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Abstract

Tick-borne diseases are a constraint to livestock production in many developing countries.
They are responsible for high morbidity and mortality resulting in decreased production of
meat, milk and other livestock by-products. The most important tick-borne diseases of
livestock in sub-Saharan Africa are East coast fever (caused by Theileria parva),
babesiosis (caused by Babesia bigemina and Ba. bovis), anaplasmosis (caused by
Anaplasma marginale) and heartwater (caused by Ehrlichia ruminantium). Despite their
economic importance, information on the epidemiology of these diseases in many
countries is often lacking or inadequate, resulting in inappropriate disease control strategies
being implemented.

The availability of specific, sensitive and cost-effective diagnostic methods is important in
the design and implementation of effective disease control strategies. In this study PCR
assays based on the 18S and 16S rRNA gene sequences, that could identify Theileria /
Babesia and Anaplasma | Ehrlichia pathogens of cattle respectively, were developed. In
addition, PCR assays based on the B-tubulin gene that could detect 7. parva, Ba. bigemina,
Ba. bovis and T. taurotragi, and PCR assays based on the cytochrome b gene that could
diagnose infection by Ba. bigemina and Ba. bovis were also developed. When the 18S and
16S rRNA gene PCR assays were combined into a multiplex PCR assay, Ba. bigemina and
E. ruminantium DNA did not amplify and some non-specific bands were observed
following agarose gel electrophoresis. The B-tubulin gene multiplex PCR assay for the
diagnosis of T. parva, Ba. bovis and Ba. bigemina worked relatively well when used on
laboratory-derived parasite DNA preparations. However, when it was used on field
samples collected on FTA cards, multiple non-specific bands were observed after agarose
gel electrophoresis of the PCR products.

The 18S and 16S rRNA gene PCR assays were used for an epidemiological study of tick-
borne diseases of cattle in Central and Eastern Zambia in the wet and dry seasons. All the
disease pathogens under study (7. parva, T. mutans, T. taurotragi, Ba. bovis, Ba. bigemina,
Anaplasma spp and E. ruminantium) were prevalent in all the regions of the country in
both seasons. However, variation was observed in the prevalence of these pathogens
between the regions and the seasons. A number of risk factors, associated with the
occurrence of tick-borne pathogens in cattle and the tick burdens observed on cattle in the
wet season were determined. A negative association was observed between the number of
co-infecting pathogens and the erythrocyte packed cell volume (PCV) of carrier cattle.

Using recently available genome sequences, mini- and microsatellite markers were
developed for population genetic analysis of Ba. bovis and Ba. bigemina parasite
populations. Ba. bovis isolates from Zambia and Turkey and Ba. bigemina isolates from
Zambia were used in the population genetic analysis. High levels of genetic diversity were
observed for both parasites. Population genetic analysis of the Zambian and Turkish Ba.
bovis populations, using eight genetic markers showed that the two populations were sub-
structured. The Zambian population comprised a single randomly mating population, while
the Turkish population comprised two genetically distinct subpopulations. Population
genetic analysis of the Ba. bigemina parasites from Zambia showed that this parasite
population was in linkage disequilibrium. Further, analysis of the Ba. bigemina population
using STRUCTURE showed that it was genetically sub-structured into five distinct
subgroups. However, the resulting sample size of each subgroup was too small to
definitely determine whether they were panmictic. These results provide an improved
understanding of the epidemiology of bovine Babesia parasites in Turkey and Zambia.
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CHAPTER ONE

Introduction

1.1 Introduction

Tick-borne diseases (TBDs) are a constraint to livestock production in many developing
countries of the world. They are responsible for high morbidity and mortality resulting in
decreased production of meat, milk and other livestock by-products and the loss of draught
power. They are also a significant impediment to the improvement of indigenous breeds of
cattle, sheep and goats, since they prevent the introduction of more productive exotic
breeds. TBDs of ruminants are responsible for significant economic losses to the livestock
industry in countries where they occur. In a review, de Castro (1997) estimated the annual
global costs associated with ticks and TBDs in cattle to be between US$ 13.9 billion and
USS$ 18.7 billion. In Africa, tick-borne diseases are considered to be the most important
animal disease problem (Minjauw & McLeod 2003; Young ef al. 1988). In Zambia alone,
between 1997 and 2000, approximately 89,000 cases of tick-borne disease were reported in
cattle, of which 19,420 were fatal (Makala et al. 2003).

Many pathogenic organisms are transmitted by ticks, but the most important in the
Southern, Central and East African region are protozoan and rickettsial pathogens.
Diseases caused by protozoan parasites in cattle include malignant theileriosis (corridor
disease / East Coast fever (ECF) and babesiosis while rickettsiae cause diseases known as
anaplasmosis and cowdriosis (Makala et al. 2003). Despite the economic importance of
these diseases, information on their epidemiology in many African countries, including
Zambia, is either inadequate or completely absent. Much of sub-Saharan Africa provides
suitable ecosystems for a number of tick-borne pathogens, where different parasite species
share similar habitats and/or vectors and often occur within single vertebrate hosts
concurrently. Understanding the interactions that may occur among these pathogens in
both cattle and the vector may help in the design of cost-effective integrated control
measures to combat these diseases. Another important aspect of these TBD parasites that
requires deeper understanding is the extent of genetic exchange that exists within natural
populations. This is of practical importance since, if present at a significant level, the
resultant sexual recombination would generate a high degree of genetic diversity within
populations. Understanding the levels of genetic diversity and the structure of parasite

populations is critical for predicting responses to selective pressures such as vaccination



and drug treatment, both locally and in the wider context. This study therefore set out to
investigate the diagnosis and epidemiology of TBDs of cattle in Central and Eastern

Zambia, and to study the population genetic structures of Babesia bovis and Ba. bigemina.

1.2 Geographic and climatic characteristics in Zambia

Zambia lies between longitudes 22°E and 34°E and latitudes 8°S and 18°S. A map of
Zambia, showing the Provinces and the neighbouring countries is shown in Figure 1.1. The
country has a total area of 75.262 million hectares of which 0.920 million is covered by
lakes, swamps and rivers. Zambia is landlocked and shares its borders with eight other
countries: Angola, Botswana, DR Congo, Malawi, Mozambique, Namibia, Tanzania and
Zimbabwe. Administratively, Zambia is divided into nine provinces: Southern, Western,
Luapula, Northwestern, Northern, Central, Lusaka and Eastern Provinces (Figure 1.1). Due
to their close proximity, Lusaka and Central Provinces are together referred to as Central

Zambia in this study.

Zambia has a tropical climate that is influenced by altitude. Three distinct climatic seasons
occur: hot and dry from September to November, warm and wet from December to April,
and cool and dry from May to August. Rainfall is greatest in the Northern part of the
country with an average annual precipitation of 1400 mm that decreases progressively
towards the south with an average annual precipitation of 600 mm. Mean relative humidity
increases from below 5 % in the hot dry season to above 75 % in the rainy season. Mean
minimum temperature ranges from 5 to 10°C in June/July in Central, Southern and
Western Zambia and 10 to 13°C in Eastern and Northern parts of the country. Mean
maximum temperature ranges from 30 to 35°C in October in Central Zambia, whilst those

in the Northern and Eastern plateaus are between 25 and 30°C.

1.3 Livestock production in Zambia

Livestock production is an important socio-economic activity in Zambia and contributes
significantly to the national gross domestic product (GDP) (Anon 2003). Cattle are the
most important livestock in Zambia and can be divided into three breeds or types:
European (Bos taurus), indigenous (Bos indicus) and the crosses of indigenous and taurine
breeds. There are three main types of indigenous traditional cattle: (i) Barotse, a long-
horned Sanga type in the Western Province, (ii) Tonga, a medium-horned Sanga type in the
Southern and Central Provinces and (iii) Angoni, a short-horned Zebu type in the Eastern
Province (Pegram ef al. 1986). The total cattle population in the country is currently

estimated at 2.9 million (Anon 2007).



Figure 1.1 Map of Zambia
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In Zambia, livestock production is broadly classified into the traditional sector (85 %) and
the commercial sector (15 %). Traditional livestock farming is the preserve of rural
families which are often resource poor (Chilonda et al. 1999) and is conducted mostly in
Western, Southern, Central and Eastern Provinces. This is mainly based around the
indigenous Sanga and Zebu breed types and is characterised by extensive communal
grazing, overstocking and overgrazing. Generally, the productivity of traditional cattle is
low, with average calving rates estimated at 53 %, adult mortality rates of 8 % and calf
mortality rates averaging 25 % annually. Disease control is limited and in most cases tick
control is intermittent or absent. Because of the extensive production system, herd inter-
mixing and poor disease control, a variety of cattle diseases, including TBDs, are prevalent
in the traditional sector (Chilonda et al. 1999). Most of the diseases are enzootically stable
in these animals, allowing year-round contact between the bovine host, parasite and vector
(Jongejan et al. 1988). Adult animals are therefore invariably infected carriers but immune

to clinical episodes of disease.

Commercial cattle production units are found on large-scale cattle ranches with free range
and / or controlled grazing for intensive production. The main breeds of cattle in the
commercial sector are Boran, Afrikander, Sussex, Gelbvieh, Brahman, Friesian and
Simental. There are over 50,000 dairy cows, representing 10 % of the commercial herd
(Chilonda ef al. 1999). Cattle productivity in the commercial sector is high with low calf
mortality rates (1 -2 %) and relatively high reproductive rates of between 65 and 70 %
annually (Chilonda et al. 1999). Tick control is practised intensively leaving the animals
highly susceptible to TBDs if challenged. In contrast to the traditional sector, these
diseases can be clinically important and can reach epidemic proportions when intensive

control measures break down (Chilonda et al. 1999).

1.4 Important tick-borne diseases of livestock

1.4.1 Babesiosis

Babesiosis is caused by intra-erythrocytic protozoan parasites of the genus Babesia which
infects a wide range of domestic and wild animals and occasionally man. The disease is
distributed world-wide (Bock et al. 2004a). The genus Babesia belongs to the phylum
Apicomplexa, and family Babesiidae (Allsopp et al. 1994; Levine 1971). There are over
one hundred reported species of Babesia but those of greatest importance for cattle are
Babesia bigemina and Ba. bovis (Bose et al. 1995). The disease is found in most tropical

and sub-tropical countries between latitudes 40 °N and 32 °S (Bock ef al. 2004a).



1.4.1.1 Vectors of Ba. bigemina and Ba. bovis

Babesiosis, caused by Ba. bigemina and Ba. bovis, is transmitted vertically by one-host
ticks of the genus Boophilus. Although the five species of this genus have recently been
placed within the genus Rhipicephalus (Horak et al. 2002), the name Boophilus has been
retained to indicate a subgenus (Barker & Murrell 2002; Horak et al. 2002). To avoid
confusion, the old nomenclature will be used in this thesis. The main vectors of bovine
babesiosis are Bo. microplus, Bo. annulatus and Bo. geigyi which transmit both Ba. bovis
and Ba. bigemina, and Bo. decoloratus which transmit only Ba. bigemina. Only
Bo. microplus and Bo. decoloratus are found in Eastern, Central and Southern Africa.
Rhipicephalus evertsi also transmits Ba. bigemina (Bock et al. 2004a). Climate, soil and
cattle biotypes modulate the capacity of the land to support Boophilus tick populations and
in turn, influence the babesial infection rate in cattle and ticks (Guglielmone 1995). The
distribution and ecological preferences of the Boophilus ticks in Africa have been
described by Estrada-Pena et al. (2006). The minimum temperature and rainfall
requirements are similar for both Bo. microplus and B. decoloratus. They both require low
rainfall between May and October, and high rainfall between November and March.
However, despite these similar requirements, the two species do not occur together due to
interspecies competition (Estrada-Pena ef al. 2006). The shorter life cycle and the absence
of specific host resistance to Bo. microplus gives it a greater population growth potential
compared to Bo. decoloratus (de Waal & Combrink 2006). In Zambia, Bo. microplus was
only found in Northern and Eastern parts of the country, while Bo. decoloratus was found
in all parts of the country, except in those areas where Bo. microplus occurs (Jongejan et
al. 1988; Pegram et al. 1986). No recent studies have been done to determine the current
distribution of these parasites and their vectors and it likely that their distribution has

changed given the rampant movement of cattle.

1.4.1.2 Life cycle of Ba. bovis and Ba. bigemina

Babesia parasites are not characterised by a life-cycle that is specific for all members of the
genus (Bock ef al. 2004a; Mackenstedt et al. 1995). The development of Ba. bovis and Ba.
bigemina follow similar patterns in adult Boophilus spp (Mehlhorn & Shein 1984;
Potgieter et al. 1976; Potgieter & Els 1977a). Features of the life-cycle of the two parasites
are shown schematically in Figure 1.2. Babesia spp do not parasitize any other vertebrate
cell other than the erythrocyte (Hodgson 1992). After entering the erythrocyte, the
sporozoite transforms into a trophozoite from which two merozoites develop by a process

of merogony (binary fission) (Potgieter & Els 1977b). Since there have been more detailed



Figure 1.2 Lifecycle of Babesia parasites

Cattle are infected by feeding ticks, which inoculates sporozoites that invade erythrocytes
where they transform into trophozoites that divide by binary fission (merogony). The
erythrocyte membrane breaks down and the released merozoites invade new cells resulting
in an intra-erythrocytic cycle. Following a tick blood meal, gametocytes develop in the tick
gut, which fuse to form diploid zygotes. Zygotes invade the digestive cells and probably
basophilic cells where they under go successive round of multiplication before emerging as
haploid kinetes. The kinetes migrate to many other organs including the ovaries where
further division occurs. After egg hatching, the kinetes migrate to the salivary gland where

they transform into multi-nucleated stages (sporogony) which later form sporozoites.
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studies of the development of Ba. bigemina than have been done for Ba. bovis (Gough et
al. 1998; Mackenstedt et al. 1995), most of the details given in this section will refer to this
parasite species. In Ba. bigemina, Mackenstedt et al. (1995) identified an ovoid type of
merozoite they called gamont precursor, which unlike the other piroplasms studied, had
diploid DNA levels. These gamont precursors do not undergo any further development
until they are taken up by the tick. Changes experienced in the passage from host blood to
the midgut of the tick vector stimulates the development of two populations of ray bodies
from the gamonts (gametocytes) (Gough et al. 1998). The ray bodies undergo further
multiplication within the erythrocytes that continues after they have emerged. Large
aggregates of multinucleated ray bodies are generated, but once division is complete,
single-nucleated ray bodies that are now haploid and assumed to be gametes (Mackenstedt
et al. 1995), emerge from the aggregates and fuse together in pairs (syngamy) (Gough et
al. 1998) to form a spherical cell (zygote). The zygotes, which are diploid, selectively
infect the digestive cells of the tick where they probably multiply and then invade
basophilic cells (vitellogenin synthesising cells). Further multiplication by schizogony
occurs with the development of kinetes (vermicules) that escape from the basophilic cells
into the haemolymph (Agbede et al. 1986). These motile club-shaped kinetes, which are
now haploid, infect a variety of cell types, including oocytes where secondary cycles of
schizogony take place. Thus transovarial transmission occurs with further development
taking place in the larval stage. This is an important adaptation as Boophilus ticks are one
host ticks. Kinetes enter the salivary glands and are transformed into multinucleated stages
(sporogony) and these then break up to form sporozoites (Mackenstedt ef al. 1995). In all
species, sporozoite development usually only begins when infected larval ticks attach to
the host. In Ba. bigemina some development takes place in the feeding larvae, but infective
sporozoites take about 9 days to appear and therefore only appear in the nymphal and adult
stages. Transmission can occur throughout the rest of the nymphal and adult stages of the
ticks. In the case of Ba. bovis, the formation of infective sporozoites usually occurs within

2 to 3 days after larval attachment.

1.4.1.3 Pathogenesis and clinical signs of babesiosis

Despite being closely related and transmitted by the same Boophilus ticks, Ba. bovis and
Ba. bigemina cause remarkably different diseases in cattle. In Ba. bovis infections, the
disease pathology can be both due to over-production of pro-inflammatory cytokines and
the direct effect of red blood cell destruction by the parasite. During an acute infection,
macrophages activated by the parasite produce pro-inflammatory cytokines and

parasitocidal molecules (Brown & Palmer 1999). The outcome of infection is related to the



timing and quantity of production of these substances. Over-production of inflammatory
cytokines results in severe pathology leading to vasodilatation, hypotension, increased
capillary permeability, oedema, vascular collapse, coagulation disorders, endothelial
damage and circulatory stasis (Ahmed 2002; Wright et al. 1989). Although stasis is
induced in the microcirculation by aggregation of infected erythrocytes in capillary beds,
probably, the most deleterious pathophysiological lesions occur from the sequestration of
parasitised erythrocytes in microcapillaries of the lungs and brain. This results in cerebral
babesiosis and a respiratory distress syndrome associated with infiltration of neutrophils,
vascular permeability and oedema (Bock ef al. 2004a; Brown & Palmer 1999).
Progressive haemolytic anaemia develops during the course of Ba. bovis infection. While
this is not a major factor during the acute phase of disease, it contributes to the disease
process in more protracted cases. The clinical signs associated with Ba. bovis infections are
fever, inappetence, depression, increased respiratory rate, weakness and a reluctance to
move. Haemoglobinuria is often present (red water). Anaemia and jaundice develop
especially in more protracted cases. Cerebral babesiosis is manifested by a variety of signs
of central nervous system involvement and the outcome is almost invariably fatal (Bock et

al. 2004a)

In Ba. bigemina infections, pathogenesis is almost entirely related to rapid, and sometimes
massive, intravascular haemolysis. Coagulation disorders, cytoadherence and the
hypotensive state seen in Ba. bovis are not features of Ba. bigemina infections (Bock et al.
2004a). The pathology relates more directly to the destruction of RBC. Haemoglobinuria is
present earlier and is more consistent that in Ba. bovis infection. There is no cerebral
involvement and recovery in non-fatal cases is usually rapid and complete. However, in
some cases the disease can develop very rapidly with sudden and severe anaemia, jaundice

and death, which may occur with little warning (Bock et al. 2004a)

1.4.1.4 Epidemiology of babesiosis

The prepatent period for Ba. bigemina is usually 12 to 18 days after tick attachment (Bock
et al. 2004a). As Ba. bovis does not persist in an infective form in ticks beyond the larval
stage (Mahoney & Mirre 1979), the prepatent period is generally 6 to 12 days and peak
parasitaemia is reached 3 to 5 days after that (Bock ef al. 2004a). However, unlike Ba.
bigemina, heat stimulation of the larval ticks prior to attachment (37 °C for 3 days and 30
°C for 8 days) enables transmission of Ba. bovis immediately upon attachment and this can

lead to shortened prepatent periods particularly in hot climates (Dalgliesh & Stewart 1982).



The prevalence of infection and the occurrence of disease are determined by complex
interactions between the bovine host, vector and parasite (Jonsson et al. 2008). Bock et al.
(1997, 1999b) found that Bos taurus cattle are more susceptible to Ba. bovis than Bos
indicus breeds, while there was no significant difference in susceptibility to an Australian
Ba. bigemina isolate between the two types of cattle. Breeds of cattle that are indigenous to
Babesia-endemic regions often have a certain degree of natural resistance to these diseases
and the consequences of infection are not as serious as those for exotic Bos faurus breeds.
In addition, in tropical areas with a high vector population, natural exposure usually occurs
at an early age when these animals are naturally protected, allowing acquired immunity to
develop and these cattle are therefore immune to subsequent challenge as adults (Bock et
al. 2004a). In a recent study, Magona et al., (2008) observed a significant negative
association between age and the risk of seroconversion to Ba. bigemina in Zebu cattle kept
under natural tick challenge in Uganda. This phenomenon was explained by a large
number of older cattle remaining seropositive due to continued exposure to infected ticks,
thus reducing the proportion of susceptible individuals in the population (Magona et al.
2008). This scenario represents a state of endemic stability, defined as the situation where
all calves below the age of 6 months have been in contact with the parasite and where
clinical diseases is rare (Yeoman 1966). In situations where cattle do not come in contact
with the disease earlier in life, an inverse age resistance to babesiosis exists with young
animals possessing innate resistance while older animals are fully susceptible (Jongejan et
al. 1988; Mahoney et al. 1973). Passively acquired immunity from colostrum lasts two
months but this is followed by innate immunity from 3 to 9 months of age. Therefore,
calves exposed to babesiosis early in life rarely show clinical signs but develop long lasting

immunity (Mahoney et al. 1973).

1.4.2 Theileriosis

Theileriosis is a disease of Bovidae caused by infection with protozoan parasites of the
genus Theileria. The genus Theileria encompasses a number of protozoan species that
affect domestic livestock and other mammals. They are classified in the phylum
apicomplexa along with Babesia, Eimeria, Plasmodium and Toxoplasma. Of the five
species known to infect cattle, the two most economically important are 7. annulata, the
cause of tropical theileriosis, which is widespread throughout the Mediterranean basin, the
Middle East and Asia, and 7. parva which causes East coast fever (ECF), a highly fatal
disease of cattle in Eastern, Central and Southern Africa (Norval et al. 1992). The other
species of bovine Theileria, T. mutans, T. taurotragi and T. velifera are usually benign,

although 7. mutans and T. taurotragi can occasionally cause losses (Binta et al. 1998).
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With over one million animals dying each year from ECF in sub-Saharan Africa,
theileriosis presents one of the most important threats to livestock production in the tropics
and is a major constraint on the livelihoods of millions of rural farmers (Minjauw &

McLeod 2003).

1.4.2.1 Vectors of T. parva

Theileria parva is transtadially transmitted by the nymphs and adults of the brown ear tick,
Rhipicephalus appendiculatus, after picking up the disease as larvae and nymphs
respectively (Konnai et al. 2006; Mulumba et al. 2001). R. appendiculatus is also the
vector of 7. taurotragi (Jongejan & Uilenberg 2004). The tick has been recorded in large
areas of Eastern, Central and Southern Africa, with a range stretching from Southern
Sudan in the north, to South Africa in the south (Perry et al. 1990). Short and Norval
(1981) showed that the seasonal occurrence of R. appendiculatus is largely dependent on
the timing period of the adult stage (due to behavioural diapause) and this is regulated by
the combined influences of temperature, humidity and day length. In parts of Africa where
there is a well defined rainy season (e.g. Nyabubinza, Tanzania; Chaya, Zambia; Lilongwe,
Malawi) there is an obvious association between the onset of the rains and adult tick
activity, and in these regions only one generation of ticks per annum is observed. In other
parts of Africa where rain falls throughout the year (e.g. Mwanza, Tanzania) adults may be
present all year round (McCulloch ef al. 1968; Newson 1978). In Zambia there is only one
generation of ticks per year. Adults ticks occur from December to April, larvae between

March and May and nymphs between May and September (Pegram et al. 1986).

1.4.2.2 Life cycle of Theileria

Theileria spp have a complex life cycle that involves several morphologically distinct
developmental stages in the tick and mammalian host (Fawcett ef al. 1982; Shaw & Tilney
1992). The current view of the life cycle of Theileria is presented schematically in Figure
1.3. The infectious stage of the parasite, the sporozoite, is introduced into the bovine host
in the saliva of the ticks feeding as nymphs or adults. They enter lymphoid cells where
they develop into schizonts, which induce the host cell to proliferate and are then
disseminated throughout the body by the normal circulation of the host’s lymphoid cells.
After a period of growth and division in the host lymphoid cells, the schizont gives rise to
numerous uninucleate merozoites which leave the lymphoid cells to invade erythrocytes. In
non-lymphoid transforming species of Theileria (e.g. T. mutans), there is no
intralymphocytic multiplication, and the parasites multiply almost exclusively in the

erythrocytes. The intraerythrocytic stages of the parasite, the piroplasms, are ingested in



Figure 1.3 Life cycle of T. parva

Cattle are infected by feeding ticks, which inoculate sporozoites that invade lymphoid cells
to form multinucleated schizonts. Infected cells proliferate with a proportion of schizonts
differentiating into merozoites. Following destruction of host cell membranes, merozoites
are released into the blood stream where they invade erythrocytes to become piroplasms,
the infective stage for feeding ticks. Following a blood meal, gametes develop in the tick
gut, which fuse to form zygotes. The zygotes transform into motile kinetes. Zygotes and
kinetes are the only stages where the parasite is considered diploid. Kinetes migrate into
salivary glands, where after several rounds of asexual multiplication (sporogony)

sporozoites are formed.
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Figure 1.3 Life cycle of T. parva
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the blood meal by the feeding ticks and released in the gut lumen. There, they divide into
macro- and microgametes (Schein et al. 1977) which fuse to form a zygote. The resulting
zygotes enter the lining of the gut epithelium where they develop into motile kinetes.
Following the moult of the tick stage, the kinetes migrate through the gut wall into the
haemocoele and make their way to the salivary gland where they become intracellular and

transform into sporoblasts (Fawcett et al. 1982).

