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Abstract

Theileria parasites infect a wide range of domestic and wild ruminants worldwide,
causing diseases with varying degrees of severity. A broad classification, based on the
parasite’s ability to transform the leukocytes of host animals, divides Theileria into two
groups, consisting of transforming and non-transforming species. The evolution of
transforming Theileria has been accompanied by drastic changes in its genetic makeup, such
as acquisition or expansion of gene families, which are thought to play critical roles in the
transformation of host cells. Genetic variation among Theileria parasites is sometimes linked
with host specificity and virulence in the parasites. Immunity against Theileria parasites
primarily involves cell-mediated immune responses in the host. Immunodominance and
major histocompatibility complex class | phenotype-specificity result in a host immunity that
is tightly focused and strain-specific. Immune escape in Theileria is facilitated by genetic
diversity in its antigenic determinants, which potentially results in a loss of T cell receptor
recognition in its host. In the recent past, several reviews have focused on genetic diversity in
the transforming species, T. parva and T. annulata. In contrast, genetic diversity in T.
orientalis, a benign non-transforming parasite, which occasionally causes disease outbreaks
in cattle, has not been extensively examined. In this review, therefore, we provide an outline
of the evolution of Theileria, which includes T. orientalis, and discuss the possible
mechanisms generating genetic diversity among parasite populations. Additionally, we
discuss the potential implications of a genetically diverse parasite population in the context of

Theileria vaccine development.
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1. Introduction

Theileria parasites infect a wide range of hosts, including domestic and wild
ruminants, and often induce clinical disorders in the infected animals. Although several non-
ruminant animals are also described as being hosts for Theileria parasites, such as Theileria
youngi in woodrat (Kjemtrup et al., 2001), T. annae in fox (Camacho et al., 2001), and T.
equi in horse (Mehlhorn and Schein, 1998), these species are considered to have evolved
prior to Theileria species of ruminants (Criado-Fornelio et al., 2003). Theileria parasites can
be broadly categorized into two groups, consisting of host-cell transforming and non-
transforming species. Traditionally, the following species have been described as
transforming Theileria: T. parva, T. annulata, T. lestoquardi, and T. taurotragi (Dobbelaere
and Kienzi, 2004; Sugimoto and Fujisaki, 2002). However, the recent studies added
Theileria sp. (buffalo), a benign Theileria parasite in African buffaloes, to the list of
transforming parasite species (Chaisi et al., 2011; Zweygarth et al., 2009). Several species of
non-transforming parasites exist, including T. orientalis, T. mutans, T. velifera, and T. cervi.
This classification is based on the parasite’s ability to transform host leukocytes in a way that
enables the infected cells to proliferate indefinitely along with the parasites occupying them.
Non-transforming Theileria parasites do not induce this type of host-cell proliferation.
Although the parasites in the latter category are considered to be relatively benign, disease
outbreaks and economic losses related to the farm animals affected are not uncommon
(Aparna et al., 2011; Eamens et al., 2013; McFadden et al., 2011). The taxonomy of the
benign T. sergenti/buffeli/orientalis group is controversial. Arguments have been put forward
both ways that these parasites should be classified as one species or as separate species within
a group (Fujisaki et al., 1994; Gubbels et al., 2000a; Kakuda et al., 1998; Uilenberg et al.,

1985). We have used the common taxonomic name, T. orientalis, throughout this review.



T. parva and T. annulata are both known to infect cattle (Bos Taurus/B. indicus) and
buffaloes (Syncerus caffer/Bubalus bubalis) (Bishop et al., 2004), while T. orientalis infects
yaks (Bos grunniens) as well as cattle and buffaloes (B. bubalis) (Fujisaki et al., 1994; Yin et
al., 2004). In addition, several Theileria species (T. lestoquardi, T. separata, T. uilenbergi, T.
luwenshuni, T. capreoli, and T. ovis) have been reported to infect small ruminants (Ahmed et
al., 2006). Wild ruminants, such as deer, antelope, and giraffe, are infected with several as yet
unclassified Theileria parasites, some of which are highly pathogenic and often lead to death
among these animals (Hofle et al., 2004; Nijhof et al., 2005; Oosthuizen et al., 2009).

The lifecycle of Theileria parasites in the ruminant host and tick vector has been
reviewed (Bishop et al., 2004; Shaw and Tilney, 1992). Briefly, the lifecycle involves asexual
reproduction of the blood-stage parasites in the host animal, and sexual reproduction of the
parasites in a tick vector. The lifecycle in the vertebrate host begins with infection by
sporozoites during blood-feeding of infected ticks. Thereafter, the sporozoites infect
nucleated blood cells, where they may transform into schizonts. In the case of transforming
Theileria, the infected cells (leukocytes) can multiply indefinitely in the host when they are
harboring such parasites, and schizont-infected cells are often found in the circulating blood
(Dobbelaere and Heussler, 1999). Subsequently, the merozoites released upon lysis of the
infected leukocytes progress to infect host erythrocytes (RBCs) and then develop into
piroplasms. Although enlarged cells containing structures suggestive of schizonts have been
identified in the lymph nodes, spleen and liver of T. orientalis-infected cattle (Sato et al.,
1993), the details of schizont development remain unclear in non-transforming Theileria
(Sugimoto and Fujisaki, 2002). For T. annulata, further multiplication of the piroplasms
(merogony) occurs in the RBCs, while it is limited in T. parva (Conrad et al., 1986). In non-
transforming Theileria, merogony has been observed in RBCs (Kawamoto et al., 1990).

Finally, when the ticks feed on an infected host, they acquire blood-stage Theileria parasites,



including the gametes. The gametes undergo sexual reproduction in the midgut of the vector
competent tick species, where genetic recombination occurs during meiosis (Katzer et al.,
2006; Morzaria et al., 1993; Weir et al., 2007). Theileria parasites are trans-stadially
transmitted by the tick vectors; therefore, the known transmission vectors are usually 2- or 3-
host tick species (Bishop et al., 2004).

Although a number of studies have described the evolution of piroplasmids (Babesia
and Theileria), their findings have often differed from each other, with no single conclusion
forthcoming (Criado-Fornelio et al., 2003; Lack et al., 2012). Contrasting timescales have
been estimated by different researchers for the divergence time of the piroplasma, based on
different genes and methodologies (Criado-Fornelio et al., 2003; Gou et al., 2013; Lack et al.,
2012). In addition, one of the major controversies related to piroplasmid evolution is whether
these parasites evolved first in vertebrate hosts or in ticks. Scientists are divided on this, and
have based their conclusions on various assumptions and arguments (Criado-Fornelio et al.,
2003; Schnittger et al., 2012).

