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SUMMARY

Much of the pathogenicity of the bovine disease tropical
theileriosis, caused by the protozoan parasite Theileria
annulata, results from the invasion of host erythrocytes
by the merozoite stage of the parasite. The aim of this
study was, primarily, to investigate the expression of
immunodominant, and potentially protective, antigens of
T.annulata merozoites. Furthermore, it was intended to
characterise the antigenicity and biochemical nature of a
previously identified 30 kDa merozoite surface
polypeptide, to clone the gene encoding this protein, and

to develop an in vitro merozoite invasion assay in order

to analyse the process of invasion in detail, particularly
with respect to the role of identified merozoite surface

proteins.

Theileria annulata macroschizont-infected cell lines

can be induced to produce merozoites by culture at an
elevated temperature (41°C). This in vitro system, in
conjunction with Western blotting techniques and
monoclonal and polyspecific antibody reagents, enabled the
identification of novel polypeptides, expressed by
uncloned and cloned cell 1lines (Ankara stock), and
associated with the production of merozoites. Two major
polypeptides were identified; the 30 kDa merozoite surface
polypeptide, and a 117 kDa merozoite rhoptry polypeptide.
Analysis of the two types of cloned cell line (enhanced
and diminished differentiaters) showed that, with respect

to monoclonal antibody reactivity, both of these molecules



were antigenically diverse and furthermore, the 30 kDa
polypeptide was shown to be polymorphic in size, as
diminished cloned cell lines possessed a 32 kDa molecule,
in contrast to the 30 kDa molecule associated with the
enhanced cloned cell lines. 1In addition, the analysis of
different T.annulata stocks, isolated from diverse
geographical regions, showed that the 30 kDa molecule is

extensively polymorphic.

Analysis of the 30 kDa and 32 kDa molecules by 2D-
PAGE, peptide mapping and amino acid sequencing showed
that the molecules are closely related. Furthermore,
periodate experiments showed that the molecules are
glycosylated, and that the sugar residues on the molecules
determine much of their antigenicity. The nature of this
glycosylation could not be determined using conventional
techniques of enzymatic carbohydrate cleavage or 1lectin
binding. The possibility that the 30/32 kDa molecules have
an unusual and complex carbohydrate composition, which
makes them difficult to analyse conventionally, is
discussed. Experiments involving extraction of the
molecules with the detergent Triton X-114 confirmed that
the 30/32 kDa polypeptides are integral membrane proteins.
Further studies carried out to determine if the 30/32 kDa
molecules are attached to the merozoite surface by a GPI-
anchor were inconclusive, and experiments designed to
determine if the molecules are secreted from the membrane
surface, or have protease activity, indicated that the

molecules did not have either of these properties.

Isolation of the gene coding for the 30 kDa protein



was attempted using two strategies; by immunoscreening a
T.annulata piroplasm genomic expression library with
polyspecific antiserum, and by screening a cloned cell
line (D7) genomic library with two oligonucleotide pools
derived from 30 kDa protein amino acid sequence data.
However, neither of these approaches were successful, and
the possible reasons for this are examined. The in vitro
invasion of bovine erythrocytes with culture-produced
merozoites was achieved to a limited extent, with the
observation of piroplasm forms. However, the estimated
percentage of parasitised erythrocytes was too 1low to
allow the system to be used as a reproducible assay of
invasion, and the possibility that merozoites generated in

vitro differ from merozoites generated in vivo is

discussed.
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GENERAL INTRODUCTION



INTRODUCTION

1:1 Tropical Theileriosis

Tropical theileriosis 1is a debilitating and often fatal
disease that threatens around 200 million cattle worldwide
(Purnell, 1978). The organism that causes the disease is a
protozoan parasite belonging to the genus Theileria in the
sub-phylum Apicomplexa, the class Sporozoea, and order
Piroplasmida (Levine et al., 1980). The species Theileria
annulata causes tropical theileriosis in cattle and
domestic buffalo, and the parasite is transmitted by tick
vectors of the genus Hyalomma. The distribution of
Theileria annulata stretches from areas of southern Europe,
such as southern parts of Portugal, Spain, Italy, Bulgaria
and Greece, to southern Russia, the Middle East, Pakistan,
India and into China. 1In Africa, the parasite is found in
northern countries such as Morocco, Algeria, Tunisia,
Libya, Egypt and Sudan (Purnell, 1978; Dolan, 1992; and

Figure 1.1).

Indigenous cattle (Bos indicus) in the endemic areas

are relatively resistant to the effects of T.annulata
infection, and mortality is only around 5% (Neitz, 1957).
However, the indigenous cattle are not highly productive in
meat and milk, and productivity is reduced further by
infection with the parasite. Because of the expansion of
urban communities in developing countries, the demand for
milk and meat is increasing, and highly productive European
taurine (Bos taurus) breeds have been introduced into these
areas and cross-breeding programmes have been initiated

2



Figure 1.1:
Map showing the Distribution of the Theileria annulata Parasite



between the European breeds and local breeds.
Unfortunately, the European and European cross-bred cattle
are highly susceptible to tropical theileriosis, suffering
mortality rates varying from 40% to 95% (Hashemi-Fesharki,
1992), and this 1is a major constraint on 1livestock
improvement (Robinson, 1982). Furthermore, cattle which are
not killed by the disease can suffer abortion, infertility,
a reduction in milk yield and loss of body weight. Losses
also arise from the extra cost of keeping and treating
affected cattle. Estimates of the economic impact of
tropical theileriosis on milk and meat production in
affected areas are not available, but it is thought to be
significant (Jongejan, 1992), and the development of a
safe, effective and cheap method for the control of
tropical theileriosis 1is of great importance for the

economy of those countries affected.

1:1:1 The Theileria annulata Life-cycle

Theileria undergoes a complex life-cycle in the bovine host
and the tick vector, as illustrated in Figure 1.2. The
Theileria annulata parasites are transmitted by ticks of
the genus Hyalomma. The ticks may feed on different cattle
as larvae, nymphs and as adults (three-host ticks, for

example, H.anatolicum anatolicum), or as larva and nymph on

one host, and as adults on a second host (two-host ticks,
for example, H.detritum) (Jongejan, 1992; Robinson, 1982).
After the tick feeds on an infected animal, the disease is
transmitted to another animal by the next stage of the tick
(transtadial transmission). Transovarian transmission, by

3
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stages of the next generation of ticks, does not occur.
Most commonly, the larvae or nymphal stages of the ticks
feed on infected cattle and then the adult ticks transmit

the parasite to disease-free animals.