1.4.2.3 Pathogenesis and clinical signs of ECF

After sporozoites are injected into susceptible cattle by the feeding tick, they invade host
lymphocytes where they rapidly differentiate into schizonts (Fawcett et al. 1982). This
process is associated with transformation of the infected cells to a state of uncontrolled
proliferation. By associating with the mitotic spindle, the parasite divides in synchrony
with the host cell, resulting in each daughter cell inheriting the infection (Rocchi et al.
2006). This phase of parasitic and host cell division is associated with the severity of
pathology and clinical signs seen in 7. parva infections. Some pro-inflammatory cytokines
have been found to be up-regulated during the acute phase 7. parva infection when the
parasite is proliferating and are thought to contribute to the severity of the disease (Yamada
et al. 2009). The disease is characterised in initial stages by swelling of the lymph nodes
draining the ear surface which is the predilection feeding site for feeding ticks. The
incubation period is usually between 7 to 10 days after natural infection, with fever (39.5
°C or higher) from about day 10. Fever is a consistent feature. Schizont infected cells
disseminate to lymph nodes and other organs including the interstitial tissues of the lungs,
the gastro-intestinal tract and the kidneys. The main symptoms of ECF are fever, swelling
of lymph nodes, anorexia, and dyspnoea. Finally the lung tissues are damaged by
inflammatory infiltration, leading to severe pulmonary oedema, thereby causing death of

the host (Gwamaka et al. 2004).

1.4.2.4 Epidemiology of ECF

The occurrence and distribution of 7. parva is closely related to that of its vector,
R. appendiculatus. Differential climatic conditions influence tick population dynamics and
the transmission possibilities of 7. parva, creating a range of epidemiological situations in
different areas (Lessard et al. 1990; Norval et al. 1991). Three different transmission
scenarios of R. appendiculatus have been described in relation to rainfall and temperature
and correspond to the number of tick generations per year. The East African situation is
characterised by year-round transmission due to the presence of the adult vector ticks

throughout the year. In the transitional zone, where climatic conditions are not favourable
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for the year-round presence of adult ticks, rainy season and dry season adult tick
transmission peaks may prevail (Norval ef al. 1991). The occurrence of only one tick
generation per year in the Southern part of the R. appendiculatus range reduces the adult
transmission period to four months which coincides with the rainy season (Norval ef al.
1991), making the epidemiological situation more unstable. However, in these areas,
nymphal transmission between May and September still plays an important part in the
epidemiology of the disease (Mulumba et al. 2001). In years of low rainfall, high ECF
sero-prevalences in September, attributed to nymphal transmission have been reported in
Southern Zambia (Fandamu et al. 2005). In an experimental challenge, Marcotty et al.,
(2002) found that nymphs were able to induce a lethal infection, providing a large number

of them attached to the host.

Two additional factors which are important in the epidemiology of theileriosis are the host
type and density. The African cattle population consists of different breeds which show
varying levels of tick resistance and parasite susceptibility (Norval ef al. 1988). Bos taurus
breeds are the most susceptible to tick infestation and 7. parva infection, whereas
indigenous Sanga and Zebu types of cattle in endemic areas show a degree of resistance to
the parasite (Ndungu et al. 2005). Animals that recover from the disease, either naturally or
following treatment, remain carriers, and provide a reservoir of parasite infection for

feeding ticks (Kariuki et al. 1995).

1.4.3 Anaplasmosis

Bovine anaplasmosis is an arthropod-borne, haemolytic disease of ruminants caused by the
rickettisial haemoparasite, Anaplasma marginale. Another less pathogenic species of
Anaplasma called A. centrale which does not cause severe clinical signs in cattle was
described by Theiler (Kocan et al. 2000). Anaplasma is globally the most prevalent tick-
borne pathogen of cattle, with regions of endemicity on six continents (Futse ef al. 2003),
and is to be found in tropical and sub-tropical areas including North and South America,
Africa, the Caribbean, Russia, European countries bordering the Mediterranean and the
Middle East and Far East (Kocan ef al. 2000). The pathogen is classified within the Order
Rickettsiales and the family Anaplasmataecoe which was recently reorganised to include
the genera Anaplasma, Ehrlichia, Wolbachia and Neorickettsia, based on the genetic
analysis of the 16S ribosomal RNA genes, groELS and surface protein genes (Dumler et
al. 2001). The genus Anaplasma now includes the pathogens 4. marginale, A. centrale,
A.ovis, A. bovis (formerly Ehrlichia bovis), A. phagocytophilum  (formerly
E. phagocytopylum, E. equi and the agent of human granulocytic ehrlichiosis (HGE)) and



14

A. platys (formerly E. platys) (Dumler et al. 2001; Kocan et al. 2004). Erythrocytes are the
only known cell type to be infected by A. marginale in the animal host. Infected red cells
are phagocytosed by the reticulo-endothelial system resulting in a mild to severe anaemia
together with icterus, but without haemoglobinaemia and haemoglobinuria (Kocan et al.

2000).

1.4.3.1 Vectors of A. marginale

Transmission of anaplasmosis can occur mechanically by biting flies and blood
contaminated fomites or biologically by ticks (De Wall 2000). Biological transmission of
anaplasmosis is effected by ticks and approximately 20 species of ticks have been
implicated throughout the world, including Boophilus spp, Rhipicephalus spp, Hyaloma
spp, Demacentor spp and Ixodes spp (De Wall 2000; Jongejan & Uilenberg 2004; Kocan et
al. 2004; Uilenberg 1995). Biological transmission can occur from one tick life cycle stage
to the next (trans-stadial) or when a tick feeds on more than one host in the same life cycle
stage (intra-stadial) (Kocan et al. 2003). Intra-stadial transmission of A. marginale is
mainly effected by male ticks (Kocan et al. 2004). Trans-ovarial transmission of
A. marginale has only been reported for D. andersoni (Howell et al. 1941). Mechanical
transmission frequently occurs via blood-contaminated fomites, including contaminated
needles, dehorning saws, nose tongs, tattooing instruments, ear tags devices and castration
instruments. In addition to mechanical and biological transmission, 4. marginale can also

be transmitted from cow to calf transplacentally (Kocan et al. 2003).

1.4.3.2 Life cycle of Anaplasma

Infected erythrocytes taken into the tick with the blood meal provide the source of
A. marginale infection in the gut cells. After development of A. marginale in the gut cells,
many other tissues become infected, including the salivary glands from where the
rickettsiae are transmitted to vertebrates during tick feeding (Ge et al. 1996; Kocan et al.
1992b; Kocan et al. 1992a). At each site of infection in ticks, A. marginale develops within
membrane bound vacuoles or colonies. The first form of A. marginale seen within the
colony is the reticulated (vegetative) form that divides by binary fission forming large
colonies that contain hundreds of organisms. The reticulated form then changes into the
dense form, which is the infective form and can survive extracellulary. Cattle become
infected with 4. marginale when the dense form is transmitted during tick feeding via the
salivary glands (Kocan et al. 2004). In the vertebrate host, the only known site of

replication is the bovine erythrocytes. Within the erythrocytes, membrane bound inclusion
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bodies contain from 4 to 8§ rickettsiae, and as many as 70 % or more erythrocytes may

become infected during acute infection or disease (Kocan et al. 2004).

1.4.3.3 Pathogenesis and clinical signs of anaplasmosis

Once infected, the number of infected erythrocytes increases logarithmically and clinical
disease associated with anaemia is consistently observed when 40 to 50 percent of the
erythrocytes have been removed. Destruction of erythrocytes by the reticuloendothelial
system results in development of icterus without haemoglobinaemia and haemoglobinuria
(Kocan et al. 2000). Acute anaplasmosis, caused by A. marginale, is characterised by a
progressive haemolytic anaemia associated with fever, weight loss, abortion, decreased

milk production and in some cases death of the infected cattle.

1.4.3.4 Epidemiology of anaplasmosis

Several studies have been carried out to determine the susceptibility of different breeds of
cattle to infection with A. marginale (Bock et al. 1997; Bock et al. 1999a; Wilson et al.
1980). Results from these studies show that both B. taurus and B. indicus cattle are equally
susceptible to the disease. Calves are less susceptible to infection by A. marginale and
when infected rarely develop clinical disease. In a cross-sectional study in Tanzania, Swai
et al. (2005), found that the seroprevalence of anaplasmosis increased with the age of the
animal. Calves that recover from the disease develop life-long immunity (Guglielmone
1995). Cattle that survive acute disease develop persistent infection characterised by cyclic
low-level rickettsaemia but life-long immunity. These animals serve as a reservoir of
A. marginale, providing a source of infective blood for both mechanical and biological
transmission (Guglielmone 1995; Kocan et al. 2003). Anaplasmosis is the most

widespread TBD in Zambia, found in all nine provinces (Jongejan et al. 1988).

1.4.4 Heartwater

The tick-borne rickettsia, Ehrlichia ruminantium (formerly called Cowdria ruminantium)
is an obligate intracellular bacterium that parasitises vascular endothelial cells, neutrophils
and macrophages of the mammalian host and causes a disease in ruminants called
heartwater (or cowdriosis) (Peter et al. 1995). The genus Ehrlichia belongs to the Order
Rickettsiales, and was recently placed within the family Anaplasmataecoe, together with
the genera Anaplasma, Neorickettsia and Wolbachia (Dumler et al. 2001). The disease is
found throughout most of sub-Saharan Africa and neighbouring islands, and at least three

islands in the Caribbean (O'Callaghan ef al. 1998; Uilenberg 1996).
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1.4.4.1 Vectors of E. ruminantium

Heartwater is transmitted transtadially by ticks of the genus Amblyomma of which twelve
species are known to be able transmit the disease, although the most important vectors are
A. variegatum and A. hebraeum (Uilenberg 1996; Walker & Olwage 1987). Only nymphs
and adults are able to transmit the disease after being infected as larvae and nymphs,
respectively (O'Callaghan et al. 1998). Transtadial transmission can occur via adults
infected as larvae without reinfection as nymphs (Norval et al. 1990). Vertical transmission

of heartwater from dam to calf has also been demonstrated (Deem et al. 1996b).

1.4.4.2 Life cycle of E. ruminantium

Information on the development of E. ruminantium in both mammalian and tick hosts is
limited. E. ruminantium occurs within membrane-bound colonies in both vertebrate and
tick host cells. The major site of development of E. ruminantium in ticks appears to be
midgut epithelial cells (Kocan et al. 1987; Kocan 1995). Subsequent stages invade and
develop in the salivary gland acini cells of the vector. The development of the stages of the
organism that are transmitted seems to be coordinated with the feeding cycle of the ticks
(Kocan et al. 1987). In the vertebrate host, the spread of the parasite from the infection site
is poorly understood. It has been proposed that the initial development of the organism
occurs mainly, but not exclusively, in reticulo-endothelial cells. Then the parasitised
reticulo-endothelial cells rupture and the organism is released into the general circulation
where it invades endothelial cells (Du Plessis 1970; Prozesky & Du Plessis 1987).
Depending on the host, the organism seems to have a predilection for endothelial cells in
certain organs. In ruminants, the highest concentration of bacterial organisms are found in

the brain followed by kidneys (Prozesky & Du Plessis 1987).

1.4.4.3 Pathogenesis and clinical signs of heartwater

The pathophysiology of heartwater is poorly understood. Postmortem findings associated
with heartwater include hydrothorax, pulmonary oedema, ascites, hydropericardium,
cerebral oedema, oedema of the lymph nodes and splenomegaly (van Amstel et al. 1987).
The transudate and the oedema are presumed to be caused by increased capillary
permeability, although the mechanisms are not known (Deem 1998). Damage to the
endothelial cells and alveolar capillaries is limited and the often mild cytopathic changes
seen in parasitised endothelial cells suggest that the organism itself may not be the cause of
the increased vascular permeability (van Amstel et al. 1988). Frequently observed clinical
pathological changes in heartwater include progressive anaemia, marked decline in

thrombocytes, fluctuations in total and differential white blood cell counts, increased total
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bilirubin, and an increase in total serum proteins (van Amstel et al. 1987). Clinical signs of
heartwater range from mild to transient fever in subclinical cases, to death without
premonitory signs in peracute cases. The acute form of the disease is characterised by
sudden onset of fever, tachycardia, inappetance and neurological signs (hyperaesthesia,
high-stepping gait, twitching eyelids, chewing, abnormal tongue movement and individual
muscle tremors). Haemorrhagic diarrhoea is commonly reported (Van de Pypekamp &

Prozesky 1987).

1.4.4.4 Epidemiology of heartwater

Endemic stability is a common epidemiological state of heartwater in sub-Saharan Africa.
This is due to the occurrence of the long-term carrier state in ruminants (Andrew & Norval
1989) and a high E. ruminantium infection rate in Amblyomma ticks in the field (Norval et
al. 1990). It had been known for a long time that new-born lambs and calves possessed an
age-related resistance to heartwater which was independent of the dam’s immune status
and that this resistance was of short duration lasting about three to four weeks (Du Plessis
1984; Du Plessis & Malan 1988; O'Callaghan et al. 1998). However, it has been
demonstrated that colostrum plays a significant role in calf-hood immunity to heartwater
and that in endemic areas, this immunity lasts beyond the previously reported age of four
weeks (Deem et al. 1996a; Norvl et al. 1995). In addition to the transplacental route, there
is also evidence that infected dams are able to pass on heartwater infections to their
offspring early in life through infected colostrum, and that vector ticks feeding on these
calves are able to pick up the infection and transmit it to susceptible hosts (Deem et al.

1996b).

1.5 Control of tick-borne diseases

Available methods of controlling TBDs include tick control, immunisation and
chemotherapy. The choice of which control method to use is influenced by geographical
location, prevailing socio-economic factors, cost and the ease of application of the method

(Kocan et al. 2000; Mugisha et al. 2008).

1.5.1 Tick control

Methods available for controlling ticks include the use of chemicals, tick resistant breeds
and more recently immunisation. Control of ticks on animals is not only directed at
preventing transmission of disease but also aims at reducing direct losses associated with
tick infestation such as damage to hides, reduction in weight gain and drop in milk

production (Minjauw et al. 1997).
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1.5.1.1 Chemical control

Chemical control measures against ticks date back to an era before ticks were proven to be
vectors of disease, and to this day it remains the mainstay of control for TBDs (George et
al. 2004). Prolonged use of chemicals to control ticks has resulted in various problems
such as tick resistance, residues in animal products, environmental pollution and high costs
(Ghosh et al. 2007). Intensive use of acaricides interferes with enzootic stability, creating a
susceptible population of animals which are liable to disease epidemics whenever there are
disruptions to control programmes (Kocan et al. 2000; Lawrence et al. 1980). These
concerns have reinforced the need for alternative approaches to control tick infestations

(Ghosh et al. 2007).

1.5.1.2 Tick resistant breeds

Genetically resistant animals, i.e. animals which show a heritable ability to become
immunologically resistant to tick infestation, are a vital component of many tick control
strategies (Willadsen 2004). They are particularly important in the control of Boophilus
ticks on cattle in Australia. However, this approach is not without its difficulties. For the
hosts of many tick species, resistance may simply not develop and it may be difficult to
breed for tick resistance while preserving other desirable production characteristics, such

as high milk yield in dairy cattle.

1.5.1.3 Anti-tick vaccines

The feasibility of controlling tick infestations through immunisation of hosts with selected
tick antigens was first demonstrated by Allen and Humphreys (1979). They based their
trials on the crude concept that ticks feeding on an appropriately immunised host might
ingest antibodies specific for antigens within the digestive tract and reproductive organs of
the tick, producing deleterious effects on the feeding and reproductive behaviour. By
vaccinating cattle using crude antigens extracted from the midgut and reproductive organs
of partially fed female D. andersoni ticks, they found that ticks fed on immunised cattle
weighed significantly less, laid fewer eggs and very few eggs hatched compared to the
control group (Allen & Humphreys 1979). Since then, a number of tick antigens have been
discovered in several tick species (de la Fuente ef al. 2007; Imamura et al. 2008; Labuda et
al. 2006; Mulenga et al. 1999; Willadsen 2004). Two distinct types of antigen have been
explored for vaccine development (Nuttall ez al. 2006). The first are conventional antigens
that are secreted in saliva during tick attachment and feeding on the host, the so called
exposed antigens. These are taken up at the tick feeding site by host dendritic cells, which

process and present them to T lymphocytes, priming a cell- or antibody-mediated immune
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response (Larregina & Falo, Jr. 2005; Nithiuthai & Allen 1985; Willadsen 2001). The
second type are the concealed antigens which are normally hidden from the immune
response (Willadsen & Kemp 1988). Typical concealed antigens are those found on the
tick gut wall which interacts with specific immunoglobulins taken up with the blood meal.
Concealed antigens are considered potential vaccine candidates if they encounter
immunoglobins entering the haemolymph (or gut) and are associated with cells or tissues

that perform some vital function for the tick (Nuttall et al. 2006).

So far, only two Boophilus microplus concealed antigens, BM86 (Rand et al. 1989) and
BMO91 (Riding ef al. 1994), have been developed commercially. The vaccine containing
BMS6 antigen is marketed as TickGuard™ in Australia and GAVAC™ in Cuba (de la
Fuente et al. 1998; Willadsen et al. 1995). A number of exposed antigens have been
suggested as anti-tick vaccine candidates. For example, Mulenga et al. (1999)
characterised a 29 kDa salivary gland-associated protein from Haemophysalis longicornis
and vaccination with recombinant protein led to a significant reduction in weight, 40 %
and 50 % in larvae and nymphs respectively, post—engorgement. A 15kDa protein
(64 TRP) from R. appendiculatus was identified as a putative cement protein involved in
attachment and feeding, and vaccination of cattle with the recombinant protein resulted in
reduction of nymphal and adult infestation rates by 48 and 70 % respectively (Labuda ef al.
2006). In a recent experiment, Imamura et al. (2008) vaccinated cattle with a cocktail of
two recombinant R. appendiculatus serpin proteins (RAS-3 and RAS-4) and a 36 kDa
immuno-dominant protein of R. appendiculatus (RIM36) reporting 39.5 % and 12.8 %
adult female tick mortality rates in vaccinated and control groups, respectively. Although
the vaccine could not prevent ticks from transmitting the disease, the appearance of

T. parva in peripheral blood was delayed by 1 to 2 days in vaccinated animals.

Control of ticks by vaccination has the advantages of being cost effective, reducing
environmental contamination and prevents the selection of drug-resistant ticks that results
from repeated acaricide application. In addition, development of vaccines against ticks
using multiple antigens that could target a broad range of tick species may prevent or
reduce transmission of other pathogens (de la Fuente et al. 2006; de la Fuente & Kocan

2006).
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1.5.2 Vaccination against TBDs

Two main approaches have been pursued in attempts to develop vaccines against TBDs,
namely administration of live or inactivated parasites and the use of defined antigens (sub-

unit vaccines) predicted to represent targets of protective immune responses.

1.5.2.1 Live and inactivated vaccines

The rationale for immunisation of cattle against TBDs using live vaccines has been based
on the observation that animals which recover from disease are immune to subsequent
challenge (de Waal & Combrink 2006; Morrison & McKeever 2006). Current methods
used to vaccinate cattle against TBDs include the infection and treatment method against
ECF (Radley et al. 1975a) and heartwater (Uilenberg 1983), and the use of attenuated
vaccines against babesiosis and tropical theileriosis (de Waal & Combrink 2006; Pipano &
Shkap 2000). The non-virulent A. centrale has been used to immunise cattle against

anaplasmosis (Dalgliesh ef al. 1990).

In the 19™ century, it was noticed that animals that recovered from natural Babesia
infection usually developed a durable, long-lasting immunity and that infection with blood
from recovered animals did not precipitate such a severe form of the diseases in recipient
animals (Connoway & Francines 1899). This feature has been exploited in many countries
to immunise cattle against babesiosis. Blood vaccines incorporating live attenuated strains
have been used for many years in Australia, South Africa, Argentina, Brazil, Uruguay and
Israel (de Waal & Combrink 2006; Shkap et al. 2007). Splenectomised calves are the most
popular source of immunogens. For Ba. bovis, attenuation is achieved by rapid passage of
the parasite strains through susceptible splenectomised calves. Attenuation is not
guaranteed, but usually develops after 8 to 20 calf passages (Bock et al. 2004a). The
virulence of Ba. bigemina decreases during prolonged residence of the parasite in latently
infected animals. This phenomenon has been used to obtain avirulent strains by infecting
calves, splenectomising them after three months and then using blood taken from the
ensuing relapse to infect another calf and repeat the process (Bock et al. 2004a). Parasites
attenuated in vitro have been used successfully in Argentina (Bock et al. 2004b). The
vaccines are marketed as a chilled or frozen blood preparation containing Ba. bovis, Ba.
bigemina and A. centrale (Dalgliesh et al. 1990). The use of frozen or chilled attenuated
blood vaccines has overcome some of the earlier problems that were associated with blood
collected from recovered animals (i.e. the carrier blood donor system), as it has allowed
production of standardised vaccines (Dalgliesh et al. 1990; de Waal & Combrink 2006;

Pipano 1995). In South Africa, the frozen Babesia vaccines have recently gained in
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popularity over the chilled because of the lower production costs, prolonged shelf-life and
on-demand availability (de Waal & Combrink 2006). Despite their ability to confer
protection to vaccinated animals, these vaccines have a number of problems which have
limited their use (de Waal & Combrink 2006). Severe post-vaccination reactions may
occur in some highly susceptible animals, especially adult European cattle breeds and high
yielding dairy cows. It is therefore recommended to only vaccinate animals less than nine
months old which still have some innate resistance to the diseases (Bock et al. 2004a).
Additionally, there was an increase in the number of breakthroughs reported in Australia
between 1989 and 1993. These breakthroughs were attributed to changes in the field
populations of Ba. bovis, although the host’s immune non-responsiveness may also have
been involved (Bock ef al. 1992). Other problems associated with these vaccines include
loss of viability, potential spread of Babesia following vaccination, and spread of other
latent infectious in blood (Bock et al. 2004a; de Waal & Combrink 2006; Pipano 1995).
Lastly, parasitic infections are common in many parts of the World, however, little is
known about how the immune response to one species is affected by concurrent infection
with other pathogens. A range of antagonistic and synergistic interactions has been shown
in hosts co-infected with helminth and protozoan parasites, which might have implications
for the effectiveness of live vaccination (Christensen et al. 1987; Graham et al. 2005;

Graham et al. 2007).

Over 100 years ago, Theiler demonstrated that cattle could be infected with 7. parva by
transfer of infected cells from tissues of clinically affected cases, and that recovered
animals were immune to subsequent challenge (Theiler 1911). Based on the results of
Theiler and other observations, Spreull undertook a field trial in which he vaccinated
283,000 cattle with spleen and lymph node cell suspensions from 7. parva infected cattle
(Spreull 1914). Unfortunately, about 25 % of the animals died as a result of infection
established by the immunisation procedure. However, 70 % of the cattle that survived were
immune to subsequent challenge. Radley et al. (1975) described the infection and
treatment method (ITM) in which simultaneous administration of long-acting tetracycline
and defined doses of cryo-preserved sporozoites was found to induce immunity against
T. parva. While this protocol resulted in solid immunity to challenge with homologous
parasite isolates, it did not offer complete protection against heterologous challenge.
Subsequent experiments demonstrated that immunisation with a mixture of three selected
parasite isolates (Muguga, Kiambu 5 and Serengeti), known as the Muguga cocktail,
resulted in immunity against a range of heterologous isolates (Radley ef al. 1975b). This

vaccine has been deployed extensively in Tanzania and Uganda and to a lesser extent in
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Malawi and Zambia (McKeever 2007). In addition, experimental immunisation with a
single parasite isolate (Marikebuni) provided protection against challenge from a number
of heterologous isolates (Morzaria et al. 1987). This parasite stock has been used to
successfully vaccinate cattle in the field in Kenya (Morrison & McKeever 2006). In the
Eastern province of Zambia, thousands of cattle have been immunized using the local
T. parva Katete stock while in Zimbabwe, the local 7. parva Bolani stock has been used
successfully both with and without oxytetracycline (Di Giulio et al. 2009; Uilenberg 1999).
There is strong evidence that protection following vaccination is mediated by major
histocompatibility complex (MHC) class I-restricted cytotoxic T lymphocytes (McKeever
et al. 1994; Morrison et al. 1987).

Vaccination has been used extensively to control anaplasmosis in most parts of the world
and represents the most effective control measure for the disease (Kocan et al. 2000).
Vaccination is achieved using killed or live vaccines and is directed towards preventing
morbidity and mortality but does not prevent cattle from becoming infected upon challenge
(Kocan et al. 2000; Shkap et al. 2008). Both live and killed vaccines are dependent on
blood as a source of antigen. Infection of cattle with attenuated or less pathogenic
A. centrale live vaccines has been most widely used for vaccination against anaplasmosis
in South Africa, Israel and Australia (Dalgliesh et al. 1990; de Waal & Combrink 2006; De
Wall 2000; Kocan et al. 2000). Immunised cattle develop sub-clinical infections and
become persistent carriers, which results in protection against clinical anaplasmosis upon
challenge with A. marginale. However, A. centrale does not provide effective cross-
protection against A. marginale isolates from widely separated geographical areas
(Brizuela et al. 1998). Additionally, attenuated live 4. marginale vaccines have been used
in South America and California (Henry ef al. 1983; Kocan et al. 2000). These vaccines
induce sub-clinical infection in calves which go on to develop immunity to clinical
anaplasmosis (Henry et al. 1983). Tick cell culture-derived 4. marginale antigens have
been used to stimulate partial protection in a manner similar to erythrocyte-derived
antigens (de la Fuente ef al. 2002; Kocan et al. 2001). As with 4. centrale, immunising
with isolates of A. marginale may not be cross-protective in widely separated geographical
areas. Attenuated vaccines also bear the risk of becoming virulent after successive passage
through cattle by ticks (Kocan et al. 2000). A killed A. marginale vaccine was developed
and marketed in the USA in the 1960s (Brock et al. 1965), although this has since been
withdrawn and is currently unavailable. This vaccine was effective when used against local

isolates but not against those from other areas. However, its utility was hampered by the
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expensive purification process, the requirement of booster immunisation and difficulty

with standardisation and quality control (Kocan et al. 2000).

