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SUMMARY

The Bd37gene encoding for a glycosyl-phosphatidyl-inositol anchored protein of Babesia divergens displays genetic

polymorphisms among isolates. Five major polymorphic groups (clades) were shown by PCR-RFLP among different

B. divergens isolates. Each group has been characterized according to a reference Bd37 gene (Rouen87, W8843, Y5, 6303E

and 1705B). Recombinant (GST fusion) protein (Bd37r) expressed from the Bd37 gene, was used as antigen in a saponin-

based formulation and was able to protect gerbils, after 2 injections at low dose vaccine concentration (1 mg per dose),

against a virulent challenge with the B. divergens Rouen87 isolate. In spite of polymorphism of Bd37 gene, Bd37r induced

complete immunoprotection against challenges with each of the 5 reference isolate groups defined by PCR-RFLP.
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INTRODUCTION

Babesia divergens, an intra-erythrocytic protozoan

parasite, transmitted by the tick Ixodes ricinus, is

the most pathogenic Babesia species affecting cattle

in Europe (Beattie et al. 2002; Yang et al. 2005).

Moreover, several cases ofB. divergens infection have

been described in splenectomized human patients

(Gorenflot et al. 1998). Moreover, several human

cases reported to date in the United States, from

Missouri (Herwaldt et al. 1996), Kentucky (Beattie

et al. 2002) and Washington State (Herwaldt

et al. 2004), were consistent with the diagnosis of

B. divergens. As for all Babesia species, B. divergens

parasites proliferate in the erythrocytes of their

hosts leading to severe anaemia or death for the in-

fected animals (Kuttler, 1988;Goethert andTelford,

2003; Holman et al. 2005). Therefore, B. divergens

infection outcomes (mortality, reduction in meat

and milk production) generate important economic

losses in the cattle breeding industry (Gray and

Harte, 1985). In terms of immunological response to

B. divergens infection, the data available in Europe

originates mainly from cattle (Christensson, 1987,

1989; L’Hostis et al. 1997). When bovine animals

survive infection with B. divergens, they develop an

immune response that protects them against sub-

sequent challenges (Joyner and Davies, 1967). The

mechanisms of such an immune protection against

B. divergens are not well understood. However,

passive transfer experiments showed clearly that

antibodies can play a major role in the prevention of

B. divergens bovine babesiosis (Ben Musa and

Dawoud, 2004; Precigout et al. 2004). Presumably,

these antibodies block essential processes by binding

to critical epitopes on sporozoites or merozoites prior

to host cell invasion and/or to infected erythrocytes

implicated in the mediation of opsonization.

The only vaccines currently available against

B. divergens are live vaccine; they provide effective

protection but have the usual restricting features of

suchvaccines.Nevertheless, someprotective immun-

ity against homologous strain challenge was also

observed when culture supernatants of B. bovis,

B. bigemina and B. divergens that contained different

antigens were tested (Brown et al. 2006). These

exoantigens consisted of proteins with molecular

masses between 23–40 kDa (B. bovis), 23–143 kDa

(B. bigemina) and 25–75 kDa (B. divergens) (Schetters

andMontenegro-James, 1995). By allmeans, in order

for a vaccine candidate to progress towards bovine

trials, its formulation against B. divergens babesiosis

would need to show a consistent level of protection
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in the laboratory model for B. divergens : the gerbil

Meriones unguiculatus (Lewis and Williams, 1979).

The first step was achieved by demonstrating

that gerbils and cattle can be protected against

heterologous B. divergens challenges using super-

natants of in vitro cultures of the parasite (Precigout

et al. 1991; Valentin et al. 1993). Among the major

exoantigens of B. divergens recognized by sera of

recovered animals, it appeared that a 37 kDamolecule

was probably involved in the protective efficacy of

in vitro culture supernatants (Gorenflot et al. 1990;

Carcy et al. 1995; Precigout et al. 2004). This

Bd37 molecule is a membrane-anchored protein.

It is localized at the surface ofB.divergensmerozoites,

and anchored in the parasite membrane via

a glycosylphosphatidyl-inositol moiety. After

phospholipase cleavage of this GPI-anchor, Bd37

is secreted in the culture medium or in the host

plasma (Delbecq et al. 2002). Moreover, a mono-

clonal antibody directed against Bd37, F4-2F8-INT

is able to protect gerbils in passive transfer exper-

iments againstB. divergens infections (Precigout et al.

2004). With recent knowledge on the biochemical

characteristics and immunoprotective potentiality of

Bd37 against B. divergens babesiosis, a new step in

the formulation of a vaccine against B. divergens

babesiosis became feasible through development of a

recombinant vaccine.