1:1:1:1 The Bovine Host Stages

Theileria species are transmitted by the tick vector as
sporozoites, which are inoculated into the cattle with the
saliva of an infected tick as it feeds. These invade a
variety of leucocyte cell populations, where they
differentiate to the macroschizont stage (Neitz, 1957).
Spooner et al. (1988, 1989) and Glass et al. (1989) have
shown that T.annulata preferentially infects major
histocompatibility complex (MHC) class II-positive cells of
the immune system, particularly B-cells and cells of the
monocyte/macrophage 1lineage, and does not infect T-cells.
However, these experiments were undertaken in vitro, and in
vivo, it has been shown that infected cells stop expressing
a number of surface markers (Spooner and Brown, 1980),
including those of monocytes and B-cells (Spooner et al.,

1988). Therefore, it is difficult to specifically

determine the cell-type infected in vivo. The sporozoites
invade the host cells rapidly (Jura, 1981; Fawcett et al.,
1982i; Jura et al., 1983), most sporozoites completing
penetration in 30 to 60 minutes. There are conflicting
theories on the method of Theileria sporozoite invasion.
Fawcett et al. (1982i) showed that invasion can occur at
4°c, probably by passive endocytosis. In contrast, Jura et

al. (1983) has shown invasion to be an active, temperature-

4



dependent process, with an optimum at 37°C. In either case,
the process of invasion begins when the membranes of the
parasite and host cell come into very close apposition. The
sporozoite sinks into a deepening invagination of the
target host cell until the sporozoite is completely
surrounded by host membrane and is interiorised (Jura et
al., 1983). Mehlhorn and Schein (1984) have reported that,
unlike other sporozoan parasites, such as Eimeria or

Plasmodium, the Theileria sporozoites may enter in any

orientation, and do not require initial attachment of the
apical complex to the host cell membrane. Experiments
performed by Jura et al. (1983), however, suggest that the
sporozoites consistently attach to the lymphocytes by their
basal end. Once intracellular, the host cell membrane
surrounding the sporozoite fragments and disappears, and
the parasite remains bound by a single membrane (the
pellicle) during further development in the lymphocytes

(Schein et al., 1978; Webster et al., 1985).

The intracellular sporozoites first develop through a
transient uninucleate feeding stage, the trophozoite (Jura
et al., 1983), and then undergo nuclear division to form
multinucleate macroschizonts, which lie free within the
host cell cytoplasm (Mehlhorn and Schein, 1984; Shaw and
Tilney, 1992). The macroschizont has no obvious surface
coat, and pairs of schizont mitochondria and nuclei are
scattered randomly throughout the cytoplasm. The
macroschizont cytoplasm also contains membrane-free
ribosomes and some small clusters of polysomes but very few
other organelles. For example, it contains no smooth or

5



rough endoplasmic reticulum or golgi apparatus (Shaw and
Tilney, 1992). On being infected by the parasite, the host

cells are induced to proliferate permanently, and in vitro

studies indicate that the division of the parasite and
host cell occurs synchronously (Hulliger et al., 1964).
This has allowed the establishment, in vitro, of
continuously growing macroschizont-infected cell lines (see
section 1:1:4). The mechanism of the host cell
immortalization is unknown. However, in vitro, it has been
shown that T.annulata-infected peripheral blood lymphocytes
(PBL) constitutively express interleukin 2 (IL-2) receptors
(Hermann et al.,1989), and the growth of these cells can be
enhanced by the addition of human recombinant IL-2 (Ahmed
et al.,1991). There is also evidence that infected cells
can produce a factor with IL-2-like properties, and this
might be involved in an autocrine mechanism for the
proliferation of the infected cells (Ahmed et al., 1992).
In addition, there is evidence to suggest that Theileria-
infected 1lymphocytes require cell-cell contact in order to

proliferate indefinitely (Dobbelaere et al., 1991).

While the majority of macroschizont-infected cells
continue to grow and divide, a proportion of the
multinucleate schizonts are induced to differentiate to
become uninucleate, extracellular merozoites. This process
begins with a number of morphological changes; the
chromatin of the macroschizont nuclei condenses, and the
nuclei develop a distinct nuclear envelope. In the
cytoplasm, both rough and smooth endoplasmic reticulum
appears, and the outer surface coat of the schizont becomes

6



covered by a prominent outer coat (Shaw and Tilney, 1992).
The schizont nuclei then migrate to the periphery of the
schizont body, and rhoptries appear in the schizont
cytoplasm. The internal organelles then associate with the
nuclei so that they are arranged as they appear in the
mature merozoite. Unicellular merozoites are then formed
from the syncytial schizont and appear to bud out from the
surface of the schizont, into the host cell cytoplasm, to
produce the morphological form of the parasite which has
been called the microschizont (Mehlhorn and Schein, 1984).
The schizont residual body is left behind, which contains a
number of nuclei, rhoptries, mitochondria and some
endoplasmic reticulum. The merozoites are then 1liberated
from the host cell by the breakdown of the host cell plasma
membrane (Jarret and Brocklesby, 1966; Mehlhorn and Schein,

1984; Shaw and Tilney, 1992).

I vivo, schizonts start forming merozoites 8 to 10

days after infection with T.annulata. The mature merozoites
are pear-shaped and are 1-2um in 1length and 0.6um in
diameter (Mehlhorn and Schein, 1984). They have a large
nucleus, a rhoptry complex, micronemes and are surrounded
by a three-layered pellicle (an outer membrane and two
inner membranes). At the apical pole, subpellicular
microtubules are anchored to a polar ring (Schein et al.,
1978). The merozoite pellicle enables the parasite to
survive extracellularly, and to penetrate the host
erythrocytes. Little is known of the mechanism of

erythrocyte invasion, although work on Theileria sergenti

suggests that the anterior portion of the merozoite is

7



involved 1in the initial attachment to the host cell
(Kawamoto et al., 1990). Within the erythrocytes, the
merozoites develop into piroplasms, which have two forms;
an initial trophozoite form, followed by intraerythrocytic
merozoite forms (Conrad et al., 1985). The merozoites are
formed by the intraerythrocytic schizogony of the
trophozoites into quadruplet forms and they have the same
ultrastructural features as T.annulata merozoites produced
by intralymphocytic schizogony. 1In addition, there is some
evidence that infective merozoites produced by
intraerythrocytic schizogony may reinvade host erythrocytes
(Conrad et al., 1985). The piroplasm stage is infective for
the tick vector, which ingests the piroplasms while feeding
(Sergent et al., 1945), to complete the bovine phase of the

parasite life-cycle.