Protozoan parasites are thought to have evolved genetic diversity to survive the
immunologically unfavorable environments of their hosts. Genetic diversity often results in
antigenic variation in parasites, thereby enabling them to escape the immune responses of
their hosts (Deitsch et al., 2009). Recombination during sexual reproduction is probably a
major mechanism underlying the genetic diversity of Theileria species (Henson et al., 2012;
Katzer et al., 2006; Morzaria et al., 1993; Weir et al., 2007). Bioinformatic analyses have
revealed genetic recombination to be a possible mechanism generating genetic diversity in
genes such as the polymorphic immunodominant molecule (PIM) of T. parva and the T.
annulata surface protein (TaSP) (Geysen et al., 2004; Schnittger et al., 2002). In addition to
genetic recombination, mutations in the epitopes of CD8" cytotoxic T lymphocyte (CTL)

antigens were found to facilitate immune evasion in T. parva (Connelley et al., 2011). While



the evolutionary acquisition of genetic diversity is beneficial to the long-term survival of the
parasites, it often complicates the establishment of control measures against the diseases
caused by them. Therefore, a thorough knowledge of genetic diversity in Theileria parasites
is essential if we are to gain better understanding of these harmful organisms. In this review,
we summarize the findings of past studies on the evolution and genetic diversity of T. parva,
T. annulata, and T. orientalis. We also discuss the possible relationships between genetic

diversity, host specificity, and virulence.



2. Evolution of Theileria: an overview

Evolutionary studies are essential for understanding the biological behaviors of living
things. Despite the economic significance of Theileria parasites, detailed studies have not
been conducted to investigate their evolutionary processes. Therefore, in this review, we
summarize the relevant findings of previous work and provide an outline of Theileria

evolution.

2.1. Early evolution of piroplasmids

Studies on piroplasmid evolution have produced contrasting evolutionary time scales.
Criado-Fornelio and co-workers (2003), in an 18S rRNA-based study, estimated that the
ancestor of current-day piroplasmids originated 57 million years ago (mya). In contrast, Lack
et al. (2012) estimated that the divergence time for piroplasmida was 17.11 mya although the
study was based on 18S rRNA sequences. The time difference was suggested to result from
the different evolutionary models used for the phylogenetic analyses. A more recent study,
which was based on cytochrome oxidase |, suggested that the divergence time of the
piroplasmids might be 56.48 mya (Gou et al., 2013).

In addition to the controversial timescales for piroplasmid evolutionary history,
whether the piroplasmids evolved first in vertebrate hosts or in ticks is a question that has
prompted different responses from researchers (Criado-Fornelio et al., 2003; Florin-
Christensen and Schnittger, 2009; Lack et al., 2012; Schnittger et al., 2012). Criado-Fornelio
et al. (2003) provided a detailed scenario, linking the evolution of the piroplasmids with that
of the host animals. Based on their hypothesis, piroplasmids fall into five groups:

Archaeopiroplasmids, Prototheilerids, Theilerids, Babesids, and Ungulibabesids, based on



their 18S rRNA sequences (Fig. 1). Archaeopiroplasmids (B. rodhaini, B. felis, B. leo, B
microti, and T. annae) are considered to be the ancestors of the piroplasmids (Criado-Fornelio
et al.,, 2003). Recent genomic data for several piroplasmids also support this view. The
variant erythrocyte surface antigen (VESA) gene family, which includes about 150 genes in B.
bovis, contains three genes in B. microti that have not been detected in Theileria parasites
(Brayton et al., 2007; Cornillot et al., 2012). Additionally, the gene families Tpr and Tar,
which are composed of several tandemly arranged or dispersed open reading frames
characterized by repeated elements (Baylis et al., 1991), contain 39 and 83 genes in T. parva
and T. annulata, respectively, while similar gene families in B. microti, B. bovis, and T.
orientalis have only four to five genes in each of their genomes (Cornillot et al., 2012;
Gardner et al., 2005; Hayashida et al., 2012; Pain et al., 2005). These findings possibly
provide further support for the Archaeopiroplasmids as ancestors, because the multicopy
genes, which have substantially expanded over evolutionary time in some Babesia and
Theileria parasite lineages, have limited copy numbers in the B. microti genome.
Criado-Fornelio et al. (2003) have suggested that the initial stages of piroplasmid
evolution could have occurred in a vertebrate host, possibly a rodent or carnivore.
Transovarial transmission in tick vectors is a unique feature of large Babesia parasites
(Homer et al., 2000), such as B. bovis, B. bigemina, B. divergens, B. caballi, and B. canis, but
they have evolved recently (Allsopp et al., 1994). Because Archaeopiroplasmids lack the
ability to undergo the transovarial transmission in ticks, maintenance of these ancestors
among the ticks would have been unlikely. This assumption rules out ticks as the initial hosts
in which the early evolution of the piroplasmids might have occurred (Allsopp et al., 1994;
Criado-Fornelio et al., 2003). Additionally, it is noteworthy that Nephromyces parasites of
Molgula species (sea grapes) and Cardiosporidium cionae of ascidian Ciona intestinalis,

which share a common ancestor with the piroplasmids, are not known to be vector



transmitted (Ciancio et al., 2008; Saffo et al., 2010). If the piroplasmids initially evolved in
vertebrate hosts, the next question is obvious: how did the ancestral piroplasmids complete
their lifecycles? There are two possible transmission patterns. One possibility is that the
parasites might have been vertically transmitted from their hosts to their offspring; this
transmission pattern has been reported in B. microti and B. gibsoni (Joseph et al., 2012;
Fukumoto et al., 2005), which have evolved early (Archeopiroplasmids and Prototheilerids,
respectively, in Fig. 1). The second possibility is transmission via fighting- or predation-
related physical injuries, which may have been commonplace among the rodent and
carnivorous hosts. It is noteworthy that B. gibsoni can be directly transmitted among fighting
dogs (Jefferies et al., 2007). In contrast, another group of researchers have argued that the
piroplasms might have evolved in ticks initially by citing evolutionary time scales that place
the piroplasmids and ticks ahead of mammals (Florin-Christensen, and Schnittger, 2009;
Schnittger et al., 2012). However, as controversy related to the divergence time continues, it
remains difficult to describe piroplasmid evolution using only the time scales of the
radiations.

Even if the initial evolutionary processes were not dependent on the ticks, this does
not mean that these Acari did not influence piroplasmid evolution. Initially, the multi-host
ticks are likely to have transmitted the parasites, as the piroplasmid ancestors did not have the
ability to undergo transovarial transmission in ticks. The authors of a previous study
suggested that the piroplasmid ancestors may have been able to infect nucleated blood cells
(Allsopp et al., 1994), as observed in B. microti (Mehlhorn et al., 1986), an ability that
evolved prior to Babesids and Ungulibabesids, which usually only infect RBCs. While the
ancient piroplasmids were evolving in different host and tick species over a long time period,
a section of the parasite population might have lost their ability to infect nucleated blood cells

but gained the ability to undergo transovarial transmission in similarly adapted tick species,



and evolved into true Babesia species (Babesids and Ungulibabesids in Fig. 1) (Allsopp et al.,
1994). In contrast, parasites that had retained the ability to infect nucleated blood cells
continued to evolve as true Theileria parasites of ruminants (Allsopp et al., 1994; Schnittger

etal., 2012).

