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The availability of complete genome sequences for a variety of organisms, coupled with genome-wide 
analyses that allow evaluation of the functions of thousands of genes in parallel, have the potential to 
greatly impact on cell biology research. The lymphocyte-transforming Theileria parva parasite nuclear 
genome (8.3 Mbp in length consisting of four chromosomes) available in GenBank reveals genes with 
strong similarity to other known apicomplexan homologs. Mining of sequence data has proved useful 
in the search

 
for candidate vaccine antigens. Genome mining and cDNA library screening identified six 

antigens targeted by CD8 T cells from T. parva-immune cattle
 
of different major histocompatibility 

complex (MHC) genotypes.
 
These antigens are being evaluated for the development of a 

subunit
 
vaccine. 
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INTRODUCTION 
 
The protozoan parasite Theileria parva is transmitted by 
Rhipicephalus ticks and causes an often fatal lympho-
proliferative disease of cattle known as East Coast fever 
(ECF). The apicomplexan

 
pathogen causes a severe lym-

phoproliferative disease of cattle in eastern, central, and 
Southern Africa (Katzer et al., 2006) leading to economic 
losses among smallholder farmers in Africa.

 
 It is an 

intracellular parasite that infects and transforms bovine 
lymphocytes. This disease,

 
which kills over 1 million cattle 

each year in sub-Saharan Africa,
 
results in economic 

losses exceeding $200 million annually (Norval et al., 
1992). T. parva-induced T-cell transformation is the 
predominant mechanism underlying the pathogenesis of 
ECF. Upon invasion by the parasite, T cells undergo 
lymphoblastoid transformation (Brown et al., 1973), 
become independent of antigen receptor stimulation 
(Baldwin and Teale, 1987; Galley et al., 1997) and  cease  
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histocompatibility complex; MPSS, massively parallel signature 
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fragment length polymorphism; MPSS, massively parallel 
signature sequencing; BoLA, bovine leukocyte antigen; CTL, 
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to require exogenous growth factors to proliferate 
(Dobbelaere et al., 1988; Brown and Logan, 1986; 
Heussler et al., 1999). 

Efforts to control ECF are largely based on the use of 
acaricides to prevent infestation with infected ticks, but 
this approach is increasingly being compromised by the 
emergence of acaricide resistance in the vector tick 
populations. Although drugs are available to treat the 
disease, these are expensive and require an early 
diagnosis to be effective. Immunization using the live 
vaccine endangers solid immunity to homologous and 
occasionally, heterologous challenge (Radley et al., 
1975). However, the high production costs coupled with 
the requirements for cold storage and skilled handling 
made this vaccine inaccessible to most poor livestock 
farmers who need it most. In spite of this, the demand for 
this vaccine is on the increase suggesting that an effica-
cious, safe, inexpensive and easy-to-deliver improved 
recombinant subunit vaccine would be readily adopted 
(Randolph, 2008). 

The parasite has a complex life cycle (Mehlhorn and 
Schein, 1988), involving obligate developmental stages in 
mammalian and vector hosts (Figure 1). Cattle become 
infected by inoculation of sporozoite forms in the tick 
saliva. These invade lymphocytes and differentiate to 
multinucleate schizonts, which drive the cell into a state 
of  continuous  proliferation  and  divide  with  it,  ensuring  
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Figure 1. Life cycle of T. parva.   
Source: Norval et al. (1992). 

 
 
 

transmission of infection to each daughter cell. In a 
proportion of infected cells, schizonts undergo further 
differentiation to mononucleate merozoites; these are 
released from the dying cell and invade erythrocytes, 
where they develop into tick-infective piroplasm forms. 
Upon ingestion by a feeding tick, these are released into 
the gut lumen and give rise to macro and micro gametes, 
which undergo syngamy to form diploid zygotes. After 
invading gut epithelial cells, zygotes undergo reduction 
division to yield kinete forms, which access the hemocoel 
and migrate to the salivary gland, where they invade cells 
of type III acini. The parasite then undergoes a process of 
sporogony to produce cattle-infective sporozoites. The 
parasite therefore adopts a strategy whereby expansion 

is accomplished through asexual division, with an expo-
nential phase in the case of the schizont, while genetic 
exchange is accommodated through a sexual phase in 
the tick (Neitz, 1957; Katzer et al., 2006). 
 