In the present work, we demonstrated a genetic

polymorphism in the Bd37 gene among isolates of

B. divergens. According to PCR-RFLP results, we

could discriminate 5 major groups (clades) among all

the Bd37 isolates under study. The protein Bd37 was

produced as a recombinant fusion protein tagged

with glutathione-S-transferase (GST) and was

tested as a recombinant vaccine against B. divergens

heterologous infections. Subsequently, we dem-

onstrated that this recombinant protein could

confer complete immunoprotection against different

B. divergens isolates.

MATERIALS AND METHODS

Animals and Babesia divergens isolates

Gerbils (Meriones unguiculatus) (13–14 weeks old)

were obtained from the Centre d’Elevage René

Janvier (CERJ, Saint-Genest, France). The gerbils

were fed ad libitum.

B. divergens isolates used in this work are shown

in Table 1. The B. divergens Rouen87 isolate was

obtained from a naturally infected human (Gorenflot

et al. 1991). All bovine B. divergens isolates

were collected by Dr M. L’Hostis (Ecole Nationale

Vétérinaire de Nantes, France) except Weybridge

8843 (W8843), Munich87 and Y5 which originated

from the UK, Germany and Ireland, respectively.

These isolates were maintained either in gerbils

by syringe blood passage, twice weekly (21) or in

long-term in vitro culture (Gorenflot et al. 1991).

Briefly, in vitro cultures were set up using human

erythrocytes at 5% haematocrit in buffered RPMI

1640 supplemented with 10% human serum. The in

vitro cultures were maintained at 37 xC under a 5%

CO2 atmosphere. B. divergens cultures reaching be-

tween 15 and 20% parasitaemia were washed twice in

cold Tris-buffered saline (TBS) and the pellets were

stored at x80 xC for later use in DNA extraction.

Blood group O human erythrocytes and human

serum were obtained from the Centre Régional de

Transfusion Sanguine, Montpellier (France).

Nucleotide sequence Accession numbers

The nucleotide sequence data reported in this

paper are available at GenBank, EMBL, and DDBJ

databases under Accession number AJ422214 for

Rouen87 Bd37 cDNA, AJ509155 for W8843 Bd37

cDNA, AJ507803 for 6303E Bd37 cDNA, AJ509156

for Y5 Bd37 cDNA and AJ509157 for 1705B Bd37

cDNA.

PCR assays and RFLP analysis

For the PCR assay (Precigout et al. 1991), 100 ng of

genomic DNA obtained from each isolate were

amplified. Sense oligonucleotide primer Bd37-9

(5k-ATG AAA ACC AGT AAG ATT CTC AAC

AC-3k) and antisense oligonucleotide primer Bd37-

10 (5k- GCC GTA TAG CAA ATC CAT CAT-3k)
were used to amplify the Bd37 gene of allB. divergens

isolates. Briefly, genomic DNA was added to a 50 ml
PCR reaction containing 500 mM of each deoxyribo-

nucleotide, 0.5 U of DynaZyme II recombinant

DNA polymerase (FinnZymes Oy, Espoo, Finland)

and 1 mM of Bd37-9 and Bd37-10 primers in the re-

action buffer provided by the manufacturer (1.5 mM

MgCl2). Amplification was done using a program-

mable thermocycler (MJ Research Inc., Watertown,

MA), with a 3-step cycling programme (30 cycles) :

1 min denaturation (94 xC), 1 min annealing (55 xC)

and 1 min extension (72 xC). The amplification

products were then visualized on an ethidium

bromide-stained 0.8% Seakem agarose gel (FMC

Bioproducts, Rockland, USA).

For the restriction fragment length polymorphism

(RFLP) analysis of the Bd37-9/Bd37-10 amplifi-

cation products, 25% of each amplification product

was digested for 3 h, separately with 10 U of BglII

and Rsa I endonucleases in their appropriate buffer.

The digestion fragments were visualized on an

ethidium bromide-stained 2% Seakem agarose gel

(FMC Bioproducts, Rockland, USA).

Cloning of the different Bd37 genes

The Bd37 protein from the 1705A and Y5 B. diver-

gens isolates were cloned as previously described for
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the Bd37 protein from W8843 and 6303E B. diver-

gens isolates (Precigout et al. 2004). Briefly, genomic

DNA from 1705A and Y5 isolates were obtained by

extraction of in vitro cultivated parasites using a

NucleoSpin Blood Genomic DNA Purification kit

(Macherey-Nagel, France). The Bd37 gene from

1705A and Y5 isolates were PCR-amplified using

primers derived from the Rouen Bd37 cDNA

sequence: sense primer Bd37-Up, including anATG

initiation codon (5k-CAA GTT CTT TCT AAG

TAC GAT GAA AAC CAG TA-3k) and antisense

primer Bd37-Low, including a TAG stop codon

(5k-ACA AAT CCA AAA AGC TAC ATA GCT

GTC CAC T-3k). After gel purification, the PCR

products were cloned into a pGEM-T plasmid

vector (Promega, France). Then, the ligation pro-

ducts were used to transform JM109 competent

cells (Promega, France). Recombinant plasmids

were screened for appropriate insert size and then

sequenced by Genome express (Meylan, France).

ClustalW software (http://www.infobiogen.fr/

services/analyseq/cgi-bin/clustalw_in.pl) was used

to generate the multiple alignments. Then, the

obtained alignments were copied into Boxshade 3.1

(http://www.ch.embnet.org/software/BOX_form.

html) to produce a visual output of the alignments.