Vaccination against heartwater involves infecting animals with cryo-preserved sheep blood
containing virulent E. ruminantium organisms of the Ball 3 isolate, followed by antibiotic
treatment when fever develops (Bezuidenhout 1989). This strain of the parasite does not
provide broad protection against virulent field isolates and there has been a long-standing
search for better and safer vaccines (Shkap et al. 2007). An attenuated vaccine was
developed by passage of the South African virulent E. ruminantium Welgevonden isolate
in a continuous canine macrophage-monocyte cell line (Collins et al. 2003). After more
than 50 passages the cultures failed to induce disease when inoculated in mice or sheep and
the immunised animals were solidly immune to subsequent lethal homologous needle
challenge. In the Gambia, a trial was conducted to evaluate protection conferred to sheep
against heartwater following immunisation with inactivated (Gardel stock) and attenuated
(Senegal stock) E. ruminantium vaccines (Faburay et al. 2007). The local E. ruminantium
(Kerr seringe) was used as the challenge material. The inactivated and live attenuated
vaccines provided 43 % and 100 % protection, respectively against virulent challenge. In a
subsequent field trial, the attenuated vaccine protected 75 % of sheep against virulent tick

challenge that was fatal for all the control sheep (Faburay et al. 2007).

1.5.2.2 Subunit vaccines

Practical limitations imposed by using live parasites for immunisation have led to efforts to
develop subunit vaccines based on defined parasite antigens. It is expected that the
availability of complete genome sequences of 7. parva (Gardner et al. 2005), Ba. bovis
(Brayton et al. 2007), A. marginale (Brayton et al. 2005) and E. ruminantium (Collins et

al. 2005) will accelerate the process of identifying candidate antigens.

The search for vaccine candidate antigens of Babesia parasites has focused mainly on
merozoite surface antigens that are functionally relevant, immunodominant in natural
immune cattle and are present among different parasite strains (Bock et al. 2004a; Brown
et al. 2006). To date a number of candidate antigens have been identified (Brown et al.
2006). Such antigens include Ba. bovis merozoite surface antigen 1 (MSA-1) (Hines et al.
1995b), Ba. bovis merozoite surface antigen 2 (MSA-2) (Mosqueda et al. 2002;
Wilkowsky et al. 2003), Ba. bigemina merozoite surface proteins gp45 and gp55
(Mcelwain et al. 1991), Ba. bovis and Ba. bigemina RAP-1 (Norimine et al. 2002; Wright
et al. 1992), and the Ba. bovis and Ba. bigemina small heat shock protein (Hsp20)
(Mosqueda et al. 2004; Norimine et al. 2004).
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Immunisation of cattle with recombinant MSA-1 induced antibodies that were capable of
neutralising invasion of erythrocytes, however the immunised cattle were not protected
against virulent Ba. bovis challenge (Hines et al. 1995b). MSA-2 proteins have been shown
to be expressed on the surface of both merozoites and sporozoites, and specific antibodies
to MSA-2 block initial binding and subsequent erythrocyte invasion by the parasite
(Mosqueda et al. 2002). Immunisation of cattle with native Ba. bigemina gp45 proteins
also induced partial protection against challenge (Mcelwain et al. 1991). However,
transcription of this gene has only been identified in a Mexican strain. The gene is absent
in the Puerto Rico and St. Croix strains and is not transcribed in the Texcoco Ba. bigemina
strain (Carcy et al. 2006; Fisher et al. 2001). Due to its abscence in some of the strains, this
antigen is not an ideal candidate for vaccine development. RAP-1 is a 60 kDa antigen of
Babesia that is recognised by antibodies and T cells from naturally immune -cattle
(Norimine et al. 2002; Rodriguez et al. 1996). Native RAP-1 protein isolated from parasite
preparations and recombinant Ba. bovis RAP-1 have been shown to induce partial
protection against homologous challenge (Wright et al. 1992). Native Ba. bigemina RAP-
la protein conferred partial protection, defined by reduction in parasitacmia following
challenge with a homologous Ba. bigemina strain (Brown et al. 1998; Mcelwain et al.
1991). Hsp20 is expressed in sporozoites and merozoites of both Ba. bovis and Ba.
bigemina (Mosqueda et al. 2004; Norimine et al. 2004; Vichido et al. 2008). Examination
of Ba. bovis Hsp20 revealed that Ba. bovis and Ba. bigemina share at least one epitope that
was conserved among all Ba. bovis strains tested, identified by a mono-specific mouse
serum and monoclonal antibody (Brown et al. 2001). However, only one of three post-
infection sera recognised the 20 kDa native Ba. bovis or recombinant Hsp20 protein on
immunoblot analysis, indicating that Hsp20 is not serologically immunodominant during
infection. T cell epitopes were also identified in Hsp20 following recovery from infection
or immunisation with recombinant Hsp20 (Norimine et al. 2004). CD4" T cells from cattle
that recovered from infection or immunisation with recombinant Hsp20 plus IL-12
produced high amounts of IFN-y ex vivo when stimulated with Ba. bovis antigens (Brown

et al. 2001; Norimine et al. 2004).

The host responses to 7. parva infection have been subject to detailed investigations that
have yielded information on the nature and specificity of protective responses, and
provided immunological tools that have been recently used to identify candidate antigens
for vaccination (Morrison & McKeever 2006). Current efforts to develop a subunit vaccine
against 7. parva have targeted both sporozoite and schizont antigens. One sporozoite

surface antigen (p67) (Musoke et al. 2005), 6 schizont antigens (Graham et al. 2006) and
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the polymorphic immunodominant molecule (PIM), expressed by both the sporozoite and
schizont stages of 7. parva (Bishop et al. 2005), have been identified as possible vaccine
antigens. In a two site trial in Kenya, Musoke et al. (2005) reported a 47 % and a 52 %
reduction in the severity of ECF in the two locations (coastal region and Central Kenya
respectively) following vaccination of cattle with a recombinant sporozoite surface
antigen p67 or an 80 amino acid terminal portion of the molecule (p67C). The ability of 5
of the 6 T. parva schizont antigens to induce protective immune responses was tested in
experiments involving the use of the prime-boost protocols, priming with plasmid DNA or
recombinant canarypox virus followed by a single boost with recombinant vaccinia virus
(Graham et al. 2006). A number of naive cattle immunised with these antigens showed
cytotoxic T lymphocyte (CTL) responses that significantly correlated with survival from a
lethal parasite challenge. Additionally, marginal T helper responses were detected in 39 %
of the vaccinated animals although these did not correlate with the presence of CTL
(Graham et al. 2006). Recently Ververken et al. (2008) demonstrated that immunisation of
cattle with recombinant PIM alone induced antibody and CD4" T cell responses in addition
to inducing CD8" cytotoxic T cells specific for T. parva in the absence of other CTL
dominant 7. parva antigens. Of the two calves that were immunised with this recombinant
antigen, the calf that showed a CTL response survived a lethal challenge while the one that

did not and the control calf died.

Recent studies have provided details about the nature of the immune response of cattle to
A. marginale, as well as definition of key antigens that appear to play a role in the immune
response (Kocan et al. 2003; Palmer et al. 1989). Efforts to develop a subunit vaccine for
anaplasmosis has mainly focused on the proteins found on the outer parasite membrane
(Kocan et al. 2003; Palmer et al. 1999). In the outer membrane of A. marginale, six major
surface proteins (MSPs) were initially characterised: MSPla, MSP1b, MSP2, MSP3,
MSP4 and MSP5 (Barbet et al. 1987; Kocan et al. 2003; Oberle et al. 1988; Palmer &
McGuire 1984). Cattle immunised with initial bodies or their outer membranes showed a
significantly lower reduction in packed cell volume (PCV) and lower rickettsaemia after
challenge with virulent A. marginale, as compared to non-immunised animals
(Montenegro-James et al. 1991; Rodriguez et al. 2000; Tebele et al. 1991). However
immunisation of cattle with recombinant MSPs, individually or collectively, has not been
able to recreate the immunoprotective capacity of the whole outer membranes (Brayton et
al. 2006). Recently a number of novel outer membrane proteins (omps) have been
described (Brayton et al. 2005; Lopez et al. 2005; Noh et al. 2008) and immunisation of

cattle with A. marginale surface protein complexes was able to equal the protective
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immunity induced by whole outer membrane proteins in terms of reduction in acute

bacteremia and anaemia (Noh et al. 2008).

Efforts to develop a recombinant vaccine against heartwater have been focussed on the
outer membrane proteins (Mahan et al. 1999). The E. ruminantium immunodominant
major antigen protein 1 (MAP1) has been found to be immunoprotective in a mouse model
system when expressed using a DNA vaccine strategy, against challenge with a lethal dose
of E. ruminantium (Nyika et al. 1998). In a subsequent study, Nyika et al. (2002) found
that boosting DNA vaccine-primed mice with recombinant MAP1 protein significantly
augmented protection on homologous challenge in various trials from 13 — 27 % to 53 —
67 %. Pretorius et al. (2002) immunised mice against heartwater using a DNA vaccine
based upon groES and groEL antigens. Western blot analysis using sera from infected mice
indicated that both GroEL and GroES proteins were expressed, however none of the mice
vaccinated with the GroEL DNA vaccine survived challenge and only 10 % of those
vaccinated with the GroES DNA vaccine survived a lethal challenge (Pretorius et al.
2002). A cocktail of four E. ruminantium genes cloned into a vaccine vector and used to
immunise sheep engendered 100 % protection against subsequent needle challenge with a
homologous isolate and another 5 heterologous isolates. However, when sheep immunised
with this cocktail were exposed to field challenge in a heartwater endemic area, only a few
animals survived (Collins et al. 2003). This experiment was repeated with an alternative
strategy of using a prime-boost system, priming with a DNA vaccine and boosting with
recombinant protein (Pretorius et al. 2008). Improved cellular immunity was indicated by
increased INF-y production, compared to sheep immunised with DNA vaccine alone.
Animals immunised using this prime-boost strategy were immune to needle-derived

challenge but not against field challenge (Pretorius et al. 2008).

1.5.3 Chemotherapy and chemoprophylaxis

For many years three babesiacides, quinuronuim sulphate (Ludobal®, Bayer Ltd),
amicarbalide isothionate (Diampron®, May and Baker Ltd) and diminazine aceturate
(Berenil®, Hoechst Ltd) were available in many countries for the treatment of bovine
babesiosis (Vial & Gorenflot 2006). In the 1970s, a fourth drug, imidocarb dipropionate
was introduced (Imizol®; Schering-Plough), and it rapidly became the drug of choice for
the treatment of babesiosis (McHardy & Simpson 1974; Vial & Gorenflot 2006).
Quinuronium and amicarbalide were withdrawn because of safety issues and diminazine,
which is widely used in the tropics as both a babesiacide and a trypanocide, was withdrawn

in Europe for marketing reasons (Vial & Gorenflot 2006). Imidocarb dipropionate is the



27

only babesiacide that consistently clears the host of parasites when used at dosages above
1 mg/kg (Lewis et al. 1981; McHardy & Simpson 1974). Treatment of Ba. bigemina
infections with imidocarb can completely cure the animal of the infection but leave it
susceptible to re-infection (McHardy & Simpson 1974; Vial & Gorenflot 2006). It can also
induce complete clearance of Ba. bovis, but in some cases a second dose or a slightly
increased dose may be desirable. Imidocarb is an effective chemoprophylactic that will
prevent clinical infection for up to two months, but allows mild sub-clinical infection to
occur as the blood drug levels decrease, resulting in an element of chemotherapeutic
protection against disease while immunity develops (Kuttler 1975; Kuttler & Johnson
1986). Imidocarb has also been reported to affect the Babesia parasites in the tick vector,
e.g. Ba. Bovis-infected Bo. annulatus ticks apparently lost their infectivity when placed on
animals recently treated with imidocarb as their progeny failed to transmit the infection
(Kuttler 1975). In contrast, in a similar experiment with Ba. bigemina in B. decoloratus,
ticks remained infected following imidocarb treatment (Gray & Potgieter 1981).
Oxytetracycline does not have a good chemotherapeutic activity against babesiosis.
However when given 1 to 2 days before exposure, the drug has been reported to lengthen
the incubation period of Ba. bigemina (Kuttler & Johnson 1986). The chemotherapeutic
activity of diminazine is less than that of imidocarb although both drugs have an inhibitory
effect on frozen Ba. bovis and Ba. bigemina attenuated vaccines (Combrink et al. 2002;

Kuttler & Johnson 1986).

Four chemical products are known to have an effect against Theileria parva infections:
tetracyclines, halofuginone, parvaquone and buparvaquone. The effect of halofuginone is
unreliable during the incubation period of the disease, as it is active only against the
schizont stage of the parasite (Peregrine 1994) and moderate to severe recrudescence has
been reported following treatment of ECF with this drug (Kiltz & Humke 1986; Morgan &
McHardy 1982). Tetracyclines have a very limited effect when used to treat clinical ECF
(Peregrine 1994) and are mostly used as prophylactics in the treatment and infection
method (Radley et al. 1975a). Parvaquone and buparvaquone are hydroxynaphthaquinone
derivatives with improved anti-theilerial effectiveness compared to halofuginone based on
recovery rate, recrudescence of infections and therapeutic indices (McHardy et al. 1983;
McHardy et al. 1985; Morgan & McHardy 1982). Parvaquone is marketed as Clexon or
Parvexon, buparvaquone is marketed as Butalex and halofuginone as Terit (D'Haese et al.
1999). Buparvaquone is reported to have a greater anti-theilerial activity than parvaquone
(McHardy et al. 1985) although in a more recent study, Muraguri ef al. (1999) did not find

any significant difference in efficacy between the two drugs. Treating ECF using a
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combination of parvaquone and frusemide (a diuretic drug) has been found to greatly
improve recovery in ECF cases which manifest pulmonary signs (Mbwambo et al. 2002;
Musoke et al. 2004). Buparvaquone has also been found to have prophylactic activity
against both 7. parva and T. annulata in cattle for five days when given at a dose of 5
mg/kg (Wilkie et al. 1998). Although buparvaquone and parvaquone can effectively reduce
losses associated with clinical ECF, their high cost prohibits prompt and wide-scale use

among small-scale and resource-poor farmers (D'Haese et al. 1999; Muraguri et al. 1999).

Drugs that are effective in the treatment of bovine anaplasmosis are imidocarb
dipropionate, tetracyclines and enrofloxacin (Coetzee ef al. 2006; Guglielmone et al. 1996;
Kocan et al. 2000). Imidocarb is effective in the treatment of anaplasmosis at a dosage of
3 mg/kg (McHardy & Simpson 1974). However, this dose level results in the sterilisation
of Babesia infections and possibly renders animals susceptible to babesiosis on re-
exposure (De Wall 2000). Cattle treated with imidocarb, even at higher dosage, are not
cleared of Amnaplasma infections and may remain persistently infected (Adams &
Todorovic 1974; McHardy & Simpson 1974). Oxytetracycline and doxycycline are
effective in the treatment of acute anaplasmosis provided treatment is initiated early in the
course of the disease (Kuttler & Simpson 1978). A number of authors reported elimination
of A. marginale from carrier animals using oxytetracycline (Magonigle ef al. 1975; Roby
et al. 1978; Swift & Thomas 1983). However, Coetzee et al. (2005 and 2006) were not
able to clear A. marginale infections from cattle using different oxytetracycline treatment
regimes. Enrofloxacin is the newest drug to be found effective in the treatment of severe
anaplasmosis (Coetzee & Apley 2006; Guglielmone ef al. 1996). However this drug is also
not able to eliminate 4. marginale infections in cattle (Coetzee et al. 2006; Coetzee &
Apley 2006). Tetracyclines are the only drugs currently available for the treatment of
heartwater (Peregrine 1994).

1.6 Diagnosis of tick-borne diseases

1.6.1 Microscopic examination

Available methods for the diagnosis of TBDs include blood smear examination, serological
tests and DNA-based assays. A comparison of these methods in terms of their sensitivity,
specificity, costs and throughput is shown in Table 1.1. Blood smear examination is often
considered to be the standard technique for routine diagnosis of TBDs. It is less time
consuming than most other methods and is relatively inexpensive (Salih et al. 2007). The

drawbacks of this method are that the accuracy of diagnosis relies on the training and



Table 1.1 Comparison of methods for detection of TBD pathogens of
cattle
Table shows comparison of the sensitivity, specificity, cost and throughput of the methods

used in the diagnosis of TBDs of cattle. +=very low, ++= low, +++= high and

++++ = very high.
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Table 1.1 Comparison of methods for detection of TBD pathogens of

cattle
Method Sensitivity Specificity Cost Throughput
PCR ++++ ++++ ++++ ++++
Blood smear + + + ++
IFAT ++ ++ ++ *
ELISA +++ ++ ++ +++
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experience of the laboratory personnel, and it is considered to have low sensitivity and
specificity. Studies of infection rates of Babesia parasites in the haemolymph of Boophilus
ticks has shown that lack of standardisation in the amount of haemolymph used to produce
each smear can result in smears of different thickness and this can affect the sensitivity of
the assay (Quintao-Silva et al. 2007). Since the amount of blood used to prepare a smear in
most cases is not standardised, this observation is also relevant to microscopic examination
of blood smears. Another problem of microscopic diagnosis is that differentiation of
parasite species based solely on morphology is difficult, and confusion may arise if mixed

species infections occur (Almeria et al. 2001).

1.6.2 Serological methods

Many serological methods standardised for the diagnosis of TBDs have been employed in
epidemiological field studies (Billiouw et al. 1999; Jongejan et al. 1988; Swai et al. 2005).
Serological tests have a number of limitations that are common to all assays based on the
detection of antibodies, i.e. issues of stability, sensitivity, specificity and the objectivity of
reading the results. Some serological techniques may be too cumbersome for testing large
numbers of samples, e.g. fluorescent antibody test (IFAT). They are often unable to
differentiate recovered animals with sterile immunity, carrier animals and clinical cases
(Bose et al. 1995; Goff et al. 2008). In addition, antibody cross-reactions have been
reported among closely related parasitic species (Edelhofer et al. 2004; Salih et al. 2007).
Serological tests are also unable to detect some chronically infected animals (De Wall
2000). Incorrect interpretation of test results may result in inappropriate control measures
being indicated. Some serological diagnostic techniques like the indirect fluorescent-
antibody test (IFAT) are tedious, subjective and of low throughput (Kiltz ef al. 1986; Salih
et al. 2007). Crude parasite preparations are often used as a source of antigen leading to
lack of reproducibility. Because most tick-borne parasites develop almost exclusively
inside erythrocytes, such preparations frequently contain considerable amounts of host cell
contaminants that reduce the performance of the assay and increase the non-specific
background (Bose et al 1995). To overcome this problem, recombinant antigen
preparations that are free from host proteins have been used (Katende et al. 1998; McGuire
et al. 1991). These antigens are relatively cheap to produce and batch-to-batch variations
are minimal, however some recombinant antigens suffer from the drawback of being

strain-specific (Bose ef al. 1995).
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1.6.3 DNA based methods

The application of DNA-based tests to study the epidemiology and diagnosis of TBDs is
still incipient, but the desirable characteristics of high sensitivity and specificity have been
verified by several authors (Figueroa et al. 1993a; Figueroa et al. 1993b; Salem et al.
1999). Available DNA-based techniques for the detection of TBDs include the final time
PCR methods (which include standard PCR, Southern blotting and reverse line blot
(RLB)), real time PCR (qPCR) and the isothermal amplification methods (Criado-Fornelio
2007). The cost of DNA-based diagnostic techniques are relatively high when compared to
serological and microscopic methods. This makes the wide-scale use of these methods
among the resource-poor veterinary services not a viable prospect. Any efforts aimed at
finding ways of reducing these costs will aid in their wide-scale use in resource-poor

countries.

1.6.3.1 LAMP

Among the isothermal amplification methods, only loop-mediated isothermal amplification
(LAMP) has been used in the diagnosis of TBDs (Guan ef al. 2008; Iseki et al. 2007; Salih
et al. 2008b). LAMP is a novel DNA amplification method, which employs continuous
strand-displacement DNA synthesis primed by a specially designed set of target-specific
primers (Notomi et al. 2000). The basic LAMP method uses the Bst DNA polymerase and
two primer pairs. One of the characteristics of LAMP is its ability to synthesis an
extremely large amount of DNA. Accordingly, a large amount of by-product, the
pyrophosphate ion, is produced, yielding a white precipitate of magnesium pyrophosphate
in the reaction mixture. The presence of this white precipitate allows easy detection of
nucleic acid amplified by the LAMP method. Alternatively, gel electrophoresis may be
used to visualise amplified DNA (Criado-Fornelio 2007; Notomi et al. 2000). The
sensitivity of LAMP has been reported to be higher than that of conventional nested PCR
for detection of Ba. bovis and Ba. bigemina (Iseki et al. 2007). The sensitivity of LAMP
has also been reported to be higher than that of conventional PCR, but equal to that of
RLB, in the detection of 7. annulata in Sudan (Salih et al. 2008b). However, it should be
noted that the Sudanese experiment did not use a nested PCR strategy. Another advantage
of the LAMP is that it does not require a PCR machine as amplification is undertaken at a

single temperature, further simplifying equipment needs.
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1.6.3.2 Real time PCR

Real time PCR (qPCR) is based on the detection of fluorescence produced by a reporter
molecule which increases as the reaction proceeds. This occurs due to the accumulation of
the PCR product with each amplification cycle. These fluorescent reporter molecules
include dyes that bind to double stranded DNA (e.g. SYBR® Green) or sequence-specific
probes (e.g. Molecular beacons or FRET® and TaqMan® probes). qPCR facilitates the
monitoring of the reaction as it progresses. Since no post-PCR processing is required, both
resource and operator time are saved. Additionally, due to the fact that automated
fluorescence reading provides monitoring of the presence of PCR products, there is no
need to open the reaction tubes, thus avoiding contamination with previously amplified
products. A number of qPCR assays for the detection of TBDs with sensitivities
comparable to conventional nested PCR have been developed and evaluated (Carelli et al.
2007; Kim et al. 2007; Sibeko et al. 2008). Despite these advantages, the use of qPCR on a
wide scale is limited due to the high cost of equipment (Criado-Fornelio 2007).

1.6.3.3 Reverse line blotting

The reverse line blot (RLB) assay combines PCR with hybridisation of amplified products
to one or several species-specific oligonucleotide probes bound to a support membrane.
Compared to a standard Southern blot, the probe is not in solution but linked to a
membrane (Tait & Oura 2004). An important advantage of this technique is that several
probes are usually combined so that well-characterised species can be discriminated and
identified, while related genotypes distinct from reference strains, within a pathogen
species can still be detected (Criado-Fornelio 2007). This method has been used in the
study of TBD pathogens derived from both ticks and cattle hosts since the 1990s (Bekker
et al. 2002; Gubbels et al. 1999; Oura et al. 2004b). The main drawback with the RLB
technique is that it requires specialised equipment and the production of membranes with

immobilised oligonucleotides that limits its use in developing countries.

1.6.3.4 Standard PCR

Most of the DNA based methods employed in the diagnosis of TBDs are based on standard
PCR techniques. An extensive review of the PCR protocols that have been developed and
used in the study of TBDs was provided by Lew and Jongensen (2005) and Criado-
Fornelio (2007). These reviews show that PCR diagnosis of TBDs has been based mainly
on the amplification of fragments of the 18S and 16S rRNA gene from piroplasm and
rickettsial parasites respectively. The sensitivity of a PCR assay can be increased several

fold by performing a nested PCR, where two sets of amplification primers are used (Haqqi
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et al. 1988). One set of primers is used for the first round of amplification, then sites
located within the first product are subjected to a second round of amplification with
another set of primers that are specific for an internal sequence amplified by the first
primer set. This process not only improves the sensitivity of the assay, but also confirms
the specificity of the first round product (Tang et al. 1997). Unlike serological tests, PCR is
sensitive, specific and is able to detect current infections. Another advantage of PCR is that
assays which are able to detect more than one tick-borne pathogen simultaneously can be
developed (Bekker et al. 2002; Figueroa et al. 1993b). Such tests have the advantage in
that they not only reduce the cost and time of performing the assay, but also allow study of

the epidemiology of several TBDs that can occur concurrently in the same animal.

1.7 Population genetics

1.7.1 Introduction

Sexual recombination occurring in natural parasite populations plays a significant role in
generating genetic diversity. Understanding the levels of genetic diversity in parasite
populations is important in the application of chemotherapy and/or vaccine-based disease
control strategies. Babesia bovis and Ba. bigemina populations have previously been
studied using PCR-based amplification of antigen genes. Such studies have been mostly
directed towards analysing the nature of polymorphism at a single locus and relating it to
the structure and function of the encoded product (Fisher ef al. 2001; Suarez et al. 2000;
Wilkowsky et al. 2008). Though studying variation in parasite populations using antigen
genes (which are potentially under selective pressure) may be of practical importance in
development of subunit vaccines, such studies provide little information about the genome-
wide variation in the natural parasite populations, which are better explored using multi-
locus based typing schemes. To date, no studies have been undertaken to investigate the
population structure of Ba. bovis and Ba. bigemina. Moreover, many of the population
studies based on antigen encoding loci were focussed on developing molecular markers for
investigating vaccine breakthroughs, following vaccination with attenuated Ba. bovis and

Ba. bigemina vaccines (Berens ef al. 2005; Dalrymple 1993; Lew ef al. 1997a).