2.2. Transforming Theileria: a breakthrough in evolution

A major breakthrough in the evolution of Theileria relates to its ability to form
leukocyte-transforming parasites. Both host and tick vectors might have influenced the
evolution of the transforming types of Theileria parasites (Criado-Fornelio et al., 2003).
Buffaloes are considered to be the primordial hosts for transforming Theileria species
(Bishop et al., 2004). It is commonly believed that T. parva evolved primarily in African
buffaloes (Syncerus caffer), while T. annulata originated in water buffaloes (Bubalus bubalis)
(McKeever, 2009). The evolution of transforming Theileria could have been heavily
influenced by the immune response in buffaloes (McKeever, 2009). Consistent with this, the
genes encoding several key antigens of T. parva, such as the p67 and some of the CTL
antigens, are more diverse among field isolates from African buffaloes than those from cattle
(Nene et al., 1999; Pelle et al., 2011), suggesting that the immune engagement of T. parva is
greater in buffaloes than cattle (McKeever, 2009). In addition to host immunity, tick vectors
may also have influenced the evolution of transforming Theileria, as these transforming
Theileria species are transmitted only by specific species of ticks (Bishop et al., 2004).
Therefore, it is no coincidence that the geographical distributions of these pathogens are
correlated with those of their tick vectors (Criado-Fornelio et al., 2003).

According to the phylogeny based on 18S rRNA sequences (Fig. 1), transforming T.

parva, T. annulata, T. lestoquardi, and T. taurotragi species are located in the same cluster,
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thereby having a common ancestor (Allsopp et al., 1994; Lack et al., 2012); a similar pattern
was observed in a phylogram constructed from major piroplasm surface protein (MPSP)
gene sequences (Gubbels et al., 2000a). Phylogenetic analysis of p67 and its orthologous
gene sequences yielded almost similar results to those of 185 rRNA and MPSP (Fig. 2).
Despite having a common ancestor, the members of transforming Theileria differ from each
other in their host specificity and pathogenicity (Mans et al., 2011b). Therefore, the common
ancestor of transforming parasites could have independently evolved into different Theileria
species. For instance, T. parva and T. annulata independently evolved in African and water
buffaloes, respectively. The different target lymphocytes for T. parva, which transforms B
and T Ilymphocytes, and T. annulata, which transforms B lymphocytes and
monocytes/macrophages, might explain this assumption (Dobbelaere and Heussler, 1999).
The availability of whole genome sequences for transforming (T. parva and T.
annulata) and non-transforming (T. orientalis) parasites allows us to discuss the possible
genetic changes associated with the evolution of the former parasite category (Gardner et al.,
2005; Pain et al., 2005; Hayashida et al., 2012). The evolution of transforming Theileria is
associated with the acquisition or expansion of specific gene families that are potentially
involved in host-cell modifications. Subtelomeric variable secreted proteins, otherwise
known as subtelomere-encoded variable secreted proteins (SVSPs), are encoded by a large
multicopy gene family positioned at the chromosome ends in T. parva and T. annulata
(Schmuckli-Maurer et al., 2009). SVSPs, which are secreted into the cytoplasm of infected
cells, may be involved in phenotypic changes in the host cells or parasite immune evasion
(Schmuckli-Maurer et al., 2009). Interestingly, this gene family is absent in non-transforming
T. orientalis (Hayashida et al., 2012), suggesting that the SVSPs are associated with the
transformation process. The partially conserved synteny between the SVSP genes of T. parva

and T. annulata suggests that the evolution of this gene family started before the
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diversification of these species (Weir et al., 2010). Therefore, detection of SVSP-like genes in
T. lestoquardi and T. taurotragi provides supportive evidence that transforming Theileria
species probably originated from a common ancestor.

A tandemly clustered large gene family, which encodes TpshHN or TashAT, was
detected in T. parva or T. annulata, respectively (Swan et al., 1999, 2001). In marked
contrast to transforming Theileria, the related gene in T. orientalis was detected as a single-
copy ortholog, suggesting that expansion of the gene family occurred after speciation
(Hayashida et al., 2012). Weir et al. (2009) found that the orthologous internal genes of T.
parva TpshHN and T. annulata TashAT families are located in separate clades in the
phylogram, while the genes flanking the internal clusters of the TpshHN and TashAT families
formed common clades. Based on these findings, the authors proposed that the gene families
had expanded independently from a common ancestor of T. parva and T. annulata.
Additionally, Tpr and Tar copy numbers are significantly higher in T. parva and T. annulata
than in T. orientalis, suggesting that these gene families have also expanded only in the
transforming parasites (Hayashida et al., 2012). However, the recent genome project for T.
equi found that the Tar-like gene family had 109 members (Kappmeyer et al., 2012).
Therefore, it would be difficult to conclude that the Tpr and Tar gene expansions are related
to the evolution of the host-cell transforming behavior of Theileria.

CTL responses play a significant role in effective host immunity against T. parva
infection (McKeever et al., 1994; Taracha et al., 1995a). Tp9 and Ta9, which encode antigens
that were identified as one of the CTL determinants in T. parva and T. annulata, respectively,
are the members of orthologous gene families in these parasite species (Katzer et al., 2006;
MacHugh et al., 2011). In contrast, only a single gene, which shares weak homology to Tp9
and Ta9, was found in the T. orientalis genome (Hayashida et al., 2012).

Thus, it seems that during the course of evolution, several key antigens in
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transforming Theileria have undergone gene duplication, which may have altered their
function and contributed to the unique biology of these parasites. In summary, transforming
Theileria parasites have evolved with radical genomic changes, allowing them to find a safe
haven where they could survive, multiply, and ensure their continuous circulation within their

host animals.

2.3. T. parva: cattle vs buffaloes

T. parva of cattle is considered to originate from African buffaloes. However, there
are marked differences in the T. parva populations between cattle and African buffaloes. T.
parva derived from cattle and buffaloes are sometimes referred as T. parva parva and T.
parva lawrencei, respectively; these cause East Coast fever (ECF) and Corridor disease in
cattle (Uilenberg, 1999). Several genes that encode antigenic determinants in T. parva from
buffaloes differ from those in cattle. For example, T. parva p67 gene sequences in African
buffaloes clearly differ from those of cattle-derived T. parva isolates (Nene et al., 1996; Pelle
et al., 2011). In addition, studies conducted in cattle previously in contact with African
buffaloes have shown the presence of buffalo-derived Tpl and Tp2 gene sequences, which
are two CTL antigen-encoding genes in T. parva, in the cattle populations (Pelle et al., 2011).
Although a subset of the buffalo-derived T. parva population (T. parva lawrencei) was able
to infect cattle and cause heavy mortality among them (Corridor disease), the parasite was not
transmitted to other cattle (Uilenberg, 1999). Nonetheless, these parasite lineages were
associated with the acute death of infected cattle despite the cattle developing only low
parasitemias (Uilenberg, 1999). However, if the buffalo-derived parasites are maintained at
the carrier stage in cattle, the potential exists for them to be transmitted among cattle

populations by ticks (Uilenberg, 1981). In brief, while the T. parva maintained in African
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buffaloes evolved a long time ago, domestic cattle were introduced relatively recently,
perhaps in the region of around 6,000 years ago (Freeman et al., 2006). When cattle
populations were introduced, some T. parva of buffalo origin may have gained the ability to
infect cattle through ticks. Subsequently, a subset of these buffalo-derived T. parva (T. parva
parva) evolved adaptions to cattle. T. parva parva, which is transmitted among the cattle
populations by ticks, causes ECF in cattle (Pelle et al., 2011). Adaption of buffalo-derived
parasites to cattle is a continuous process, and one that is believed to occur when both host
animal species are maintained in close proximity (Uilenberg, 1981). Although T. parva of
cattle originated from African buffaloes, the parasites in both of the host animals differ from
each other, especially in terms of their transmission characteristics and genetic diversity. This
conclusion is also supported by recent findings from the whole genome sequences of T. parva
isolates derived from cattle and African buffaloes, which show that recombination is unlikely
between the cattle- and buffalo-derived parasites (Hayashida et al., 2013).

