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Abstract

Expressed sequence tags (ESTs) provide an efficient way to identify large numbers of genes expressed in a specific stage of the

life cycle of an organism. Here we analysed �13,000 ESTs derived from the erythrocytic stage of the apicomplexan parasite

Babesia bovis. The ESTs were clustered in order to obtain information on the expression level of a gene and to increase sequence

length and reliability. A total of 3522 clusters were obtained and annotated using BLASTalgorithms. The clusters were estimated to

represent �2600 genes of which in total �2.1 Mbp sequence information was obtained. Expression levels of the genes, as

determined by the numbers of ESTs contained within a cluster, were compared to those of their closest homologs in the erythrocytic

stage of Plasmodium falciparum and Toxoplasma gondii tachyzoites. Pathways that are represented relatively abundant in B. bovis

are, amongst others, the purine salvage pathway (displaying characteristics not identified before in apicomplexans), isoprenoid

biosynthesis in the apicoplast and many genes encoding mitochondrial proteins. Especially remarkable in the latter group are the F-

type ATPases – which are hardly expressed in P. falciparum and T. gondii – and two highly expressed glycerol-3-phosphate

dehydrogenases creating a shuttle possibly controlling the cytoplasmic NADH/NAD+-ratio. A comparison of known antigenic

proteins from Australian and American strains of B. bovis with the Israel strain used here identifies considerable sequence variation

in the rhoptry associated protein-1 (RAP-1), merozoite surface proteins of the variable merozoite surface antigen (VMSA) family

and spherical body proteins. Analysis of the EST clusters representing the variable erythocyte surface antigen family reveals many

variant transcripts of which a few are dominant. Two putative pseudogenes also seem to be transcribed at high levels.
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1. Introduction

Babesia bovis is a tick-transmitted apicomplexan

hemoparasite of cattle. Babesia and the closely related

genus Theileria are together classified as the

piroplasmidae which in turn have been grouped
.
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together with the plasmodia within the hemosporidae.

Despite its severe impact on the cattle industry in large

parts of the tropical and sub-tropical world, sequence

information on B. bovis is currently limited to �75

genes, often encoding antigens that were studied for

their potential role in induction of protective immunity

(Brown and Palmer, 1999; Dalrymple, 1993). The use

of expressed sequence tags (ESTs) obtained by single-

pass sequencing of cDNAs provides a cost-efficient

means of rapidly acquiring sequence information on a

large number of expressed genes.

We have analysed �13,000 ESTs of B. bovis that

were sequenced from clones randomly obtained from

a non-subtracted cDNA library representing the

erythrocytic stages of an in vitro cultured clonal line.

Asynchronous development seems to be an intrinsic

property of B. bovis (Franssen et al., 2003). In vitro

synchronization has never been achieved. A pre-

erythrocytic cycle is lacking since B. bovis sporozoites

directly infect erythrocytes. Thus the obtained EST set

represents most of the developmental cycle within the

vertebrate host. Gametocytes can be induced in in

vitro Babesia cultures (Mosqueda et al., 2004) but, as

far as can be determined by light-microscopic parasite

morphology, do not occur in the clonal line used here.

Although ESTs are short sequences usually

representing only part of a gene, multiple ESTs

derived from overlapping regions of a gene can be

assembled into clusters. This improves sequence

reliability due to multiple coverage and sequence

length because clusters often encode a full-length

open reading frame. Also, in contrast to genome

sequencing projects, a collection of randomly

sequenced ESTs provides information on the expres-

sion level of a gene (Carulli et al., 1998) and the

number of ESTs in a cluster have been shown to

correspond to transcriptional levels as observed by

microarray techniques although a length-related bias

was observed (Munoz et al., 2004).

This article discusses the general summary

statistics of the B. bovis EST collection. EST clusters

were annotated employing the BLAST algorithms on

general sequence databases as well as specific

apicomplexan EST and genomic sequence databases,

allowing comparison of B. bovis with parasites from

related genera. Selected cases in which proteins or

metabolic pathways of B. bovis display interesting

features in comparison to other apicomplexans are
discussed in some more detail. Finally, as the B. bovis

strain analysed here originates from Israel, an

opportunity is provided to assess the degree of

sequence heterogeneity present in antigenic proteins

or protein families that have been studied almost

exclusively in isolates from Middle or South America

and to a lesser extent from Australia.
2. Materials and methods

All ESTs have been derived from an in vitro

cultured clonal line (C61411) derived from a B. bovis

strain isolated in Israel. cDNA clones were randomly

selected for sequencing from a cDNA library

constructed as previously described (Gaffar et al.,

2004a,b,c). In brief, mRNA was isolated from an

asynchronous B. bovis C61411 in vitro culture. First-

strand cDNA was synthesized on mRNA selected for

sizes larger than 300 nucleotides using an oligo-dT

primer containing a 50-terminal Xho1 restriction site.