1.7.2 Studies in bovine Babesia parasites

Three different PCR assays were developed and compared for their ability to differentiate
ten independent Australian Ba. bovis attenuated vaccine lines and cryo-preserved field
isolates (Lew et al. 1997b). These comprised the BvVA1 gene PCR, the Bv80 gene PCR
and random amplification of polymorphic DNA (RAPD) PCR. All three methods revealed
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considerable genetic diversity among the Australian Ba. bovis isolates. The ability of the
BvVA1 and BV80 PCR amplification to discriminate different parasite stocks was greatly
increased when used in combination with Southern blot analysis of the BvVal repeat
region. The BvVA1 PCR amplification was able to discriminate isolates that could not be
differentiated using the Bv80 assay alone. Two isolates which could not be discriminated
using the BVVAI amplification were differentiated by Bv80 amplification profile or the
BvVA1 Southern blot assay. The RAPD method was able to discriminate each of the
isolates, though interpretation of the results from this analysis was often difficult in

comparison to the Bv80 and the BvVA1 PCR assays.

A BspMlI-based PCR restriction analysis assay (PRA)(more commonly called PCR-RFLP)
has also been used as a molecular marker system for Ba. bovis (Wilkowsky et al. 2008).
This assay is based on alleles of the merozoite surface antigen (msa-2a and -2b) that
belong to a gene family encoding surface-exposed antigens. A variable degree of
polymorphism between isolates was shown among five Argentinian, one USA and four
Mexican isolates used in the study (Berens et al. 2005). The msa-2a/b PRA was able to
discriminate isolates from different countries but also isolates from the same region of
Argentina (Wilkowsky et al. 2008). In another study, phylogenetic analysis of the msa and
ssTRNA gene sequences also showed that the Mexican Ba. bovis isolates clustered
separately from the Australian ones, although not according to regions of origin within the

country (Genis et al. 2008).

A molecular epidemiological study of Babesia bigemina isolates from five geographical
regions of Brazil was performed using random amplification of polymorphic DNA
(RAPD), repetitive extra-genic palindromic elements-polymerase chain reaction (REP-
PCR), and enterobacterial repetitive intra-genic consensus sequences-polymerase chain
reaction (ERIC-PCR) (Madruga et al. 2002). A dendrogram constructed using similarity
coefficients among isolates showed two main clusters one of which incorporated a sub-
cluster. The Western and mid-Western isolates showed the greatest genetic diversity, while
the South-Eastern and Southern isolates showed the least diversity. These differences were
attributed to cattle breed differences, ecological conditions, management and distinct

Boophilus microplus populations.

While RAPD, PRA and the other methods described above are able to discriminate
between different Babesia genotypes, they have a number of shortcomings that make their
use difficult. The fingerprints generated by RAPD and PRA are sometimes difficult to

interpret and may not be reproducible. Banding patterns can be further complicated by the



35

presence of more than one genotype and this renders interpretation difficult (Lew et al.
1997b). The Bv80 and BvVAL1 gene PCR assays described by Lew et al. (1997b) were
easier to interpret than the RAPD method. The Bv80 PCR assay had less discriminatory
power than the BvVA1 assays. However, the BvVA1 PCR, although the more sensitive of
the two, requires standardisation of input DNA, which may not be possible when working
with field samples. In all the studies described above, no population genetic analyses of
Ba. bovis or Ba. bigemina populations were undertaken, perhaps in part due to the small
sample sizes used in some studies and difficulties in providing a genetic interpretation of
data generated by the assays. The primary significance of the results from the studies
described above is the confirmation that genetic polymorphism exists in Ba. bigemina and
Ba. bovis. However, the basis for this polymorphism, the role of genetic exchange and the
impact of diversity on disease epidemiology and control was not investigated. To perform

such important studies, more suitable molecular tools and assays require to be developed.

1.7.3 Studies in other bovine apicomplexan parasites

Population analysis of 7. annulata has been carried out using a panel of ten micro- and
mini-satellite markers (Weir et al. 2007). Cloned and uncloned isolates of 7. annulata
maintained as cell lines, from Turkey, Tunisia and Sudan were PCR amplified using these
markers. PCR products were separated using capillary electrophoresis and the DNA
fragment sizes were determined relative to a ROX-labelled size standard that allows
resolution of up to 1 bp. The predominant allele for each sample was used to create multi-
locus genotypes (MLG), which were then used for population genetic analysis. 7. annulata
has a haploid genome and this was confirmed by the cloned isolates giving a single allele
at each locus, while uncloned isolates comprised a multiplicity of genotypes, consistent
with the findings of previous studies (Ben Miled et al. 1994; Shiels et al. 1986). High
levels of genetic diversity were found both within and between countries, with estimated
heterozygosities ranging from 0.86 within central Tunusia to 0.93 in south-Western
Turkey. Moderate genetic differentiation, based on Fsr values and Nei’s genetic distance
were obtained between the three countries. Lower Fg values were obtained when Tunisian
and Turkish samples were analysed separately, and the observed genetic differentiation
positively correlated with geographical distance between sampling sites. In order to
determine whether genetic exchange was occurring in these populations, the level of
linkage disequilibrium between pairs of loci was measured using the standard index of
association (ISA). Pooling all the samples from the three countries resulted in ISA value
significantly greater than zero, indicating linkage disequilibrium. Values of I°4 not

significantly greater than zero were obtained when Turkish and Tunisian population were
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analysed separately. These results indicate that the isolates from the three countries are
geographically sub-structured with limited or no genetic exchange among them. At the
same time, the study shows that genetic exchange does occur in parasite populations within
each country (Turkey and Tunisia), although the number of Turkish samples was too low

for a firm conclusion to be drawn.

Studies of 7. parva have mainly been focused on identifying diversity in field isolates, but
after the publication of the genome sequence, microsatellite markers were developed
enabling the analysis of the population genetics of this species. A molecular
epidemiological study of 7. parva was conducted using a combination of RFLP techniques
(Geysen et al. 1999). Using Southern blots with restriction digested DNA (RFLP-DNA)
probed with ‘Tpr’ (Theileria parva repeat) locus and telomere probes, Zambian isolates
were shown to be relatively homogenous, contrasting with the high level of heterogeneity
observed in a previous Kenyan study (Bishop et al. 1997; Conrad et al. 1987). RFLP-PCR
for the three loci (PIM, p104 and p150) revealed that PIM was the most polymorphic and
could be used to differentiate isolates from two geographical areas in Zambia; p/04 and
p150 were monomorphic for these isolates. Additionally the results indicate a
homogenous, epidemic structure where clonal expansion of one of the introduced vaccine

components dominated the population.

Following the publication of the 7. parva genome sequence (Gardner et al. 2005), a panel
of 11 micro- and 49 mini-satellite polymorphic markers was identified (Oura et al. 2003).
Subsets of these markers have subsequently been used to analyse the population structure
of T. parva in Kenya and Uganda. In Uganda (Oura ef al. 2005), three geographically
separate populations (Lira, Mbarara and Kayunga) were sampled. To overcome the
problem of a high proportion of samples containing multiple genotypes, potentially making
it impossible to determine the predominant genotype directly, samples were taken solely
from animals aged between 3 and 9 months because the majority of the samples contained
a single predominant allele at each locus. Samples taken from these areas were genotyped
using twelve micro- and mini-satellite markers that are evenly dispersed across the four
chromosomes. High levels of genetic diversity were observed within each of the three
provinces with very few MLGs common among them. There was limited genetic
differentiation between Lira and Mbarara populations. In contrast, moderate differentiation
was observed between Lira and Kayunga populations, and between Mbarara and Kayunga.
The Mbarara population showed evidence of sub-structuring with a sub-group of six MLGs

that were very dissimilar to any of the other groups. When these six MLGs were omitted
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from the analysis, little or no genetic differentiation was observed among the three
populations. When the Lira, Mbarara and Kayunga populations were combined as one
population, linkage disequilibrium (LD) was observed, which could be ascribed to
geographical or genetic isolation. Interestingly, LD was still observed when each
population was analysed separately. However, when the identical isolates from Lira were
treated as one, LD disappeared, suggesting an epidemic structure in this group. Linkage
equilibrium (LE) was also demonstrated in the Mbarara population when both the sub-
group and the set of identical isolates were removed from the analysis. The Kayunga
population remained in LD even after treating isolates with similar MLGs as one group,
suggesting infrequent genetic exchange in this population. However, the importance of this

study was the demonstration that genetic exchange was occurring at a significant level.

In the Kenyan study (Odongo et al. 2006), thirty six samples were genotyped using a panel
of 30 micro-and mini-satellite markers (Oura et al. 2003). Similar to the Ugandan study
(Oura et al. 2005), high genetic diversity was observed in the Kenyan 7. parva
populations. A similar lack of geographical sub-structuring as reported for Uganda was
revealed. However, analysis of allele association at all pair-wise combinations of loci
indicated significant LD both when all samples were considered as one population and
when each area was analysed separately. These data suggest that the level of genetic
exchange is limited in contrast with the results from the Lira and Mbarara populations in
Uganda. Other possible cause of LD in this study could have been that the samples were
isolated over a range of time points (1968 — 2005). Some samples were isolated during
vaccine trials and the majority were cultured before genotyping. Thus either temporal sub-
structuring or selection during in vitro expansion, could have, in part, accounted for the

observed LD.

1.7.4 Evidence of genetic exchange and recombination in the vector

Population genetic analysis of 7. parva (Oura et al. 2005) and 7. annulata (Weir et al.
2007) have shown that genetic exchange occurs frequently. These studies provide strong
evidence that a sexual stage does exist in the life-cycle of these parasite species as high
levels of recombination between loci suggest frequent crossing-over during meiosis. More
recently, micro- and mini-satellite genotyping of cloned 7. parva parasite lines derived
from mixed isolates after transmission through ticks has provided evidence for both
recombination and allelic assortment. Analysis of loci encoding antigens recognised by

cytotoxic T-cells has provided evidence for allelic assortment generating parasites with
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different antigen repertoires, highlighting recombination as a mechanism for generating

antigenic diversity (Katzer ef al. 2006).

Morphological observation of different developmental stages and DNA measurement of
Ba. bigemina in the gut of Bo. microplus ticks indicates that sexual reproduction, i.e.
fusion of gametes resulting in the formation of zygotes followed by meiotic division, takes
place in the tick (Gough et al. 1998; Mackenstedt et al. 1995). Additionally, sequence
analysis of the msa-2 genes of Ba. bovis and the RAP-1 gene of Ba. bigemina suggests that
genetic recombination may be the means by which variant antigen types are generated in
these parasites (Berens et al. 2005; Hotzel et al. 1997). Berens et al. (2007) investigated
whether recombination between virulent Ba. bovis strains contributed to variable merozoite
surface antigen (VMSA) diversity. They co-infected cattle with two antigenically divergent
strains of Ba. bovis which were then acquired by Bo. microplus ticks and transmitted to
susceptible cattle. They found that both cattle and ticks could support virulent Ba. bovis co-
infections through all phases of the parasite’s life-cycle. However, recombination of the
VMSA genes was not confirmed, suggesting that intragenic recombination of VMSA
alleles may not be a frequent event (Berens et al. 2007) and may require selection.
Moreover, testing for intragenic recombination at a single locus may not be an ideal

approach.

1.8. Objectives of the work in this thesis

1.8.1 Objective I: Development of PCR for the diagnosis of tick-borne

diseases

The high cost associated with PCR is the main reason preventing its wide-spread use in
poorly resourced veterinary laboratories. Although a number of PCR assays are available
for the diagnosis of TBDs in cattle, none of these is able to detect multiple species
infections (more than 2) in one assay. Such a PCR assay would greatly reduce the costs
associated with PCR and RLB and make it affordable for most laboratories in developing
countries. The specific objective of this work was therefore to develop a sensitive and
specific multiplex PCR assay, based on 18s and 16s rRNA genes that can diagnose
T. parva, T. taurotragi, T. mutans, Ba. bovis, Ba. bigemina, A. marginale and

E. ruminantium in a single assay.
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1.8.2 Objective II: Investigation of the epidemiology of TBDs in Zambia

The Zambian environment provides a multi-tick species ecology where TBDs can co-infect
cattle causing considerable losses to the livestock industry. However, information on the
relative importance of these diseases across the country is either inadequate or entirely
absent, and this has had a negative impact on the design and implementation of diseases
control programs. The aim of this work was therefore to use the PCR assay described in
section 1.8.1 to undertake a detailed analysis of the epidemiology of TBDs (theileriosis,
babesiosis and anaplasmosis) in Eastern and Central Zambia. Specifically, the work

presented in this section was aimed at determining:

e The prevalence of T. parva, T. mutans, T. taurotragi, Ba. bigemina, Ba. bovis,
A. marginale and E. ruminantium in Lusaka, Central and Eastern provinces of

Zambia

e The impact of infection with these parasites across the three provinces using the

reduction of PCV as a measure of impact

e Risk factors associated with infections of these parasites in cattle across the

three provinces
e The interactions among these 7 parasites
e Tick burdens on cattle across the three provinces

1.8.3 Objective Ill: Determination of the underlying population

structure of Ba. bovis and Ba. bigemina

As outlined in section 1.7.2, a number of studies have shown that Ba. bovis and Ba.
bigemina parasites in several countries comprise highly genetically diverse populations.
However, most of these studies were carried out using either very few isolates or with
methods which made genetic interpretation of the data difficult. As a result, no population
genetic analysis of these parasites has ever been undertaken. In order to gain insight into
the population structure of these parasites in the field, a study employing appropriate
polymorphic genetic markers was required. A panel of mini- and micro-satellite markers
similar to those employed in 7. annulata (Weir et al. 2007) and T. parva (Oura et al. 2005)
populations, given the availability of the genome sequences for both parasites could be
readily developed. Therefore, the objectives of the research presented in this section of the

thesis were to:
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e Develop two panels of genetic markers that are specific for multi-locus

genotyping of Ba. bovis and Ba. bigemina isolates

e Determine the population structure of Ba. bovis in two geographically distinct

countries: Zambia and Turkey

e Determine the population structure of Ba. bigemina in Eastern and Central

Zambia

Specifically, the work set out in this section aims at answering the following questions for

each parasite species:

e What is the underlying population structure with reference to sexual

recombination?

e Is there geographical sub-structuring within (for both parasites species) and

between countries (Ba. bovis)?

e Does host phenotype (region, age, sex, breed, management, province and PCV)

influence genetic diversity?

e How does the population structure of the two Babesia parasite species compare

in Zambia?
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CHAPTER TWO

Development of PCR assays for the diagnosis of

tick-borne diseases

2.1 Introduction

2.1.1 Background

Available methods for the diagnosis of TBDs include blood smear examination, serological
tests and DNA-based assays. As described in Section 1.6, blood smear examination and
serological tests have serious drawbacks,which may lead to misdiagnosis and the
implementation of inappropriate disease control measures. The advent of the polymerase
chain reaction (PCR) (Saiki et al. 1988) has allowed the development of sensitive and
specific diagnostic assays for the detection of numerous pathogens. PCR-based techniques
allow the detection of parasites at low parasitaemia while discriminating various species of
co-infecting agents (Oura et al. 2004a; Shayan & Rahbari 2005). By including several
pairs of primers, multiple target loci may amplify and this technique is termed multiplex

PCR (Elnifro et al. 2000; Quintao-Silva et al. 2007).

Some of the successful applications of multiplex PCR include the differentiation of
medically important Candida species in humans (Arancia et al. 2009), typing for virulence
in Pasteurella multocida (Atashpaz et al. 2009), and typing of bovine diarrheoa viruses in
cattle (Gilbert et al. 1999). Despite its successful use in other fields, there currently are no
optimised multiplex PCR protocols for the diagnosis of TBDs in cattle. The only such
assay was described by Figueroa et al. (1993) for the detection of Ba. bovis, Ba. bigemina
and A. marginale in latently infected cattle. However, this assay involved a hybridisation
step and the hybridisation signal in the mixed-infection samples was weak and
occasionally difficult to discern from the background. Multiplex PCR offers potential
savings in cost, time and effort without compromising test utility and does not require the
expensive equipment and membranes needed for RLB (Gubbels et al. 1999). The high
cost associated with PCR is one of the reasons limiting its use in developing countries
where TBDs of cattle are prevalent. Therefore, it would be highly desirable to combine the

diagnostic tests for several pathogen species in a single multiplex PCR assay.

The most frequently used gene targets for the development of diagnostic PCR for tick-
transimitted protozoan and rickettsial pathogens are the 18S and 16S rRNA genes
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respectively (Criado-Fornelio 2007; Lew et al. 1997b). This is because of their ubiquity,
suitable size and the availability of a very large set of sequences from many organisms,
coupled with regions of low and high sequence divergence between species. (Van de & De
Wachter 1997). Although the rickettsia are reported to only have one 16S rRNA gene per
genome (Collins et al. 2005), the number of 18S rRNA genes in tick — transmitted
protozoan parasites of cattle ranges between 2 and 4 copies per genome (Brayton et al.
2007; Criado et al. 2006). Another gene that has frequently been used in the development
of diagnostic PCR of TBDs is cytochrome b. The cytochrome b gene shows regions of
both high and low sequence divergence between species and is not subject to diversifying
selection (Escalante et al. 1998). It is universally found in mitochondrial DNA and Babesia
parasites are reported to have over 100 copies of this gene per genome (Salem et al. 1999).
The low evolutionary rate of the rRNA and cytochrome b genes makes them ideal for the
development of diagnostic PCR. The B-tubulin gene has also been previously used for
species discrimination of parasitic species (Caccio et al. 2000; Zamoto et al. 2004).
Zamoto et al. (2004) reported developing a diagnostic PCR assay for Babesia parasites that
had similar discriminatory power to that of the rRNA-based PCR. Therefore this gene can

be used as a good alternative for the development of a multiplex PCR.

2.1.2 Objectives

The objectives of the work described in this chapter were to:

e Develop sensitive and specific PCR assays that can be used to diagnose seven
TBDs of cattle, namely 7. parva, T. mutans, T. taurotragi, Ba. bigemina,

Ba. bovis, A. marginale and E. ruminantium

e Compare the sensitivities of the PCR assays developed above for the diagnosis

of Ba. bovis and Ba. bigemina

2.2 Material and Methods

2.2.1 Parasite material

The Ba. bovis DNA stocks used in the development of PCR assays were Ba. bovis Mexico
(Erp et al. 1978; Smith et al. 1978), Ba. bovis Kwanyangwa (Taylor & McHardy 1979)
and Ba. bovis Lismore (Kahl et al. 1982). The Ba. bigemina DNA stocks were Ba.
bigemina Mexico (Vega et al. 1985), Ba. bigemina Muguga (Posnett et al. 1998) and Ba.
bigemina Zaria (Leeflang & llemobade 1977). The E. ruminantium Welgevonden stock
was from South Africa (Jongejan et al. 1991). All the above parasite DNA preparations
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were provided by the Centre for Tropical Veterinary Medicine (CTVM) in Edinburgh
where Babesia parasites were maintained as blood stabilates, cryopreserved in liquid
nitrogen, and cultured in vitro on several occasions (Passos et al. 1998). A. marginale
DNA was kindly provided by Katherine M. Kocan of Oklahoma State University, USA.
The origin and source of the DNA stocks of 7. parva Muguga, T. parva Marikabuni,

T. mutans and T. taurotragi are described in Oura et al. (2003).

2.2.2 Cloning and sequencing of the T. taurotragi B-tubulin gene

A segment of the B-tubulin gene of T. taurotragi was PCR amplified using the primers and
conditions described by Caccio et al. (2000). The resulting PCR product was separated by
gel electrophoresis in TAE buffer (0.04M Tris, 0.4mM EDTA, pH adjusted to 7.7 - 8.8
with glacial acetic acid) on a 1.5 % agarose gel which was pre-stained with ethidium
bromide for visualisation of amplicons. Amplicon sizes were determined relative to a 100
bp ladder. The cloning reaction for the obtained PCR product and transformation
procedure were carried out according to the user manual for TOPO TA cloning® Kit.
Briefly, 1 ul PCR product was gently mixed with the vector and incubated for five minutes
at 23 °C. Then 2 ul of the mixture were added to chemically competent E. coli cells, mixed
gently and incubated on ice for 30 minutes. The cells were transformed by heat shocking at
42 °C for 30 seconds. 250 ul of SOC media (20 g Bacto Tryptone, 5g Bacto Yeast Extract,
2ml of 5SM NaCl, 2.5 ml of M KCl, 10 ml of IM MgCl,, 10ml of 1M MgSQy4, 20ml of 1M
glucose in 1 litre of distilled water) was added and the reaction incubated at 37 °C in an
orbital shaker at 200 rpm for 1 hour. Transformed bacteria (50 pl) were spread on
selective plates containing 50 pg/ml ampicillin and incubated at 37 °C overnight. Selected
colonies were grown in Luria Bertani broth (10g Tryptone, 5g Yeast extract and S5g
Sodium chloride in 1 litre of distilled water; pH 7.2) containing ampicillin overnight,
before plasmid DNA was extracted using a QIAprep Spin Miniprep Kit (Qiagen),
according to the manufacturer’s instructions. Plasmid DNA was quantified using a
spectrophotometer at 260 nm wavelength, and 2 ug was sent in duplicate, for sequencing

by Eurofins MWG Operon under a commercial contract.

2.2.3 Sequence alignment

Genbank accession numbers for the 18S rRNA gene sequences used in the primer design
were LO2366 for T. parva, L19082 for T. taurotragi, AFO78815 for T. mutans, 131922
for Ba. bovis and X59604 for Ba. bigemina. 18S rRNA gene sequences for 7. annulata
(FJ426369) and Ba. divergens (EU182594) were also included in the sequence alignment

to ensure that the designed primers could not amplify these parasite DNA. The accession
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number for the 16S rRNA gene sequences were M60313.1 for 4. marginale and X62432.1
for E. ruminantium. The accession numbers for the B-tubulin gene sequences were
AJ28924 for Ba. bovis, DQ104522 for Ba. bigemina and XM759937 for T. parva. The -
tubulin gene sequence for 7. taurotragi was derived as outlined above (Section 2.2.2). The
accession number for the gene sequence used in the development of the cytochrome b gene
PCR was AF109354 for Ba. bigemina, and the sequence of Ba. bovis cytochrome b gene
was obtained from GeneDB. Sequences for each gene were aligned using Clustal X
software (Thompson et al. 1997). The alignments enabled the design of species-specific
PCR primers for each parasite allowing amplification of different sized fragments from

each species that could be differentiated following agarose gel electrophoresis.

2.2.4PCR

For each reaction, PCR was carried out in a total volume of 20 ul. For all the primary
reactions 1 uM of each primer, 1 pM custom PCR master mix (Thermo Scientific), 2 pl
DNA template and 1U Tagq polymerase (Applied Biosystems) were used. The
thermocycler conditions for the B-tubulin gene external PCR were: 94 °C for 4 minutes,
30 cycles of 94 °C for 50 seconds, 55 °C for 30 seconds, 72 °C for 1 minute and a final
extension period at 72 °C for 5 minutes. Those for the cytochrome b PCR assay were
similar to the B-tubulin conditions except the annealing temperature was 49 °C. The
thermocycler conditions for the 18S/16S rRNA gene PCR were as described previously
(Bekker et al. 2002).

The PCR mixture for the semi-nested 18S/16S rRNA and the nested cytochrome b genes
species-specific reaction were similar to the primary one, except that 2 ul of a 1:100
dilution of the primary PCR product was used as template. In the 18S/16S rRNA gene PCR
reaction, the same universal forward primer was used for primary and secondary reactions
while the reverse primers were species-specific. The semi-nested species-specific f-tubulin
multiplex PCR incorporated 2 ul of a 1:100 dilution of the primary PCR product, 1 uM
each of the T. parva and Ba. bovis species-specific primers and the universal reverse
primer, 0.15 uM of the Ba. bigemina species-specific primer, 1 uM custom PCR mix and
1 U Taq polymerase. The thermocycler conditions for 18S/16S rRNA gene PCR were:
94 °C for 4 minutes, 30 cycles of 94 °C for 50 seconds, 68 °C for 30 seconds, 72 °C for
1 minute and a final extension period of 72 °C for 5 minutes. The thermocycler conditions
for the B-tubulin and cytochrome b gene PCR were similar to those of the 18S/16S RNA

gene except the annealing temperatures were set at 58 °C and 55 °C respectively. The PCR
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products were separated on 2 % agarose gels as described in Section 2.2.2. Amplicon sizes

were determined relative to the 100 bp ladder.

2.2.5 Determination of the sensitivity of the PCR assays

To determine the sensitivity of the Ba. bigemina and Ba. bovis PCR assays serial dilutions
(1 %, 0.1 %, 0.05 %, 0.01 %, 0.005 %, 0.001 %, 0.0005 % and 0.0001 % parasitaemia),
generated from infected blood of known parasitaemia diluted in phosphate buffered saline
(PBS), were spotted on Flinders Technology Associates (FTA) filters (Rajendram et al.
2006). These filters were kindly provided by Dr Shkap (Kimron Veterinary Institute,
Israel). To provide template for PCR amplification, a disc of 2 mm in diameter was cut
from the FTA blood spot using a clean Harris Micro-punch™ (Whatman) and placed in an
Eppendorf tube. The discs were washed three times with 200 pl of FTA purification
reagent (Whatman) and twice with 200 pl of 10 mM Tris, | mM EDTA (pH 8.0) buffer for
five minutes at room temperature, as per the manufacturer’s instructions. The discs were

then left to dry at room temperature before use in PCR.