1:1:1:2 The Tick Vector Stages

Theileria piroplasms, contained within the erythrocytes of
the infected bovine host, are ingested by feeding ticks.
After ingestion, the erythrocytes are lysed and a variable
proportion of the piroplasms undergo a sexual cycle (Cowdry
and Ham, 1932; Mehlhorn and Schein, 1984). These piroplasms
first develop into macro- and microgametes (ray-bodies)
which undergo syngamy in the tick gut to form zygotes. The
zygotes enter the cell 1lining of the gut where they
differentiate into kinetes. These move through the
haemolymph to the salivary glands where they penetrate
salivary gland cells. This stage remains dormant until the
tick moults and the next stage starts feeding (Schein et

8



al., 1975). The parasites are then stimulated to replicate
and undergo nuclear division, forming a multinucleate
syncytium from which 1large numbers of uninucleate
sporozoites develop (Fawcett et al., 1982ii; 1985; Mehlhorn
and Schein, 1984). The sporozoites are secreted in the tick
saliva (Purnell and Joyner, 1968), and this is the stage

infective for the mammalian host.

Finally, it is interesting to note that the process of
sporogony has distinct similarities to the separate
processes of merogony and piroplasm differentiation, which
occur in the bovine host, because all three involve the
formation of uninucleate cells from a multinucleate
syncitium. Shaw and Tilney (1992) suggest that these
repeating patterns in the life-cycle of Theileria are
unlikely to have evolved independently, and they put
forward a hypothesis that a developmental pattern of
cellularisation was evolved only once, but has been used

repeatedly by the parasite throughout it’s life-cycle.

1:1:2 Pathogenesis

The pathogenesis of tropical theileriosis 1is associated
with the parasite-induced lymphoproliferation and
subsequent lymphodestruction, and the anaemia resulting
from the phagocytosis and destruction of infected
erythrocytes (Neitz, 1957; Barnett, 1977). The disease is
first manifest as a swelling of the lymph nodes, draining
the site of inoculation of the T.annulata sporozoites.

Discrete foci of macroschizont-infected 1leucocytes and



uninfected 1lymphoblastoid cells proliferate and develop
throughout the animal’s body, and, as the disease
progresses, a marked fall in peripheral blood leucocytes is
observed (Srivastava and Sharma, 1981; Eisler, 1988;
Preston et al., 1992). The onset of pyrexia, usually 10 to
13 days after infection, coincides with the detection of
macroschizonts in 1lymph node smears and with a phase of
extensive destruction of parasitised and non-parasitised
cells in the lymphoid tissues, which is associated with the
appearance of natural killer cells in the peripheral blood
(Preston et al., 1983 and see section 1:1:6). In addition,
in acute infections, severe anaemia can develop due to the
destruction of erythrocytes by the continuing replication
of piroplasms. In susceptible animals, the disease can be
fatal and death wusually occurs 3 to 4 weeks after
infection. Recovered animals commonly suffer relapses, and
they also act as a source of infection for the vector, as
they maintain a 1low level of parasitised erythrocytes

(Neitz, 1957).

1:1:3 Diagnosis and Epidemiologqy

Tropical theileriosis is diagnosed by the observed clinical
symptoms, or by the use of Giemsa-stained blood or tissue
smears to detect either macroschizonts or piroplasms. In
addition, indirect immunofluorescence antibody tests have
been used to detect piroplasm, cultured schizont antigen,
or sporozoite antigen (Shiels et al., 1986; 1989;
Glascodine et al., 1990). This method has been used for

epidemiological surveys also (for examples see Sayin et
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al., 1991; Flach et al., 1991), although it is an
inconvenient technique for screening large numbers of sera,
and so has limited use. This problem could be solved by the
use of an enzyme-linked immunosorbent assay (ELISA) (Gray
et al., 1980; Kachani et al., 1992). Further to this, the
technique of ELISA-detection has been tested, using
T.annulata (Ankara) sporozoite, schizont and piroplasm
antigens, and sera collected from animals before and after
immunization with T.annulata sporozoites (Kachani et al.,
1992). Wells were coated with each antigen and sera (pre-
infection or immune) added. 1In these experiments, it was
found that piroplasm antigens were most suitable for the
development of a highly sensitive ELISA because they
exhibited 1low non-specific pre-infection levels, and high
post-immunisation values (Kachani et al., 1992).

Alternatively, several Theileria annulata parasite genes

have been cloned and characterised (Hall et al., 1990;
Mason et al., 1989; Williamson et al., 1989). These could
be used as DNA probes (oligonucleotides) to detect parasite
DNA within samples of blood or tissues. The cloned extra-
chromosomal DNA element (Hall et al., 1990) could be
particularly useful in this context as it is present in all
life-cycle stages, all strains of T.annulata examined, and
in multiple copies per genome. DNA probes have been used in
epidemiological studies of T.annulata isolates originating
from Tunisia (Ben Miled et al., 1992). Two DNA probes,
randomly isolated from a genomic library constructed from
piroplasm DNA, were used to detect polymorphism in Southern
blots of DNA from the isolates. In this study, considerable
polymorphism was detected, both in macroschizont-infected

11



cell 1lines and in piroplasms, and no two isolates gave

identical patterns of hybridisation with the probes.

1:1:4 In vitro cultivation of Theileria annulata

The analysis of the Theileria parasite life-cycle has been
greatly assisted by the development of in vitro systems for
the cultivation of certain stages of the parasite; most
significantly in the establishment of macroschizont-
infected 1lymphocyte cell 1lines, and in the ability to

generate merozoites from these lines in vitro.