Expression of GST-Bd37 from B. divergens Rouen

87 and GST-Bd35 from B. divergens W8843

Rouen87 Bd37 or the W8843 Bd35 genes, inserted

into pGEX plasmids (Amersham, France), were

used to transform Escherichia coli cells (Epicurian

Coli1 SURE12 Supercompetent cells, Stratagene,

Amsterdam, The Netherlands). Bacterial cells con-

taining GST-Bd37 or GST-Bd35 were grown

overnight in LB-ampicillin medium at 37 xC with

shaking. Overnight cultures were 10-fold diluted

with fresh medium and grown for 1 h. Then,

expression of the Bd37 or Bd35 proteins was in-

duced with a 0.1 mM IPTG (Isopropyl-beta-D-

thiogalactopyranoside) for 3 h at 37 xC. Then, the

cells were spun down (15000 g, 5 min) and the pellet

was suspended in PBS with 1% Triton X-100, dis-

rupted by sonication (5 min, 4 xC), and spun down

at 15 000 g, 5 min, 4 xC. The fusion proteins

were affinity-purified from the supernatant using

glutathione-conjugated agarose beads (Sigma,

France) for 15 min at room temperature. The beads

were centrifuged (500 g, 2 min) and washed 3 times

with PBS. Then, the fusion proteins were eluted

with 5 mM reduced glutathione in 50 mM Tris-HCl,

pH 8.0.

The purity of the recombinant proteins was as-

sessed by SDS-PAGE electrophoresis followed by

Coomassie Blue staining. The protein concentrations

of GST-Bd37 and GST-Bd35 were estimated

using the Coomassie Protein Assay Reagent (Pierce,

France). Briefly, 10 ml of the Bd37 or Bd35 samples

were diluted with 490 ml of Tris-HCl (50 mM,

pH 8.0). Then, 500 ml of Coomassie Reagent were

added to each sample and mixed during 30 sec. For

each sample, the absorbance was measured on

a spectrophotometer set to 595 nm. A standard

curve, with a working range between 1 and 25 mg/ml

of bovine serum albumin was prepared using the

same protocol. This standard curve was used to

determine the protein concentration of each Bd37 or

Bd35 sample.

Vaccination and challenge procedure

Two weeks before beginning the vaccination trial,

the gerbils were randomly distributed into cages

(10 gerbils per cage). One hour before the 2 vaccine

injections, adjuvant Quil-A saponin (Superfos

Table 1. Geographical origins of the different Babesia divergens

isolates used in PCR-RFLP analysis

B. divergens
isolates

Geographical origin

HostCountry County (Region)

Munich87 Germany Baviere Bovine
W8843 Great

Britain
England Bovine

Y5 Ireland Bovine
Rouen87 France Seine-Maritime (Haute-Normandie) Human
0904A France Ariège (Midi-Pyrénées) Bovine
1505B France Cantal (Auvergne) Bovine
1705A France Charente-Maritime (Poitou-Charentes) Bovine
2101B France Côte d’Or (Bourgogne) Bovine
2906A France Finistère (Bretagne) Bovine
3601B France Indre (Centre) Bovine
6111A France Orne (Basse-Normandie) Bovine
6204B France Pas-de-Calais (Nord-Pas-de-Calais) Bovine
6303E France Puy-de-Dôme (Auvergne) Bovine
7107B France Saône-et-Loire (Bourgogne) Bovine
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Biosector a/s, Vedbaek, Denmark) was added to

the different vaccine doses at a final concentration

of 70 mg/ml. The first and second immunizations

were performed on days 0 and 21, respectively.

On day 42, the gerbils were challenged by intra-

peritoneal injection of 106 parasitized gerbil

erythrocytes resuspended in 100 ml of RPMI 1640

with 10% serum.

Three experiments were done, in order to analyse

the protection induced by different B. divergens re-

combinant proteins, the dose effect protection of

Bd37r, and the heterologous challenge after vacci-

nation with Bd37r. Firstly, the vaccines consist of

25 mg of Bd37r, or 25 mg of Bd35r, or 12.5 mg of each

protein. Secondly, the dose effect was performed

using a different quantity of Bd37r (0.01 mg to 25 mg).
Thirdly, 25 mg of Bd37r were used to vaccinate

5 groups of gerbils which were challenged with

Rouen87, W8843, 1705A, 6303E or Y5 strain.

After the virulent challenge, the survival rate

of vaccinated gerbils and placebo controls were

recorded daily and dead animals were removed from

the cages. The packed cell volume (PCV) and the

parasitaemia (percentage of parasitized red blood

cells) were determined daily. The different cages

of animals were divided into 2 groups of 5 animals

each. For each group, PCV and parasitaemia of

5 animals were determined on the first day, and on

the second day PCV and parasitaemia from the

other 5 animals were determined. The same pro-

cedure was maintained on the following days. PCV

was determined from a sample of venous blood col-

lected directly in a capillary by orbita puncture. The

parasitaemia was estimated on blood smears stained

by Diff-Quick (Dade S.A., France) by counting 2000

erythrocytes.