After synthesis of the second strand EcoR1 adapters

were ligated followed by digestion with Xho1

allowing uni-directional ligation into the EcoR1/

Xho1 site of lamba-uniZAP-XR (Stratagene). Sequen-

cing was performed from the 50-end into the direction

of the poly-A-tail using the standard double-strand

reverse sequencing primer.
3. EST database generation, clustering and

BLAST annotation

cDNA clones were randomly selected and

sequenced from the 50-end. Vector sequences were

clipped from the resulting high quality sequences after

which they were assembled into clusters. Clusters

containing E. coli or ribosomal RNA sequences and

clusters shorter than 150 bp were removed. A total

number of 3522 clusters were obtained with a total

length of 2,117,885 bp. Thus, maximally�21% of the

total genome sequence of B. bovis (�10 Mbp

contained within four chromosomes) has been

obtained. The clusters harboured 12,329 individual

ESTs with still 2071 clusters (59%) being composed

of a single EST. A recent analysis of EST clusters

derived from non-subtracted libraries of Plasmodium

falciparum, Toxoplasma gondii, Neospora caninum
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Table 1

Summary statistics of EST clusters

No. of EST’s

in cluster

No. of

clusters

No. of EST’s

in group

Total

length (bp)

Average

length

No. of clusters with BLAST SCORE Average

score>50 >75 >100

1 2071 2071 923358 446 1077 (52%) 778 (38%) 504 (25%) 113

2 533 1066 342007 642 390 (73%) 314 (59%) 251 (47%) 138

3–5 508 1866 412910 813 421 (83%) 364 (72%) 303 (60%) 163

6–10 200 1482 201670 1008 175 (88%) 164 (82%) 140 (70%) 220

10–25 142 2312 156802 1104 124 (87%) 114 (80%) 105 (74%) 256

26 or more 68 3532 81138 1193 58 (85%) 56 (82%) 52 (76%) 334

All clusters 3522 12329 2117885 601 2245 (64%) 1790 (51%) 1356 (39%) 149

Numbers of blast hits were categorized in three groups (score: >50; >75; >100) according to the highest score obtained from the different

databases that were used. Scores for clusters as obtained with the individual databases can been viewed in supplementary Table S1. All ESTs are

available for download and BLAST searching at www.sanger.ac.uk/Projects/B_bovis/ and will be submitted to GenBank.
and Eimeria tenella (Li et al., 2003) revealed a

relatively non-redundant EST dataset for P. falci-

parum and T. gondii (where >90% of ESTs occurred

in assemblies that each constituted <0.1% of all

ESTs). In contrast, B. bovis EST assemblies are more

like those of N. caninum and E. tenella in having a

group of highly abundant clusters – 210 clusters with

more than 10 ESTs in B. bovis – that contain 47% of

all ESTs (Table 1 summarizes cluster data). As shown

below, this is primarily due to the high abundance of

ESTs involved in translation and in spherical body

protein encoding ESTs.

A number of sequence databases were employed

for annotating the EST clusters by BLAST analysis

(Altschul et al., 1990). These include the non-

redundant (NR) protein database deposited at

NCBI-genbank, the Swiss-Prot database, a database

composed of all apicomplexan EST sequences

(274,547 in total) available from Genbank and a

database composed of the predicted proteins from the

nearly complete genomic sequences of P. falciparum,

Theileria annulata, T. gondii and Cryptosporidium

parvum that recently have become available (Gardner

et al., 2002; Abrahamsen et al., 2004; www.toxoD-

B.org; www.sanger.ac.uk/Pathogens/T_annulata/).

The DNA sequences of the B. bovis clusters were

analysed by BLASTX whereas a B. bovis protein

database (3099 proteins; minimum length 40 amino

acids) was derived from the clusters by conceptual

translation of the longest open reading frames. The

protein database was analysed using BLASTP on

protein databases and TBLASTN on the EST

database. To be able to compare blast results obtained
with different blast-databases the normalized BLAST-

score is reported here instead of its more often used

derivative P (the probability score which is related to

query and database size). As genes evolve at very

different rates no single meaningful cut-off value can

be determined above which sequences aligned by

BLAST are guaranteed to represent homologous

sequences. The great majority of BLAST hits with

a score above 50 (comparable to probability score

P � e�6 when using the Swiss-Prot database, 100 is

comparable to P � e�20) are believed to represent

alignments of homologous sequences (without the

ability to discriminate between orthologous protein

matches or, for instance, conserved domain matches

within otherwise heterologous proteins). Table 1 lists

the number of matches obtained at three cut-off

values. A group of 2,245 clusters – 63.7% of all

clusters, containing 75.3% of all ESTs – have a match

to another protein of which 950 clusters only match

proteins annotated as hypothetical. The group of 1277

clusters without matches, or scoring below 50,

contains 423 clusters from which no protein sequence

was predicted, expectedly because they are mainly

composed of 50- or 30-untranslated regions. Groups

harbouring the clusters with higher numbers of ESTs

have more and better matches, up to 76.5% with a

score above 100. Undoubtedly, this mainly relates to

the longer, often complete, sequences present in these

groups, as also suggested by the similar ratio between

average score and average sequence length in the

different groups displayed in Table 1.

How many genes are represented by the 3522

clusters? Inspection of the 2001 clusters with

mailto:E.devries@vet.uu.nl
mailto:E.devries@vet.uu.nl
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similarity to T. annulata genes (see Table 3) shows that

they match with 1496 different T. annulata genes.