Macroschizont-infected cell 1line cultures can be
established from infected lymphoid tissue (Malmguist et
al., 1970), from peripheral blood mononuclear cells of an
infected animal, or by the in vitro infection of lymphoid
cells with Theileria sporozoites (Brown et al., 1973; Brown
1979; 1983; 1987). Sporozoites are usually isolated from
ground-up ticks (GUT extracts) or tick salivary gland
explants (Brown, 1981; Walker and McKellar, 1983). The
ticks are infected by feeding on infected bovids, or by the
percutaneous injection of infected blood (Jongejan et al.,
1981), and sporozoite production is stimulated by feeding
the ticks on cattle, goats, rabbits, or other mammals, for
a period of 3 to 5 days (Samish and Pipano, 1976; Singh et
al., 1979). Production can also be induced by maintaining
the ticks at elevated temperatures (37°C) with high
humidity (Samish, 1977), although fed ticks usually provide
a higher number of sporozoites (Walker and McKellar, 1983;

Reid and Bell, 1984). Peripheral blood mononuclear cells
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can then be infected with the sporozoites at 37°c, and
these develop into macroschizont-infected cell lines (Brown
et al., 1973). The cell lines, however initiated, can be
grown indefinitely as a cell line in the laboratory (Brown,
1979; 1981; 1983; 1987). The use of complex media, such as
RPMI 1640 supplemented with 15-20% foetal calf serum, has
replaced the initial need for feeder layers (Hulliger,
1965; Malmquist et al., 1970; Malmquist and Brown, 1974).
The parasites of the infected cell lines are dgenetically
heterogeneous, but from these, cloned cell lines can be
produced (Irvin, 1987), enabling cell lines of single
genotype to be studied. This development, in conjunction
with monoclonal antibody technology, has been important for
investigations into parasite molecular biology. For
example, different cloned cell lines of T.annulata can be
distinguished by monoclonal antibody reactivity (Shiels et
al., 1986; 1992), and by DNA restriction fragment length

polymorphism (Shiels et al. 1992).

When cultured at 37°C, macroschizont-infected cell
lines undergo no significant morphological changes. In
vivo, a proportion of schizonts undergo extensive nuclear
division and differentiate to become merozoites (section
1:1:1:1). Various approaches have been taken to generate
merozoites from macroschizont-infected cell lines in vitro.
Experiments performed by Danskin and Wilde (1976) with
T.parva showed that the addition of bovine lymph to 5-10%,
and the increase of foetal calf serum to 20 or 30%,
stimulated macroschizonts to produce merozoites in vitro.

Fritch et al. (1988) attempted to induce T.annulata
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merogony by using drugs to inhibit host cell division,
while not inhibiting the replication of the schizont
nuclei. The use of two mitosis-inhibiting drugs (colchicine
and taxol) resulted in a moderate increase in the number of
schizont nuclei, but merozoite formation was not seen. The
most successful and reproducible method for merozoite
production in vitro is the incubation of macroschizont-
infected cells at an elevated temperature (Hulliger et al.,
1966; Fritch et al., 1988; Glascodine et al., 1990). At the
elevated temperature (41°C), cell lines of 1low passage
number differentiate most efficiently, although, even then,
only a proportion of the parasites differentiate
(Glascodine et al., 1990; Shiels et al., 1992). However,
clones of T.annulata (Ankara) macroschizont-infected cell
lines have been isolated which undergo extensive
differentiation to produce large quantities of merozoites
(Shiels et al., 1992). These have been described as
"enhanced" differentiating cloned cell lines, in contrast
to "diminished" differentiating cloned cell 1lines, in
which few parasites differentiate to produce merozoites at

41°c.

The mechanism of the macroschizont differentiation to

the merozoite has not been fully elucidated. In vivo, the

production of merozoites is thought to coincide with the
onset of host pyrexia (section 1:1:2), and it was initially
thought that heat-shock proteins could be involved in the
induction of merogony. The gene encoding a T.annulata 70-

kilodalton heat-shock protein (hsp70) has been cloned and

shown to be expressed constitutively in sporozoites,
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piroplasms and in a macroschizont-infected cell 1line, and
hsp70 RNA expression from the macroschizont-infected cell
line did increase following heat shock at 42°C (Mason et
al., 1989). However, comparison of the expression of hsp70
RNA in enhanced and diminished differentiating cloned cell
lines showed that the level of hsp70 expression was equal
in the two types of cloned cell line before heat shock, and
increased to the same level after heat shock (B.R.Shiels,
unpublished observations). Therefore, although the
increased expression of heat-shock proteins may contribute
to the early stages of merogony, this 1is wunlikely to
initiate the process of differentiation. Interestingly,
studies on the differentiation of lLeishmania promastigotes
to amastigotes have shown that the increased expression of
hsp70 does not play a role on the regulation of
differentiation of this parasite also (Shapira et al.,
1988; Zilberstein et al., 1991). Comparison of the growth
of T.annulata enhanced differentiating cloned cell lines at
37°c and 41°C has given an indication of the events which
may initiate merogony in Theileria (Shiels et al., 1992).
It has been shown that at 37°C, the parasite divides
synchronously with the host cell, so that the parasite
maintains a steady number of macroschizont nuclei, and
remains a constant size. However, at 41°C, the growth of
the macroschizont becomes asynchronous with the division of
the host cell (Hulliger et al., 1966); the parasite nuclei
divide at an accelerated rate so that the nuclear number
increases, and after a certain point the host cell
division, and hence parasite cell division, decreases
(Shiels et al., 1992). Therefore, the parasite grows and
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eventually occupies a large proportion of the host cell,
and then differentiates to form merozoites. Therefore, it
is postulated that this disruption of synchrony between
parasite growth and host cell division determines
differentiation to the merozoite in vitro, and is a direct
response of the parasite and host cell to culturing at the
higher temperature. It is not yet known exactly how the
expression of schizont and merozoite polypeptides is
regulated, but it would be interesting to pinpoint any
stage-specific expression of merozoite polypeptides, and to
relate this to the expression of stage-specific schizont
polypeptides (Shiels et al., 1986; 1989; and see section
1:1:8). In this way, it is possible that the mechanism of
the regulation of macroschizont differentiation could be

elucidated.

A continuous cultivation system has not been
established for the piroplasm stages of T.annulata (Conrad,
1983), and there is no reproducible system for merozoite
invasion of erythrocytes in vitro. However, infected
erythrocytes can be maintained for 10 to 27 days in culture
at 37°c, allowing intraerythrocytic schizogony to be
observed (Conrad et al., 1985). Only limited cultivation of
the tick vector stages is possible also, although Kkinetes
can be produced from zygotes in tick organ cultures (Bell,

1984).
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1:1:5 Other bovine-infecting Theileria species

There are six species of Theileria which are infective for
bovids: T.annulata, T.parva, T.sergenti, T.mutans,

T.taurotragi and T.velifera (Uilenberg, 1981; Irvin, 1987).