On days 0 and 21 (just before the first and second

vaccine injections, respectively) and day 42 (just

before the virulent challenge), a blood sample was

collected from the animals of each group. The serum

samples of each group were pooled and the antibody

titre was determined with an indirect immuno-

fluorescence assay on blood smears prepared with

parasitized erythrocytes from B. divergens Rouen87

in vitro culture. The slides were air-dried and

erythrocytes fixed in acetone :methanol (80 : 20) for

5 min at x20 xC. All the dilutions and washings

were made in PBS 1% milk. The titre of a plasma

sample was expressed as the highest dilution at

which immunofluorescence against parasites was

still detectable. Sera were applied as the first anti-

body on the fixed smears and incubated for 1 h at

37 xC. After 3 washings, FITC-conjugated goat anti-

mouse IgG solution (SIGMA, USA) was applied

(1/250 dilution) as a secondary antibody and incu-

bated for 1 h at RT. After 3 washings, the glass

slides were mounted by adding Immuno Fluore

Mounting medium (ICN, France) and covered with

a glass cover-slip.

All animal experiments took place in an approved

animal house (classify in Number A34585) and

procedures were performed under personal licenses

00841 and 004990 (under the licensing authority:

‘Ministère de l’Agriculture et de la Pêche’).

RESULTS

Genetic polymorphism in the Bd37 gene

evidenced by PCR-RFLP

Fourteen isolates were chosen for their representa-

tive geographical origin in France or in Europe

(Table 1). All the B. divergens isolates were isolated

from bovine hosts except the Rouen87 B. divergens

isolate. Rouen87 is our reference isolate and it was

previously demonstrated that in vitro culture super-

natants from this isolate were able to confer heter-

ologous protection against B. divergens babesiosis

(Precigout et al. 1991).

PCR amplifications were performed using the

Bd37-9 and Bd37-10 primers, on genomic DNA

extracted from the 14 isolates maintained in vitro.

The Bd37-9 and Bd37-10 primers allowed amplifi-

cation of a 900 bp fragment in all the B. divergens

tested (data not shown). For all the isolates, this

fragment was systematically digested with BglII or

RsaI restriction enzymes (Fig. 1A and B, respect-

ively). With these 2 enzymes, we were able to dis-

criminate 5 groups displaying genetic polymorphism

inside the Bd37 gene and, whatever the enzyme used

R 09 21 29 62 71 MW Y5 61 63 15 36 17

R 09 21 29 62 71 MW Y5 61 63 15 36 17

A 

Bgl II

Rsa I

B

500

250

250

500

Fig. 1. PCR assays were done on the Babesia divergens

isolates and RFLP analysis was performed with BglII

(A) or RsaI (B). The PCR-RFLP analysis discriminated

5 groups among the 14 isolates (Group Rouen87 with

Rouen87, 0904A, 2101B, 2906A and 6204B; Group

W8843 with W8843, 7107B and Munich87; Group Y5

with Y5 and 6111A; Group 6303E with 6303E, 1505B

and 3601B; Group 1705A with 1705A).
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we found always the same genes inside a given group.

Each of the 5 clades was named according to a ref-

erence Bd37 gene. Group Rouen87 is composed with

the Bd37 genes from the B. divergens isolates

Rouen87, 0904A, 2101B, 2906A, 6204B. We were

able to put together W8843, 7107B and Munich

Bd37 genes in group W8843. GroupY5 contained

the Bd37 genes amplified from the Y5 and 6111A

B. divergens isolates. Bd37 genes from isolates 6303E,

1505B and 3601B composed the fourth group

called 6303E. The last group was named after its

only representative, the Bd37 gene from the 1705A

B. divergens isolate.

The Bd37 gene from 1705A, Y5, W8843 and

6303E B. divergens isolates were PCR-amplified

using primers derived from the Bd37 gene from

Rouen87. No significant homologies with already

described proteins were obtained when sequence

comparisons were done with BLAST against non-

redundant databases. The Bd37 proteins are con-

served among the 5 reference isolates as shown

by the ClustalW multiple alignments (Fig. 2).

Nevertheless, sequence polymorphism was observed

in the N-terminal part, just after the predicted

cleavage site of the N-terminal hydrophobic signal

peptide (V23 and S24 for the 1705B Bd37 protein and

between G18 and F19 for the others).

Bd37r and Bd35r are two different recombinant

proteins, able to confer complete protection

Bd37r and Bd35r are recombinant proteins, tagged

with glutathione-S-transferase, corresponding to

the Bd37 genes obtained from Rouen87 and W8843

B. divergens isolates, respectively. These proteins

were tested for their capacity to confer immuno-

protection against B. divergens Rouen87 infection

(Table 2).