 
Theileria parva genome 
 
The availability of complete genome sequences for a 
variety of organisms, coupled with novel approaches that 
allow evaluation of the functions of thousands of genes in 
parallel, have the potential to greatly impact on cell bio-
logy research (Martin and Drubin, 2003). The increasing 
number   of   complete   and   nearly   complete   genome 
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sequences provides a significant amount of material for 
large-scale comparative genomic analysis (Ureta-Vidal et 
al., 2003). Genome-wide analysis is a global and 
systematic investigation of a gene(s) expression under 
specific condition(s) or the scanning of a genomic 
sequence for particular genes, patterns, motifs and 
elements using bioinformatics tools. The genome of T. 
parva was sequenced in order to facilitate research

 
on 

parasite biology, assist the identification of schizont 
antigens

 
for vaccine development (Malcolm et al., 2005; 

Graham et al., 2006), and extend comparative 
apicomplexan

 
genomics, in particular with Plasmodium 

falciparum, which causes
 
malaria.  

The haploid T. parva nuclear genome consists of 4 
chromosomes and a molecular size of 8,308,027 bp. Its 
total G + C content is 34.1% and the number of protein 
encoding genes is 4035 with a mean gene length of 1407 
bp (Gardner et al., 2005).

 
 The authors also sequenced 

the parasite apicoplast and mitochondrial (Kairo et al., 
1994) genomes. The T. parva chromosomes

 
contain one 

extremely A + T-rich region (> 97%) about 3 kbp
 
in length 

that may be the centromere. The telomeric repeats are 
short.

 
The T. parva nuclear genome contains about 4035 

protein-encoding
 
genes, 20% fewer than P. falciparum, 

but exhibits higher gene
 
density, a greater proportion of 

genes with introns and shorter
 
intergenic regions 

(Gardner et al., 2005).  
Guo and Silva (2008) also analyzed the evolution of 

non-coding sequences in the Theileria genome and iden-
tified conserved sequence elements that may be involved 
in gene regulation of these parasitic species. They 
reported that intergenic regions and introns in Theileria 
are short, and their length distributions are considerably 
right-skewed. Intergenic regions flanked by genes in 5' - 
3' orientation tend to be longer and slightly more AT-rich 
than those flanked by two stop codons; intergenic regions 
flanked by genes in 3' - 5' orientation have intermediate 
values of length and AT composition. Intron position is 
negatively correlated with intron length and positively 
correlated with GC content.  

Genome-wide searches for functional elements 
revealed several conserved motifs in intergenic regions of 
Theileria genomes. Two such motifs preferentially located 
within the first 60 base pairs upstream of the transcription 
start sites in T. parva, are preferentially associated with 
specific protein functional categories, and have significant 
similarity to known regulatory motifs in other species. 
These results suggest that these two motifs are likely to 
represent transcription factor binding sites in Theileria. 
These researchers concluded that Theileria genomes are 
highly compact, with selection seemingly favouring short 
introns and intergenic regions.  

Three over-represented sequence motifs were 
independently identified in intergenic regions of 
both Theileria species, and the evidence suggests that at 
least two of them play a role in transcriptional control in T. 
parva  (Guo   and   Silva,   2008).   The   highly   compact  

  
 
 
 
genome of Theileria seems to result from selection 
pressure for small introns and intergenic regions (IGRs). 
Much like in other apicomplexan genomes, classical 
eukaryotic promoter elements have not been found 
in Theileria; genome-wide de novo searches identified 
several conserved sequence motifs in IGRs. Two 
putative T. parva motifs have localized distri-bution 
relative to the transcriptional start sites and are 
preferentially associated with specific protein functions, 
which is consistent with the hypothesis that they 
participate in transcriptional regulation in this eukaryotic 
parasite. The fact is that conserved motifs with similar 
sequence are found in Plasmodium hints at the possibility 
of common regulatory mechanisms across the 
phylum Apicomplexa (Guo and Silva, 2008). 

