial problem, SDS denaturation of the purified rRCT

rendered the antigen stable over time and temperatures and
did not affect antibody binding to the non-conformationally
dependent epitope. As long as the SDS concentration is kept
below its critical micelle concentration, it has been shown to
improve ELISA responses in other systems (15). Bacterial ly-
sate containing rRAP-1 from B. caballi is similarly heat sensi-
tive but also is stabilized in the presence of SDS (8). Thus, low
concentrations of SDS provide adequate stability of these B.
caballi and B. bovis RAP-1-associated antigen epitopes in ei-
ther bacterial lysates or as a purified preparation, and either as
fresh or dried antigen, allowing for deployment in laboratories
with various ambient temperatures.

Third, the cELISA detected specific antibody for at least 3
months without evidence of a loss of titer even though the
animals were never reexposed. Kinetic differences between IIF
and cELISA, with IIF detecting specific antibody about 2 days
before cELISA, are probably a result of the ability of IIF to
detect antibody binding to multiple epitopes, some of which
may be earlier targets of the immune response. Despite this, it
appears that the sensitivity of the cELISA is similar to that of
IIF, with 98.5% concordance with field-collected samples. Ad-
ditionally, a difference of 2 days in detection of acutely infected
cattle is probably of little clinical or practical significance.

Finally, the cELISA is a high-throughput format. This is an
advantage over that of IIF and other non-ELISA-based diag-
nostic assays.

Additional validation studies with field sera from areas
where B. bovis is endemic paired with whole blood for PCR
analysis are under way to rigorously determine the sensitivity
and predictive value of the assay and to verify its specificity in
these areas. When complete, the B. bovis RAP-1 cELISA
should lend itself to application in both epidemiologic and
control programs in regions where this infection is endemic
and to surveillance programs in regions, such as the United
States, where B. bovis infection is not endemic.
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