When gerbils were vaccinated twice with 25 mg
of Bd37r or Bd35r, they were fully protected against

a B. divergens Rouen87 challenge. Nevertheless,

a strong difference was observed in the capacity of

Bd37r or Bd35r to induce antibodies directed

against Bd37 from the challenge isolate. The titres

were 1 : 32 768 on day 21 and 1 : 131 072 on day 42 for

gerbils vaccinated with Bd37r. On the same days,

the titres were 4 times less (1 : 4096 and 1 : 32 768,

respectively) for gerbils vaccinated with Bd35r.

When a mixture of Bd37r and Bd35r (12.5 mg of

Bd37r and 12.5 mg of Bd35r) was used, the protection

against B. divergens Rouen87 was also complete

(100% survival rate). The titres were 1 : 8192 on day

21 and 1 : 65 356 on day 42. As already shown

(Gorenflot et al. 1990), an in vitro culture supernatant

of B. divergens Rouen87 (PCS) was able to confer

complete immunoprotection against a homologous

challenge (antibody titres: 1 : 16 384 on day 21 and

1 : 32 768 on day 42). No protection (0% survival rate)

was observed with unparasitized in vitro culture

supernatant (UPCS) or with 25 mg GST used as

controls.

Following our results on immunoprotection and

antibody titres, we mainly focused on the Bd37r and

we performed a dose-effect vaccination assay using

0.01–25 mg of the recombinant protein (Table 3). We

used parasitized culture supernatant (PCS) from

B. divergens Rouen87 as our positive control.

Negative controls were UPCS and GST (10 mg per

injection), as previously mentioned. Two injections

of 25, 10, 5, 2, 1 or 0.1 mg of Bd37r conferred com-

plete immunoprotection of gerbils against B. diver-

gens Rouen87 challenge. Whatever the dose between

25 mg and 1 mg of Bd37r, the same antibody titres

were observed (1 : 16384 or 1 : 32 768 on day 21 and

1 : 131072 on day 42). With 2 injections of 0.1 mg of

Bd37r, there were low antibody titres on day 21

(1 : 4096) and day 42 (1 : 32 768). Nevertheless, this

decrease had no effect on immunoprotection and

clinical outcomes (decrease in haematocrit and

presence of parasite in gerbil blood). Moreover, even

though vaccination with 0.01 mg of Bd37r gave

a humoral response (antibody titres: 1 : 1024 on day

21 and 1 : 16 384 on day 42), it did not confer com-

plete immunoprotection. Among the gerbils vacci-

nated with 0.01 mg of Bd37r, 20% presented with

clinical symptoms and 10% died. All gerbils vacci-

nated with B. divergens Rouen87 PCS survived the

challenge and all the ones from negative control

batches (UPCS and 10 mg GST) died.

Bd37r is able to induce a complete

immunoprotection against heterologous challenge

Bd37r was tested for its capacity to give im-

munoprotection against each reference isolate

from the 5 groups defined by PCR-RFLP (Table 4).

As described above, these 5 reference isolates are

B. divergens Rouen87, W8843, Y5, 6303E and

1705A. According to the dose-effect vaccination as-

say, we chose 1 mg of Bd37r as the dose to vaccinate

gerbils. The antibody titres were either 1 : 16384

or 1 : 32 768 on day 21 and 1 : 131072 on day 42. After

challenge with their respective isolate, all gerbils

survived infection. Nevertheless, dramatic differ-

ences were observed in clinical signs developed by

gerbils according to challenges with different iso-

lates. All gerbils were protected against challenge

with B. divergens Rouen87 and W8843 isolates and

in these groups no gerbils presented parasites in

the blood or a haematocrit decrease below 30%. In

addition, for these 2 isolates, all control gerbils

died with strong parasitaemia (>75%, data not

shown) and a severe fall in haematocrit (<12%, data

not shown). The results obtained after challenge

with B. divergens 1705A were similar to those ob-

tained with Rouen87 or W8843, except that 10%

of the gerbils showed clinical signs (prostration
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6303E

1705B     99 DGAFGFLQLIDFLRVIDTDLLLKVDGTKVEKAGVKVKAYLESIGIKGESVEECLDNLMTK
Y5        93 DGAFGFLQLIDFLRVIDTDLLLKVDGTKVEKAGVKVKAYLESIGIKGGSVEECLDNLMTK
W8843     97 DGPFTILQLVGYLRVIDTDLLLKVDSVKVTEAGKKVKTYLEKIGITGDSVEAALDNLMIK
Rouen87  107 DGPFTILQLVGYLRVVDTDLLLKVDSTKVDEAGKKVKAYLEKIGIRGDSVEAALDNLMIK
6303E    102 NDALTILQLVGYLRVVDTDLLLNVDSAKVDEAGKKVKAYLKSIGIMDEKVEEGLVNLMTK