Many of these clusters map to different regions of the

same protein or, to a small extent, are not correctly

assembled into one cluster. Extrapolation to all 3522

clusters indicates the representation of approximately

2600 genes in the current B. bovis EST dataset

which would correspond to 69% of all genes if the

total number of genes equals the number found for

T. annulata (3,789 genes according to the preliminary

annotations available at www.sanger.ac.uk).
4. Comparison with genome and expressed

protein complement of other apicomplexan
genera

4.1. Overview

A comprehensive gene comparison with the

genome sequences of T. annulata, P. falciparum, T.

gondii and C. parvum awaits the sequencing of the

complete B. bovis genome. Here, their sequences were

used indirectly to compare the expression levels of

B. bovis genes with their closest homologs in the

comparable life cycle stages of P. falciparum and

T. gondii. The ESTs from non-subtracted, randomly

selected P. falciparum erythrocytic stage libraries
Table 2

Summary of blast results with group- or species-specific databases

No. of proteins No. of clusters with score

>50 >75 >100

T. annulata 3789 2001 1597 1241

P. falciparum 5365 1445 1035 727

T. gondii 8336 1315 904 670

C. parvum 3396 914 634 450

All four 20886 2069 1657 1277

Eukaryotac 1052 703 490

Viridiplantae 963 653 461

Bacteria 473 260 167

Archaea 396 232 154

The first column indicates the number of proteins encoded by the four api

B. bovis EST clusters with a blast hit scoring higher than 50, 75 or 100, r

B. bovis shares uniquely with a specific species.
a Column six shows the average score of all clusters with a BLAST h
b Column seven shows the average score of the 788 clusters with a BLA
c The Eukaryota database does not include apicomplexan and viridipl
(11,888 ESTs) and T. gondii in vitro cultured

tachyzoite libraries (24,030 ESTs) were linked to

their cognate genes using BLASTN which in turn were

linked to the translated B. bovis EST clusters using

BLASTP. T. annulata and C. parvum genomes were

included in the analysis although insufficient ESTs

of these species are available for comparison. A

comparative analysis involving the indicated EST

libraries directly provides a glimpse into the pathways

and proteins active in the B. bovis erythrocytic cycle

and allows to determine their potential presence – by

comparison with genomes – and actual activity – by

comparison with ESTs – in other apicomplexans.

Despite strong similarities between the erythrocy-

tic cycle and associated pathogenesis of B. bovis and P.

falciparum (Clark and Jacobson, 1998; O’Connor

et al., 1999), phylogenetic analyses based on 18S

rRNA alignments variably positioned the Piroplasms

(Babesia and Theileria) in a clade with the coccidia

(e.g. T. gondii and Eimeria sp.) or Plasmodium sp.

(Escalante and Ayala, 1994; Morrison and Ellis, 1997;

Li et al., 2003). This ambiguous evolutionary

relationship is reflected in the comparative BLAST

results (Table 2). The piroplasms display their close

relationship by the highest number of BLAST hits

(2001 B. bovis clusters matching a T. annulata gene

with an average score of 147). P. falciparum and

T. gondii have similar numbers of matches (1445 and
Exclusive to group Average scorea Average scoreb

499 147 199

17 128 155

9 130 152

3 125 131

complexan species. The next three columns indicate the number of

espectively. The fifth column indicates the number of proteins that

it with a score higher than 50.

ST hit with a score higher than 50 in all four apicomplexan species.

antae sequences.

http://www.sanger.ac.uk/
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1315) and average scores (128 and 130, respectively)

that are hardly higher than those observed with the

more distantly related C. parvum (125).

The average scores of the B. bovis clusters having

BLAST hits with all four species (788 clusters,

Table 2, last column) are, however, clearly lower for

the 788 matches with C. parvum in comparison to

those with P. falciparum and T. gondii. A group of 499

clusters exclusively match with T. annulata; 430 of

these matches are with piroplasm-specific genes as

they do not match with any other protein of organisms

outside the apicomplexa. Another 508 clusters can be

considered as apicomplexan-specific. It is of interest

to note that such groups can never be strictly defined

because homologous genes in other organisms may

have evolved below levels of significant similarity,

here arbitrarily determined as a score lower than 50.

Rapid evolutionary divergence within the apicom-

plexan phylum is suggested by the fact that less

BLAST hits are found with C. parvum as with plants

or other eukaryotes (excluding apicomplexa).

The majority of annotated clusters can be

provisionally categorized in 23 functional groups.

Assignment to unique groups is arbitrary in cases

where proteins fit in multiple categories, e.g. a protein

kinase can have a signalling function in cell cycle

control. A supplementary Table (Table S1) is provided

containing the cluster numbers, sequences, annota-

tions and BLAST results of 1068 clusters composed of

6071 ESTs that are summarized in Table 3. Table S1

also includes the comparison of EST numbers between

B. bovis, P. falciparum and T. gondii. EST numbers

have not been normalized for EST database size as the

B. bovis and P. falciparum EST collection are of equal

size whereas the T. gondii collection is approximately

two-fold larger.

4.2. Most abundantly expressed groups

The translational machinery represents the by far

most abundant groups of ESTs (197 genes matching

19.1% of all ESTs). This large set includes the

complete cytoplasmic ribosome gene complement (82

genes) as well as 18 putative organellar ribosomal

proteins. This high relative abundance of translation

related ESTs is also observed in T. gondii tachyzoites

but is five-fold lower in P. falciparum merozoites.

Spherical body proteins (discussed below) are
remarkable in harbouring the most abundantly

expressed individual genes (450 ESTs assembled in

13 clusters). ESTs related to transcription, mitochon-

drial function, purine salvage and glycolysis are also

relatively abundant in B. bovis. The following sections

briefly discuss some of the pathways or proteins for

which relatively high numbers of ESTs have been

identified in comparison to P. falciparum and/or

T. gondii.

4.3. Organelles

Transcripts encoding mitochondrial proteins are

six-fold more abundant in comparison to P. falciparum

and T. gondii. This is not only caused by a few

abundantly transcribed genes but consistent for a

larger number of genes (see Table 3 and Table S1). For

instance, ESTs encoding proteins of the TCA cycle

(14 genes, 44 ESTs) and of respiratory chain

complexes III and IV (14 genes, 86 ESTs) are two-

to four-fold more abundant. Still, like in P. falciparum,

a major role for mitochondrial oxidative phosphoryla-

tion in energy production is less likely considering the

absence of ESTs encoding for the E1 subunit of

pyruvate dehydrogenase, aconitase and nearly all

components of complex I. Possibly, as suggested for

malaria parasites (see Krungkai, 2004, for a recent

review), the TCA cycle mainly serves to produce

metabolites for other pathways whereas components

of the electron transport system may be involved in

maintaining a membrane potential required for

transport of metabolites and proteins across the inner

mitochondrial membrane.