In African buffaloes, in addition to T. parva, two other Theileria species, Theileria sp.
(buffalo) and Theileria sp. (bougasvlei) were reported (Mans et al., 2011a). Although they
are closely related to T. parva, researchers found that monoclonal antibody profiles were
different between T. parva and Theileria sp. (buffalo) and that the small subunit ribosomal
rRNA probes can distinguish them (Allsopp et al., 1993; Conrad et al., 1987). Phylogenetic
analysis based on 18S rRNA gene sequences suggested the existence of T. parva and 2 other
Theileria species in African buffaloes (Chaisi et al., 2011). Mans et al. (2011a,b) provided
further evidences to suggest that T. parva, Theileria sp. (buffalo), and Theileria sp.
(bougasvlei) are three separate species based on S5 ribosomal gene and V4 hyper-variable
region of 18S rRNA sequences. These observations were strongly supported by the
cytochrome oxidase gene-based phylogeny in which T. parva, Theileria sp. (buffalo), and

Theileria sp. (bougasvlei) had been separated into different clades with high bootstrap values
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(Pienaar et al., 2014). T. parva in African buffaloes can be transmitted by ticks to cattle where
the parasite may induce clinically significant corridor disease (Uilenberg, 1999), while
Theileria sp. (buffalo) and Theileria sp. (bougasvlei) are considered to be benign and not
known to infect cattle (Mans et al., 2011a). Therefore, the recently developed sensitive real-
time hybridization PCR method that can discriminate T. parva, Theileria sp. (buffalo), and
Theileria sp. (bougasvlei) might be a useful technique for the differential diagnosis of T.
parva in African buffaloes (Pienaar et al., 2011). Theileria sp. (buffalo) is a transforming
Theileria species as the parasite can be cultured in vitro in mononuclear cells from buffaloes
(Zweygarth et al., 2009). Comparative genomic studies are now a priority to understand the
evolutionary relationship between T. parva and these yet unnamed Theileria species in

African buffaloes.

2.4. Evolution of non-transforming Theileria

Non-transforming Theileria species evolved independently from those of
transforming Theileria. Based on the phylogeny inferred from the 18S rRNA sequences (Fig.
1) (Lack et al., 2012), it is obvious that multiple host species could have been involved in the
evolution of non-transforming Theileria. In addition, the tick vectors do not tightly regulate
transmissions of these parasites, because parasite species-specific transmission patterns are
not observed in different tick species (Gou et al., 2013). Perhaps, during their evolutionary
processing, the benign Theileria parasites passed through several types of host family, such as
Giraffidae, Cervidae, Capridae, and Bovidae, establishing local populations among them.
Therefore, these parasite species could have spread throughout the world in different species
of wild and domestic ruminants (Criado-Fornelio et al., 2003). T. orientalis found in different

host animals, such as cattle, buffaloes, and yaks, is one such parasite species.
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In the phylogram based on MPSP sequences (Fig. 3), cattle and yak-derived T.
orientalis sequences form the ancestral clade (Type 6 in Fig. 3) (Gubbels et al., 2000a),
suggesting that the initial evolution of this parasite species could have occurred in Bos
species rather than water buffaloes. However, further evolution of T. orientalis into a wide
range of genotypes would have been possible only after the involvement of water buffaloes,
as inferred from the MPSP gene-based phylogeny. Survival of the non-transforming Theileria
species might have been much easier than it was for the transforming species, as the former
group can be transmitted by several species of tick vectors to different host animals (Fujisaki,

1992).

3. Genetic diversity: a Theileria survival strategy with implications for its control

Genetic diversity is considered to be the raw material for the evolution of living
things (Whitehead and Crawford, 2006). Genetic variation within populations of Theileria is
known to be one of the survival strategies used by these pathogens. The sophisticated
mechanisms of genetic and epigenetic diversity, like the cases of VESA1 and variable surface
glycoprotein (VSG) gene families of B. bovis and Trypanosoma brucei, respectively (Al-
Khedery and Allred, 2006; Hoeijmakers et al., 1980; Myler et al., 1984), are not common in
Theileria species. Perhaps the immune pressure against these parasites is diluted by
phenotypic differences in the major histocompatibility complex (MHC) of the host, as host
immunity against Theileria is largely cell-mediated (McKeever et al., 1994). However,
significant genetic variation is observed among parasite field isolates, and these differences
are considered to result mainly from recombination in the tick vectors (Katzer et al., 2006;
Morzaria et al., 1993; Weir et al., 2007) although other mechanisms, such as genetic drift

(Weir et al., 2010) and mutations (Bishop et al., 1997), can also contribute to genetic
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variation. Genetic variation among the coding sequences of some vaccine candidate antigens
is @ major constraint for the development of subunit vaccines. Therefore, vaccine control
strategies against Theileria parasites should preferably be designed in light of their genetic
diversity. Evidence for the influence of host immunity on parasite genetic diversity has been
reviewed in the recent past (McKeever et al., 2009). In the present review, therefore, we
summarize recent progress in research on these important aspects of genetic diversity in

Theileria parasites.

3.1. Mechanisms underlying genetic diversity in Theileria

Theileria parasites use several mechanisms to generate genetically diverse
populations, and recombination can be considered a primary underlying mechanism. Genetic
recombination is the exchange of genetic material between two homologous DNA sequences,
and is thought to be an important mechanism leading to genetic diversity within a species
population (Deitsch et al., 2009). Recombination during sexual reproduction is seen in
several apicomplexan parasites, such as Plasmodium falciparum (Conway et al., 1999),
Cryptosporidium parvum (Feng et al., 2002), and Toxoplasma gondii (Minot et al., 2012).
Genetic recombination also occurs in populations of T. parva and T. annulata (Henson et al.,
2012; Katzer et al., 2006; Weir et al., 2007). Recombination between two different T. parva
stocks was demonstrated by analyzing parasite progenies derived from ticks that fed on cattle
infected with two different stocks of the parasite (Henson et al., 2012; Katzer et al., 2011;
Morzaria et al., 1993). A recently estimated genome-wide recombination rate for T. parva
(Katzer et al., 2011) suggested that this parasite has a higher effective number of
recombination events than those of several other protozoan species (Jiang et al., 2011; Khan

et al., 2005; Martinelli et al., 2005; Sibley et al., 1992; Su et al., 1999; Tanriverdi et al., 2007,
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Walker-Jonah et al., 1992) (Table 1).