1705B    159 VSAITRGTVEGSAQSTDSEDLKTLLLKFSEDLKAEQERHGDKDESK--E-LLKNWGVQRD
Y5       153 VSAITRGTVEGSAQSTDSEDLKTLLLKFSEDLKAEQERHGDKDESK--E-LLKNLGVQRD
W8843    157 IYELTNGTVESSPQGTDSEELKTLLLKFREDLRAEQELHS---EAKGGEALLSSMKTQHD
Rouen87  167 VYEITKGTVESSAQGTDSEELKTLLLKFSEDLKAEQELHS---EAKGGEALLSSMKTQHD
6303E    162 VVKLTRGTVEGSTQSTDSEELKALLLKFSEDLKAEQERHSDKEESK--D-LLNNLSVHRD

1705B    216 ELVKKFTEMSPSFLTSEDISGFLTVPEYGFSMDAAMWKKVEKKISDKLESSDITDELKTL
Y5       210 ELVKKFTEMSPSFLTSEDISGFLTVPEYGFPMDAAKWKKVEKKISDKLESSDITTDLKTL
W8843    214 ELLKKFAALNPTFLSTEDISGYLTVPEYGAPMNAAKWKKVEGKINEKLESSEIQGDLKAL
Rouen87  224 ELLKKFAALTPTFLTSEDISGYLTVPEYGAPMNAAKWKKVEGMIHGKLESSEVPANLKAL
6303E    219 EFVKKFTEANPSFLTTDDISAFLTVPNYGSTNDHSKWKTVERKIKDKVESRDITTELKTL

1705B    276 LAKLI---EQREQMMDLLYGPIGHHDCAAGSGQGSSPKKPSFAAVPSSLSAIVFGIIVSMF
Y5       270 LAKLI---EQREKMMDLLYGPIGHEDCPARSGQGSGPKKPSFAAVPSSLCAIVFGIIVSMF
W8843    274 VAELIKLREQREQMMDLLYGPIGHHDCAAGSGQGSSPKKPSFAAVPSSLCAIVFGIIVSMF
Rouen87  284 VAELIELREQREQMMDLLYGPIGHHDCAAGSGQGSSPKKPSFAAVPSSLSAIVFGIIVSMF
6303E    279 IGELI---VQRENMMDLLYGPIGHHDCAA----GSSPKKPSFAAVPSSLSAIVFGIIVSMF

1705B
Y5   
W8843
Rouen 87

87

6303E

1705B
Y5   
W8843
Rouen

     56 ------GV------A-QPATLPEQQAADEAIAK-VVKTLEDIRQELKGQRETFLSEIIKS

      1 MKTSKILNTAAVCLLTIFFRGQSVSCDPNLAGTSSQPAGSSATS-P-SEAAKGT---AEQ
      1 MKTSKILNTAAICLLAMGFNGNNVSC-AHISGT--QET-AAANSGD-S-TTRND---AQQ
      1 MKTSKILNTAAICLLAMGFNGNNVRC-TNLSGA--QQP-AASTPGV-S-TSGND---SQQ

1 MKTSKILNTAAICLLAMGFNGNNVSC-TNLNGS--QEP-AAANPVV-S-TPGND---AQQ
      1 MKTSKILNTAAVCLLAIGFKGQSVIC-NNLNGS--QDQ-ATNNSGVAS-ATHTDPVPVQQ

     56 A---PSG-------EVQQT--P-EQ----TPVKAVVKSLEDLREELKGQRETFLSKLIES
     52 -----SG-------EVQQT--P-QQ----TPVKAVVKSLEDLREELKGQRETFLSKLIES
     52 ------GITS----E-QQ---P-QQAAGETPAKVVVKTLDELRGELRGQREAFLSEIIKS

52 AGTQQGGANSKSVPE-QQ---P-QQAAGETTATVVVKTLDVLRGELRGQREAFLSEIIKS

Fig. 2. ClustalW alignment and analysis of the deduced amino acid sequences of Bd37 proteins from 1705B, Y5,

W8843, Rouen87 and 6303E Babesia divergens isolates. Black boxes represent identical amino acids that are conserved

in at least 3 of the 5 sequences. Grey boxes represent similar but not identical amino acids. The sequence

polymorphism is mainly observed in the N-terminal part of the Bd37 proteins. Percentage homologies between

Rouen87 and 1705B, Y5, W8843, 6303E, are 79.8%, 69.9%, 85% and 59.7%, respectively.

Table 2. Comparison of Bd37r, Bd35r and a mixture Bd37r/Bd35r in

their abilities to induce immunoprotection against Babesia divergens

Rouen87 challenge

Vaccinea Dose
Survival rateb

(%)

Antibody titres

Day21 Day42

Bd37r 25 mg 100 1 : 32 768 1 : 131 072
Bd35r 25 mg 100 1 : 4096 1 : 32 768
Bd37r+Bd35r 12.5 mg+12.5 mg 100 1 : 8192 1 : 65 536
GST 25 mg 0 — —
PCS 300 ml 100 1 : 16 384 1 : 32 768
UPCS 300 ml 0 — —

a Bd37r and Bd35r are GST-fusion proteins. Controls used are a recombinant
GST (GST), parasitized culture supernatant (PCS) and unparasitized culture
supernatant (UPCS).
b Percentage of gerbils surviving to the virulent challenge.
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and haemoglobinuria). In terms of protection, the

results obtained with B. divergens 6303E pointed

at a complete immunoprotection conferred by Bd37r

vaccination. Nevertheless, 70% of the vaccinated

gerbils were parasitized but this parasitaemia was

never accompanied with a decrease in haematocrit :

no gerbils presented with a decrease <30%. For

B. divergens Y5 all gerbils also survived but the

clinical and biological signs generated by Y5 in

the control gerbils were totally different from all

the other isolates. Only 10% of the gerbils died

after the challenge but 100% of the animals were

parasitized with parasitaemia reaching 20–30%

(data not shown). In addition, 90% presented a

decrease in haematocrit below 30% among these

animals.