Highly remarkable, considering the above men-

tioned facts, is the relatively high expression (76 ESTs

in total, only four in P. falciparum) of the five subunits

of the catalytic subunit CF(1) and subunit C of the

proton channel CF(0) of the F-type ATP synthase. In P.

falciparum a function of this ATP synthase has been

questioned as genes encoding subunits A and B of the

proton channel were not detected (Gardner et al.,

2002), thus abolishing the link between a proton

gradient and ATP generation or in reverse, proton-

pumping by ATP hydrolysis. The observed high

expression in B. bovis of the membrane-anchoring C

subunit and the CF(1) catalytic subunit suggests a

membrane-linked functional activity and presents a

model for more detailed investigation. The most
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Table 3

Comparison of EST abundance in functionally grouped EST clusters

Functional group B. bovis P. falciparum T. gondii T. annulata

Genes EST’s % Genes EST’s Genes EST’s Genes

Translation machinery 197 2355 19.10 177 523 167 3258 188

Ribosomal proteins (cytoplasmic) 82 1800 72 308 77 2792 81

Ribosomal proteins (organellar) 18 34 16 7 13 45 17

Spherical body proteins 13 450 3.65

Transcription machinery 82 386 3.13 70 165 68 162 81

Mitochondrial function 54 297 2.41 50 53 48 129 52

TCA cycle 14 44 14 23 14 30 14

ATPase F-type 6 76 5 4 5 14

Carbohydrate metabolism 18 265 2.15 17 171 16 161 17

Glycolytic pathway 15 252 13 152 14 157 14

Cytoskeletal/motor proteins 26 193 1.57 22 107 21 234 23

Nucleotide metabolism 27 187 1.52 24 111 24 73 24

Purine salvage 16 151 12 52 13 48

Variant erythrocyte surface antigen 42 172 1.40

Protein trafficking 44 167 1.35 39 175 36 100 42

Chromatin structure/regulation 21 152 1.23 17 126 19 142 20

Protein folding/chaperones 35 151 1.22 30 151 27 275 33

Signalling 27 146 1.18 24 170 25 116 29

Protein degradation 47 145 1.18 45 220 42 294 46

Endoplasmic reticulum proteins 16 133 1.08 15 192 15 65 16

Transporters 30 128 1.04 22 36 23 59 29

Lipid metabolism 40 126 1.02 34 86 24 53 38

Mitosis/cell cycle regulation 27 114 0.92 22 114 22 35 27

B. bovis merozoite antigens 6 112 0.91

Vacuolar 16 90 0.73 14 46 13 40 15

Protein kinases/phosphatases 25 83 0.67 23 74 23 29 25

Redox 14 61 0.49 12 58 10 124 13

DNA replication 22 54 0.44 20 81 18 25 20

DNA repair 20 43 0.35 14 22 10 19 19

The ESTs from non-subtracted, randomly selected P. falciparum erythrocytic stage libraries (11,888 ESTs) and T. gondii in vitro cultured

tachyzoite libraries (24,030 ESTs) were used as described in the text. The total number of genes represented by the B. bovis clusters for each

group as well as the total number of ESTs within a group is given. The number of genes present in the genomes of P. falciparum, T. gondii and T.

annulata that are matching to a B. bovis cluster are indicated per group. The total numbers of ESTs matching to the P. falciparum or T. gondii

genes within a group are listed. EST numbers and BLAST scores for individual genes are listed in supplementary Table S1.
prominent difference with P. falciparum and T. gondii

however is presented by the high expression of two

glycerol-3-phosphate (G-3-P) dehydrogenases. The

simultaneous presence during the erythrocytic cycle of

a mitochondrial inner membrane located FAD-

dependent G-3-P dehydrogenase (27 ESTs, only 1

EST was found in both P. falciparum and T. gondii)

and a cytosolic NAD-dependent G-3-P dehydrogenase

(8 ESTs; 1 EST in P. falciparum and none in T. gondii)

creates the possibility of a G-3-P shuttle. The shuttle

allows controlling the cytosolic NADH/NAD+ ratio
(Rigoulet et al., 2004) by transferring reducing

equivalents from cytosolic NADH to mitochondrial

matrix FADH2. NAD-dependent cytosolic G-3-P

dehydrogenase reduces dehydroxy-acetonphosphate

(DHAP) to G-3-P using NADH. G-3-P easily gains

access to the inner mitochondrial membrane where

FAD-dependent G-3-P dehydrogenase converts G-3-P

back into DHAP by reducing FAD+ to FADH2.

The mitochondrial genome is actively transcribed

as exemplified by ESTs for cytochrome b and

cytochrome c oxidase subunits 1 and 3. An enormous
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number of ESTs is derived from a short non-coding

region of the mitochondrial genome (cluster 3823; 618

ESTs thus representing 5% of all ESTs). The cluster

maps to a short region of the mitochondrial genome in

between the genes for cytochrome b and cytochrome c

oxidase subunit 3 and is homologous to domain IV of

the 28S large subunit rRNA. Remarkably, this rRNA is

encoded by a discontinuous gene which is scattered

over both strands of the mitochondrial genome

(Genbank Accession Nr. 2981472) like in P. falci-

parum (Feagin, 1992) and T. parva (Kairo et al.,

1994). Short transcripts of these regions were

observed in these species. ESTs all start in a 10 bp

region and terminate at a stretch of seven A’s which are

encoded by the B. bovis mitochondrial genome and

probably provided the annealing site for oligo-dT

during cDNA library first-strand synthesis.