Theileria parva causes East Coast Fever (ECF) in cattle

(Bos taurus) and the African buffalo (Syncerus caffer)

throughout East and Central Africa. It is transmitted by
the three-host tick species Rhipicephalus appendiculatus
and R.zambeziensis. Like T.annulata, imported European
cattle and their crosses are very susceptible to T.parva
infection. In addition, improved indigenous Zebu (Bos
indicus) cattle which originate from non-endemic areas are
severely affected by ECF. Up to 80-100% of animals of all
types and of all age groups may die once infected with the
parasite. ECF can be fatal even in indigenous cattle
originating from endemic areas, with mortality rates as
high as 50%, although this is mostly in calves (Irvin and
Morrison, 1987). Because of these high mortality rates,
control of the disease is of economic importance. For
example, 1in 1989, it was estimated that ECF killed 1.1
million cattle, costing U.S. $168 million in 1losses
(Mukhebi et al., 1992). The greater pathogenicity of ECF
compared to tropical theileriosis (section 1:1) is thought
to be associated with the different cell preferences of the
two types of parasite for infection. T.parva, unlike
T.annulata (section 1:1:1:1), can infect T-cells but not B-
cells or monocytes/macrophages. T-cells are important for
the immune system effector response (Morrison et al., 1987;
Innes et al., 1989ii), so once infected, T.parva may be
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able to subvert the T-cell effector function, and this
could 1lead to the greater severity of the disease compared
to that of tropical theileriosis (Glass et al., 1989).
Another major difference between T.annulata infection and
T.parva infection is that there is limited
intraerythrocytic division and no evidence of haemolytic
anaemia with T.parva infection, and pronounced 1leucopenia
is the usual cause of death in animals killed by ECF. 1In
severe T.annulata infections, not only does leucopenia
occur, but anaemia also arises from extended piroplasm
replication within the red cells (section 1:1:2). In
addition, the infections can be distinguished on the basis
of piroplasm morphology; the T.annulata piroplasms are
predominantly round and oval in shape, wheras T.parva
piroplasms are comma- and rod-shaped forms (Mehlhorn and

Schein, 1984).

Theileria sergenti is endemic in parts of Asia, and is

transmitted by ticks of the Haemaphysalis genus. It is a

parasite of domestic cattle and the theileriosis caused is
generally mildly pathogenic. However, infection with
T.sergenti, particularly when in conjunction with other
tick-borne haemoprotozoan parasite infections, can result
in mild pyrexia and anaemnia, which greatly reduces
productivity. For example, in Japan, the bovine
theileriosis caused by T.sergenti is an economically
significant disease, and is the most common protozoan
disease of grazing cattle in this country (Minami et al.,
1981). Taxonomically, two other benign species, which also
cause anaemia rather than leucopenia, and also originate
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outside of Africa, T.orientalis and T.buffeli, have
previously been classified with T.sergenti as the
T.sergenti/orientalis/buffeli parasite group. However, the
validity of this classification has been confused
(Uilenberg, 1981; Uilenberg et al., 1985), and recent
phenotypic and genomic characterisation of the three
species indicates that the species should be separated into
two taxonomical groups, i.e. T.sergenti and

T.orientalis/buffeli (Fujisaki, 1992).

The Theileria mutans species is a parasite of African

buffalo (S.caffer) and domestic cattle, and is also a
mildly pathogenic species. T.mutans is distributed by ticks
of the Amblyomma genus (Saidu, 1982). Similarly,
T.taurotragi is a mildly pathogenic species which is found
in Africa, although it is distributed by ticks of the

Rhipicephalus genus (Stagg et al., 1983). Theileria

velifera 1is a parasite of African buffalo, and 1like
T.mutans, 1is transmitted by ticks of the genus Amblyomma.

This species is not pathogenic to cattle (Uilenberg, 1981).

1:1:6 Bovine Immune Responses to T.annulata Infection

Animals which have recovered from a primary infection of
Theileria annulata are strongly immune to challenge with
the same stock of parasite, and a variable degree of
immunity is exhibited to challenge with heterologous stocks
(Gill et al., 1981). The recovered cattle develop
antibodies against all mammalian stages of the parasite,

and these antibodies can be used as markers of infection in
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immunological tests (Gray et al., 1980; Cowan, 1981; Irvin
and Morrison, 1987; Kachani et al., 1992). In addition, the
host may become resistant to tick infestation (Allen,
1973). There 1is evidence that this resistance is mediated
by mast cells, basophils and eosinophils (Gill and Walker,
1985), but it is unknown if such an inflammatory response
hinders or helps the establishment of the T.annulata

parasite in the bovine host (Innes, 1992).

The T.annulata 1life-cycle stages which are potential
targets for a protective host immune response are the
extracellular and invasive sporozoite and merozoite stages,
the schizont-infected cell, and the piroplasm-infected

erythrocyte.

1:1:6:1 Immune Responses to the S8porozoite

The infected host clearly has an anti-sporozoite immune
response as immune serum can inhibit the penetration of
sporozoites 1into uninfected host leucocytes in vitro (Gray
and Brown, 1981; Preston and Brown, 1985; Ahmed et al.,
1988). However, this is usually only observed with serum
derived from animals recovered from multiple challenge
infections (Preston and Brown, 1985). The sporozoite is
exposed to the host immune system for only a short time
(Brown et al., 1978), so repeated sporozoite challenge is
probably needed to boost the immune response so that the
titre of anti-sporozoite antibodies is high enough to
inhibit sporozoite infection. Serum from animals recovered
from primary infections is more likely to simply suppress
the development of the intracellular trophozoite to
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schizont. (Preston and Brown, 1985). Therefore, at best,
the host anti-sporozoite response probably functions to
reduce sporozoite infection and enable the host immune

system to control the infection.