DISCUSSION

In previous studies on the protection of gerbils

against B. divergens babesiosis, we demonstrated the

major role played by a 37 kDa protein (Bd37)

(Delbecq et al. 2002). At the beginning Bd37 was

identified as a major component of a protective

fraction derived from in vitro culture supernatants

(Carcy et al. 1995). Besides, a direct association was

previously shown between protection conferred by

passive transfer with a monoclonal antibody directed

Table 3. Dose-effect vaccination assay with the recombinant Bd37

protein

Vaccinea Dose (mg)
Survival rateb

(%) H<30%c P+d

Antibody titres

Day21 Day42

Bd37r 25 100 0 0 1 : 32 768 1 : 131 072
Bd37r 10 100 0 0 1 : 32 768 1 : 131 072
Bd37r 5 100 0 0 1 : 32 768 1 : 131 072
Bd37r 2 100 0 0 1 : 32 768 1 : 131 072
Bd37r 1 100 0 0 1 : 16 384 1 : 131 072
Bd37r 0.1 100 0 0 1 : 4096 1 : 32 768
Bd37r 0.01 90 20 20 1 : 1024 1 : 16 384
GST 10 0 100 100 — —
PCS 300 ml 100 0 0 1 : 32 768 1 : 65 536
UPCS 300 ml 0 100 100 — —

a Bd37r is a GST-fusion protein. Controls used are a recombinant GST (GST),
parasitized culture supernatant (PCS) and unparasitized culture supernatant
(UPCS).
b Percentage of gerbils surviving to the virulent challenge.
c Percentage of gerbils with a haematocrit fall below 30%.
d Percentage of gerbils with parasites in the blood.

Table 4. Heterologous challenge after vaccination with a low dose of

Bd37r protein

Vaccinea
Challenge
strain

Survival rateb

(%) H<30%c P+d

Antibody titres

Day21 Day42

Bd37r Rouen87 100 0 0 1 : 16 384 1 : 131 072
GST Rouen87 0 100 100 — —
Bd37r W8843 100 0 0 1 : 32 768 1 : 131 072
GST W8843 0 100 100 — —
Bd37r 1705A 100 10 10 1 : 16 384 1 : 131 072
GST 1705A 0 100 100 — —
Bd37r 6303E 100 0 70 1 : 32 768 1 : 131 072
GST 6303E 0 100 100 — —
Bd37r Y5 100 0 0 1 : 32 768 1 : 131 072
GST Y5 90 90 100 — —

a Bd37r is a GST-fusion protein. Controls used are a recombinant GST (GST).
b Percentage of gerbils surviving to the virulent challenge.
c Percentage of gerbils with a haematocrit fall below 30%.
d Percentage of gerbils with parasites in the blood.
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against Bd37 and sequence polymorphism within the

recognized epitope (Precigout et al. 2004). In the

present work, we demonstrated that primers de-

signed against the Bd37 gene sequence, could be used

to type B. divergens by PCR-RFLP, allowing us to

separate our different isolates into 5 distinct clades.

We showed that a recombinant Bd37 protein derived

from Rouen1987 was able to protect gerbils against

challenges from all 5 types of B. divergens isolates,

each bearing polymorphic Bd37 genes.

The first generation of vaccine against Babesia sp.

consisted of parasite-derived mixtures of antigens,

most of them found in culture supernatants (Timms

et al. 1983;Montenegro-James et al. 1987; Gorenflot

et al. 1990; Schetters et al. 1994, 2001; Schetters

and Montenegro-James, 1995; Holman et al. 2005).

This kind of vaccine showed some efficiency against

a virulent challenge in the case of B. bovis or

B. bigemina bovine babesiosis (Montenegro-James

et al. 1987, 1992) and B. canis canine babesiosis

(Schetters, 2005; Schetters et al. 2001). As far as

B. divergens is concerned, culture supernatant-

derived antigens when used with saponin as adjuvant

proved to confer protective immunity in gerbils and

bovine animals (Gorenflot et al. 1992). Nevertheless,

the production of a large amount of Babesia culture

supernatant requires a large supply of erythrocyte

host cells as well as appropriate material and specially

trained staff. These factors, along with the need to

assess the genetic stability of the strain used and

quality control of the released protein in the super-

natant, lead to difficulties in the industrial pro-

duction process. Recombinant proteins are more

suitable for industrial production as vaccine, since

most of the processes are highly reproducible

and routinely used by pharmaceutical companies

(Schetters, 1995).