B. bovis harbours a plastid genome (Lang-Unnasch

et al., 1998). The apicoplast seems, as expected, to be

a functional organelle by the presence of 109

clusters (331 ESTs in B. bovis versus 118 ESTs

in P. falciparum, see Table S1) with similarity to

P. falciparum proteins predicted to be targeted to the

apicoplast (Foth et al., 2003). The group contains

essential apicoplast proteins like gyrase subunits A

and B (clusters 2710 and 2397) and a putative DNA

polymerase (POM1, cluster 3671). The required

presence of a predicted signal peptide at the putative

N-terminus was confirmed for several abundantly

expressed B. bovis proteins lending additional support

for their potential apicoplast localization. These

include a triose phosphate/phosphate translocator

(clusters 1876 and 2374, 7 ESTs; no ESTs are found

in P. falciparum and T. gondii), an S-adenosyl-

methyltransferase (cluster 1800 and 1822, 13 ESTs;

no ESTs in P. falciparum and T. gondii) with high

similarity to the bacterial mraW family and located in

the division cell wall cluster of E. coli (Carrion et al.,

1999), and a chloroplast-like chaperone (HSP20,

cluster 1621, 10 ESTs; 2 ESTs in P. falciparum and

none in T. gondii). The most abundant signal peptide

containing protein (cluster 1213, 17 ESTs) that

matches a predicted apicoplast hypothetical protein

of P. falciparum (no ESTs) appears to be a homologue

of the intriguing polymorphic immunodominant

protein (Toye et al., 1995) of Theileria species

showing similarity to copper transporters. Possibly

this protein gains extracellular access via the
apicoplast targeting pathway as proposed for other

proteins. Other relatively highly expressed potential

apicoplast proteins, still incomplete at the N-terminus,

are homologues of chaperones HSP83 (cluster 1671;

12 ESTs) and DnaJ-2 (clusters 1581 and 1583; 12

ESTs) and pyruvate kinase (cluster 1729; 7 ESTs).

Considering the potential functions of the apicoplast

(Wilson, 2002) the detection of many ESTs related to

isoprenoid biosynthesis is apparent (24 ESTs in 11

clusters representing eight genes). In P. falciparum

and T. gondii no ESTs are obtained while the genes are

present. This suggests a potentially more important

role for this pathway in B. bovis. In contrast, no ESTs

related to type II fatty acid synthesis were detected in

B. bovis.

4.4. Purine salvage

ESTs encoding proteins involved in purine

metabolism are very abundant in comparison to P.

falciparum and T. gondii and include genes that were

not previously described in apicomplexan parasites.

Apicomplexan genes involved in nucleotide biosynth-

esis pathways are of diverse phylogenetic origin with

differences in between genera and their occurrence is

related to multiple endosymbiotic events (Striepen

et al., 2004; Chaudhary et al., 2004). A summary of

pathways shown to be expressed in B. bovis adds

further to this diversity (Fig. 1). Purine phosphoribosyl

transferases catalyzing the direct conversion of purine

bases into monophosphate nucleotides were not

detected, fitting with the observation that the genomes

of the related piroplasms T. annulata and T. parva do

not appear to encode these enzymes (Striepen et al.,

2004). High expression of two different adenosine

kinases indicates that adenosine is the main, and

probably sole, precursor in purine nucleotide salvage

in B. bovis. In this respect B. bovis is most similar to C.

parvum which fully depends on adenosine salvage and

most different from P. falciparum which does not

appear to encode an adenosine kinase. T. gondii does

encode for both adenosine kinase and hypoxanthine-

guanine phosphoribosyl transferase. In contrast to the

eukaryotic-type adenosine kinase of C. parvum and

T. gondii the two B. bovis adenosine kinases are highly

similar to bacterial ribokinases. Recently a B. canis

homologue was cloned and demonstrated to be an

efficient adenosine kinase (Carret et al., 1999).

genbank:2981472
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Fig. 1. Schematic representation of the putative purine salvage pathway of B. bovis. Enzymes indicated in a shaded box share high similarity

with bacterial proteins whereas the others are more similar to eukaryotes. The presence of a homologous gene in P. falciparum (Pf), T. gondii

(Tg), T. annulata (Ta) or C. parvum (Cp) is indicated as well as the numbers of ESTs present (not for Ta and Cp). B. bovis cluster numbers are as

follows: purine nucleoside phosphatase 1 and 2, clusters 1979 and 2004; adenosine kinase 1 and 2, clusters 301 and 302; adenylate kinase 1 and 2,

clusters 1177 and 1175; adenosine deaminase, cluster 1170; IMP dehydrogenase, clusters 3216 and 3680; GMP synthase, cluster 556; GMP

reductase, cluster 84; adenylosuccinate synthase, clusters 1029, 1310 and 2098; adenylosuccinate lyase, cluster 3111. Sequences and BLAST

results can be found in supplementary Table S1.
Whereas synthesis of IMP and subsequently GMP

takes place via adenosine monophosphate deaminase

in C. parvum, an adenosine deaminase encoding EST

cluster was found in B. bovis. Possibly the IMP

required for GMP synthesis is generated from inosine

by one of the adenosine kinases of B. bovis for which

clear homologues have not been identified in any other

apicomplexan. B. bovis is also unique so far in

encoding two different adenylate kinases, one of

which is abundantly expressed. Proteins involved in

IMP metabolism are highly expressed in B. bovis and

the presence of a cluster of 20 ESTs encoding a

bacterial-type GMP reductase creates an apparently

futile IMP-GMP cycle. This is also found in the T.
annulata genome but not in other apicomplexans. Its

presence suggests a tight control of GMP and IMP

levels (note that GMP can be converted to the

signalling molecule cyclic-GMP by GMP cyclase

which is encoded by five ESTs in B. bovis). Clearly, B.