It is well known that cross-protection between T. 
parva stocks is limited, but precise evaluation of genetic 
diversity in field populations of the parasite has been 
hampered by a lack of molecular markers spanning the 
genome. Katzer et al. (2006) recently reported 42 newly 
identified polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP) markers distributed 
across the four T. parva chromosomes, as well as 19 
new satellite markers for chromosomes 1 and 2. This 
brings the total number of available polymorphic markers 
to 141 for the 8.5 Mb genome. They have used these 
markers to characterize existing parasite stabilates and 
have also shown that passage of the parasite through 
naive cattle and ticks can lead to substantial changes of 
parasite populations in resulting stabilates. These 
markers have also been used to show that passage of 
mixed parasites through an immunized calf results in the 
removal of the immunizing genotype from the parasite 
population produced by ticks fed on this animal (Katzer et 
al., 2006). The markers are not evenly distributed, but 
instead often cluster together in certain regions of the 
four chromosomes. Attempts to identify markers in gaps 
have met with only limited success, suggesting that the 
regions that lack polymorphic markers may represent 
regions in which the T. parva genome is conserved 
across different isolates. 

Bishop et al. (2005) have also described a high-
resolution analysis of

 
the genome-wide pattern of 

transcription within a single parasite
 
life-cycle stage using 

a quanti-fiable technique based on sequence
 
signatures 

whose origins in the genome are verifiable. These 
authors employed massively parallel signature 
sequencing (MPSS) to analyze

 
the transcriptome of T. 

parva (Richard et al., 2005).
 
In total, 1 095 000, 20 bp 

sequences representing 4371 different
 
signatures were 

generated from T. parva schizonts. Reproducible
 

signatures were identified within 73% of potentially 
detectable

 
predicted genes and 83% had signatures in at 

least one MPSS
 
cycle. A predicted leader peptide was 

detected on 405 expressed
 
genes. The quantitative range 

of signatures was 4 – 52 256
 
transcripts per million 

(t.p.m.). Rare transcripts (< 50 t.p.m.)
 
were detected  from 



 
 
 
 
36% of genes. Sequence signatures approximated

 
a log-

normal distribution, as in microarray. Transcripts were
 

widely distributed throughout the genome, although only 
47%

 
of 138 telomere-associated open reading frames 

(ORFs) exhibited signatures.
  

Antisense signatures comprised 13.8% of the total, 
comparable

 
with Plasmodium. 85 predicted genes with 

antisense
 
signatures lacked a sense signature. Antisense 

transcripts were
 
independently amplified from schizont 

cDNA and verified by sequencing.
 
The MPSS transcripts 

per million for seven genes encoding schizont
 
antigens 

recognized by bovine CD8 T cells varied 1000-fold 
(Simon et al., 2008).

 
There was concordance between 

transcription and protein expression
 
for heat shock pro-

teins that were very highly expressed according
 
to MPSS 

and proteomics. The data suggests a low level of 
baseline

 
transcription from the majority of protein-coding 

genes (Bishop et al., 2005). 
 