2.3 Results

2.3.1 Development of semi-nested PCR for 18S rRNA gene of
Theileria/Babesia and 16S rRNA gene of Ehrlichia/Anaplasma

2.3.1.1 Primer design

The 18S rRNA gene sequences for 7. parva, T. taurotragi, T. mutans, T. annulata,
Ba. Bigemina, Ba. bovis and Ba. divergens, and the 16S rRNA gene sequences for A.
marginale and E. ruminantium were aligned. This allowed design of internal primers that
were specific for each parasite gene sequence (shown in Figures 2.1 and 2.2 respectively),
and predicted to amplify gene sequence fragments whose sizes could be easily be
distinguished on agarose gel electrophoresis. The Theileria / Babesia universal (genus
specific) primers (Table 2.1) were predicted to amplify fragment sizes of 385 to 429 bp
depending on the parasite species, while the species specific-primers (Table 2.1) were
predicted to amplify fragments whose sizes were 224 bp, T. parva; 243 bp, T. taurotragi,
258 bp, T. mutans; 278 bp Ba. bovis and 359 bp for Ba. bigemina. The Ehrlichia /
Anaplasma universal PCR primers were predicted amplify a fragment of 430 bp, while the
internal species specific primers were predicted to amplify fragments of 335 bp for A.
marginale and 201 for E. ruminantium (Table 2.1). The primers used in the 18S rRNA
primary PCR reaction, i.e. Theileria/Babesia genus-specific primers were as described

previously (Oura ef al. 2004a).



Figure 2.1 18S rRNA sequence alignment

The 18S rRNA gene sequences of T. parva, T. taurotragi, T. mutans, T. annulata,
Ba. divergens, Ba. bigemina and Ba. bovis were aligned using Clustal software and then
the Theileria / Babesia genus (universal) and species-specific primers were designed as
shown in the shaded areas. Yellow is the universal forward primer, green are the species-
specific primers with the respective parasites shown on the left side. Blue is the universal

reverse primer.
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TGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC
TGAGAAGCGGCTACCACATCCAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC
TGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC
TGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC
TGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC
TGAGAAACGGCTACCACATCTAAGGAAGGCAGCAGGCAACGCAAATTACCCAATCCTGAC
TGCGAGACGGCTACCACATCTAAGGAAGGCAGCAGGCG-CGCAAATTACCCAATCCTGAC

**x kX% khkrxhkkhkhkhkhkhkkhkhkhkk hhkrxhkkhkhkhkkhkhkkkhkkxk*k khkrhkkhkhk Ak hkkrhkkrkkxkhkkx*k

ACAGGGAGGTAGTGACAAGAAATAACAATACAGGGCTTT-CGTCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATAACAATACAGGGCAAT-TGTCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATAACAATACGGGGCTTAAAGTCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATAACAATACGGGGCTTAAAGTCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATAACAATACGGGGCTTAAAGTCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATAACAATACGGGGCTCAACGCCTTGTAATTGGAATGAT
ACAGGGAGGTAGTGACAAGAAATACCAATACGGGGCTAC-TGCTCTGTAATTGGCATGGG

KA AA kKA Ak hkAhAAkhAAhkhkdA kA khkhkhk* K,k hkkhk *kxk%k * KAk AkkhkhkkhkKhkk Kk *k

GGTGATGTACAACCTCACCAGAGTACCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGTGACCTAAACCCTCACCAGAGTAACAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGGAATTTAAACCTCTTCCAGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGGAATTTAAACCTCTTCCAGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGGAATTTAAACCTCTTCCAGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGGAACCTAAACCCCTTCCAGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG
GGCGACCTTCACCCTCGCCCGAGTACCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCG

* * * * * % kkhk Ak kkhkk Kk Ak hkAhkhkhkhhk Ak A Ak kA kA A kA Ak Ak kA Ak Ak k kK

GTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCTCGTAGTTGTA
GTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCTCGTAGTTGAA
GTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAAAGCTCGTAGTTGAA
GTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAAAGCTCGTAGTTGAA
GTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAAAGCTCGTAGTTGAA
GTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAAAGCTCGTAGTTGAA
GTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCTCGTAGTTGTA

kA hkhkhkhkhkrhkhkhkhhkhkhkrhkhkrhhkrhkhkhkhkhhkhdx ,hhhkrkhkhhkhkrhkhkrhkhkhkhkhkrkrhkhkrkkxx *

TTTCAGCC---TCGCGTT--TTTTCCCTTTTGTTGGGTCT---TTTCGCT----G—————
TTTTTGCG---TGGTGTTAATATTGACTAATGTCGAGATTGCACTTCGCTTTTGG—————
TTTCTGCTGCATCGCTT] TGGCTTATTTCGGACGGAG
TTTCTGCTGCATTGCTTTTGTCCCTCTGGGGTCTGTGCATGTGGCTTTTTTCGGACGGAG
TTTCTGCTGCATTG-TCGAGTCCCTCCGGGGTCTTGGC ——
TTTCTGCCGCATCGCGGCGGCCCTCCCGGGCCCAGCGGTTGCGGCTTATTTCGG

CTTCACGTCCCCCGCTTGGTCCTTTCCT--CGCCGGGAC---GCCTCG————————————

* Kk * * *

————— GCTTT----TTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTTTTGTCT
————— GATTTATCCCTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTTTTGTCT
TTCGCTTTGTCTGGATGTTTACTTTGAGAAAATTAGAGTGCTCAAAGCAGGCTTTTGCCT
TTT-CTTTGTCTGAATGTTTACTTTGAGAAAATTAGAGTGCTCAAAGCAGGCTTTCGCCT
—— GCTGTCTGGATGTTTACTTTGAGAAAATTAGAGTGCTCAAAGCAGGCTTTTGCCT
TACTTTGAGAAAATTAGAGTGCTCAAAGCAGGCCCTTGCCT
—————————————————— TTACTTTGAGAAAATTAGAGTGTTTCAA

khkkhkhkkhk kA kA khkrkkrkhkhkkhkrkx * * Kk ok kK Kk * k k%

TGAATACTTCAGCATGGAATAATAGAGTAGGACCTTGGTTCTATTTTGTTGGTTT - —T.
TGAATACTTCAGCATGGAATAATAGAGTAGGACTTTGGTTCTATTTTGTTGGTTTG-TGA
TGAATAGTTTAGCATGGAATAATAAAGTAGGACTTTGGTTCTATTTTGTTGGTTTTAGGT
TGAATAGTTTAGCATGGAATAATAAAGTAGGACTTTGGTTCTATTTTGTTGGTTTTAGGT
TGAATAGTTTAGCATGGAATAATAAAGTAGGACTTTGGTTCTATTTTGTTGGTTTTAGGT

TGAATACTTTAGCATGGAATAATAAAGTAGGACTTTGGTTCTATTTTGTTGGTTT--AGC

- SRS~ T GGAATAACCTTGTATGACCCTG--~TCGTACCGTTGGTT--——GA
Xk Kk Kk Kk kK *

* kkk kk kkkkkkkrxkkkk *xk Kk k Kk * % *

GTTGGGGGCATTCGTATTT
ACCGTAGTAATGGTTAATAGGAACGGTTGGGGGCATTCGTATTT
ACCAAAGTAATGGTTAATAGGAACAGTTGGGGGCATTCGTATTT
ACCAAAGTAATGGTTAATAGGAACAGTTGGGGGCATTCGTATTT
ACCAAAGTAATGGTTAATAGGAACAGTTGGGGGCATTCGTATTT




Figure 2.1 18S rRNA sequence alignment (continued)
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Figure 2.2 16S rRNA sequence alignment

The 16S rRNA gene sequences of E. ruminantium and A. marginale were aligned using
Clustal software and then the Anaplasma / Ehrlichia genus (universal) and species-specific
primers were designed as shown in the shaded areas. Yellow is the universal forward
primer, green are the species-specific primers with the respective parasites shown on the

left side. Blue is the universal reverse primer.
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GGGACTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGG
GGGACTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGACNCGCACAAGCGGTGG

KA KK AR A AR AR A AR A AR A AR AR AR AR A AR A R A AR A AR AR A A A X Ak Ak Ak h kAKX Ak kK

AGCATGTGGTTTAATTCGATGCAACGCGAAAAACCTTACCACTTTTTGACATGAAGGTCG
AGCATGTGGTTTAATTCGATGCAACGCGAAAAACCTTACCACTTCTTGACATGGAGGCTA

KAKKAKRKAAKAAKRKAAKRA XA KA A KRR AR AR A IA A A A A AR A AR A A A A A, K, KAhk kA hhkh*x **k%

TATCCCTTTTAACCGAGGGAGTCAGTTCGGCTGGACCTTACACAGGTGCTGCATGGCTGT
GATCCTTCTTAACAGAAGGGCGCAGTTCGGCTGGGCCTCGCACAGGTGCTGCATGGCTGT

kAhkkk kK kkkkk kK k% kkkkkkkkAhkhkkkhkk K*k*k KAk kA hAk KAk Ak Ak kA XAk kkK**k

CGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCATCCTT
CGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCATCCTT

KA AR AR A AR AR A AR A AR A A A AR A KR A AR A AR A KR A AR A AR AR A AR A A A AR AR AR A A AR Ak kK

AGTTACCARCACCTARTGCTCCCCACTETAAGGARACTGCCAGTGATAAACTGGAGGAAG
AGTTACCAGCGGGTAATGCCGGGCACTTTAAGGAAACTGCCAGTGATAAACTGGAGGAAG

khkhkkhkhkhkk Kk khkkhkkhkkk hhkhkhkhkhkk dhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkk

GTGGGGATGTTGTCAAGTCAGCATGGCCCTTATAGGGTGGGCTACACACGTGCTACAATG
GTGGGGATGATGTCAAGTCAGCACGGCCCTTATGGGGTGGGCTACACACGTGCTACAATG

Akhkhkhkhkhkhkhkk dhkhkhkhkhkhkhkhkhkhkhkkx *hkhkhkhkhkhhkx dhkhhkhkhkhkhkrkhkrkhkrkhkrkhkrkhkrkhkkkkxk

GCAACTACAATAGGTTGCGAGACCGCGAGGTTTAGCTAATCCAAAAAAGTTGTCTCAGTT
GCGACTACAATAGGTTGCAACETCCCANCECICAGCTAATCCGTAAAAGTCGTCTCAGTT

*k khkkkkikkhkkhkkhkkkk Kk khkk Ak k k khkkKkkkkkk *kkkkk khkkkkkkkk

CGGATTGTTCTCTGCAACTCGAGAGCATGAAGTCGGAATCGCTAGTAATCGTGGATCAT]
CGGATTGTCCTCTGTAACTCGAGGGCATGAAGTCGGAATCGCTAGTAATCGTGGATCAG

hhkrhkhkhkkhk hhkhkkhkkx Khrxhkkhkhkkhhkdx dhkhrhkhkrhhkhhhkrkhkhhkhkrhkkhkrhkhkrhhkrxkhkrhkkhkrrkx *

TTCTCGGGTCTTGTACACACTGCCCGTCACGCCATGGGAATTG
TTCTCGGGTCTTGTACACACTGCCCGTCACGCCATGGGAATTG

kA hkhkhkhhkh kA hhkhkhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhhkrhkhkrhkhkrkhhkrkxhkkxhkxk

GCTTAACTCGAAGCTGGTGTGCTAACCGTAAGGAAGCAGCCATTTAAGGTTGGGTTAGTG
GCTTAACTCGAAGCTGGTGCGCCAACCGTAAGGAGGCAGCCATTTAAGGTTGGGTCGGTG

hhkrhkhkhkhhkhkkhkrhkhkrhkhkrkhkk *kx K(rxkhkhkhkkhhkrkhhkh *hkhkrkhkhkhkkhhrkhkrhkhkrxkhkkxk%x * % *

ACTAGGGTGAAGTCGTAACAAGGTAGCTGTAGGTGAACCTGCGGCTGGATCACCTCCTT
ACTGGGGTGAAGTCGTAACAAGGTAGCTGTAGGTGAACCTGCGGCTGGATCACCTCCTT

hhkk KhkAk A hkkhkhhkhkhAhhhkhkdrhhkhkhhkhkhkrhhkrhkhkrhhkhkhhkhkhkrhkhkrkhkhkrhkkkhkkkxk



Table 2.1 18S and 16S rRNA primer sequences

Primer sequences and expected amplicon sizes for the 18S and 16S rRNA gene semi-nested PCR assay for Theileria/Babesia and Anaplasma / Ehrlichia
pathogens respectively. The primer lengths, GC content and the nearest neighbour and salt adjusted melting temperatures are also shown. The assays

were designed to maximise the difference in amplicon sizes between parasite species.
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The length, GC content and melting temperatures (T,) (both nearest neighbour and salt
adjusted) for each primer were calculated using the computer program OligoCalc

(http://www.basic.northwestern.edu/biotools/oligocalc.html)(Kibbe 2007). The primers

ranged in length from 18 to 28 nucleotides, while the GC content ranged from 43 % to 63
%. The nearest neighbour Ty,s ranged from 50 to 61 °C, while the salt adjusted ones ranged
from 56 to 71 °C (Table 2.1). All primers were tested for specificity against online
databases using BLAST searches to verify the absence of similarity to other pathogen

species.

2.3.1.2 PCR ampilification

The initial aim of the study was to develop a semi-nested multiplex PCR that could detect
and differentiate seven tick-transmitted pathogens i.e. T. parva, T. taurotragi, T. mutans,
Ba. bigemina, Ba. bovis, A. marginale and E. ruminantium simultaneously. The primary
PCR reactions generated amplicons of expected sizes from all the DNA preparations of
different parasite species (results not shown). The primary amplicons were used as the
template for the secondary species-specific reactions and when the PCR reactions were run
for each parasite species individually, products of expected sizes were observed, as shown
in Figure 2.3 for T. parva, T. taurotragi, Ba. bovis and Ba. bigemina and Figure 2.4 for
E. ruminantium and A. marginale. Thus these results showed specific amplification for
each species with amplicon sizes of 224 bp (7. parva), 243 bp (T. taurotragi), 278 bp
(Ba. bovis), 359 bp (Ba. bigemina), 335 bp (A. marginale) and 201 bp (E. ruminantium).
To test whether all these species could amplify in a single multiplex PCR reaction, DNA
templates of T. parva, T. taurotragi, Ba. bovis, Ba. bigemina, E. ruminantium, T. annulata
and B. divergens were mixed and PCR amplified with two pairs of universal primers for
Theileria/Babesia and Anaplasma/Ehrlichia. The amplicons generated were then subjected
to a second round of semi-nested multiplex PCR using species specific-primers and one
universal primer in a single reaction following which the products separated by agarose gel
electrophoresis. The resulting gel image is shown in Figure 2.5. While species-specific
products were amplified when single species DNA were used as template (lanes D to H),
the combined templates did not give desired results (Lanes B and C). Ba. bigemina and
E. ruminantium could not amplify despite several adjustments which were made to the
primer mixture concentrations and annealing temperatures. The multiplex PCR reaction
also resulted in non-specific bands which made conclusive identification of some expected
bands difficult. The species specificity of the amplification was shown by the lack of
amplification of both 7. annulata and B. divergens (Figure 2.5). Unfortunately, as shown in

Figure 2.1, the alignment of 18S RNA sequences revealed no additional regions of



Figure 2.3 Theileria spp and Babesia spp PCR amplicons

These images shows PCR products of T. parva, T. taurotragi, Ba. bigemina and Ba. bovis
generated using the 18S rRNA gene species-specific semi-nested PCR assays for the

respective parasites. All the assays were species-specific.
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Figure 2.3 Theileria spp and Babesia spp PCR amplicons

I II

A B CDEF G

600 bp »

100 bp »

I11 IV

A B CPH ¥+ G

600 bp »

100 bp »

(D T. parva, (1) T. taurotragi, (111) Ba. bigemina and (IV) Ba. bovis semi-nested species-
specific PCR . Lanes: A, 100 bp ladder; B, 7. parva muguga; C, T. parva marikabuni,

D, T. taurotragi; E, Ba. bigemina; F, Ba. bovis and G, negative control.



Figure 2.4 E. ruminantium and Anaplasma spp PCR amplicons

These images show the PCR products of E. ruminantium and A. marginale generated using

the 16S rRNA gene species-specific semi-nested PCR assays for the respective parasites.

All the assays were species-specific.
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Figure 2.4 E. ruminantium and Anaplasma spp PCR amplicons

(D) E. ruminantium and (I1) Anaplasma spp semi-nested PCR. Lanes A, 100 bp ladder;
B, T. parva; C, Ba. bigemina; D, Ba. bovis; E.E. ruminantium; F, A. marginale and

G, negative control.



Figure 2.5 18S/ 16S rRNA genes semi-nested multiplex PCR

This image represents PCR products of T. parva, T. taurotragi, Ba. bigemina, Ba. bovis
and E. ruminantium generated using the 18S and 16S rRNA gene species-specific semi-
nested multiplex PCR assays. Expected products were obtained from single species DNA
(Lanes D to H). For the 1:1000 mixed species DNA templates (Lane B) only a product
corresponding to the size of Ba. bovis amplicon can be seen, while in 1:100 dilution, Ba.
bigemina and E. ruminantium did not amplify, and a non-specific band can be seen (green

arrow). The assay was species-specific as it did not amplify T. annulata and B. divergens.
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Figure 2.5 18S / 16S rRNA genes semi-nested multiplex PCR

400 bp »

200 bp »

100 bp »

Lanes A, 100 bp ladder; B, 1:1000 dilution of primary PCR DNA mixture; C, 1:100
dilution of primary PCR DNA mixture; D, E. ruminantium, E. T. parva; F, T. taurotragi;

G, Ba. bovis; H, Ba. bigemina; 1, T. annulata; J, Ba. divergens and K, negative control.
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sequence variation between the parasite species that would have allowed design of
alternative primers for multiplex PCR. Therefore, the objective of developing a semi-
nested multiplex PCR that would detect all seven pathogens using this locus was not
pursued further. However, using equi-molar primer concentrations, a semi-nested duplex
PCR of A. marginale and E. ruminantium amplified products of expected sizes, as shown
in Figure 2.6. This assay was developed by amplifying a mixture of 4. marginale and
E. ruminantium DNA in the primary reaction. Then, 1:100, 1:1,000 and 1:10,000 dilutions
were made from the primary product and these were amplified using a mixture of the
species-specific primers at equi-molar concentration (1 uM each) in the secondary PCR.
To ensure that each PCR reaction was species-specific, 7. parva and Ba. bovis DNA were
included in the reaction (Lanes G and H) and these were not amplified. The ability of the
A. marginale species-specific PCR to differentiate between A. marginale and A. centrale
was tested. It was found out that this PCR assay could not differentiate between the two
species (results not shown). Therefore, this assay is from here onwards referred to as the

Anaplasma spp PCR.

2.3.2. Development of semi-nested multiplex PCR for B-tubulin gene of
T. parva, Ba. bigemina and Ba. bovis and a semi-nested PCR for

T. taurotragi
2.3.2.1 Primer design

The B-tubulin gene has previously been used in the discrimination of parasitic species
(Caccio et al. 2000), and on this basis it was considered to be an alternative target for
development of a semi-nested multiplex PCR. Nucleotide sequences were aligned to allow
design of primers that could species-specifically amplify fragments of the B-tubulin gene
for T. parva, T. taurotragi, Ba. bovis and Ba. bigemina (Figure 2.7). Degenerate forward
and reverse universal Theileria/Babesia primers that can amplify fragments of 364 to 458
bp depending on the species, from the B-tubulin gene have been described previously
(Caccio et al. 2000). Within this region, species-specific internal primers capable of
amplifying fragments of different sizes that could be discriminated by agarose gel
electrophoresis were designed as shown in Figure 2.7. The species-specific sequence
fragment sizes predicted to amplify by these primers were 325 bp (7. parva), 395 bp (Ba.
bigemina), 274 bp (Ba. bovis) and 293 bp (T. taurotragi). Primer specificity was tested
against online databases using BLAST searches to verify the absence of similarity to other

pathogen species. The sequences of the designed primers are shown in Table 2.2.



Figure 2.6 E. ruminantium and Anaplasma spp duplex PCR amplicons

This image represents PCR products of A. marginale and E. ruminantium generated using
the 16S rRNA gene species-specific semi-nested duplex PCR assays. Expected products
were obtained from both mixed species template DNA (Lanes B to D) and single species
DNA (Lanes E and F). The assay was species-specific, as it did not amplify Ba. bovis and

T. parva.
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Figure 2.6 E. ruminantium and Anaplasma spp duplex PCR amplicons

600 bp

A. marginale

E. ruminantium

Lanes A, 100 bp ladder; B, 1:10,000 dilution of A. marginale and E. ruminantium DNA
mixture; C, 1:1000 dilution of A. marginale and E. ruminantium DNA mixture; D, 1:100
dilution of A. marginale and FE. ruminantium DNA mixture; E, A. marginale;

F, E. ruminantium and G, Ba. bovis; H, T. parva; 1, negative control.



Figure 2.7 3-tubulin sequence alignment

The B-tubulin gene sequences of T. parva, T. annulata, T. taurotragi, Ba. bigemina and Ba.
bovis were aligned using the Clustal software to allow degenerate Theileria / Babesia
genus (universal) and species-specific primers to be designed as shown in the shaded areas.
The primer shaded yellow is the universal forward, green are the species-specific primers

with the respective parasites shown on the left side. Blue is the universal reverse primer.
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TGTGGTAACCAAATTGGTGCCAAATTTTGGGAAGTCATATCTGACGAGCAT
TGTGGTAACCAAATCGGTGCCAAATTTTGGGAAGTCATATCTGACGAACAT
TGTGGTAACCAGATTGGAGCCAAATTTTGGGAAGTTATATCCGATGAACAT
TGTGGTAACCAAATTGGTGCCAAATTCTGGGAAGTCATCTCCGATGAACAT
TGTGGTAACCAGATCGGTGCCAAGTTCTGGGAGGTCATCTCTGACGAGCAT
khkkkkkhkkhkkhkkhkkhkk kk kk kkhkkkk kk kkkkk kk Kkk kk Kkk Kkk Kkk*k
GGCATAGATTCCGTAAGCTGATCTTACTAT-AATTAACCATTCTTCTAAT
GGCATAGACTCAGTAAGATGATCATACTATTAATTAACCATTCTTCTAAT
GGCATTGATTCCGTAAGCTGATAATACTATATTTTAGCCATTCTTCTAAT
GGAATCGACCAGGTAAGCTAAT -———————————————————————— ARA

GGAATCGACCCGGT_GCATGCACGCCGG

**x kx kx **x Kk x

TACTATATAGATACCTAACGTTAAAT_

TATTATACAGCTATCTAATACTAATAATACACATA--AAGTTTA-—--AAC
TATTATAAAGATGGCTAATATTAATCATATAAACATAATGTTTA-—-A
GGCTCTA-ARATGTTT
TTGCACATGGCAGCCTGAAGCTTTGACGGCGCACTGCGTGCCTGTCTAAG
* * X
CATAFATTSC TTTTATT-ACTATAAACAATATTCATAAG--—AATTTACA
TAGATAGAATTTTTATTGAATAGAAATAATAGTAATAAG---AATTCACA
ATAAG---AATTTGCA
AACATTATTAA-———————--——
CTGACGAGGCGGCCACTGTGCAACCCTCGTCGGCACGGCCCCGCCTTGCC
* X
TACATCCGTTTTACTAATTTATGTTTTT--AGAGCGGTATATACCACGGT
CATTTTGGTTTTGCTCATTTATGTTTTT--AGACCGGTATATACCATGGA
CATATTTGTTTTACTAATTAATGTTTTT--AGAGCGGTATATACCACGGT
—————————————————— TCATATCCAC--AGAGCGGTACTTACCACGGA
CTCGATGACGACAATGTCTTATACTTCTGCAGAGCGGAACCTACCACGGC
* k% *kk kkhkk K *kkkk kK
GACTCAGACCTTCAGTTGGAGCGGATTGACGTCTTCTACAACGAAGCCAC
GACTCAGACCTTCAGTTGGAGCGCATCGACGTCTTCTACAACGAAGCCAC
GACTCAGACCTCCAGTTGGAGAGGATTGACGTCTTCTACAACGAAGCCAC
GATAGCGACCTCCAGCTGGAGCGCATAGATGTCTTCTACAATGAAGCTAC
GACAGCGACCTCCAGCTGGAGCGCGTTGACGTGTTCTACAATGAGGCCAC
* * *kkhkkkhk kkhkk kkhkkkhkk K * kk kk kkkkkkkk kk kk kK
CGGAGGAAGATATGTACCAAGAGCAGTTTTGGTGGATCTAGAGCCCGGTA
AGGAGGAAGATACGTCCCAAGAGCAGTTTTGGTAGATTTGGAGCCCGGTA
TGGAGGAAGATATGTCCCAAGAGCAGTTTTGGTTGATCTAGAGCCAGGTA
CGGTGGAAGATACGTTCCACGCGCTGTACTCATGGACCTCGAACCCGGAA
CGGCGGTCGCTACGTGCCCCGCGCCATTTTGATGGACCTGGAGCCCGGCA
*k  kx * Kk Kkk k% * k% * * * k% * kk kk Kkk X
CTATGGACTCGGTAAGATCAGGCACCTACGGCGAGCTCTTCAGGCCAGAC
CTATGGACTCAGTAAGATCAGGCACCTACGGAGAACTTTTTAGACCAGAT
CTATGGACTCGGTAAGATCAGGAACCTACGGAGAGCTCTTCAGGCCAGAT
CCATGGATTCAGTGCGCGCCGGACCTTTCGGACAACTATTCAGACCAGAC
CCATGGACTCCGTGCGCGCTGGACCCTTCGGTCAGCTCTTCAGGCCCGAC
* kkkkk Kkk k% * * k% * k kK%K * kk kkx kk Kk kK
AACTTCGTCTTCGGACAATCTGGAGCAGGAAACAA(]
AACTTCATCTTCGGACAATCAGGAGCAGGAAATAAC]

AACTTCGTCTTCGGACAATCTGGAGCAGGAAACAAT]
AACTTCGTATTCGGTCAAACCGGTGCCGGTAACAAC
AATTTCGTGTTCGGCCAGACCGGCGCTGGTAACAAC

*k kkk k kkkkk K%k

GGGAGCTGAGCTTGTCGACTCAGTCTTAGATGTCGTGAGAA

* kk kk kk kk kk kkkkk kkx kkx kx




Table 2.2 B-tubulin primer sequences

Primer sequences and expected amplicon sizes for the B-tubulin gene semi-nested PCR
assay for Theileria/Babesia pathogens. The assay was designed to maximise the difference

in amplicon sizes between parasite species.