bovis purine salvage pathways differ from those of

other apicomplexans, the bacterial-type nature and

high expression of many of the enzymes involved

being the most remarkable features. Phylogenetic

analysis will be required to determine their exact

origin. One question that needs to be addressed

experimentally is the role of hypoxanthine. Babesia

and Theileria species incorporate radioactively

labelled hypoxanthine (Nott et al., 1990; Kamiyama
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et al., 1992). These significant observations are

difficult to interpret in the absence of purine

phosphoribosyl transferases in the B. bovis EST set

and in the T. annulata and T. parva genomes. Of

interest is the finding of two different purine nucleo-

side phosphorylases which, in theory, can also

catalyze the reverse reaction, e.g. from hypoxanthine

to inosine, at sufficient ribose-phosphate levels.

4.5. Highly expressed and conserved genes rarely

occurring in P. falciparum and T. gondii EST

collections

High abundance EST clusters of B. bovis that are

absent or poorly represented in the EST collections of

P. falciparum and T. gondii may help to identify

processes critically important to this parasite. Many

examples can be found in Table S1 of which the more

apparent, e.g. highly abundant and high BLAST score,

are summarized here. A ubiquitously conserved

NTPase (cluster 380, ESTs: Bb, 48; Pf, 1; Tg, 1) of

the MRP family of ATPases. This family was

suggested to be involved in control of cell division/

chromosome partitioning (Leipe et al., 2002). How-

ever, recent results indicate an essential function in

maturation of Fe/S proteins in bacteria as well as

eukaryotes for other members (Skovrar and Downs,

2003; Hausmann et al., 2005); a poly-A tail binding

protein (cluster 908; Bb, 47 ESTs; Pf, 2 ESTs; Tg, 2

ESTs) that has been implied in mRNA stabilization,

localization as well as in translational initiation or

silencing; myosin A tail interacting protein (cluster

218; Bb, 40 ESTs; Pf, 1 EST; Tg, 7 ESTs), possibly

involved in the molecular motor driving host cell

invasion (Bergman et al., 2003); a P-type ATPase

cation transporter (cluster 915; Bb, 27 ESTs; Pf, no

ESTs; Tg, 2 ESTs) classified as an endoplasmic

reticulum-type calcium pump in plants (Wu et al.,

2002) and highly similar to PfATP4 of P. falciparum

(Krishna et al., 2001); a cyclin classified as negative

regulator of transcription of the transcriptional

activator NUC-1, which controls the expression of

phosphorous acquisition enzymes (Kang and Metzen-

berg, 1993) (cluster 900; Bb, 17 ESTs; Pf, no ESTs;

Tg, 2 ESTs); secretory pathway component Sec31

which is part of the coat of COPII coated vesicles

travelling from ER to golgi (cluster 1149; Bb, 13

ESTs; Pf, no ESTs; Tg, no ESTs).
5. Antigenic proteins of B. bovis

The EST data show that nearly all described apical

complex, merozoite surface or erythrocyte surface

antigens, which were usually isolated by virtue of their

immuno-dominance, belong to the most abundantly

expressed genes. High EST numbers result in clusters

mostly encoding full-length proteins thus enabling a

reliable sequence comparison of the American and

Australian B. bovis antigenic proteins with those from

the Israel strain which mainly has been studied by

immunological tools without further sequence knowl-

edge (Shkap et al., 1994).

5.1. Merozoite surface antigens

Glycosyl-phosphatidylinositol (GPI) anchored

merozoite membrane proteins of 42 and 44 kDa are

the dominant surface proteins and have collectively

been called variable merozoite surface antigens

(VMSA) that are encoded by a gene family (Cowman

et al., 1984) comprising a single msa-1 gene (Jasmer

et al., 1992a,b) and four tandemly arranged genes

denoted msa-2a1, msa-2a2, msa-2b and msa-2c

(Florin-Christensen et al., 2002) in a Mexican B.

bovis isolate (Mo7 strain). Msa-2c is most closely

related to the babr gene family (38% amino acid

identity to BabR0.8) of an Australian isolate. A

comparison of Mexican and Argentinean isolates

(Suarez et al., 2000) revealed a better conservation of

the MSA-2 family members (69–89% identity) than

MSA-1 (52%). All msa genes, including the three EST

clusters described below, encode for an extremely

conserved C-terminus that constitutes the signal for

cleavage and GPI-anchor addition.

Three full-length, abundantly expressed, VMSA-

like protein encoding clusters were identified from the

EST assembly. Cluster 1007 (nine ESTs) is most

similar to MSA-2a2 but markedly different from both

the Mexican and Argentinean isolate with a highest

identity of 65% to Mo7 MSA-2a2. Cluster 669 (22

ESTs) belongs to the MSA-2c/BabR group but has a

remarkable mosaic structure. The first 70 amino acids

are 74% identical to Mo7 MSA-2c; however, due to a

frame shift this part is missing from the BabR proteins.