Several studies that have analyzed genetic diversity in individual genes or gene
families have also provided supportive evidence for recombination in Theileria species. TaSP,
which is a surface antigen of T. annulata, is expressed in both sporozoites and schizonts
(Schnittger et al., 2002). With the exception of the terminal conserved regions, the TaSP gene
sequences are highly diverse. Intragenic recombination, which results in a mosaic pattern of
genetic diversity, and substitutions by mutation in TaSP were suggested to be the underlying
mechanisms of diversity in this gene (Schnittger et al., 2002). Genetic diversity has been
extensively studied in Tams-1, a T. annulata merozoite antigen (Gubbels et al., 2000b, 2001,
Katzer et al., 1998). The mosaic pattern of genetic diversity observed among Tams-1 gene
sequences from different isolates is also likely to be generated by intragenic recombination,
by which the variable domains are exchanged (Gubbels et al., 2000b). Although a
homologous antigen, called the 32 kDa antigen (Tpms-1), has been detected in T. parva, its
full pattern of genetic diversity has not been established (Skilton et al., 2000). In addition to
the genetic diversity generated by intragenic recombination among single-copy gene
sequences, this mechanism has also been implicated in the diversity observed among
members of the multicopy gene family SVSP (Schmuckli-Maurer et al., 2009). Interestingly,
the mRNA expression profiles of selected T. parva SVSPs differed between the individual
genotypes, with a particular SVSP expressed only in a minor percentage of the parasites
(Schmuckli-Maurer et al., 2009). Weir et al. (2010) observed that the sequences of T.
annulata SVSP gene family members were also polymorphic between isolates, with the
underlying mechanism generating such diversity suggested to be recombination.

T. parva PIM, which is a homologous antigen to T. annulata TaSP, is also expressed
in the sporozoite and schizont stages (Toye et al., 1991). Strong humoral immunity against

the PIM is often observed in infected cattle, and therefore this antigen is a target for the
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development of serodiagnostic assays (Katende et al., 1998). Similar to TaSP, PIM gene
sequences are characterized by conserved terminal and diverse central regions (Toye et al.,
1995). However, the major mechanism behind this type of polymorphism is thought to be
gene conversion (Geysen et al., 2004), a mechanism by which a fragment of genomic DNA is
nonreciprocally copied onto a homologous fragment (Duret and Galtier, 2009; Galtier et al.,
2001). A recent genome project identified a PIM/TaSP orthologous gene in T. orientalis
(TOT_040000883) (Hayashida et al., 2012). Comparative studies exploring the mechanism of
genetic diversity in PIM/TaSP and orthologous genes in other Theileria species are now
required.

Gene isolation, as characterized by restricted gene flow among populations
(Seehausen et al., 2014), and genetic drift, as defined by random changes in allelic frequency
due to chance (Charlesworth, 2009), can also influence genetic diversity in Theileria species
at a population level. Gene isolation and genetic drift often limit genetic diversity or
genotypic distribution within a finite population (Livingstone, 1972). TashHN and SuAT1
genes, which are members of the T. annulata TashAT gene family, were found to be
geographically substructured when Turkish and Tunisian isolates were phylogenetically
analyzed (Weir et al., 2010). Furthermore, the Tunisian sequences were found to be highly
conserved. Thus, it was suggested that genetic variation in these two T. annulata genes was a
result of gene isolation and genetic drift (Weir et al., 2010).

Although the ultimate source of genetic diversity is mutation (Frankham et al., 1980),
the extent of its direct influence on genetic diversity in Theileria is not very clear. However,
mutations can potentially make significant contributions to genetic diversity in Theileria
parasites under certain circumstances. Each member of the T. parva multicopy gene family
Tpr includes one, two, or three of the repeat elements Tpr3, Tpr2, and Tprl (Baylis et al.,

1991). A repeat element is usually conserved among genes of a Tpr family in a particular
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genome. For example, copies of Tprl and Tpr2 within the T. parva Muguga genome showed
that the Tprl sequences were 90% similar, while the Tpr2 sequences shared 97% similarity
(Bishop et al., 1997). However, the sequence similarity of Tprl or Tpr2 between the Muguga
sequences and other T. parva isolates was found to be only 75% (Bishop et al., 1997). The
conserved nature of the repeated elements in Tpr within a particular genome was thought to
be caused by the rapid dissemination of mutations occurring within the individual gene
copies through various mechanisms, such as unequal crossing over and gene conversion,
assisted by their tandem arrangement (Bishop et al., 1997). Even so, although a mutation may
not always result in pronounced genetic diversity, it could play an important role in Theileria
survival. For example, mutations in CTL antigen epitopes were found to facilitate immune
evasion in T. parva and T. annulata (Connelley et al., 2011; MacHugh et al., 2011) (see
section 3.2).

The T. parva sporozoite-specific antigen p67 is highly immunogenic and induces
neutralizing antibodies (Musoke et al., 1992). Interestingly, p67 is highly conserved among
cattle-derived isolates, while in buffaloes it is not only genetically diverse, but also diverged
from cattle homologs (Nene et al., 1996). Its homologous antigen in T. annulata (called
SPAG-1) shows similar immunogenic characteristics to p67 (Boulter et al., 1994), but several
allelic forms of SPAG-1 were found in cattle populations (Katzer et al., 1994). A recent study
showed that p67 is in a genomic region with low recombination activity (Katzer et al., 2011).
However, this observation does not rule out possible recombination between p67 alleles, as
detailed bioinformatic analyses have not been carried out on this gene. Nevertheless, the
exact mechanism underlying genetic variation in p67 and SPAG-1 is not known. The recently
completed genome project identified an orthologous gene in T. orientalis (Hayashida et al.,
2012). Although its pattern of genetic diversity has not been determined, it is likely that this

gene is also diverse among different genotypes of the parasites, because buffaloes play an
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important role in T. orientalis evolution (Altangerel et al., 2011b) as is the case for T. parva.

The MPSP gene of T. orientalis, which is considered orthologous to T. parva p32 and
T. annulata Tams-1 genes (Hayashida et al., 2012), exhibits a different type of genetic
diversity. Unlike T. annulata Tams-1, the MPSP gene sequences obtained from
geographically different isolates cluster into limited numbers of clades in the phylogenetic
tree (Khukhuu et al., 2011). Although four major genotypes were initially described based on
a limited number of MPSP gene sequences (Kakuda et al., 1998; Sarataphan et al., 1999),
analyses of a large number of the sequences showed that there are at least 11 genotypes,
which include types 1-8, N1, N2, and N3 (Jeong et al., 2010; Khukhuu et al., 2011; Kim et
al., 1998). These gene sequences share low sequence identities among the genotypes
(Khukhuu et al., 2011), while the sequence identities within each clade are high (Altangerel
et al.,, 2011a; Kim et al., 1998). Therefore, recombination between the different MPSP
genotypes seems unlikely. We believe that the ongoing accumulation of point mutations and
recombination within the MPSP genotypes could eventually lead to the formation of a novel
allele.

In summary, several mechanisms, including recombination, isolation, genetic drift,
and mutation, maintain genetic diversity in Theileria parasites. A thorough knowledge of the
pattern and underlying mechanism of genetic diversity is essential to assess the possible

limitations for using an effective polymorphic antigen-based subunit vaccine.