Table 2.2 B-tubulin primer sequences
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Parasite species

. . . Amplicon
Primer sequence (5' to 3’) size (bp)
Babesial Theileria F: TGTGGTAACCAGATYGGWGCCAA 364 - 458
universal R: TCNGTRTARTGNCCYTTRGCCCA
T. parva F: ATGTACATATCATGATTGAACCATATATTC 325
Ba. bigemina F: GAGTCTCTTTGCGCGTTTGAC 395
Ba. bovis F: AGCACGTATTCAATGCCTATGT 274
T. taurotragi F: CTAGTTATTTTATTGAATGGAGATAATAATT 293
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2.3.2.2 PCR ampilification

Fragments ranging from 364 bp to 458 bp were amplified with the universal primers
(results not shown). Dilutions of the primary PCR products obtained from DNA
representing each parasite were made and used as template in the species-specific semi-
nested multiplex PCR assays. Each species-specific PCR assay was performed individually
in the first instance to determine if it could amplify a product of the expected size and was
specific for the expected parasite species, before being included in the semi-nested
multiplex PCR. Each species-specific PCR assay was species-specific and amplified
fragments of expected sizes (results not shown). The primary PCR product generated from
a parasite DNA mixture of 7. parva, T. taurotragi, Ba. bovis and Ba. bigemina DNA was
diluted to 107, 10” and 10™* to determine the dilution that would be appropriate for use in
the multiplex PCR. The multiplex PCR was carried out using species-specific primers for
each parasite and one universal primer, and the resulting gel image is shown in Figure 2.8.
Species-specific bands were obtained from both reactions containing a mixture of parasite
DNA (Lanes B, C, and D), and those with single-species DNA (Lanes E, F and G). The
bands representing Ba. bovis (Lane E) and Ba. bigemina (Lane G) appear fainter than that
representing 7. parva (Lane F). This is because lower DNA dilutions were used for these
parasites and so does not represent differences in the sensitivities of the primers used. The
species-specific fragment sizes amplified were 325 bp (7. parva), 274 bp (Ba. bovis) and
395 bp (Ba. bigemina) (Figure 2.8). The 10 dilution of the DNA mixture gave the clearest
bands. The semi-nested multiplex PCR was species-specific as it did not amplify
B. divergens and T. taurotragi. Unfortunately, the primer for 7. taurotragi did not amplify
in the multiplex PCR reaction (results not shown) and was not included in the PCR
reactions described in Figure 2.8. They were however species-specific and able to amplify

T. taurotragi when used in a uniplex PCR reaction as shown in Figure 2.9.

2.3.3 Development of nested PCR for Ba. bovis and Ba. bigemina

cytochrome b gene
2.3.3.1 Primer design

The rational for developing this assay was that the cytochrome b gene of Babesia is
reported to have over 100 copies per genome (Salem et al. 1999) and therefore a PCR
assay developed from this gene is likely to be more sensitive that that from the 18S rRNA
gene. The cytochrome b gene sequences of Ba. bovis and Ba. bigemina were aligned as
shown in Figure 2.10. The degenerate genus-specific Babesia primers used in the primary

reaction were those described by Salem er al. (1999). Within this region, separate



Figure 2.8 3-tubulin semi-nested multiplex PCR amplicons

PCR products of T. parva, Ba. bigemina, and Ba. bovis generated using the B-tubulin gene
species-specific semi-nested multiplex PCR assay. Expected products were obtained from
both mixed DNA templates (Lanes B to D) and single species DNA (Lanes E to G). The
difference in the intensities of the bands in lanes E, F and G is a reflection of the different
dilutions of template DNA used for each parasite species and not the sensitivities of the

primers.
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Figure 2.8 R-tubulin semi-nested multiplex PCR amplicons

Ba. bigemina
T. parva

Ba. bovis

100 bp »

Lanes A, 100 bp ladder; B 10™ dilution of DNA mixture; C, 107 dilution of DNA mixture;
D, 10? dilution of DNA mixture; E, Ba. bovis;, F,T. parva;, G, Ba. bigemina;

H, Ba. divergens, 1, T. taurotragi, J, negative control.



Figure 2.9 T. taurotragi species-specific PCR amplicons

PCR products of T. taurotragi generated using the B-tubulin gene species-specific semi-

nested PCR assay. The assay was species-specific as it did not amplify non-T. taurotragi

DNA.
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Figure 2.9 T. taurotragi species-specific PCR amplicons

300 bp »

200 bp »

Lane A, 100 bp ladder; B, T. parva; C, A. marginale; D, T. taurotragi (1:100 dilution);
E, T. taurotragi (1:1000 dilution); F, Ba. bigemina; G, Ba. bovis; H; E. ruminantium;

I, Ba. divergens; J, Negative control.



Figure 2.10 Cytochrome b sequence alignment

Cytochrome b gene sequences of Ba. bovis and Ba. bigemina were aligned using Clustal
software to allow degenerate Babesia genus (universal) and species-specific primers to be
designed as shown in the shaded areas. Yellow is the external universal forward primer,
red is the internal universal forward primer, green are the species-specific reverse primers
with the respective parasites shown on the left side. Blue is the external universal reverse

primer.
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Ba. bigemina and Ba. bovis species-specific reverse primers and a single degenerate
forward primer that could amplify both parasites, were designed as shown in Figure 2.10.
The species-specific fragment sizes predicted to amplify by these internal primers were
235 bp for Ba. bovis and 274 bp for Ba. bigemina. The sequences of the designed primers

are shown in Table 2.3.

2.3.3.2 PCR ampilification

The Babesia genus-specific degenerate primers amplified a 644 bp fragment from both Ba.
bovis and Ba. bigemina (results not shown). A dilution of the primary PCR product was
made and used in the species-specific nested PCR reaction. To demonstrate that the nested
PCR assay was species-specific, individual primary and nested PCR reactions were carried
out using DNA from three Ba. bovis strains, three Ba. bigemina strains, T. parva,
T. taurotragi, A. marginale, E. ruminantium and bovine lymphocytes. The Ba. bovis
species-specific PCR amplified 235 bp fragments while, the Ba. bigemina-specific PCR
amplified 274 bp fragments (Figure 2.11). Both assays were species-specific and did not

amplify from non-Babesia templates.

2.3.4 Sensitivity of the Ba. bovis and Ba. bigemina PCR assays

To test and compare the sensitivities of the Babesia species 18S rRNA gene, B-tubulin
gene and cytochrome b gene PCR assays, serial dilutions of blood infected with Ba. bovis
and Ba. bigemina were obtained from Israel on FTA filters. For all target genes tested and
for both parasite species, the primary PCR reaction could amplify a specific product from
DNA representing parasitaemia as low as 0.01 % (results not shown). This sensitivity was
increased by at least a 100-fold by the nested PCR assays, as they could detect a
parasitaemia of 0.0001 % for both parasite species (Figure 2.12). This corresponded to the
most dilute FTA preparation available and therefore it was impossible to determine which
of the three PCR assays was more sensitive for detection of bovine babesiosis. Moreover,
the method of preparing the dilutions was not ideal, as diluting blood with PBS is likely to
reduce the concentration of PCR inhibitors, and may therefore have increased the apparent

sensitivity of the assays, relative to a low parasitaemia in undiluted blood.

In a further attempt to determine the sensitivity of the assays based on the three different
genes, ten Zambian cattle blood samples on FTA filters were used. These samples had not
been characterised in terms of the species of parasites present and it was anticipated that

they could be used to compare the relative sensitivities of the PCR assays for 7. parva,



Table 2.3 Cytochrome b primer sequences

Primer sequences and expected amplicon sizes of the cytochrome b gene nested PCR assay
for Babesia parasites. The assays were designed to maximise the difference in amplicon

sizes between parasite species. The forward primer for both parasites is the same.
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Parasite species
Primer sequence (5’ to 3')

Amplicon size

(bp)
Babesia universal F: TGGAAYTTAGGGTTTATMGTSG 644
R: GGWATTACTCCATAAGTTA
Ba. bovis F: CGTTATTTYCAYGCTCAATGTG 235
R: CGACTAAATCTGGGAACCAG
Ba. bigemina F: CGTTATTTYCAYGCTCAATGTG 274

R : ATGTTGGGAATCCAACACCAA




Figure 2.11 Cytochrome b PCR amplicons

These images represent PCR products of Ba. bigemina and Ba. bovis generated using the
cytochrome b gene species-specific nested PCR assays for respective parasites. Specific
PCR products were obtained for each assay and they were all species-specific as they did

not amplify non-Babesia DNA.
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Figure 2.11 Cytochrome b PCR amplicons

(I) Ba. bigemina and (II) Ba. bovis Cytochrome b gene nested PCR. Lanes A, 100 bp
ladder; B, Ba. bovis mexico; C, Ba. bovis kwanyangwa; D, Ba. bovis lismore; E, Ba.
bigemina zaria; F, Ba. bigemina muguga; G, Ba. bigemina gonen; H, T. taurotragi; 1, A.

marginale; J, E. ruminantium; K, bovine DNA; L, control



Figure 2.12 Sensitivities of Ba. bovis and Ba. bigemina PCR assays
based on serial dilutions spotted on FTA cards

Sensitivity of the Babesia species B-tubulin, 18S rRNA and the cytochrome b gene nested
PCR assay, using serial dilutions of infected blood spotted on FTA filters. All the assays
amplified the lowest dilution of DNA tested, representing a parasitaemia of 0.0001 %.
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Figure 2.12 Sensitivities of Ba. bovis and Ba. bigemina PCR assays

based on serial dilutions spotted on FTA cards

Al: B-tubulin, Ba. bigemina All: B-tubulin, Ba. bovis
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Bl: Cytochrome b, Ba. bigemina Bll: Cytochrome b, Ba. bovis

Cl : 18S rRNA, Ba. bigemina CIll : 18S rRNA, Ba. bovis

Lanes A, 100 bp ladder; B, 1%; C, 0.1%; D, 0.05%; E, 0.01%; F, 0.005%; G, 0.001%;
H, 0.0005%; I, 0.0001% and J, Negative control.
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T. taurotragi, Ba. bovis and Ba. bigemina. All the blood samples had previously been
screened by microscopy and were negative, thus they were known to be of low
parasitaemia. It was postulated that the assay which detected the highest number of
positive samples would be the most sensitive. Assays based on the nested 18S rRNA and
the cytochrome b genes both detected the same number of Ba. bovis positive samples
(6/10). Additionally, the 18S rRNA PCR detected 6/10 positive samples for both 7. parva
and T. taurotragi. The B-tubulin PCR assay only detected 2/10 positive Ba. bovis samples
and 3/10 positive samples for 7. parva or T. taurotragi. None of the samples were found to
be positive for Ba. bigemina (Table 2.4). All the samples that were positive using the -
tubulin gene PCR were also positive using the 18S RNA gene PCR. The samples that were
positive for Ba. bovis using the cytochrome b gene PCR were the same ones found positive
on the 18S rRNA gene PCR. The B-tubulin semi-nested multiplex PCR gave similar results
to the individual species-specific semi-nested PCR, indicating that they had similar
sensitivities. For this gene however, PCR amplification of DNA preparations on FTA
filters gave several non-specific bands, which were most likely due to amplification of
bovine DNA (results not shown). In conclusion, the B-tubulin PCR assay was the least
sensitive of the three while the limit of the sensitivities of the 18S rRNA and cytochrome b

genes could not be resolved.

2.4 Discussion

Accurate and up-to-date epidemiological data is important if TBDs are to be controlled in
most developing countries where these diseases are endemic. This requires sensitive,
specific and cost-effective methods capable of detecting causative pathogens in cattle hosts
and tick vectors. In this chapter several nested PCR assays are described that can be used
to detect tick-borne pathogens of cattle based on the 18S and 16S rRNA genes, the B—
tubulin gene and the cytochrome b gene. The initial aim of this work was to develop a
semi-nested multiplex PCR, based on the 18S and 16S rRNA gene that could
simultaneously detect 7. parva, T.taurotragi, T. mutans, Ba. bigemina, Ba. bovis,
A. marginale and E. ruminantium. However, this was not achieved due to the number of
non-specific amplicons resulting from some PCR reactions and the failure of some of the

target templates to amplify.

When 18S and 16S rRNA gene species-specific PCR assays were performed individually,
specific bands were observed following electrophoresis on ethidium bromide stained
agarose gels. However, when these PCR assays were incorporated into a multiplex assay,

non-specific bands were generated, which made conclusive detection of expected bands



Table 2.4 Comparison of sensitivities of the PCR assays

To compare the relative sensitivities of the assays based on three genes, cattle blood
samples collected and stored on FTA filters were utilised. The B-tubulin gene assays were
the least sensitive of the three. The cytochrome b and 18S rRNA gene assays showed

similar sensitivity.
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Table 2.4 Comparison of sensitivities of the PCR assays

Parasite

i Number  Nymber of isolates which successfully amplified (%)
species of
samples
tested 18S RNA Cytochrome b R-tubulin

T. parva 10 6 (60) - 3 (30)

T. taurotragi 10 6 (60) - 3 (30)

Ba. bovis 10 6 (60) 6 (60) 2 (20)

Ba. bigemina 10 0 0 0
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difficult. The presence of many primer pairs in the multiplex reaction mixture may have
increased the chance of spurious amplification, primarily because of formation of primer
dimers (Brownie et al. 1997). These non-specific products may amplify more efficiently
than the desired target, consuming reaction components and impairing the efficiency of
annealing and extension. The success of specific PCR amplification depends on the rate at
which primers anneal to their target and the rate at which annealed primers are extended
(Elnifro et al. 2000). Factors preventing optimal annealing rates include poorly designed
primers, sub-optimal buffer composition and incorrect annealing temperature. The
extension rate of a specific primer-target hybrid depends on the activity of the enzyme,
availability of essential components such as deoxyribonucleoside triphosphates (dNTPs)
and the nature of the target DNA (Elnifro et al 2000; Henegariu et al. 1997). The
constituents, ANTPs and enzyme used in this multiplex PCR were the same as those used
in the uniplex PCR, and in the f—tubulin gene multiplex PCR which worked well, and thus
it is unlikely that these reagents were responsible for the non-specific amplification.
Alteration of the PCR conditions and constituent concentrations did not improve the
specificity of the reactions. Moreover, alteration of these constituents in multiplex PCR
relative to those described in the uniplex resulted in little, if any, improvement in the
sensitivity and specificity of the test. Furthermore, it is known that increasing the
concentration of these components may increase the likelihood of mis-priming with
subsequent production of spurious non-specific products (Elnifro et al. 2000). It is likely
that the main cause of the observed non-specific products was related to properties of the
PCR primers. However, all the primers used in this study had GC contents ranging from 43
to 63 % and their nucleotide length ranged from 20 to 28, which should have enabled
similar amplification efficiencies for their respective targets (Cha & Thilly 1993;

Dieffenbach et al. 1993).

The Ba. bigemina and the E. ruminantium templates did not amplify in the multiplex PCR.
Preferential amplification of one target sequence over another (bias in template-to-product
ratios) is a well recognised phenomenon in multiplex PCR (Polz & Cavanaugh 1998). Two
distinct processes are understood to skew template-to-product ratios based on theoretical
modelling of PCR: PCR selection and PCR drift (Wagner ef al. 1994). PCR drift is a bias
assumed to be due to stochastic fluctuations in the interaction of PCR reagents, particularly
in the early cycles, which could arise due to the presence of very low template
concentrations (Dieffenbach et al. 1993); variations in thermal profiles of a thermocycler,
resulting in unequal ramping temperatures; or simple experimental errors. PCR selection

on the other hand is defined as a mechanism which inherently favors the amplification of
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certain templates due to the properties of the target; the target’s flanking sequences or the
entire genome. These properties include inter-regional differences in GC content, leading
to preferential denaturation; higher binding efficiencies because of rich GC primers;
differential accessibility of targets within genomes, due to secondary structures; and the
gene copy number within the genome (Elnifro ef al. 2000; Polz & Cavanaugh 1998). Of
the five species-specific primers used in the multiplex PCR in this experiment, the Ba.
bigemina primer had the lowest GC content and this could have resulted in lower
amplification efficiency for this primer. Amplification biases that are strongly dependent
on choice of primer, and to a lesser extent on the templates have been described, where
some primer pairs with high amplification efficiency resulted in template saturation while
other primer pairs produced products independent of starting product concentrations
(Suzuki & Giovannoni 1996). The relatively low GC content of the Ba. bigemina primer
compared to the other species-specific primers may have resulted in insufficient priming
affinity for the target sequence (Polz & Cavanaugh 1998), resulting in non-amplification.
Another important parameter known to affect PCR amplification is the annealing
temperature (Elnifro ef al. 2000; Henegariu et al. 1997). Although there was a lot of
variation in the Tys of the primers used in this assay, the primers that failed to amplify
(Ba. bigemina and E. ruminantium) did not have the lowest Tys. Therefore, it is unlikely
that the annealing temperatures could have been responsible for the failure of these primers
to amplify. Because of the requirement of the amplified PCR products to be of different
sizes so that they can be discriminated by agarose gel electrophoresis, the 18S rRNA genes
for Theileria/Babesia parasites did not offer many options in the design of alternative

primers.

The B-tubulin multiplex PCR was able to detect 7. parva, Ba. bigemina and Ba. bovis.
However the T. taurotragi species-specific primer did not amplify in this PCR. The
T. taurotragi B-tubulin gene sequence has a very low GC content and consequently the
primer designed to amplify this segment of the gene was also very low in GC content. As
explained for the Ba. bigemina primer, this could have resulted in poor binding efficiency
leading to failure to amplify the target sequence. Conversely, the Ba. bigemina species-
specific primer had the highest GC content, making it the most efficient primer in the
reaction, requiring a primer concentration of only 0.15 pM in the multiplex PCR reaction.
A previous study has demonstrated that more efficiently amplified loci can negatively
affect the yield of product from less efficiently amplified loci (Markoulatos et al. 2002).
The concentration of this more efficient primer was reduced to allow all the loci to

compete favourably for the limited supply of enzyme and nucleotides from the pool of
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reactants. When the B-tubulin PCR assays were used to amplify parasite DNA from field
samples on FTA cards, it resulted in a number of non-specific bands which could have
been due to amplification of host DNA. This PCR assay would therefore give unreliable

results when used for field studies.

The serial dilutions obtained from Israel on FTA cards were used to determine the
sensitivity of each Babesia PCR assay. Since all the assays were able to amplify each
parasite species down to the concentration corresponding to the lowest parasitaemia, the
issue of which of the assays was more sensitive was unresolved. The use of PBS to
experimentally dilute blood samples to generate a dilution series meant that the amount of
PCR inhibitors would be relatively lower compared to field samples. Therefore, the results
obtained may not be an accurate reflection of the sensitivities that would be obtained if the
assays were used on field samples. To resolve the issue of relative sensitivity of the three
assays, 10 blood samples spotted on FTA cards of unknown parasitaemia and which were
all negative on microscopic examination, were used to determine which of the three assays
was most sensitive. The B-tubulin gene PCR assay was the least sensitive, while the 18S
and cytochrome b gene PCR assays identified the same number of Ba. bovis, T. taurotragi
and T. parva parasites from the samples (Table 2.4), and the agreement between these
assays was 100 %. The ability of the assays to detect parasite DNA from samples that were
microscopically negative renders them ideal for use in epidemiological studies where it is
important to detect both clinical and sub-clinical cases. One factor known to increase the
sensitivity of a PCR assay is the copy number of the target gene in the genome. The 18S
rRNA gene in Ba. bovis and Ba. bigemina is reported to have 3 copies per genome
(Brayton et al. 2007; Salem et al. 1999) while the two parasites have only one copy of
cytochrome b gene per mitochondrial DNA. However, the number of mitochondria per
genome of Babesia parasites is unknown. Salem et al. reported finding over 100 copies of
the cytochrome b gene per genome in Ba. bovis and Ba. bigemina and higher sensitivity of
a cytochrome b PCR assay over those of the 18S rRNA assay (Salem ef al. 1999).
However, it is important to note that the cytochrome b assay reported by Salem et al.
involved a single PCR plus a hybridisation method while the 18S rRNA assay used a
nested PCR protocol. Studies where the sensitivity of PCR assays was independent of the
copy number of the target gene have been reported (Martins et al. 2008; Oura et al. 2004a).
Martins et al. described developing a babesipsin (a single copy gene) hot-start PCR assay
that was more sensitive than the 18S rRNA nested PCR. This was attributed to the use of a
hot-start DNA polymerase and the longer babesipsin primers. In the present study, the
optimum PCR assay was not identified. Given that the sensitivities of both the 18S rRNA
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and the cytochrome b PCR assays were comparable and sufficient to detect non clinical
carrier cases, the assay with the greatest specificity would appear to be the one of choice
for deployment in the field. In this case, the cytochrome b assay would be better suited for
field use, as it showed more specificity in this study and has been reported to be more

sensitive in previous studies (Salem ef al. 1999).
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CHAPTER THREE

Epidemiological analysis of tick-transmitted

diseases of cattle in Central and Eastern Zambia

3.1 Introduction

3.1.1 Background

The most important TBDs of cattle in Zambia are East coast fever (ECF) caused by
T. parva, babesiosis caused by Ba. bovis and Ba. bigemina, anaplasmosis caused by
A. marginale and heartwater caused by E. ruminantium (Makala et al. 2003). Despite the
considerable economic losses to the livestock industry associated with these diseases,
information on their epidemiology in Zambia is either inadequate or completely absent.
When such information is available, it is often obsolete and based upon serological tests or
microscopic examination of blood smears, diagnostic techniques whose shortcomings are
well-documented (Bose et al. 1995). Since the Zambian environment supports a multi-
vector ecology (Pegram et al. 1986), mixed infections of these pathogens in natural
populations of cattle are likely to be commonplace. This provides an opportunity to study
how interaction among pathogens impacts on the epidemiology of TBD and such
information is important in the design and implementation of disease control programmes.
This chapter documents a study on the epidemiology of tick-borne pathogens of cattle in

the Central, Lusaka and Eastern Provinces of Zambia.

3.1.2 Epidemiology of TBDs in Zambia

Bovine babesiosis and anaplasmosis are among the most important diseases of livestock in
Zambia. Two species of Babesia, Ba. bovis and Ba. bigemina are of economic importance
in cattle (Jongejan et al. 1988; Makala et al. 2003). Ba. bovis is transmitted solely by Bo.
microplus while Ba. bigemina is transmitted by both Bo. microplus and B. decoloratus,
with the latter species having a wider distribution in the country. Another vector of Ba.
bigemina, R. evertsi evertsi occurs throughout the country (Pegram et al. 1986; Pegram &
Banda 1990), although the significance of this tick as a vector of Ba. bigemina in the field
is unknown. Infections caused by Ba. bigemina are distributed more extensively in the
country than those caused by Ba. bovis, and this has been attributed to a wider range of
vectors of Ba. bigemina (Jongejan et al. 1988). Using the indirect fluorescent antibody test

(IFAT), Jongejan et al. (1988) found antibodies against Ba. bigemina in samples from
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cattle throughout the country. The distribution of cattle with antibodies against Ba. bovis
followed that of the vector B. microplus, which was limited to the Eastern and Northern
parts of the country. Unexpectedly, they also found low numbers of Ba. bovis serologically
positive cattle in Central and Southern Provinces, areas where Bo. microplus was not
known to occur. In the same study, but using the card agglutination test (CAT), Jongejan et
al. found antibodies to Anaplasma spp in cattle serum sampled from throughout the
country. When they re-tested the same samples using ELISA, they revealed sero-

prevalence rates which were 1.5 to 2.3 fold greater than those obtained using CAT.