1:1:6:2 Immune Response to the Schizont-infected Cell

By being intracellular, the schizont is protected from a
significant host immune response, and there is no evidence
to suggest that anti-macroschizont antibodies generated
during primary infection contribute to immunity (Kachani,
1990) . However, cell-mediated immune responses appear to be
effective against the schizont-infected cell. Infection-
associated antigens have been identified in surface
labelling experiments, and by monoclonal antibody
reactivity, on the surface of the parasite-infected cell
(Shiels et al., 1986; 1989). It has also been shown that
monocytes infected with T.annulata have high levels of MHC
class II markers expressed on their surface, and it is
postulated that T.annulata-infected cells may have an
augmented ability to present parasite antigens in
conjunction with the MHC class II markers, so that the
antigens can be recognised by T-cells (Glass et al., 1991;
Glass and Spooner, 1990). Preston et al. (1983) showed that
cytotoxic T-cells appear in the blood and lymph nodes of
calves recovering from T.annulata infection. Furthermore,
when immune cattle are challenged, two peaks of cytotoxic
cells are generated at approximately one and three weeks
after challenge. The first peak of cytotoxic cells is

found to comprise of bovine MHC-restricted cytotoxic T-
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cells, while the second peak is comprised of MHC-restricted
T-cells and non-MHC restricted natural killer (NK) cells.
Although macroschizont peptides which are associated with
class I MHC antigen and are also recognised by cytotoxic T-
cells have yet to be found, in vitro studies suggest that
the cytotoxic T-cells inhibit the proliferation of
macroschizonts in primary infections, and lyse
macroschizont-infected cells resulting from subsequent
challenges (Preston et al., 1983). These cytotoxic
responses are transient, but other effectors of the
cellular immune response appear to be involved also.
Adherent cells (presumed to be macrophages) can be isolated
from the peripheral blood of immunised calves over a period
of several weeks after T.annulata inoculation, and in
vitro, these exhibit strong cytostatic effects on
leucocytes infected with parasites from homologous or
heterologous stocks (Preston and Brown, 1988). In addition,
there 1is evidence that macrophage migration inhibition
factor (MIF) 1is secreted by sensitised leucocytes from
T.annulata-infected animals (Singh et al., 1977; Rehbein et

al., 1981; Ahmed et al., 1981),

1:1:6:3 Immune Response to the Merozoite and Piroplasm

Research on the nature of host immunity to the merozoite
and piroplasm stages is not as advanced as research on the
sporozoite and macroschizont stages. Antibody responses are
detected to piroplasm and merozoite antigens in cattle
recovering from T.annulata infection (Pipano, 1974; Irvin
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and Morrison, 1987), although there is no evidence that
anti-merozoite or anti-piroplasm antibodies, generated
during primary infections, contribute to host immunity
(Irvin, 1985; Hall, 1988). In immunofluorescence assays,
serum taken from an animal immune to T.annulata challenge
reacts with free merozoites, but not with the surface of
infected erythrocytes (Ahmed et al., 1988), and monoclonal
antibody and surface labelling experiments do not detect
T.annulata infection-specific erythrocyte surface antigens
(Glascodine, 1989). This indicates that parasite-derived
antigens are not presented on the erythrocyte surface 1in
the same way as schizont infection-associated antigens are
presented on the surface of the infected leucocyte, and
therefore the piroplasm-infected erythrocyte is probably
not a target for a cellular or humoral immune response.
This is in contrast to malaria parasites, which incorporate
parasite proteins into the erythrocyte membrane, some of
which form antigenic determinants on the surface of the
infected erythocyte (Howard et al., 1988). However, the
Theileria merozoite stage is extracellular and a potential
target for a host immune response. The nature of such a
response is unknown, but it is likely to be mainly a
humoral response, similar to that against the sporozoite.
Interestingly, research on T.sergenti has shown that the
passive transfer of a monoclonal antibody, which detects a
merozoite and piroplasm surface polypeptide, resulted in a
protective effect against T.sergenti infection in calves
(Tanaka et al., 1990). Like T.sergenti, the invasion of

erythrocytes by the T.annulata parasites and their
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subsequent intracellular division, results in host anaemia.
Therefore, an effective host immune response against
T.annulata merozoites 1is probably important for the
development of successful immunity, or at least for a
reduction of the pathogenicity of severe tropical
theileriosis. Furthermore, immunity to merozoites and

piroplasms should block the transmission potential of the

parasite. For example, in Plasmodium vivax, monoclonal

antibodies generated against gametocytes (an
intraerythrocytic stage) have been shown to reduce the
infectivity of the parasite to mosquitoes (Mendis et al.,

1987; Carter et al., 1990).

1:1:7 Current Control Measures and Future Approaches

The major approaches for the control of tropical
theilerosis are tick vector control, chemotherapy of the

infected host, and host vaccination.

1:1:7:1 Tick Vector Control

Tick populations can be controlled by the use of
acaricides. However, because of their expense, acaricides
tend to be used only in areas of heavy tick infestation,
and unless it is very well managed, an exclusive use of
this approach rarely results in the effective contol of
tropical theileriosis outbreaks (Hashemi-Fesharki, 1988).
Frequent acaricide dipping of cattle does not allow cattle
to aquire a natural resistance to the disease, and the
interruption of such programmes leaves cattle very much at
risk to infection. For example, in Zimbabwe, when dipping
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programmes failed at the onset of civil war, there were
rapid increases in both tick numbers and outbreaks of tick-
borne diseases (Sutherst and Tahori, 1981). In addition,
the use of acaricides risks the contamination of milk, and
ticks may become acaricide-resistant. The use of acaricides
is more effective when used as part of an integrated
approach, in conjunction with other methods of control, so
that cattle are dipped minimally, rather than maximally, to
enable the development of host resistance to ticks and

immunity to disease.

1:1:7:2 Chemotherapy of the infected host

The drugs which have been most successful in the treatment
of clinical theileriosis are oxytetracycline (Terramycin,
Pfizer), halofuginone (Terit, Hoechst), parvaquone (Clexon,
Coopers Animal Health), buparvaquone (Butalex, Coopers

Pitman-Moore) and primaquin phosphate.

Oxytetracycline dihydrochloride suppresses the
production of macroschizonts, by inhibiting protein
synthesis, when administered soon after sporozoite

inoculation. However, it has the disadvantage of not being
effective against the sporozoite or piroplasm stages, so it
cannot be used as a therapeutic at the height of
parasitemia and fever, and it is more effective against
T.parva infections (Hashemi-Fesharki, 1992; Radley, 1981).
The drug halofuginone, a febrifugine compound, also
destroys intralymphocytic macroschizonts only, but is

effective even at 1low doses. In an in vitro test on
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macroschizont-infected lymphocytes, 0.025 ppm of
halofuginone 1lactate reduced the percentage of schizont-
infected cells from 82% to 42% (Schein, 1986), and in

trials in vivo, administration of halofuginone to Theileria

annulata-infected cattle resulted in the total elimination
of schizonts, four days after treatment (Schein and Voight,

1981) .