3.2. Immunity-mediated genetic diversity

The primary immune response against the schizont stages of Theileria parasites is
thought to be cell-mediated, but the immunity is potentially strain-specific (McKeever et al.,

1999). Early studies have suggested that a combination of several strains is essential for
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successful immunization with a live Theileria vaccine (Uilenberg, 1999). The effect that
genetic diversity in T. parva and T. annulata has on host immunity has recently been
reviewed. In this section, therefore, we have focused on recent developments in this area.
Several recent studies have examined genetic diversity in CTL antigens. Among the
CTL determinants in T. parva, higher genetic diversity is observed in Tpl and Tp2 variants
than in other such antigens (MacHugh et al., 2009; McKeever, 2009). When these gene
sequences were analyzed, high dN/dS values (i.e., the ratio between the number of
nonsynonymous substitutions per nonsynonymous site and number of synonymous
substitutions per synonymous site) were observed (Pelle et al., 2011). However, positive
selection acting on the T cell epitopes in the CTL antigens was not detected (Pelle et al.,
2011). A later study, which analyzed the effect of amino acid substitutions in different
locations of the Tp2 epitope on T cell receptor (TCR) recognition, found that amino acid
substitution at the 3" or 6™ positions of the Tp240.50 epitope did not affect TCR recognition,
and that the amino acid residues in these positions were conserved among several natural
variants of this epitope (Connelley et al., 2011). Interestingly, the amino acid substitutions in
natural variants of Tp249.59 preferentially occurred in positions that may be critical for the
variants to escape from host cell-mediated immunity (Connelley et al., 2011). Recently,
several CTL antigens have also been described in T. annulata. In particular, extensive genetic
diversity was observed in the Ta9 gene (MacHugh et al., 2011). The amino acid substitutions
in the Ta940.40 epitope resulted in loss of or differential recognition by CD8" T cell clones
(MacHugh et al., 2011). These findings indicate that genetic diversity in CTL epitopes could
have been driven by cell-mediated immunity in host animals. However, immune pressure on
the CTL antigens would be diluted by the phenotypic variations in host MHC molecules
(McKeever, 2009). Therefore, the currently observed variations in the amino acid residues

essential for MHC binding and TCR recognition may be influenced by the dominant MHC
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class I haplotypes of the host animals (McKeever, 2009).

For T. orientalis, the published information allows us to use the MPSP gene to focus
on host immunity-mediated selection of this parasite. MPSP is known to include determinants
for humoral and cellular immunity (Onuma et al., 1998; Kakuda et al., 2001). This antigen
has also been considered as a vaccine candidate against theileriosis caused by T. orientalis
(Onuma et al., 1998). Two CD4" T cell epitopes were mapped in MPSP, and amino acid
substitutions were found in those epitopes among field variants (Kakuda et al., 2001).
However, further studies are essential to confirm whether the amino acid substitutions
observed among these epitopes facilitate immune escape.

It is becoming clear that host immunity plays a key role in creating genetic diversity
in Theileria species. While facilitating the survival of the parasite population, such immunity-
mediated genetic variation highlights the difficulties faced by immune control methodologies

targeting Theileria parasites.

3.3. Genetic diversity: a stumbling block for the development of subunit vaccines?

Although several studies have been undertaken in the past to evaluate the potential of
recombinant subunit vaccines against Theileria parasites (Boulter et al., 1995, 1999; Honda et
al., 1998; Morzaria et al., 2000; Musoke et al. 1992; Onuma et al., 1998), no such vaccines
are currently available for routine use. T. parva p67 is one of the most extensively
investigated vaccine candidates. Musoke et al. (1992) showed that immunization with
recombinant p67 protected 70% of the infected animals from severe disease. The conserved
nature of the p67 gene among cattle-derived T. parva parasites highlights the potential use of
p67 as a subunit vaccine against ECF (Nene et al., 1996). In contrast, out of five epitopes

recognized by a set of sporozoite-neutralizing monoclonal antibodies, absolute conservation
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was observed only for a single epitope among the p67 sequences sourced from the buffalo-
derived parasites (Nene et al., 1999, 1996). In addition, a recent study showed that genetic
diversity in p67 was higher than that expected in buffalo-derived parasite populations in
South Africa (Sibeko et al., 2010). The homologous p67 antigen of T. annulata, SPAG-1, has
also been evaluated for its potential as a vaccine (Boulter et al., 1998, 1999). SPAG-1 was
able to reduce the parasitemias of cattle infected with T. annulata, while increasing the
prepatent and incubation periods of infection and the survival rates among the immunized
cattle (Boulter et al., 1999). Neutralization-sensitive epitopes have been identified in the C-
terminal of SPAG-1, which shares 57% similarity with that of p67 (Knight et al., 1996).
Although the SPAG-1 gene is genetically diverse among field isolates, antibody responses
against its epitopes are largely conserved (Williamson et al., 1989). Nevertheless, SPAG-1
and p67 were found to induce cross-species protection (Hall et al., 2000). Therefore, it is
reasonable to speculate that genetic diversity in p67 and SPAG-1 may not constrain the use of
these antigens as vaccines. These conserved immune responses may also imply that the
effects of p67-induced host immunity on the parasites would be diluted at the population
level because of variations in the MHC class 11 alleles of the host (Ballingall et al., 2004).

In addition to the antigens that are involved in host humoral immunity, those
associated with cell-mediated immunity are promising vaccine candidates. One of the major
obstacles in using CTL antigens for immunization is that the CTL responses they induce may
be parasite strain-specific because of differences in the MHC class | haplotypes of the host
animals (Goddeeris et al., 1990). Seven candidate antigens, Tpl, Tp2, Tp4, Tp5, Tp7, Tp8,
and Tp9, have been identified in T. parva as CTL antigens (Graham et al., 2006; Katzer et al.,
2006). Subsequently, the CTL epitopes in these antigens and their respective MHC restriction
elements were determined (Graham et al., 2008). However, the CTL responses were directed

toward a single CTL determinant, based on the host MHC class | haplotypes (MacHugh et al.,
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2009). In brief, CTLs collected from T. parva-immunized cattle bearing A10 and A18 MHC
class | haplotypes were shown to preferentially react with either Tpl or Tp2, but not with
other CTL antigens (MacHugh et al., 2009), confirming a previous suggestion that the CTL
response might be characterized by immunodominance (Taracha et al., 1995b). MacHugh et
al. (2009) also observed that Tpl and Tp2 epitopes in natural variants were polymorphic, and
that the Tp2 epitope variants resulted in differential recognition by the CTLs. In agreement
with these findings, the loss of TCR recognition caused by CTL epitope diversity in Tp2 was
found to be associated with immune escape (Connelley et al., 2011). In contrast, the CTLs
collected from vaccinated cattle reacted with a Tp1 epitope (Tplo14-224) from different strains,
suggesting that the genetic variations in this epitope may not result in altered immune
responses (Steinaa et al., 2012). However, variation in the Tpl epitope is limited only to its
last two residues among natural variants that have been identified thus far (MacHugh et al.,
2009). Additionally, the important amino acid residues for TCR recognition in the Tpl
epitope have not been defined yet. Therefore, the findings of these studies may not be
conclusive as yet.