This is followed by a 122 amino acid domain that is

92% identical to BabR1.2 but only 51% to MSA-2c

and subsequently by a 51 amino acid domain that is
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41% identical to MSA-2c and 23% identical to

BabR1.2 and a 31 amino acid domain that is absent

from MSA-2c but 55% identical to BabR1.2. In

addition, preceding the GPI-anchor signal, a 71 amino

acid, proline-rich C-terminal repeat region similar to

repeat domains of several adhesive proteins, like the

thrombospondin related anonymous protein of P.

berghei, is unique to cluster 669. No clear MSA-1

ortholog was identified. Instead, cluster 670 (17 ESTs)

takes a unique position in between the currently

identified vmsa genes as the encoded 283 amino acid

protein is 29% identical to MSA-1 as well as to MSA-

2a2 and MSA-2b. Sequence data on the VMSA

proteins expressed by a B. bovis strain isolated in

Israel thus enforce the image of a rapidly evolving

gene family with even larger differences in between

parasites from different geographical origin as

previously reported. No significant similarity between

EST clusters and any of the Plasmodium merozoite

surface proteins – or MSP – was detected.

5.2. Apical organelle antigens

Rhoptries and micronemes are apically located

organelles of apicomplexan parasites secreting a

complex mixture of proteins directly involved in host

cell binding and invasion (Soldati et al., 2001). They

have been identified by electron microscopy and cell

fractionation in B. bovis as well (Dowling et al., 1996)

but their contents are yet poorly characterized. Two

micronemal proteins (apical membrane antigen 1

(AMA1) and thrombospondin related anonymous

protein (TRAP)), both involved in invasion and

conserved in Plasmodium species and T. gondii, have

been described for B. bovis Israel strain (Gaffar et al.,

2004a,b). No clusters similar to any of the other known

P. falciparum micronemal proteins, e.g. the host cell

receptor binding ligand families containing Duffy

binding ligand (DBL) domains or T. gondii micro-

nemal adhesions, e.g. carrying Apple or EGF domains,

were detected (Tomley and Soldati, 2001). Most

likely, B. bovis host cell invasion is mainly facilitated

by non-homologous or poorly conserved proteins

when compared with P. falciparum.

The single known B. bovis rhoptry associated

protein, RAP-1 (Suarez et al., 1998) appears to be one

of the most abundantly expressed proteins (cluster

390, 60 ESTs) and was shown to be involved in host
cell invasion in vitro (Yokoyama et al., 2002;

Mosqueda et al., 2002). It has been studied extensively

as a potential vaccine component (Norimine et al.,

2003; Brown et al., 1998), also because of the

apparently extreme sequence conservation (99%

identity between strains from Mexico, Brazil, Argen-

tina and Uruguay). In contrast, cluster 390 is only 90%

identical to RAP-1 of any of these strains, having

implications for potential RAP-1 antigenic diversity in

the field and the extent of variation still permitting the

proper functioning of RAP-1.

Spherical bodies are large, heterogeneously struc-

tured, vesicles unique to the genus Babesia but may be

functionally similar to the smaller dense granules of

Plasmodium spp. and other apicomplexans. Three

spherical body proteins have been described (SBP1–3)

that were all shown to be secreted from spherical

bodies and to localize to the cytoplasmic face of the

erythrocyte membrane. A fourth protein (SBP4) has

been deposited in GenBank. High antibody titres to

SBP1–3 are measured in infected animals and some

correlation to protection of disease has been reported

(Goodger et al., 1992; Tetzlaff et al., 1992; Dalrymple

et al., 1993; Ruef et al., 2000). Spherical body proteins

are abundantly transcribed (440 ESTs) and include the

two most abundant clusters. Extensive sequence

variation and the presence of additional paralogs are

detected in the EST database for SBP1 and 2.

SBP1, also called Bb1 (Mexico strain) or Bv80

(Australia strain), has been described as an 80 kDa

protein (Tripp et al., 1989; Dalrymple et al., 1993; Hines

et al., 1995) composed of highly conserved N- and C-

terminal regions separated by a short repeat region

displaying considerable variation in between strains.

Two clusters (7 and 765; 37 ESTs) nearly cover the

complete protein and display extreme sequence

conservation to Mexican strain SBP1 (99% identity

in terminal domains, 80% in the 120 amino acid repeat

region) in contrast to 85% conservation to the terminal

domains of the Australian strain. Two additional SBP1-

like genes are present (cluster 248, six ESTs; cluster

249, two ESTs) of which only the N-terminal regions

were obtained. These display 59% and 55% identity to

Mexican strain SBP1.

SBP2 has been described as a 225 kDa protein of

which only the N-terminal sequence has been

determined from the Mexico Mo7 strain (Jasmer

et al., 1992a,b; Dowling et al., 1996). Pieces of
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homologous genes (named BvVA1) were cloned from

an Australian isolate (Dalrymple et al., 1993) but no

full-length cDNAs have been reported. Genomic

analyses indicated that SBP2 is a member of a gene

family with conserved N- and C-terminal domains and

size variation within the central region. The terminal

domains are separated by complex repeat regions

created by multiple rearrangements (Dalrymple et al.,

1993). Six EST clusters encoding members of this

family were detected. Cluster 1319 (17 ESTs) encodes

a protein of 521 amino acids still lacking a probably

small part of the conserved N-terminus (43 aa in

comparison to SBP2 and BvVA1). The N- and C-

terminal domains are 88% to 90% identical to BvVA1

and the central repeat region displays complicated

repeats in a slightly altered arrangement as in BvVA1.