 
T. parva antigens 
 
In order to identify antigens in T. parva, Graham et al. 
(2006) adopted two approaches, both dependent on 
screening of transiently transfected antigen-presenting 
cells with fully characterized CTL (Taracha et al., 1995; 
Goddeeris and Morrison, 1988) from live vaccine-
immunized cattle of diverse bovine leukocyte antigen 
(BoLA) MHC class I genotypes. First, in a targeted gene 
approach, the authors immunoscreened genes that were 
predicted by using preliminary sequence data from one of 
the four T. parva chromosomes (Gardner et al., 2005) to 
contain a secretion signal. The approach was based on 
the observation that the schizont lies free in the host cell 
cytoplasm (Shaw, 2003) in which signal peptide-
containing parasite proteins would directly access the 
host cell MHC class I antigen processing and presen-
tation pathway. Analysis of proteins encoded by the 
predicted T. parva genes (Gardner et al., 2005) on 
chromosome 1 for the presence of signal peptides 
(SIGNALP-2.0; www.cbs.dtu.dk/services/SignalP-2.0) 
and transmembrane domains 
(TMHMM, www.cbs.dtu.dk/services/TMHMM) generated 
a set of 55 candidate antigen genes that were selected 
for cloning and screening amplified genes cloned into 
eukaryotic expression vector pTargeT (Promega) 
(Graham et al., 2006). 

The second approach involves a random immuno-
screen of schizont cDNA clones because secretion of 
proteins that do not contain signal sequences has been 
reported (Nacer et al., 2001). A unidirectional cDNA 
library was constructed in the eukaryotic expression plas-
mid vector pcDNA3 (Invitrogen) essentially as described 
in De Plaen et al. (1997).  

Double-stranded cDNA was generated from 2 µg of 
total poly(A)

+
-RNA (FastTrack 2.0 kit, Invitrogen) isolated 

from  purified  schizonts  (Baumgartner  et  al.,  1999)   by  
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using the SuperScript Choice System (Invitrogen). Plas-
mid DNA minipreps were prepared from 1,000 pools of 
bacterial cultures each containing 50 colonies and 
another 1,000 pools each containing 10 colonies for high-
throughput immunoscreening. To resolve a positive pool 
of 50 cDNAs, 256 colonies were pooled into 48 clusters 
of 16 colonies by using a three-way matrix and screened 
to identify the individual clone in the three unique 
clusters. For the resolution of a positive pool of 10 cDNA, 
plasmid DNA was prepared from 48 colonies and tested 
to identify the individual clone. Positive cDNA clones 
were end-sequenced, and sequence information was 
used to identify the complete open reading frames 
(ORFs) from the T. parva genome sequence database 
(www.ncbi.nlm.nih.gov/sutils/blast_table.cgi?taxid=Protoz
oa) (Graham et al., 2006). 

To screen the cloned genes, an assay (IFN-g ELISpot) 
that measures IFN-g released from T. parva specific 
cytotoxic T lymphocyte (CTL) in response to BoLA class I 
cDNA-expressing COS-7 cells or transformed autologous 
skin fibroblasts transiently transfected with T. parva 
cDNA was developed (Graham et al., 2006). In addition 
to releasing INF-g, CTL lines used to identify these 
antigens were shown to recognize and lyse COS-7 cells 
and autologous fibroblasts, transiently transfected with 
these genes. To evaluate the relevance of these CTL 
antigens in immunity to ECF, live vaccine-immunized 
animals were re-challenged with live T. parva sporozoites 
and the kinetics of CD8+ T cell-mediated IFNg responses 
to these antigens analyzed (Mwangi et al., 2007) (Table 
1). In the targeted approach, only one antigen (Tp2) was 
identified, while in the random approach, the same Tp2 
and five additional antigens (Tp1, Tp4, Tp5, Tp7, and 
Tp8) were obtained. Graham et al. (2006) also reported 
that the six antigens are targets of BoLA MHC class I-
restricted, IFN-γ-secreting, and lytic CD8

+
 T cells, indica-

ting that the live vaccine primes a CTL response against 
them. 