Similar to T. parva, primary immunity against T. annulata is cell-mediated. The
involvement of CD4" T cells and CTLs in host immune control of this parasite has been
suggested (Preston et al., 1999). Analyses of the immune responses to T. annulata found that
CTL responses were strain-specific, characterized by immunodominance, and determined by
host MHC class | haplotypes (MacHugh et al., 2008, 2011). Ta9 is a CTL antigen of T.
annulata, and its sequencing analysis showed that the CTL epitopes in the Ta9 variants were
polymorphic and that the genetic diversity resulted in different recognition patterns in the
CTLs (MacHugh et al., 2011). Although a single gene with weak homology to Tp9/Ta9 was
recently reported in T. orientalis (Hayashida et al., 2012), further studies are needed to

determine its role in CTL response and to define the genetic diversity of its potential epitopes.
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Nevertheless, it is clear that immune responses against T. parva and T. annulata are tightly
focused and based on MHC-I haplotype recognition of certain CTL determinants creating
immunodominance together with genetic variation in CTL epitopes.

T. orientalis MPSP is a vaccine candidate antigen against infection with this parasite
species (Onuma et al., 1998). Despite high antibody titers against MPSP in persistently
infected cattle, recurrent of parasitemia is often observed, suggesting that host humoral
immunity against MPSP is insufficient to completely control the infection (Onuma et al.,
1998). Furthermore, antibody response against MPSP can be type-specific (Iwasaki et al.,
1998; Yokoyama et al., 2012). In MPSP, two CD4" T cell epitopes were identified using T
cells collected from Holstein cattle pre-immunized with recombinant MPSP (Kakuda et al.,
2001). However, genetic diversity in the epitopes was evident when the epitopes in several
MPSP-types were analyzed (Kakuda et al., 2001). Even so, while these epitopes were able to
induce production of interferon-y (IFN-y) in the T cells collected from the T. orientalis-
infected Holstein cattle, T cells from Angus and Japanese Black cattle did not respond fully to
epitope stimulation (Yamaguchi et al., 2010). The reason for these observations was
suggested to be related to differences in the MHC class Il haplotypes of the cattle. Therefore,
genetic diversity of potential CD4" T cell epitopes in MPSP and variation among MHC
haplotypes in different cattle breeds may complicate the development of an MPSP-based
subunit vaccine against T. orientalis.

Despite several decades of research aimed at developing recombinant vaccines
against Theileria parasites, such vaccines are still unavailable. In addition to MHC haplotype
variation, genetic diversity in Theileria parasites constrains the development of subunit
vaccines. Attempts to develop subunit vaccines against Theileria species will become fruitful
only if the genetic diversity in parasite populations and the variation among MHC haplotypes

could be orchestrated in a way that would cover most of the diversity in the parasite and host
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populations.

3.4. Relationships between genetic diversity, host specificity and virulence in Theileria

parasites

How virulent a Theileria species is generally depends on the host species it infects.
Buffaloes usually remain asymptomatic when infected with Theileria (Mckeever, 2009). In
contrast, these parasites cause clinical disease in cattle with varying degrees of severity
(Eamens et al., 2013; Irvin and Mwamachi, 1983). Although T. parva derived from cattle (T.
parva parva) and buffalo (T. parva lawrencei) differ genetically from each other (Hayashida
et al., 2013; Nene et al., 1999; Pelle et al., 2011), they cause more or less equally severe
diseases in cattle (ECF and Corridor disease, respectively) (Nambota et al., 1994). However,
low virulence, which affords the parasite greater immune engagement with its host, is thought
to account for the high genetic diversity of T. parva in buffaloes, whereas, in cattle, parasites
that cause severe disease leading to acute death have a reduced chance of immune-mediated
selection acting on them (McKeever, 2009). Therefore, it appears that parasite virulence
influences genetic diversity in T. parva, not the other way around. In addition, the evolution
of T. parva in African buffaloes began well before the parasite evolved adaptions to cattle,
and therefore, this could also be a reason why the genetic diversity of T. parva is greater in
buffaloes than in cattle (Pelle et al., 2011).

In contrast, evidence is mounting on the genotype-dependent virulence of T. orientalis
in cattle. A recent study in Australia found that MPSP-type 2 was involved in several clinical
cases in the infected cattle (Eamens et al., 2013). Although Aparna et al. (2011) detected the
MPSP-type 7 in clinical theileriosis cases in southern India, no attempts were made to

identify the different MPSP-types in the mixed infections. MPSP-type 2 has been identified
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in Japan, China, Korea, Australia, and Brazil (Fig. 3) (Eamens et al., 2013; Kang et al., 2012;
Ota et al., 2009; Sivakumar et al., 2011; Yokoyama et al., 2011). It is noteworthy that most of
these countries have experienced clinical outbreaks caused by T. orientalis in their cattle
populations (Eamens et al., 2013; Kamau et al., 2011; Kobayashi et al., 1991; Minami et al.,
1980). In addition to genetic diversity in the parasite, the breed of cattle can also play a
significant role in parasite virulence. In an experimental infection, Terada et al. (1995) found
that Japanese Black calves were relatively resistant to T. orientalis infection, as characterized
by lower parasitemias and higher minimum hematocrits and RBC counts than those of
Holstein calves. In addition, despite the Japanese Black cattle being used to infection with
several MPSP-types, including type 2 (Yokoyama et al. (2011), the animals seldom showed
signs of anemia (Ota et al., 2009).

The genotypic distribution of T. orientalis has been investigated in different host
animals. Differences in the MPSP-types were found not only between the host species but
also among geographically different regions, as summarized in Fig. 4. Type-6 was detected in
cattle and yaks, but not in water buffaloes, while the N1 type was detected only in water
buffaloes (Liu et al., 2010; Sarataphan et al., 2003; Sivakumar et al., 2014). The N1 type of
the MPSP gene sequence is 3 bp longer than other MPSP-types, except for type 6 (Kawazu et
al., 1999; Sivakumar et al., 2014). Based on their host specificity and genetic variation,
Kawazu et al. (1999) proposed that the N1 genotype should be classified as a different
species of Theileria. Types 2 and 8 are predominant among cattle populations (Kang et al.,
2012; Perera et al., 2013; Yokoyama et al., 2011), although we recently detected type 2 in a
water buffalo bred in Egypt (manuscript submitted). However, the buffalo populations in the
type 2-endemic countries have not been surveyed for T. orientalis MPSP-types as yet, and
therefore further studies are essential to confirm the host specificity of types 2 and 8.

Nevertheless, we suggest that, in general, there is a relationship between host specificity and
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MPSP-types in T. orientalis. Although several T. orientalis genotypes occur commonly
among cattle and water buffaloes, cross-infection profiles between these host animals were
different in some of the endemic countries, possibly due to the differences in the transmission
vectors. For example, although the cattle populations in Sri Lanka were infected with types 1,
3, 5, and 7, N1 and N2 were the only types detected in buffaloes (Figs. 3 and 4) (Sivakumar
et al., 2013, 2014). While there is no specific barrier for the transmission of cattle-derived
MPSP-types to buffaloes, as types 1, 3, 5, and 7 were also found in water buffaloes bred in
other countries (Altangerel et al., 2011b; Khukhuu et al., 2011), the transmission of these
genotypes was somehow limited in Sri Lanka (Sivakumar et al., 2014). The differences in the
tick species feeding on the cattle and water buffaloes (Dovaudi et al., 2008) may explain the
differences in the genotypes that infect these host animals in Sri Lanka. However, further
studies are essential to identify the tick species that may transmit T. orientalis to the cattle
and buffaloes in this country.