The drugs parvaquone and buparvaquone, both analogues
of the naphthoquinone menoctone, not only destroy
intralymphocytic macroschizonts, but are also effective
against piroplasms. It has been found that parvaquone is
more effective against T.parva infections than T.annulata
infections (McHardy et al., 1983; McHardy et al., 1985),
but buparvaquone has given good results in drug trials on
both T.parva and T.annulata infections. Buparvaquone is
thought to act as a specific inhibitor of parasite
mitochondrial electron transport (Fry et al., 1984), and
it’s administration does not give any adverse side-effects,
whereas parvaquone tends to cause some swelling at the site
of injection (Hashemi-Fesharki, 1991). A summary of the
results of different buparvaquone field trials has been
recently reported (McHardy, 1992). These took place in 19
countries in which T.annulata was prevalent in 12, and
T.parva in seven. Treatment of approximately 4,000 cattle
with buparvaquone resulted in cure rates of 85-95%, whether
for T.annulata or T.parva, and when buparvaquone was used
to treat early or moderate cases of theileriosis, nearly

100% cure rates were obtained from just a single injection

of the drug. Like parvaquone, buparvaquone is effective

26



against piroplasms as well as schizonts. In an Egyptian
trial of buparvaquone efficacy on T.annulata-infected
cattle, all the treated cattle showed elimination of the
piroplasm parasitemia within a week of being treated with
the drug (Michael et al., 1989). In addition, this drug is
also effective against T.sergenti infection (Minami et al.,

1985) .

Primaquin phosphate is an effective drug used mainly in
China (Zhang, 1992). The cattle are usually treated for
three days, and by the end of this course of treatment, the
piroplasms are totally eliminated (Zhang, 1987).
Clinically, it is a very safe drug, and it’s efficacy rate

is as high as 100% (Zhang, 1992).

These developments in the effective chemotherapy of
tropical theileriosis are promising. The drugs tend to be
very expensive, but the recovered animals are generally
resistant to further T.annulata infection. In addition, the
simultaneous administration of drug and parasite by
deliberate infection ("infection and treatment" therapy),
for example with attenuated schizonts (see next section),
has been found to effectively immunize cattle to T.annulata
challenge (McHardy, 1992; Mutugi et al., 1988; Dhar et al.,
1987). Very young cattle (less than 2 months), which would
not normally respond to vaccination, can be treated, and
there 1is evidence that the wuse of buparvaquone, in
conjunction with cell culture vaccination, protects the
animal against any likely tick exposure while the vaccine
induces immunity (Grewal, 1992). The mechanism of the
action of the drug in this application is not understood
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because the buparvaquone does not appear to interfere with
the efficacy of the schizont-parasitised lymphocyte cell
culture vaccine, even though buparvaquone is known to be an

anti-schizont drug.

Therefore, chemotherapy, in conjunction with other
methods of control, appears to be an effective route for
tropical theileriosis control, although the problem remains
that, for much of the rural communities of developing
countries, the cost of chemotherapy is too high, and other

cheaper methods of control are preferably used.

1:1:7:3 Host Vaccination

The most successful host vaccination programmes to date
have involved the use of attenuated macroschizont-infected
cell lines. Maintaining Theileria schizonts in culture for
months or years results in a loss of parasite pathogenicity
for cattle (Gill, 1976i; 1976ii), and this parasite
attenuation has allowed the development of vaccination
programmes using live attenuated strains of T.annulata
grown in cultured 1lymphoid cells (Pipano, 1981). The
cultured schizont-infected cells can be cryopreserved at -
70°c, and approximately 4x10° cells are used as one dose of
vaccine. Administration of the attenuated vaccine does not
cause clinical symptoms of the disease, and the inoculated
cattle show no adverse reaction to it. The Vaccinatéd
cattle have very good resistance to both natural infections
and to homologous and heterologous parasite stock

challenge (Hashemi-Fesharki, 1988), although one cross-
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protection trial reported in India described an isolate
(Parbhani) against which the standard vaccine stock did not
protect (Grewal, 1992). It is not necessary to match the
MHC class I markers of the vaccine cell line to that of the
recipient (Innes et al., 1989i). This is in contrast to
T.parva infected cell lines which only protect cattle if
the MHC class I markers are matched (Dolan et al., 1984),
and only high doses of T.parva infected cells effectively
infect and immunise cattle (Brown, 1981). Therefore, it is
much easier to infect and immunise animals with T.annulata-
infected cell lines than with T.parva-infected cell 1lines.
Successful immunisation against both T.annulata and T.parva
appears to require the transfer of macroschizonts from the
immunising cells to the host cells. The efficiency of

T.parva transfer in vivo and in vitro (Brown et al., 1973)

is much lower than that with T.annulata, probably because
of the different specificities of infection for the
parasites; T.annulata preferentially infects B cells and
monocytes/macrophages, wheras T.parva preferentially
infects T-cells (Spooner et al., 1989; and sections 1:1:1:1
and 1:1:5). Therefore, macroschizont transfer must depend
on the leucocyte sub-types present in the immediate micro-
environment, and those permissive to infection by either
parasite. The attenuated T.annulata vaccine has now been
produced in a growing number of countries and it’s use has
had great success. A large number of cattle have now been
immunized in this way, for example, over 1.9 million cattle
in China (Zhang, 1992), more than 100,00 cattle in 1India
(Singh, 1992), and more than 150,000 cattle in Iran
(Hashemi-Fesharki, 1992). However, the immunity conferred
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by these vaccines frequently does not prevent the
appearance of piroplasms in the bovine blood, and this
leads to the development of a host carrier state. It is
thought that the piroplasms could result from new infection
from feeding infected ticks, and/or from the
differentiation of a very limited number of schizonts,
which may have originated from the vaccine cell line used
for immunisation (Pipano, 1992). Alternatively, the number
of piroplasms could also be maintained by the reinvasion of
erythrocytes by piroplasms (section 1:1:1:1). Therefore,
the use of attenuated cell line vaccines does not result in
the total eradication of tropical theileriosis, and is thus
dependant on epidemiological stability to maintain the

equilibrium between host immunity and parasite challenge.