The main vector of 7. parva in Zambia is R. appendiculatus and in arid areas, the closely
related R. zambeziensis transmits the disease (Berkvens et al. 1995; Berkvens et al. 1998;
Mulumba et al. 2000). ECF is widely distributed in Southern, Eastern, Central, Lusaka,
Northern and Copperbelt Provinces of the country (Makala et al. 2003). Although the ECF
epidemiological situation in both the Southern and Eastern Provinces has been described as
endemically unstable (Billiouw et al. 2002; Mulumba et al. 2000), fundamental differences
in the transmission of the disease have been observed between the provinces (Berkvens et
al. 1995; Billiouw et al. 1999; Billiouw et al. 2005; Mulumba et al. 2000). In the Eastern
Province, the uni-modal rainfall pattern and year-to-year variation in rainfall result in
restricted activity of R. appendiculatus instars, fluctuations in tick phenology (i.e. life cycle
stages and how their occurrence is influenced by seasonal and interannual variations in
climate) and 7. parva transmission. Adult tick activity invariably peaks during the rains
and is associated with the highest ECF incidence with nymphal transmission of 7. parva to
cattle apparently less important (Billiouw ef al. 1999; Billiouw ef al. 2002). Second periods
of activity of both adult and nymphal instars (Berkvens et al. 1998) are pronounced only
when the climate is suitable and when they occur, they ensure a more sustained and
efficient transmission of 7. parva. This second wave of adult tick activity also plays a key
role in the dynamics of prolonged outbreaks of the disease in epidemic areas (Billiouw et
al. 1999). The epidemiology of the disease in the Southern part of the country is more
complex with nymphal transmission being more important in years of below average
rainfall (Mulumba et al. 2000) and adult transmission being more important in years of
above average rainfall (Mulumba ef al. 2001). No second peak of adult tick activity has
been reported in the Southern part of the country (Speybroeck et al. 2002). Years of below
average annual rainfall in the regions result in periods of reduced transmission in which the
susceptible cattle population increases. Consequently, it is doubtful whether a state of
endemic stability of this disease in the country can be reached in the near future (Billiouw

et al. 1999).
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Other species of Theileria known to infect cattle in Zambia are 7. mutans, T. taurotragi
and 7. velifera (Jongejan et al. 1986b; Musisi ef al. 1984). T. mutans is a primary parasite
of the Cape buffalo (Syncerus caffer) but is also infective for cattle (Paling et al. 1981;
Young et al. 1977). T. taurotragi is a parasite of eland (Taurotragus oryx) in which it can
sometimes produce fatal infections (Grootenhuis et al. 1980). Although 7. mutans and
T. taurotragi are considered non-pathogenic in cattle, anaemia and disease syndromes
characterised by high morbidity and low mortality have been attributed to these two
parasites in Botswana (Binta et al. 1998). Pathogenic strains of 7. mutans have also been
isolated in Kenya and Zambia (Irvin et al. 1972; Musisi ef al. 1984; Young et al. 1978).
T. taurotragi is considered to be one of the causes of cerebral theileriosis (de Vos et al.
1981). T. velifera and T. taurotragi share the same vector as 7. parva while T. mutans is
transmitted by Amblyomma ticks. Distinguishing these parasites from 7. parva under field
conditions is very important and this cannot be achieved easily by microscopic

examination.

Heartwater, caused by E. ruminantium, affects domestic and wild ruminants in Zambia
(Makala et al. 2003). The ticks A. hebraeum and A. variegatum are the vectors of
heartwater in Zambia (Jongejan et al. 1989; Pegram et al. 1986; Pegram & Banda 1990)
and the disease occurs throughout the country (Makala et al. 2003). Heartwater mainly
affects cattle, although outbreaks in small ruminants have been reported (Ahmadu et al.
2004). The incidence of the disease is not associated with presence of exotic and cross-
breeds, but is mainly seen in areas where regularly dipped cattle are in close proximity to
indigenously kept cattle that receive no acaricide treatment and also in areas where game

and cattle co-graze (Makala ef al. 2003).

TBDs in Zambia are mainly controlled by the regular treatment of cattle with acaricides
and treating clinical cases with appropriate anti-parasitic drugs where possible. ECF is also
controlled by vaccination using the Infection and Treatment method (Radley et al. 1975a),
with local parasite strains being employed. Vaccination against ECF is carried out in the
Southern and Eastern Provinces only. However, even in areas where vaccination is
practised, ECF epidemics still occur and the epidemiological situation fails to meet the
criteria for endemic stability (Billiouw ef al. 1999). No vaccines for the other TBDs are
currently available in the country. Acaricide application among the traditional farmers is

often irregular and most of the farms lack proper facilities to adequately treat their cattle.

Most of the epidemiological information described above was obtained by examination of

Giemsa-stained blood smears and serological tests whose limitations are well known (Bose
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et al. 1995). It has been more than twenty years since any comprehensive studies on the
epidemiology of babesiosis and anaplasmosis in Zambia have been conducted and there is
no evidence of epidemiological studies on heartwater in cattle ever having been
undertaken. There is also no information on the prevalence of 7. parva in Eastern and
Central Zambia. With extensive movement of cattle and frequent changes in Governmental
disease control policies (Chilonda et al. 1999), it is likely that most of the published data is
no longer valid. Therefore new studies, using more sensitive and specific diagnostic
methods, are needed to determine the current epidemiological situation of these diseases in

the country.

Among the key determinants of the epidemiology of TBDs are the distribution and
abundance of tick vectors; the presence, abundance and movements of cattle and the
resistance of the host to both the tick and TBD pathogens (Bakheit & Latif 2002; Bock et
al. 1997; Norval et al. 1988). In a study to determine potential risk factors that are
associated with the distribution of 7. parva and T. annulata infections in cattle in Sudan,
Salih et al. (2007) found that location, management systems and animal age were risk
factors for T. annulata infections in Northern Sudan, while location and season were risk
factors for 7. parva infections in Southern Sudan. Swai et al. (2005) conducted a cross-
sectional study to determine spatial and management factors associated with exposure to
TBDs in smallholder dairy cattle in two regions of Tanzania. The study found that sero-
prevalence to all the tick-borne diseases increased significantly with age and that animals
pasture-grazed in the three months prior to the start of the sampling period were
significantly more likely to be sero-positive for Theileria spp and Babesia spp. They also
found that risk factors specific to individual farms were more important than those
common to the local neighborhood. From these published reports, it is evident that
determinants of these diseases vary from region to region and in some cases, local (farm
level) factors maybe more important than those common to the whole area. To date, no
studies have been undertaken to determine and quantify risk factors associated with tick-
borne diseases in Zambia. An understanding of these factors is important in the design and

implementation of effective TBD control programmes.

Another important aspect of the TBDs epidemiology that remains largely unexplored is
how mixed infections occurring in a single host affect disease epidemiology and host
fitness. Variations in severity of clinical presentations, pathogenicity, and response to
therapy are often associated with co-infection with different pathogens (Belongia 2002;

Graham et al. 2005; Sasanelli et al. 2009; Thompson et al. 2001). An experimental
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examination of Plasmodium-helminth co-infection demonstrated that mice infected with
Listomosoides simodontitis and P. chabaudi chabaudi lost more body mass and red blood
cell density than mice infected with Plasmodium alone (Graham et al. 2005). Critically, for
a given level of parasitaemia, co-infected animals exhibited severe clinical signs compared
to animals infected only with P. chabaudi chabaudi. Co-infections may also be associated
with a reduction in the pathology of a disease. For example, Pinchbeck et al. (2008)
observed that co-infection with 7. vivax and T. congolense appeared to cause less reduction
in PCV in working donkeys in the Gambia, compared to those infected with 7. congolense

alone.

Associations between co-infecting organisms may be positive or negative. A positive
association is one where being infected by one pathogen increases the chances of being
infected by another, while the opposite denotes a negative association (Dib et al. 2008). A
positive association between parasites may be due to identical ecological needs, as is the
case with the deer-associated zoonoses of Lyme disease, babesiosis and ehrlichiosis in
humans (Thompson et al. 2001), or by one parasite increasing the susceptibility of the host
to infection by another (Graham et al. 2007). A negative association may be due to direct
interference of the parasites with each other, either indirectly through competition for
resources or via the immune system (Telfer ez al. 2008). In a country such as Zambia
where mixed infections of tick-transmitted pathogens are likely to be common, it’s
important to understand the associations among the various TBDs and the effect these
associations could have on the host-parasite interactions. Such associations not only affect
the epidemiology of the diseases, but also the outcome of therapeutic regimes and therefore

should be taken into consideration when designing integrated disease control programs and

evaluating treatment options.

3.1.3 Objectives

The aim of the work presented in this chapter was to carry out an epidemiological
investigation of TBDs in three provinces of Zambia (Central, Lusaka and Eastern) with the

following specific objectives:

1. Determine the prevalence of TBDs in Central, Lusaka and Eastern Provinces of

Zambia in both the dry and wet seasons

2. Determine and quantify effects of the various risk factors associated with the

occurrence of TBDs in cattle in these provinces



77

3. To investigate interactions among co-infecting TBD pathogens in the three

provinces

4. Investigate the quantitative effects of mixed and single infections together with
other confounding variables on PCV in apparently healthy carrier cattle in the three

provinces

5. Determine the relative abundance of ticks and the factors that influence the

observed tick burdens on cattle in the three provinces

3.2 Materials and methods

3.2.1 Study area

The study was conducted in three Provinces (Eastern, Lusaka and Central) of Zambia. The
location of each of the three provinces and the distribution of the sampling sites are shown
in Figure 3.1. The Eastern Province borders Malawi to the East and Mozambique to the
South and covers an area of 69,000 kmz, about 9 % of Zambia’s total territory. It is divided
into eight districts: Chipata, Chama, Lundazi, Chadiza, Mambwe, Nyimba, Katete and
Petauke. This study was conducted in the latter two districts. The plateau of the Eastern
Province has a flat to gently rolling landscape with altitudes ranging from 900 to 1200 m.
The vegetation is miombo woodland dominated by tree species such as Braychystegia and
Julbernadia (Van Den Bossche P. & De Deken 2002). The livestock production system is
predominantly traditional with goats, sheep and pigs roaming freely in the vicinity of the
villages. Cattle are usually herded, but grazing patterns differ between seasons (Van Den
Bossche P. & De Deken 2002). According to the 2007 livestock census, a total number of
306,668 cattle (Angoni breed), 1,779,322 goats (mainly Small East African breed), 18,053
sheep and 256,908 pigs were present in the province (Anon 2007).

The Central province is located centrally in Zambia (Figure 3.1) and shares borders with
all the other eight provinces of the country. The province covers an area of about
94,395 kmz, which is about 12.5 % of the total Zambian territory. It is divided into six
districts, Serenje, Kabwe, Kapiri Mposhi, Mukushi, Mumbwa and Chibombo, and this
study was conducted in the latter two districts. The altitude of this region varies from 1100
to 1200 m above sea level and the annual rainfall ranges from 800 to 1000 mm (Chipanshi
1989). The topography consists of gently undulating terrain and the vegetation is
dominated by dry miombo woodland (Chidumayo 1987). Both commercial and

traditionally managed livestock enterprises are found in the Central province. There are



78

Figure 3.1 Map of Zambia showing the location of the three provinces

and sampling sites within each province
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about 663,878 cattle, 2,739 sheep, 39,889 goats and 16,093 pigs in the province (Anon
2007).

Lusaka province (Figure 3.1) shares borders with Zimbabwe and Southern Province to the
South, Central province to the West and North and Eastern Province to the East. It covers a
total area of about 21,898 km? and is divided into four districts namely Luangwa, Lusaka,
Kafue and Chongwe. Samples were collected from Lusaka, Chongwe and Kafue. The
mean average rainfall and vegetation are similar to that of the Central Province. The
number of commercially reared cattle is greater than that found in the traditional sector in
this province and as of 2007, the province had 3,933 cattle, 4,479 sheep, 5,139 goats and
18,981 pigs (Anon 2007).

3.2.2 Sample collection

Cattle blood samples were collected from the selected districts of Eastern, Central and
Lusaka provinces (Figure 3.1) in the dry season (June to September 2007) and wet season
(December 2007 to March 2008). Attempts were made to collect samples from the same
areas in both seasons. However, heavy rainfall rendered some of the dry season sampling
areas inaccessible during the rainy season and alternative sampling areas close by were
sought. Both statistical and non-statistical considerations were taken into account in when
choosing the sample size. The formula for measuring the characteristic of a population in
terms of a proportion was used (Eng 2003). Based on previous studies (Ahmadu et al.
2004; Jongejan et al. 1988), a conservative average prevalence of TBDs in the three
provinces was taken to be around 20 %, with a 95 % confidence interval of + 10 %. From
this, the minimum number of animals required from each province in the dry season was
calculated to be 62. However, because of the need to have a sufficient number of Babesia
parasites for population genetic analysis and the greater likelihood of getting both Babesia
species in Eastern province than in the other provinces, more samples were collected from
this province than the other provinces. In the dry season, a total of 637 cattle were sampled
and of these, 422 were from Eastern Province, 151 from Central province and 65 from
Lusaka province. Because of the expectation that the number of positive animals in the wet
season was going to be significantly higher than in the dry season, the number of samples
collected in the wet season was reduced to 349 and of these, 211 were from Eastern
Province, 82 from Lusaka and 56 from Central Province. Up to 10 % of cattle in each herd
or group of cattle were randomly sampled (10 % sampling fraction) ensuring that all age
groups and both sexes were represented. Blood was collected in EDTA tubes and was

obtained from either the coccygeal or the jugular vein, depending on the technique used to
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restrain cattle. 125 ul of each blood sample was spotted on FTA Classic cards ™
(Whatman) and left to dry for one hour before being stored until required for PCR. The
remainder of the blood was transported on ice in cooler boxes to the laboratory. In the
laboratory, the packed cell volume (PCV) was measured for each sample collected. At the
time of blood sampling, information on sex, breed, age, source and vaccination status of
the cattle against East Coast fever was collected. Additionally, information on the type of
farm management (whether commercial or traditional) and the frequency and method of
tick control employed was recorded. The tick burden (adult and nymph) on each animal
was assessed as: none seen, few (1 to 20 ticks), moderate (21 — 50 ticks) and abundant (>

50 ticks).

3.2.3 Preparation of samples and PCR amplification

To provide template DNA for PCR, blood samples on FTA cards were prepared as
described in Section 2.2.5. The 18S rRNA and 16S rRNA gene semi-nested PCR assays
for Theileria/Babesia and Anaplasma/Ehrlichia respectively (detailed in Chapter Two)
were utilised. For each set of samples analysed, a positive control (containing DNA of the
test species) and negative control (containing PCR reagents but no template DNA) were

included.

3.2.4 Data analysis

Data was initially manipulated on Microsoft Excel before being exported to SPSS version
15.0 (SPSS Inc, USA). The chi-square or the Fisher’s Exact tests were used to test for
association among categorical variables while the one-way analysis of variance (ANOVA)
was used to compare means of continuous variables. In order to assess the effect of
infection with different tick-borne pathogenic species on PCV, whilst allowing for the
effect of other confounding variables (age, gender, breed, province, tick burden, tick-
control method, tick control frequency and farming system) multivariable regression, using
the Generalise Linear Model in SPSS was used. In the initial model, both the main effects
and the two-way interaction terms of the variables were tested. In the final model, only
those variables and interactions terms that had significant effects were included. Type III
sum of squares (partial sums of squares, where each effect is adjusted for every other
effect) were used to test the significance of each fixed effect specified in the model. The

adequacy of the fitted models was checked using residual and probability plots.

The step-wise binary logistic regression model (Hosmer & Lemeshow 2000) was used to

determine predictors (risk factors) of being PCR positive for each of the five tick-borne
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pathogens under study (i.e. Ba. bovis, Ba. bigemina, T. parva, Anaplasma spp and
E. ruminantium). The Logit link function reported the coefficient, p value, odds ratio (OR)
and 95 % lower and upper confidence interval values for the OR. The OR is a measure of
effect size, describing the strength of association or non-independence between two binary
data values (Viera 2008). An OR of 1 implies that the event is equally likely in both
groups. An OR greater than one implies that the event is more likely in the first group. An

OR less than one implies that the event is less likely in the first group.

The ordinal regression model (Hosmer & Lemeshow 2000) was used to determine which
set of variables had a significant effect on tick burden observed on cattle in the wet season
using the negative log log as a link function. This link function was used because it gives a
good model fit when the cumulative probabilities for lower scores are high and the
approach to 1 is slow, as was the case with the data under consideration. It relates to the
probability (p) of success (values between 0 and 1) to a predictor variable x. It is defined as
p = exp [-exp(-x)] (or equivalently x = -log (-log p)) where log is the natural logarithm
function and exp is the base of the natural logarithm (Chen & Hughes 2004). Unlike the
logit link function, the negative log log does not directly measure the odds ratio. The signs
of the regression coefficients (estimates) were used to interpret the model. A positive
regression coefficient indicated that there was a positive relationship between the
explanatory variable and the ordinal outcome. A negative regression coefficient indicated
that there was a negative relationship between the explanatory variable and the ordinal
outcome (Chen & Hughes 2004). All statistical tests were considered significant at

p <0.05.

3.3 Results

3.3.1 Prevalence of tick-borne pathogens in the dry and wet seasons in

Central and Eastern Zambia

TBDs pathogens under study were detected in all three provinces, with variations in
abundance observed between the seasons and the provinces. The prevalence of tick-borne
pathogens in Central and Eastern Zambia in the two seasons under study are shown in
Table 3.1 together with the Chi-square (and where this test was not appropriate, the
Fisher’s Exact test) p values for the seasonal changes in prevalence. In Eastern Province,
the prevalence of each of the pathogens were significantly higher in the wet season than in
the dry season. In both seasons in this province, 7. mutans was the most prevalent,

followed by Anaplasma spp while Ba. bigemina was the least prevalent.



Table 3.1 Prevalence (%) of tick-borne pathogens of cattle for the dry and wet season in Central and Eastern Zambia

Prevalence of tick-borne disease (TBD) pathogens in cattle in Eastern, Central and Lusaka Provinces, together with the p values (Chi-square and where
this was not appropriate, the Fisher’s Exact test) for the change in prevalence between the dry and wet seasons are shown. The ‘Overall’ section shows
combined prevalences of TBD pathogens in the three provinces. Overall, the prevalence of TBD pathogens was higher in the wet season than in the dry

* . .
season. p values marked were significant.
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In Lusaka Province (Table 3.1), all the parasites had higher prevalences in the wet season
than in the dry season except Ba. bovis, E. ruminantium and Anaplasma spp which had
lower prevalences in the wet season than in the dry season, although the differences for
Anaplasma spp, T. mutans and T. taurotragi were not statistically significant. Similar to
the situation in the Eastern Province, 7. mutans was the most prevalent in all the seasons
followed by Anaplasma spp. The drop in the seasonal prevalences of E. ruminantium and
Ba. bovis (Table 3.1) in the wet season may have been due to the change in sampling sites,
as the roads to farms where samples were collected in the dry season had become

impassable.

The situation in the Central Province was very different to that in Eastern and Lusaka
Provinces with all parasite species showing lower prevalences in the wet season than in the
dry season. This drop in prevalence was statistically significant only for 7. mutans and
Anaplasma spp (Table 3.1), and this is surprising given that ticks were more abundant on
cattle in the wet season than in the dry season (See section 3.3.7). The reasons for the drop
in pathogen prevalence in this province are unknown, but it is possible that some of the
farmers may have treated their cattle with anti-parasitic drugs immediately prior to sample
collection. It is understood that a proportion of farmers tend to treat their animals with
long-acting tetracycline when the risk from TBD is high (Geoffrey Mainda, personal

communication).

When the prevalences of TBD pathogens were compared across the provinces using the
Chi-square test and where this test was not appropriate, the Fisher’s exact test, the
differences were not consistent across the two seasons. The prevalence of Ba. bovis was
significantly higher in Lusaka Province than in Eastern and Central Provinces in the dry
season (p < 0.001) while in the wet season, it was significantly higher in Eastern Province
than in Lusaka and Central Provinces (p < 0.001). For Ba. bigemina, no significant
differences were observed in prevalences, between the three provinces in the dry season
(p = 0.252). However, in the wet season, significant differences were observed between
the provinces (p = 0.004). The prevalence of this parasite was highest in Lusaka and
lowest in Central Province with no positive cases of Ba. bigemina being detected in
Central Province in the wet season. There were no significant differences in 7. parva
prevalences among the three provinces in the dry season (p = 0.180). However, in the wet
season, the prevalence of 7. parva was significantly different between the provinces
(p = 0.004). Lusaka province had the highest while Central province showed the lowest

prevalence. There was equally no significant difference in the prevalence of 7. taurotragi
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among the three provinces in the dry season (p = 0.601), while the prevalence of this
disease was significantly different between the provinces in the wet season (p < 0.001).
The prevalence of 7. mutans was significantly lower in Eastern Province than in the other
two provinces in the dry season (p < 0.001) but significantly higher in the wet season in
this province than in Lusaka and Central province. The prevalence of this parasite in the
wet season was significantly higher in Lusaka province than in Central Province
(p < 0.001). The prevalence of Anaplasma spp was significantly different among the three
provinces in both seasons (p < 0.001) with the prevalence being highest in Central
Province and lowest in Eastern Province in the dry season. In the wet season, the trend was
reversed. The prevalence of E. ruminantium was significantly lower in the Eastern
Province in both seasons compared to the other two provinces (p < 0.001 for the wet

season and p = (0.027 for the dry season).

When the data from each of the provinces were combined (Table 3.1), all the parasites
showed an increase in prevalence in the wet season and this was significant for Ba. bovis
(p = 0.040), Ba. bigemina (p < 0.001) and T. mutans (p = 0.007). The seasonal changes in
prevalence for 7. parva (p = 0.201), T. taurotragi (p = 0.067), Anaplasma spp (p = 0.321)
and E. ruminantium (p = 0.243) were not significant although they were consistently
higher in the wet season than in the dry season. The parasite with the highest change was
Ba. bigemina, whose prevalence increased from 0.5 % in the dry season to 10.6 %,
representing a change of over 21-fold. This increase in the prevalence of all the parasites
was likely due to the greater abundance of ticks in the wet season (Section 3.3.7). The high
humidity, high temperatures and the vegetation in the wet season made the environment

conducive to the survival of the various tick vectors.

Among the provinces under study, ECF vaccination is only carried out in Eastern Province.
To determine whether vaccination with live parasites increased the number of PCR
positive cattle for 7. parva in this province, prevalence rates were compared between
vaccinated and unvaccinated cattle. Of the cattle examined, 43 (20.38 %) and 41 (9.79 %)
were reported to have been vaccinated against ECF in the wet and dry seasons
respectively. Out of these vaccinated cattle, only 15 (34.88 %, wet season) and 7 (17.07 %,
dry season) were found to be PCR positive for 7. parva (Table 3.2). There was no
significant difference in prevalence of 7. parva between vaccinated and non-vaccinated
cattle over the two seasons (p = 0.463 in wet season and p = 0.553 in dry season) in this
region. This may be an indication that the carrier status induced by the vaccine strain is

short-lived.



Table 3.2 Number of ECF vaccinated cattle that were PCR positive for

T. parva in Eastern Province

The number of cattle (with percentages in brackets) that were PCR positive for 7. parva in
ECF vaccinated and non-vaccinated cattle in the wet and dry seasons in Eastern province
are shown. No significant differences were found in prevalence of 7. parva between ECF
vaccinated and non-vaccinated cattle (p = 0.463 for the dry season and p = 0.553 for wet

season).
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Table 3.2 Number of ECF vaccinated cattle that were PCR positive for

T. parva in Eastern Province

T. parva (PCR)
Season Vaccination status Total
Negative (%) Positive (%)

Not Vaccinated 119 (70.80) 49 (29.20) 168

Wet
Vaccinated 28 (65.12) 15 (34.88) 43
Not vaccinated 292 (77.25) 86 (22.75) 378

Dry

Vaccinated 34 (82.93) 7 (17.07) 41
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3.3.2 Age-specific prevalences of tick-borne pathogens in the dry and

wet seasons

The relative amount and severity of a tick-borne disease among different age groups of a
cattle population is a good indicator of the epidemiological status of the disease in that
population. The epidemiology of TBDs varies between states of endemic stability, where
most calves encounter the causative pathogen early in life, and clinical disease is rare or
restricted to calves, to endemic instability, where very few calves come in contact with the
causative pathogen early in life and clinical disease is common even in older cattle. To
determine the relative amounts of infection in the different age groups of cattle in Central
and Eastern Zambia, the age-specific prevalences of each of the TBD pathogens under
study were calculated for cattle in the age groups 1 to 12, 13 to 24, 25 to 48 and >48
months old for both the dry and the wet season; the results are shown in Figures 3.2 and
3.3 respectively. The Chi-square test was used to determine whether the prevalences
between the age groups were significantly different. In the dry season (Figure 3.2), the
prevalences of 7. parva (p < 0.05) and T. taurotragi (p < 0.001) were significantly lower
in 1 to 12 months old calves than in older cattle. However, in the wet season (Figure 3.3),
there was no significant difference in the prevalence of the two parasites among the age
groups. Both T.parva and T. taurotragi are transmitted by the same vector,
R. appendiculatus. This seasonal shift in the epidemiological status of the diseases is in
agreement with the change in the abundance of the vector tick between the two seasons.
There is an increase in the abundance of R. appendiculatus ticks, transmitting the parasite
to all the susceptible cattle during the wet season while the numbers in the dry season
decline (Pegram et al. 1986). Therefore, all age groups are equally exposed to the parasites
in the wet season, while most of the calves born in the dry season are not. This scenario
might indicate some degree of endemic stability to the disease in the wet season, although

the reported reported relatively low prevalence (30 %) does not support this.