The identification of schizont antigens provides an 
opportunity not only to explore vaccination, but also to 
dissect further the specificity of CD8 T-cell responses in 
order to understand better the basis of the strain 
specificity of immunity to T. parva. Graham et al. (2008) 
reported the identification of antigenic epitopes in the six 
CD8 T-cell target antigens and their MHC restriction 
specificities. By examining responses of cattle to immu-
nization with live parasites or a cocktail of the CD8 T-cell 
target antigens, they provided evidence that these 
antigens are highly dominant in animals with the 
corresponding MHC genotypes. 
 
 
ECF SUB-UNIT VACCINE: The quest 
 
Previous efforts towards the development of an ECF 
recombinant subunit vaccine focused on the infective 
stage (sporozoite) of the parasite in the tick and yielded a  



76          Int. J. Genet. Mol. Biol. 
 
 
 

Table 1. List of T. parva CTL target antigens identified through immune-screening of selected  
genes and random cDNA library. 
 

Antigen Identity Signal peptide Anchor motiff Mw (kD) 

Tp1 Hypothetical protein 1-19 Yes 62 

Tp2 Hypothetical protein 1-23 No 19 

Tp4 TCP-1 No Yes 63 

Tp5 eIF-1A No No 18 

Tp7 Hsp90 No Yes 84 

Tp8 Cysteine proteinase No Yes 50 
 

TCP-1, eta subunit of T complex protein 1; eif-1A, translation elongation initiation factor 1A; Hsp90, 
heat shock protein 90. Adapted from Mwangi et al. (2007). 

 
 
 
‘first generation’ prototype recombinant vaccine, based 
on one antigen, p67, whose effectiveness was subo-
ptimal (Nene et al., 1996; Musoke et al., 2005). However, 
immunity against the bovine intracellular protozoan 
parasite

 
T. parva has been shown to be mediated by CD8 

T cells.
 
Six antigens targeted by CD8 T cells from T. 

parva-immune cattle
 
of different MHC genotypes

 
have 

been identified, raising the prospect of developing a 
subunit

 
vaccine (Graham et al., 2006; Mwangi et al, 

2007). Five of these CTL target antigens have been 
formulated in proprietary technologies including plasmid 
DNA, modified vaccinia virus Ankara (MVA), and 
canarypox virus (vCP), evaluated in cattle and shown to 
induce CTL responses that correlated with resistance 
against lethal challenge in a proportion of animals 
(Graham et al., 2006). Also, CTL lines from one of four 
calves, BY120, responded specifically to cells infected 
with MVA expressing the antigen Tp2 and synthetic pep-
tides were employed to map a new CTL epitope on this 
antigen (Akoolo et al., 2008). 

To facilitate further dissection of the specificity
 
of 

protective CD8 T-cell responses and to assist in the 
assessment

 
of responses to vaccination, Graham et al. 

(2008) set out to identify the epitopes
 
recognized in these 

T. parva antigens and their MHC restriction
 
elements. 

Nine epitopes in six T. parva antigens, together with
 
their 

respective MHC restriction elements, were successfully 
identified. Five of the cytotoxic-T-lymphocyte epitopes 
were found to be restricted by products of previously 
described alleles,

 
and four were restricted by four novel 

restriction elements.
  
Analyses of CD8 T-cell responses to 

five of the epitopes in
 
groups of cattle carrying the defined 

restriction elements and
 
immunized with live parasites 

demonstrated that, with one exception,
 
the epitopes were 

consistently recognized by animals of the
 
respective 

genotypes. The analysis of responses was extended
 
to 

animals immunized with multiple antigens delivered in 
separate

 
vaccine constructs. Specific CD8 T-cell 

responses were detected
 
in 19 of 24 immunized cattle. All 

responder cattle mounted responses
 
specific for antigens 

for which they carried an identified restriction
 
element. By 

contrast, only 8 of 19  responder  cattle  displayed 
 
a  res- 

ponse to antigens for which they did not carry an 
identified

 
restriction element. These data demonstrate 

that the identified
 
antigens are inherently dominant in 

animals with the corresponding
 
MHC genotypes (Graham 

et al., 2008).  
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