The T.annulata invasion of bovine erythrocytes causes
much of the pathogenesis of tropical theileriosis (section
1:1:2), so host vaccination against the merozoite or
piroplasm stage may be necessary for total eradication of
the disease. Much of the early research work on tropical
theileriosis centred on the vaccination of cattle with
blood collected from infected animals at the peak of the
disease reaction (Sergent et al., 1945; Hashemi-Fesharki,
1992), and this approach has also been used to vaccinate
cattle against the T.sergenti parasite (Kobayashi et al.,
1987). However, the use of infected blood carries the risk
of transmitting other parasites such as Babesia, Anaplasma,
and viruses such as bovine leukemia virus (Pipano, 1992;
Wright and Riddles, 1989). Sporozoite vaccines have been
tested whereby vaccination is performed by the inoculation
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of sporozoites, followed by treatment with tetracycline,
parvaquone or buparvaquone (Pipano et al., 1981; Dhar et
al., 1987; Bansal and Sharma, 1989). However, the cost of
preparing the sporozoite vaccine and the cost of drugs for
treatment is much higher than that required for producing
the attenuated cell line vaccine (Pipano, 1992), so this
approach is not practical for the treatment of tropical

theileriosis at present.

The use of live vaccines has a number of 1limitations;
they have a short shelf-life (1 month at 4°C), so have to
be stored in liquid nitrogen; as was mentioned above, other
infectious agents may be co-transmitted with the vaccine;
for the attenuated culture vaccines, a long period of time
is needed to produce and test the cultures, and cell lines
can possibly revert to virulence. An alternative and safer
approach is to identify the specific parasite antigens
which are the potential targets for a protective immune
response. Using recombinant DNA techniques to isolate and
express the antigens, their effectiveness could be tested
by in vivo vaccination and challenge experiments, and a
stable, highly protective, reproducible and cheap sub-unit
vaccine could be made, which also had a long shelf-life.
This approach has given promising results in the
development of recombinant Babasia (reviewed in Wright et

al., 1992) and Plasmodium vaccines (Patarroyo et al.,

1987) . Furthermore, in T.sergenti, a 32 kDa
merozoite/piroplasm surface antigen has been identified,

and the passive transfer of monoclonal antibodies directed

to this molecule i vivo has been shown to have a
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protective effect (Tanaka et al., 1990). Work is currently
being undertaken on the Theileria species, so that

protective antigens can be identified.

1:1:8 Identification of protective Theileria annulata

surface antigens

As discussed in section 1:1:6, the best potential targets
for a protective immune response to T.annulata are 1likely
to be the surface antigens of the sporozoite, the
macroschizont-infected cell and the merozoite. Antibodies
directed to the sporozoite surface are clearly protective
as immune serum can inhibit sporozoite invasion (section
1:1:6:1). Furthermore, two anti-sporozoite monoclonal
antibodies (1A7 and 4Bl11) have been isolated which identify
epitopes on the sporozoite surface, and have been used to
inhibit sporozoite invasion of peripheral blood mononuclear
cells in vitro (Williamson, 1988). The monoclonal antibody
1A7 was used to screen a lambda gt-11 genomic expression
library (Williamson, 1988), and two recombinant DNA clones
were isolated which expressed the 1A7-recognised epitope,
SPAG-1 (sporozoite antigen-1) (Williamson, 1988; Williamson
et al., 1989). Antiserum was generated against recombinant
fusion protein made from one of the positive clones, and
this serum was used to block the sporozoite invasion of
leucocytes in vitro. On Western blots, the serum recognised
a complex of polypeptides, probably derived from the
proteolytic processing of a single gene product (Williamson
et al., 1989; Hall et al., 1992). The cloned DNA was used
to isolate the whole Spag-1 gene, which has now been
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completely sequenced (Hall et al., 1992). Northern and
Southern analysis shows that the Spag-l1l gene is expressed
only in sporozoites, it occurs as a single copy in the
genome, and there are restriction fragment length
polymorphisms, both between different genotypes within a
single parasite stock and between isolates from different
geographical regions. Furthermore, two regions 1in the
sequence have been identified which have close homology to
the repetitive domain in bovine elastin (Hall et al.,
1992). It 1is speculated that SPAG-1] may function as a
ligand which binds to elastin receptors present on a range
of cell types, including macrophages/monocytes, which are a
major class of host target cells (section 1:1:1:1).
Therefore, SPAG-1 may have a significant role in host cell
invasion. Work 1is also progressing on the 4Bll-detected
epitope. This monoclonal has also been used to screen a
genomic expression library, and from this, a clone was
isolated containing a 900 base-pair insert. The nucleotide
sequence of the cloned insert is distinct from the Spag-1
sequence. Rabbit immune serum has been generated against
fusion protein made with the cloned DNA, and this has been
shown to inhibit the invasion of sporozoites in vitro

(P.Knight, unpublished data).

Surface labelling studies of Theileria annulata-
infected and uninfected 1lymphoid cells showed that
T.annulata infection results in major changes at the
surface of the host cell, with the appearance and
disappearance of specific polypeptides (Shiels et al.,
1989). Monoclonal antibodies have been raised to the
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macroschizont-infected cell and to the piroplasm stages
(Shiels et al., 1986; Shiels et al., 1989; Glascodine et
al., 1990). The monoclonal antibody 4H5 detects an
infection-associated cell surface glycoprotein, which has a
variable (100-125 kDa) molecular mass (Shiels et al.,
1989), and in the presence of complement, the binding of
this monoclonal has been shown to induce the lysis, and to
suppress the proliferation, of T.annulata-infected cells
(Preston et al., 1986). This suggests that infection-
associated antigens on the host cell surface may be

susceptible targets for i vivo protective immune

responses. However, the role (if any) of the 4H5-detected

antigen in a host immune response is not yet known.

Along with the sporozoite and macroschizont-infected
cell, the merozoite 1is also a potential target for a
protective host immune response. One merozoite surface
antigen (MAG-1) has been cloned by screening a genomic
expression library with the monoclonal antibody 5E1
(Glascodine, 1989). Rabbit serum raised against the
recombinant fusion protein of the expressed cloned DNA
detects a complex of polypeptides and, although these
polypeptides are not detected by the monoclonal 5E1, they
are specific to the merozoite and piroplasm stages and the
serum most 1likely detects a surface antigen (Hussain et
al., 1990). Analysis of the Mag-l gene sequence shows that
the central part of the gene is composed of a block of
complex, highly conserved, repeat sequences (Hussain et
al., 1990). There are three motifs; a 75 base-pair sequence
(K repeat), a 72 base-pair sequence (Z repeat), and each K
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