Obviously, some promising proteins identified in

Babesia culture supernatants have previously failed

as recombinant vaccine candidates (Orinda et al.

1992; Norimine et al. 2003). In some cases, as for

example the 19 kDa MSP-1 protein of Plasmodium

falciparum, a recombinant protein gave good pro-

tection when emulsified with Freund’s adjuvant but

was inefficient when used with saponin, despite the

presence of specific antibodies (Daly and Long,

1996; Kumar et al. 2000). In the case of Bd37, the

recombinant protein was able to confer heterologous

protection when combined with adjuvant and sap-

onin. Vaccine formulations containing saponin must

be preferred to the Freund’s adjuvant as the latter is

prohibited for veterinary or human uses.

The dose-effect assay performed on gerbils

showed that small quantities of protein were suf-

ficient to obtain maximal protection, with no extra

benefits increased. In addition, antibody titre seemed

to correlate with protection, since the group vacci-

nated with 0.01 mg of protein exhibited an antibody

titre of 1 : 16 384 associated with only 90% protection,

and 2 gerbils presenting with clinical babesiosis.

Above a 1 : 32 768 value in antibody titre (group

vaccinated with 0.1 mg), all gerbils were completely

protected. Thus, we propose the use of serological

analysis to assess the protective immunological status

of vaccinated animals. The development of such

serological tests in cattle should be a helpful tool to

conduct an efficient vaccination campaign.

The PCR-RFLP typing assay based on the Bd37

gene sequence allowed us to discriminate 5 groups

among the 14 isolates that we tested. These isolates

were from diverse geographical origins and different

hosts, and all gave a detectable PCR product with our

primer set. Polymorphism within the Bd37 protein

was shown by cloning and sequencing of some PCR

products from each group. The most variable region

of Bd37 is the N-terminal part of the mature mol-

ecule, in which insertion/deletion events and amino-

acid substitutions occur. Preliminary results of

NMR studies on this protein revealed that the Bd37

protein is mainly constituted of a-helices and an

unstructured part in the N-terminus (Yang et al.

2005). Besides, the most conserved region of Bd37

is also the most structured. So we can suppose this

N-terminal part of Bd37 represents a highly anti-

genic loop that can generate most of the immune

response from the infected or vaccinated animal,

while the rest of the protein containing the functional

site remains invisible to the humoral response.

Therefore, it is possible that vaccination with re-

combinant Bd37 might neutralize this parasite

avoidance strategy by directing the immune response

against the conserved, structured part of the protein.

This could explain the protection observed across

isolates (sharing the conserved region).

It should be pointed out that we previously high-

lighted the major role of antibodies in the protection

against B. divergens using monoclonal antibody

transfer (Precigout et al. 2004). The mAb F4.2F8-

INT binds to an epitope on Bd37 which is not highly

conserved among different isolates. In particular, the

isolate 63.03E bears a Bd37 protein which is not re-

cognized by the mAb, and mAb injections did not

protect gerbils against challenge with this isolate.

Nevertheless, the vaccination with the Rouen1987-

derived recombinant Bd37 conferred a complete

protection against challenge with 63.03E. This fact

would indicate the existence of protective epitopes on

the F4.2F8-INT binding site and/or possibly the

existence of antibodies generated against this site

even in the presence of amino acid substitutions, thus

recognizing divergent Bd37 proteins.

As mentioned above, the use of PCR-RFLP based

on the Bd37 gene sequence made feasible a rapid

molecular typing of B. divergens isolates. The result

of vaccine experiments demonstrated that the

recombinant protein Bd37 derived from Rouen

1987 was able to protect gerbils against heterologous

challenge. In the case of a bovine babesiosis
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outbreak, we could rapidly identify whether this

new isolate relates to one of the 5 groups and then

gauge if a Bd37-based vaccination could be relevant.

If the new isolate appears dramatically different

from our 5 groups identified so far (i.e. if its se-

quences do not cluster with the known clades), and

thus potentially bearing a new type of Bd37 protein,

we would have to test these new parasites in vacci-

nated gerbils to assess the protective effect of the

recombinant Rouen1987 Bd37 protein. We used

a recombinant protein derived from isolate W8843

against a challenge with the Rouen1987 isolate

and we obtained complete protection, as with

a mixture of recombinant proteins derived from both

Rouen1987 and W8843. Results presented in this

study demonstrated the protective efficacy of a re-

combinant Bd37 protein used as vaccine against

B. divergens in gerbils, the laboratory model of

B. divergens babesiosis. These findings indicate that

a broad vaccine efficacy against B. divergens might

be rapidly achieved with a combined recombinant

vaccine containing different Bd37 proteins, over-

coming Bd37 polymorphism. Nevertheless, the

protective effect remains to be demonstrated in the

bovine host which is the target for commercial de-

velopment of such a vaccine.
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