Genetic diversity in parasite populations has the potential to greatly impact the control
of Theileria species. For example, improved knowledge of genetic diversity in T. parva may
allow researchers to identify the source of infection and predict the epidemiology of an
ongoing outbreak. For T. orientalis, investigation of MPSP-types could provide useful
information about the severity of the infections caused by this species. Thus, investigation of
genetic diversity in T. orientalis would enable veterinary authorities to identify appropriate

control measures to combat infection with this species.

4. Concluding remarks

Attempts to unravel the evolutionary history of the piroplasmids, an order that

includes Theileria parasites, has created controversy among researchers. However, what most
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researchers agree on is that our current knowledge does not provide a complete evolutionary
picture of these parasites. The roles played by amphibians and reptiles have never been
examined in the evolutionary studies, although, according to a report by Schnittger et al.
(2012), they could have been involved in the early evolution of the piroplasmid ancestors.
Therefore, more comprehensive studies linking various host species, such as mammals, birds,
amphibians, and reptiles with their tick vectors and the piroplasmids may provide a clearer
picture of piroplasmid evolution. Nephromyces species show marked differences from the
piroplasmids, although they form a sister clade in the phylogram (Saffo et al., 2010). While
all the piroplasmids are obligatory intracellular parasites by nature, Nephromyces species
survive in the extracellular compartments of their hosts (Saffo et al.,, 2010). Therefore,
including Nephromyces in future evolutionary studies may produce more meaningful
conclusions.

Much research has been done to genetically characterize Theileria species. Whole
genome sequences of the three major Theileria species of economic significance (T. parva, T.
annulata, and T. orientalis) are now annotated and available for comprehensive examination
(Gardner et al., 2005; Pain et al., 2005; Hayashida et al., 2012). In the past, many studies on
genetic diversity in Theileria were restricted to investigating single genes; however,
researchers can now use the data from whole genome sequencing for genome-wide diversity
studies (Hayashida et al., 2013). Certainly, benefits can be gained from comparing the non-
transforming and transforming Theileria genomes for identification of the host-cell
transforming determinants (Hayashida et al., 2012). In future, comparisons of the genetic
characters of T. parva and T. taurotragi may also provide insight as to why the latter has low
pathogenicity in cattle, despite both parasites being phylogenetically close to each other
(Allsopp et al., 1994; Gubbels et al., 2000a; Lack et al., 2012). Subsequently, detection of

genetic variation between these two parasite species may allow researchers to list the genetic
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determinants related to the virulence characteristics of T. parva and T. annulata. Similarly,
comparative genomic analysis of T. parva and Theileria sp. (buffalo) might shed an
additional light on the host specificity and pathogenicity differences between these parasite
species. Regarding molecular vaccines, several researchers have proposed that a cocktail
containing the antigenic determinants targeting sporozoite neutralization, CD4" T cells, and
CTL may be effective against infection with Theileria parasites (McKeever et al., 1999;
Preston et al., 1999). However, genetic diversity, among other factors, could have a negative
influence on the development of such vaccination strategies. Nevertheless, studies on genetic
diversity are relatively limited in T. orientalis, and almost all of them are based on MPSP.
The recently completed genome project has paved the way for diversification of the research
effort related to genetic variation in Theileria parasites (Hayashida et al., 2012). After
characterization of vaccine candidates, the newly detected antigens should be investigated for
their genetic diversity within the parasite population.

It is well known that recombination, which occurs in tick vectors during sexual
reproduction, is the primary mechanism generating genetic diversity in Theileria parasites.
While detailed studies on recombination are available for T. parva, recombination in T.
annulata and T. orientalis remains a relatively untouched area of research. In particular,
investigating genetic recombination between T. orientalis sub-populations belonging to
different MPSP-types has the potential to resolve the debate on the taxonomic classification
of this parasite species. Although past studies have provided insight into the evolution of and
genetic diversity within Theileria parasites, more comprehensive investigations are required
to gain better understanding of the evolutionary behavior of Theileria so that
immunologically sound control strategies targeting these economically important parasites

can be designed.
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Figure legends

Fig. 1. Phylogenetic analysis of 18S rRNA gene sequences. Sequences were aligned using the
online version of the MAFFT program (Katoh et al., 2002). The maximum likelihood
phylogenetic tree was constructed by MEGA version 5.2 (Tamura et al., 2011), based on the
Tamura-Nei substitution model (Tamura and Nei, 1993). Piroplasmids were classified into
different groups as previously described (Criado-Fornelio et al., 2003). Archeopiroplasmids
were considered to be the ancestors of piroplasmids. Theileria species of ruminants, which
form a monophyletic clade with a high bootstrap value, are considered to be true Theileria.
Note that the host-cell transforming parasites have a common ancestor and that the non-

transforming parasites evolved without pronounced host specificity.

Fig. 2. Phylogenetic analysis of T. parva p67 and its orthologous genes in T. taurotragi
(STAG-1), T. annulata (SPAG-1), T. lestoquardi (SLAG-1), T. orientalis, T. equi, and Babesia
bovis. Coding sequences were aligned using the online version of the MAFFT program
(Katoh et al., 2002). The maximum likelihood phylogenetic tree was constructed using
MEGA version 5.2 (Tamura et al., 2011), based on the Hasegawa—Kishino—Yano substitution
model (Hasegawa et al., 1985). Note that the host-cell transforming parasites have a common

ancestor and that T. taurotragi is closely related to T. parva.

Fig. 3. Phylogenetic analysis of T. orientalis MPSP gene sequences. After multiple alignment
using the online version of the MAFFT program (Katoh et al.,, 2002), the maximum
likelihood phylogenetic tree was constructed using MEGA version 5.2 (Tamura et al., 2011)
based on the Tamura 3-parameter substitution model (Tamura, 1992). Note that the MPSP

sequences can be classified into 11 allelic types.
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Fig. 4. The geographical distribution of T. orientalis MPSP-types reported in different host
species. The numbers 1-8 and N1, N2, and N3 in the circles represent the respective MPSP-
types. The colors of the circles indicate the different host species, as shown in the figure.
Note that the distributions of T. orientalis MPSP-types detected in cattle, water buffaloes,

yaks, and sheep differ among the various countries.
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Table 1 Recombination rates in various species

Organism Reference Recombination rate (kb/cM)?

T. parva Katzer et al., 2011 4.6

P. falciparum Jiang et al., 2011 12.8
Suetal., 1999 17
Walker-Jonah et al., 1992 15-30

P. chabaudi Martinelli et al., 2005 13.7

T. gondii Khan et al., 2005 104
Sibley et al., 1992 120-300

C. parvum Tanriverdi et al., 2007 10-56

Coprinopsis cinerea Stajich et al., 2010 33

Human Jensen-Seaman et al., 2004 795.6

Rat Jensen-Seaman et al., 2004 1656.1

Mouse Jensen-Seaman et al., 2004 1794.9

aLower values suggest higher recombination efficiency.
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