Cluster 1320 (four ESTs) encodes the central repeat

region of a similar protein. The other four SBP-2 like

clusters are more abundantly expressed and encode

relatively small full-length proteins for which the

repeat region is lacking. Of these, cluster 24 (150

ESTs) is the most abundant of all clusters encoding a

388 amino acid protein with a highly conserved N-

terminus and a moderately conserved C-terminus in

comparison to SBP2/BvVA1. Clusters 27 (23 ESTs),

28 (17 ESTs) and 29 (17 ESTs) are only well

conserved at the N-terminus, especially the first 30

amino acids, showing 70 to 94% identity. SBP3

(cluster 383; 142 ESTs) and SBP4 (cluster 668; 41

ESTs) appear to be unique and highly conserved

proteins that are abundantly expressed. SBP3 is 99%

identical to the reported (Ruef et al., 2000) Mexican

strain Mo7 sequence whereas SBP4 is 92% identical to

the sequence reported in Genbank.

5.3. Erythrocyte surface antigens

As in the case of P. falciparum, infected

erythrocytes sequester in the microvasculature by

adherence to endothelial cells (Allred and Al-

Khedery, 2006, this issue; Allred and Al-Khedery,

2004; O’Connor and Allred, 2000). A heterodimeric,

parasite encoded, variable erythrocyte surface antigen

(VESA1) involved in antigenic variation is thought to

act as a cytoadherence ligand (Allred et al., 1993,

1994). The VESA1a subunit is encoded by genes

(ves1a) that are part of a multigene family (ves)

undergoing rapid variation, seemingly by a segmental
gene conversion mechanism (Allred et al., 2000).

Large scale EST sequencing provides an unbiased

view on the expressed complement of mRNA of this

family as it is independent of the potentially biased

primer selection required for micro-array and PCR-

based approaches. A total of 170 ESTs, grouped in 42

clusters, were found to match the ves gene family. The

clonal line used here has been in continuous culture for

several years prior to cDNA library construction. As a

consequence, clonality may not have been maintained

within many genes of the actively evolving ves gene

family. Similarly, the ability of this line to vary has not

been established, nor the mechanisms it may employ if

it does vary. Nevertheless, the majority of ESTs

assemble into three homogeneous clusters in which no

variation, except for some occasional sequencing

errors, occurs. One of these clusters (Cluster 845; 22

ESTs) is most similar (66% identity) to the C-terminal

part of the VESA1a subunit (the N-terminal part is not

covered). The other two abundant clusters more

closely resemble a sequence annotated as vesD pseudo

gene (accession AY279553) as well as five other,

partially sequenced, ves pseudogenes. Cluster 957 (27

ESTs) encodes for a 123 kDa full-length protein. The

C-terminal region (177 aa), containing the single

predicted transmembrane region, is not encoded by the

vesD pseudo gene but is highly similar to the VESA1a

C-terminus. Possibly, cluster 957 encodes for the b

subunit of the VESA1 heterodimer, which is size-

polymorphic (Allred et al., 1994; O’Connor et al.,

1997) and may be subject to antigenic variation as

well. VESA1b was suggested to be related to

VESA1a, but a genetic relationship has not yet been

directly established (D.R. Allred, B. Al-Khedery,

personal communication). Remarkably, cluster 3841

(37 ESTs) has the appearance of a transcribed

pseudogene. It encodes a 37 kDa polypeptide, highly

similar to the N-terminus of the polypeptides encoded

by the vesD pseudogene and cluster 957, but is lacking

a methionine for translation initiation. The premature

stop codon at the 30-end is followed by a poly-A tail.

Cluster 71 (9 ESTs), containing an open reading frame

terminated before the transmembrane region, may

represent a transcribed pseudogene of the ves1a group

to which it is highly similar. Of all other 38 clusters

only two are most similar to the cluster 957/

pseudogene group whereas all others belong to the

ves1a group. These clusters were assembled from 1 to

genbank:AY279553
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10 ESTs and, as some of the shorter clusters match to

different sections of ves1a-like genes without overlap,

a number of them may derive from the same gene. In

summary, dominantly transcribed versions of a ves1a-

like gene and another ves gene (possibly encoding

VESA1B) are present with the additional transcrip-

tion, at lower levels, of at least 25 different ves1a-like

sequences. Whether these represent transcription of

multiple different alleles or modified forms of ves1a at

the same allelic locus is unknown. Of both groups a

pseudogene seems to be transcribed at high levels.
6. Discussion

ESTs provide a rapid and cost-efficient means of

exploring the expressed gene complement during a

specific stage of the life cycle of B. bovis. BLAST

analysis has allowed assigning a putative function to

many of the assembled gene clusters. By linking the

clusters to EST collections of P. falciparum and T.

gondii via their completely sequenced genomes, a first

comparison of expression levels of homologous genes

has been performed. This approach will provide new

leads for further research into the biology of B. bovis

and related apicomplexans. The identification of

processes expressed at a comparatively high level

may point at crucial events in the erythrocytic

lifecycle of B. bovis. These may provide attractive

targets for chemotherapeutic intervention, for exam-

ple, several of the highly expressed bacterium-like

enzymes involved in purine salvage. Also, increased

knowledge on the sequence variability and expression

of related family members of antigenic proteins is

necessary for further studies on their potential use as

vaccine components. It should be stressed however

that all homology assignments are based on in silico

sequence comparisons. Although, based on the

acquired experiences with the BLAST algorithms,

the great majority of assignments will eventually turn

out to be correct, further experimental proof will be

required to extend any individual case.
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