There was also a shift in the epidemiological status of 7. mutans and E. ruminantium
among the age groups between the two seasons. Both E. ruminantium and T. mutans are
transmitted by Amblyomma ticks. In the dry season (Figure 3.2), no significant differences
were observed in the prevalence of the two pathogens among the different age groups.
However, in the wet season (Figure 3.3), cattle 1 to 12 months old had significantly lower
prevalences of 7. mutans (p < 0.001) and E. ruminantium (p < 0.05) than cattle in the older
age groups. This observed seasonal change in the epidemiological state of these two
parasites can be attributed to the vector. However, one would expect the opposite to be true

given that Amblyomma ticks are more prevalent on cattle in the rainy season than in the dry



Figure 3.2 Dry season age-specific prevalences of tick-borne
pathogens in Central and Eastern Zambia

Age-specific prevalences of TBD pathogens in Central and Eastern Zambia in the dry
season. Prevalences of T.parva (p<0.050) and T.taurotragi (p<0.001) were
significantly lower in 1 to 12 months old calves than in older cattle. No significant
differences in prevalences of TBD among the age groups were detected for the other

pathogens.
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Figure 3.3 Wet season age-specific prevalences of tick-borne
pathogens in Central and Eastern Zambia

Age-specific prevalences of TBD pathogens in Central and Eastern Zambia in the dry
season. Prevalences of T. mutans (p <0.001) and E. ruminantium (p < 0.050) were
significantly lower in 1 to 12 months old calves than in older cattle. No significant
differences in prevalences of TBD among the age groups were detected for the other

pathogens.
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season (Pegram ef al. 1986). There were no significant differences in prevalences observed

among different age groups for the other pathogens in either season.

3.3.3 Mixed infections

In both seasons, high numbers of mixed infections were observed in cattle. Frequencies of
occurrence for each TBD pathogen combination in the dry and wet seasons are shown in
Tables 3.3 and 3.4 respectively. In the dry season (Table 3.3), mixed infections were
detected in a total of 337 samples (52.9 %), with 38 different combinations of species and a
maximum of six pathogens detected in one animal. There were 140 (22 %) single
infections detected in the dry season. 7. parva was detected as a single infection in four
samples (0.6 %), Ba. bovis in four samples (0.6 %), E. ruminantium in five samples (0.8
%), Anaplasma spp in 62 samples (9.7 %), T. taurotragi in three samples (0.5 %) and
T. mutans in 62 samples (9.7 %). In the wet season (Table 3.4), mixed infections were
detected in a total of 242 samples (69.3 %) with 47 different combinations of species and a
maximum of seven pathogens being detected in a single animal. There were fewer single
infections detected in the wet season (41 samples (11.7 %)) than in the dry season.
T. mutans was detected as a single infection in 32 samples (9.1 %), Anaplasma spp in
seven samples (0.02 %) and Ba. bovis and T. taurotragi in one sample each. T. parva was
never detected as single infection in the wet season (Table 3.4). For both seasons, the mean
number of co-infecting pathogens decreased with the age of cattle, although this difference
was not significant (data not shown, p = 0.080 for the dry season and p = 0.291 for the wet

s€ason.

3.3.4 Frequencies of joint occurrence of tick-borne pathogens in the

dry and wet seasons in Central and Eastern Zambia

The results above show that different tick-transmitted pathogens in Zambia can occur
within the same locality, providing an opportunity for them to interact with each other in
cattle hosts, either positively or negatively. The understanding of such interactions is
important because they not only affect the outcome of therapeutic interventions but also
the severity and epidemiology of tick-transmitted diseases. To determine whether two
species of pathogens occurring in one cattle host are associated with each other positively
or negatively, the observed and expected frequencies of joint occurrence were compared.
The expected frequency of joint occurrence of two pathogens was calculated as the product
of the individual observed frequencies of the two pathogens under consideration divided by
n, the total number of cattle. If the observed frequency was greater than the expected, then

the association is positive, if it is less than the expected, the association is negative. A



Table 3.3 Parasite combinations in the dry season in Central and

Eastern Zambia

Frequency of single and mixed infections in cattle in the dry season. Only 161 cattle were
found not to be infected with any of the TBD pathogens under study, while 140 were
infected with only a single pathogen. The remainder of the cattle were infected with two or

more TBD pathogens.
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Eastern Zambia
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Parasite species Frequency
| No. %
Totally negative 161 25.24
T. parva 4 0.63
Ba. bovis 4 0.63
E. ruminantium 5 0.78
Anaplasma spp 62 9.72
T. taurotragi 3 0.47
T. mutans 62 9.72
Ba. bovis + T. mutans 7 1.10
Ba. bovis + A. marginale 1 0.16
T. parva + T. mutans 13 2.04
T. parva + Anaplasma spp 7 1.10
T. taurotragi + T. mutans 13 2.04
T. taurotragi + Anaplasma spp 6 0.94
T. mutans + Anaplasma spp 60 9.40
T. mutans + E. ruminantium 1 0.16
Anaplasma spp + E. ruminantium 22 3.45
Ba. bovis + T. parva + T. mutans 2 0.31
Ba. bovis + T. taurotragi + T. mutans 3 0.47
Ba. bovis + T. taurotragi + Anaplasma spp 2 0.31
Ba. bovis + T. mutans + Anaplasma spp 10 1.57
Ba. bovis + Anaplasma spp + E. ruminantium 1 0.16
T. parva + T. taurotragi + T. mutans 21 3.29
T. parva + T. taurotragi + Anaplasma spp 3 0.47
T. parva + T. mutans + Anaplasma spp 16 2.51
T. parva + Anaplasma spp + E. ruminantium 3 0.47
T. taurotragi + T. mutans + Anaplasma spp 19 2.98
T. taurotragi + Anaplasma spp + E. ruminantium 1 0.16
T. mutans + Anaplasma spp + E. ruminantium 32 5.02
Ba. bovis + T. parva + T. taurotragi + T. mutans 9 1.41
Ba. bovis + T. parva + T. mutans + Anaplasma spp 4 0.63
Ba. bovis + T. parva + T. mutans + E. ruminantium 1 0.16
Ba. bovis + T. mutans + Anaplasma spp + E. ruminantium 8 1.25
Ba. bovis + T. taurotragi + T. mutans + Anaplasma spp 3 0.47
Ba. bigemina + T. parva + T. mutans + Anaplasma spp 1 0.16
T. parva + T. taurotragi + T. mutans + Anaplasma spp 21 3.29
T. parva, T. taurotragi + Anaplasma spp + E. ruminantium 1 0.16
T. parva + T. mutans + Anaplasma spp + E. ruminantium 7 1.10
T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 7 1.10
Ba. bovis + T. parva + T. taurotragi + T. mutans & Anaplasma spp 10 1.57
Ba. bovis + T. parva + T. taurotragi + T. mutans + E. ruminantium 1 0.16
Ba. bovis + T. parva + T. mutans + Anaplasma spp + E. ruminantium 1 0.16
Ba. bovis + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 4 0.63
Ba. bigemina + T. parva + T. taurotragi + T. mutans + Anaplasma spp 2 0.31
T. parva + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 11 1.72
Ba. bovis + T. parva + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 3 0.47
Total 638 100.00




Table 3.4 Parasite combinations in the wet season in Central and

Eastern Zambia

Frequency of single and mixed infections in cattle in the dry season. Only 66 cattle were
found not to be infected with any of the TBD pathogens under study, while 41 were
infected with only a single pathogen. The remainder of the cattle were infected with two or

more TBD pathogens.



Table 3.4 Parasite combinations in the wet season in central and

eastern Zambia
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. Frequency
Parasites No. %
Totally negative 66 18.91
Ba. bovis 1 0.29
Anaplasma spp 7 2.01
T. taurotragi 1 0.29
T. mutans 32 9.17
Ba. bovis + T. parva 1 0.29
Ba. bovis + T. mutans 4 1.15
Ba. bigemina + T. mutans 2 0.57
T. parva + T. taurotragi 3 0.86
T. parva + T. mutans 3 0.86
T. taurotragi + T. mutans 8 2.29
T. mutans + Anaplasma spp 37 10.60
Anaplasma spp + E. ruminantium 5 1.43
Ba. bigemina + T. taurotragi + T. mutans 1 0.29
B.bigemina + T. mutans + Anaplasma spp 2 0.57
Ba. bovis + B.bigemina + T. mutans 1 0.29
Ba. bovis + T. parva + T. mutans 4 1.15
Ba. bovis + T. taurotragi + T. mutans 4 1.15
Ba. bovis + T. mutans + Anaplasma spp 10 2.87
T. parva + T. taurotragi + T. mutans 6 1.72
T. parva + T. taurotragi + Anaplasma spp 1 0.29
T. parva + T. mutans + Anaplasma spp 7 2.01
T. parva + T. mutans + E. ruminantium 1 0.29
T. parva + Anaplasma spp + E. ruminantium 1 0.29
T. taurotragi + T. mutans + Anaplasma spp 13 3.72
T. taurotragi + T. mutans + E. ruminantium 1 0.29
T. mutans + Anaplasma spp + E. ruminantium 22 6.30
Ba. bovis + T. parva + T. taurotragi + T. mutans 2 0.57
Ba. bigemina + T. mutans + Anaplasma spp + E. ruminantium 2 0.57
Ba. bovis + T. parva + T. mutans + Anaplasma spp 1 0.29
Ba. bovis + T. mutans + Anaplasma spp + E. ruminantium 7 2.01
Ba. bovis + Ba. bigemina + T. taurotragi + T. mutans 2 0.57
Ba. bovis + T. taurotragi + T. mutans + Anaplasma spp 4 1.15
Ba. bigemina + T. parva + T. mutans + Anaplasma spp 1 0.29
T. parva + T. taurotragi + T. mutans + Anaplasma spp 17 4.87
T. parva + T. taurotragi + Anaplasma spp + E. ruminantium 3 0.86
T. parva + T. mutans + Anaplasma spp + E. ruminantium 7 2.01
T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 6 1.72
Ba. bovis + Ba. bigemina + T. mutans + Anaplasma spp 2 0.57
Ba. bovis + T. parva + T. taurotragi + T. mutans + Anaplasma. spp 9 2.58
Ba. bovis + Ba. bigemina +T. parva + T. taurotragi + T. mutans 2 0.57
Ba. bovis + T. parva + T. mutans + Anaplasma spp + E. ruminantium 1 0.29
Ba. bigemina + T. parva + T. mutans + Anaplasma spp + E. ruminantium 1 0.29
Ba. bovis + Ba. bigemina + T. mutans + Anaplasma spp + E. ruminantium 3 0.86
Ba. bovis + Ba. bigemina +T. taurotragi + T. mutans + Anaplasma spp 1 0.29
Ba. bigemina + T. parva +T. taurotragi + T. mutans + Anaplasma spp 3 0.86
T. parva + T. taurotragi + T. mutans +Anaplasma spp + E. ruminantium 9 2.58
Ba. bovis + T. parva + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 5 1.43
Ba. bovis + Ba. bigemina + T. parva + T. taurotragi + T. mutans + Anaplasma spp 8 2.29
Ba. bigemina + T. parva + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 2 0.57
Ba. bovis + Ba. bigemina + T. parva + T. taurotragi + T. mutans + Anaplasma spp + E. ruminantium 7 2.01
Total 349 100
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significant association (p < 0.05, tested by Chi-squared test or the Fisher’s exact test)
indicates that the frequency of joint occurrence is greater than what would be expected by
chance alone. The observed and expected frequencies of joint occurrence of tick-borne
pathogens are shown in Table 3.5 and Table 3.6 for the dry and wet seasons, respectively.
Results from the dry season shows that all the pathogens under study were positively
associated with each other except for Ba. bigemina and E. ruminantium. Apart from
Ba. bigemina whose associations could not be statistically tested because of the very low
prevalence in the dry season, all the other piroplasms were significantly associated with
each other. There was also a significant association between the two rickettsiae,
Anaplasma and E. ruminantium. None of the protozoan parasites were significantly
associated with E. ruminantium and only T. parva and T. mutans were significantly
associated with Anaplasma spp. A similar trend was observed in the wet season. However,
compared to the dry season results, two differences were observed in the results for the wet
season (Table 3.6). Firstly, there was no significant association between 7. mutans and the
other piroplasms. Secondly, with the increased prevalence of Ba. bigemina, statistically
significant associations between this parasite and the other piroplasms were observed

except with 7. mutans.

3.3.5 Determination of predictors for being PCR positive for tick-borne

pathogens in Central and Eastern Zambia

A step-wise binary logistic regression model was used to determine risk factors
(predictors) of an animal being positive on PCR to 7. parva, Ba. bigemina, Ba. bovis,
Anaplasma spp and E. ruminantium in the wet season. Logistic regression examines the
relationship between one or more predictor variables and a binary response. It examines
how the probability of an event changes as the predictor variable changes and obtains
maximum likelihood estimates of the parameters using an iterative-reweighted least
squares algorithm. Risk factors under consideration included PCR positivity to the six
other tick-borne pathogens under study, farm management system, tick control method,
frequency of tick control, province, tick burden, age, breed type and sex and, for 7. parva,
vaccination status. Criteria used in determining whether the model adequately fitted the
data were a non-significant Hosmer and Lemeshow Test (p > 0.05) and a significant
Omnibus Test of Model Coefficients (p < 0.05). All five models were found to fit the data
adequately. Analysis using SPSS revealed a number of models in the output from which

the final model, which met the set criteria, was always selected. The results are shown in



Table 3.5 Frequency of joint occurrence of tick-borne pathogens in

cattle in the dry season

Frequencies of expected and observed joint occurrence of TBD pathogens are shown
together with p value (Chi-square and where not appropriate, the Fisher’s Exact test) of the
differences between the two frequencies. p values for associations involving Ba. bigemina
were not calculated because of the low prevalence of this parasite in the dry season.

Significant associations are marked .
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Table 3.5 Frequency of joint occurrence of tick-borne pathogens in

cattle in the dry season

Frequency of joint occurrence

Parasite combination (count) Ct;i 3aqll:,aere
Observed Expected
Ba. bovis + Ba. bigemina 0 0 -
Ba. bovis + T. parva 31 16 0.037*
Ba. bovis + T. taurotragi 35 17 0.016*
Ba. bovis + T. mutans 66 41 0.015*
Ba. bovis + Anaplasma spp 47 38 0.369
Ba. bovis + E. ruminantium 19 13 0.371
T. taurotragi + T. parva 82 32 <0.001*
T. parva + T. mutans 123 78 <0.001*
T. mutans + T. taurotragi 127 79 <0.001*
Anaplasma spp + E. ruminantium 101 56 <0.001*
T. Parva + Anaplasma spp 90 72 <0.001*
T. mutans + Anaplasma spp 219 181 <0.001*
Ba. bigemina + T. taurotragi 2 1 -
T. parva + Ba. bigemina 3 1 -
Ba. bigemina + T. Mutans 3 2 -
Ba. bigemina + Anaplasma spp 3 2 -
Ba. bigemina + E. ruminantium 0 1 -
T. parva + E. ruminantium 28 24 0.670
T. taurotragi + Anaplasma spp 93 32 0.095
T. taurotragi + E. ruminantium 28 24 0.670
T. mutans + E. ruminantium 76 60 0.170




Table 3.6 Frequency of joint occurrence of tick-borne pathogens in

cattle in the wet season

Frequencies of expected and observed of joint occurrence of TBD pathogens together with
p value (Chi-square and where not appropriate, the Fisher’s Exact test) of the differences
between the two frequencies in cattle in the wet season. Significant associations are

marked "



Table 3.6 Frequency of joint occurrence of tick-borne pathogens in

cattle in the wet season
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Frequency of joint occurrence

Parasite combination (count) Cr;)i \fg[:aere
Observed Expected

Ba. bovis + Ba. bigemina 26 9 0.005*
Ba. bovis + T. parva 40 24 0.036*
Ba. bovis + T. taurotragi 44 27 0.033*
Ba. bovis + T. mutans 77 59 0.085
Ba. bovis + Anaplasma spp 58 46 0.202
Ba. bovis + E. ruminantium 23 19 0.633
T. taurotragi + T. parva 77 36 <0.001*
T. parva + T. mutans 96 78 0.115
T. mutans + T. taurotragi 110 88 0.065
Anaplasma spp + E. ruminantium 81 49 0.001*
T. Parva + Anaplasma spp 83 61 0.040*
T. mutans + Anaplasma spp 187 152 0.010*
Ba. bigemina + T. taurotragi 26 14 0.049*
T. parva + Ba. bigemina 24 12 0.040*
Ba. bigemina + T. mutans 40 30 0.200
Ba. bigemina + Anaplasma spp 32 23 0.390
Ba. bigemina + E. ruminantium 8 10 0.633
T. parva + E. ruminantium 37 25 0.110
T. taurotragi + Anaplasma spp 88 69 0.085
T. taurotragi + E. ruminantium 33 28 0.509
T. mutans + E. ruminantium 74 62 0.253
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Tables 3.7 to 3.11. The confidence intervals for some estimates in the models are very

wide, indicating the degree of uncertainity in the estimates.

The results of the binary regression model (Table 3.7) indicate that, cattle which were PCR
positive for Ba. bovis were more than eight times (C.I = 3.51 — 20.57) more likely to be
PCR positive for Ba. bigemina than those that were negative for Ba. bovis (p < 0.001).
Although age was statistically a significant predictor, its effect on being positive for Ba.
bigemina was minimal (OR =0.98 (C.I = 0.97 — 0.99), p = 0.036). The province from
which the sample was taken had a significant effect on being positive for Ba. bigemina
(p = 0.016). Cattle from Eastern province were 0.22 (C.I =0.10 — 0.65) times less likely to
be PCR positive for Ba. bigemina than those from Lusaka Province (p = 0.001). Cattle
breed type, sex, management system, frequency and method of tick control and tick burden

were not predictors of being PCR positive for Ba. bigemina.

Cattle on commercially managed farms were 21 (C.I = 1.75 — 253.63) times more likely to
be PCR positive for Ba. bovis than those under a traditional management regime
(p = 0.020) (Table 3.8). Being PCR positive for 7. mutans, T. parva or Ba. bigemina
increased the probability of being PCR positive for Ba. bovis by a factor of 12.48 (C.I =
2.26 - 69.09), 2.07 (C.=1.09 —3.91) and 9.16 (C.I = 3.49 — 24.06) respectively. Cattle in
Eastern Province were 186 (C.I = 9.53 —3639.13) times more likely to be positive on PCR
for Ba. bovis than those from Central Province (p < 0.001). Spraying as a method of tick
control decreased the risk of being positive for Ba. bovis by a factor of 0.03 (C.I = 0.001 —
0.30) compared to cattle which were dipped (p < 0.001). Breed type, age, sex, frequency of
tick control and tick burden were not significant predictors of being PCR positive for Ba.

bovis.

Being PCR positive for Ba. bovis, T. taurotragi or Anaplasma spp increased the risk of
being PCR positive for 7. parva by a factor of 2.31 (C.1=1.17 - 4.56), 11.08 (C.I=6.15 —
19.97) and 3.06 (C.I = 1.59 — 5.88) respectively (Table 3.9). Cattle on commercial farms
were twelve (C.I = 1.43 — 99.01) times more likely to be PCR positive for 7. parva than
those under traditional husbandry (p = 0.020). Angoni breed-type cattle were eight ( C.I =
1.59 — 40.23) times more likely to be positive on PCR for 7. parva than the Tonga breed-
type (p = 0.001). Province, method and frequency of tick control, tick burden, ECF
vaccination status, age and sex were found not to be significant predictors of being PCR

positive for 7. parva.



Table 3.7 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity for Ba. bigemina in cattle in
Central and Eastern Zambia

*Age, province and PCR positivity to Ba. bovis were significant predictors of being PCR

positive for B.bigemina.



Table 3.7 Maximum likelihood estimates of binary logistic model of

factors for prediction of PCR positivity to Ba. bigemina in cattle in
Central and Eastern Zambia
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o
Independent _ Odds ratio 95% C.1. for OR
. Coefficient p value
variables (OR)
Lower Upper
Age -0.01 0.040° 0.98 0.97 0.99
Province 0.016
Eastern Province -1.51 0.001" 0.22 0.10 0.65
Central Province 18.56 0.997 0.00 0.00 0.00.
Lusaka @ 3 3
Ba. bovis 2.14 <0.001 8.49 3.51 20.57
Constant -38.07 1.000 0.00

(a) = reference category, C.I = confidence interval



Table 3.8 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity for Ba. bovis in cattle in Central
and Eastern Zambia

*Farming system, tick control method, province and being PCR positive for 7. mutans,

T. parva and Ba. bigemina were significant predictors of being PCR positive for Ba. bovis.
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Table 3.8 Maximum likelihood estimates of binary logistic model of

factors for prediction of PCR positivity to Ba. bovis in cattle in Central

and Eastern Zambia

95% C.I. for OR

Independent variables Coefficient p value Odc(igs)atio
Lower Upper
Commercial farms 3.05 0.020° 21.05 1.75 253.63
Traditional farms @
Spraying -3.49 <0.001" 0.030 0.00 0.30
Dipping
Province <0.001
Eastern Province 5.22 <0.001 186.23 9.53 3639.13
Lusaka Province -0.58 0.672 0.56 0.04 7.85
Central @
T. mutans 2.52 <0.001" 12.48 2.26 69.09
T. parva 0.73 0.030" 2.07 1.09 3.91
Ba. bigemina 2.22 <0.001" 9.16 3.49 24.06
Constant -5.30 <0.001" 0.01

(a) = reference category, C. I. = confidence interval



Table 3.9 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity to T. parva in cattle in Central
and Eastern Zambia

Farming system, breed type and PCR positivity to Ba. bovis, T. taurotragi and Anaplasma

spp were significant predictors of being PCR positive for 7. parva in central and eastern

Zambia.
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Table 3.9 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity to T. parva in cattle in Central

and Eastern Zambia

95% C.I. for OR

Independent variable Coefficient  p value rat(i):‘(ng)
Lower Upper
Ba. bovis 0.84 0.002 2.31 1.17 4.56
Anaplasma spp 1.12 <0.001 3.06 1.59 5.88
T. taurotragi 2.41 <0.001" 11.08 6.15 19.97
Commercial farms 2.48 0.020° 11.89 1.43 99.01
Traditional farms @
Breed type 0.003
Angoni 2.08 0.001 7.99 1.59 40.23
Cross -1.67 0.150 0.19 0.02 1.80
Friesian 0.01 0.982 1.01 0.42 2.44
Tonga ©
Constant -3.11 <0.001 0.05

(a) = reference category, C.I. = confidence interval
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Cattle on which ticks were controlled every week were 0.19 (C.I =0.16 — 2.13) times less
likely to be PCR positive for Anaplasma spp than those cattle on which ticks were
occasionally controlled (p < 0.001), while commercial farms were 3.10 (C.I = 1.13 — 8.49)
times more likely to be Anaplasma spp positive by PCR than those under traditional
husbandry (p = 0.030) (Table 3.10). Being PCR positive for E. ruminantium, T. mutans
and 7. parva was associated with an increased risk of being positive for Anaplasma spp by
a factor of 90.68 (C.I = 18.25 — 450.45), 8.46 (C.I. = 3.81 — 18.79) and 2.23 (C.I=1.14 -
4.36) respectively. Method of tick control, breed type, age, sex, tick burden and province

were not significant predictors of being PCR positive for Anaplasma spp.

Angoni breed-type of cattle were 0.16 (C.I = 0.07 — 0.37) times less likely to be PCR
positive for E. ruminantium than the Tonga breed-type (p < 0.001), while being PCR
positive for Anaplasma spp increased the risk of being positive for E. ruminantium by a
factor of 79.20 (C.I = 17.93 — 349.91) (p < 0.001) (Table 3.11). Province, sex, age,
frequency and method of tick control, tick burden and farming system were not significant

predictors of being PCR positive for E. ruminantium.

3.3.6 Effect of infections with multiple tick-borne pathogens and other

variables on PCV in Central and Eastern Zambia

The PCV of cattle in Central and Eastern Zambia was measured in both the dry and the wet
season. The mean PCV was higher in the dry season (33.00 %) than in the wet season
(30.10 %) and this difference was statistically significant (p < 0.007). To determine
whether the number of co-infecting pathogens had a significant effect on PCV in cattle, the
PCV of samples corresponding to the number of different co-infecting pathogens was
compared using the one-way ANOVA for both the wet and the dry season. For both
seasons, the mean PCV reduced with an increase in the number of co-infecting pathogens
and this pattern was more evident in the dry season (Tables 3.12 and 3.13). In the dry
season, cattle with five co-infecting pathogens had significantly lower PCV than those with
two or no co-infecting pathogens (p = 0.040); in the wet season, the difference observed
was not statistically significant (p = 0.090). A multivariant linear regression model was
used to investigate which tick-borne pathogens (single and mixed infections) had a
significant effect on PCV in the dry season while allowing for the effect of other variables.
All parasite combinations with frequencies of five and above were included in the analysis.
The results of the multivariant linear regression are shown Table 3.14. No single infections
were found to be associated with a significant reduction in PCV, while two different

combinations of pathogens were found to have a significant effect on PCV. A combination



Table 3.10 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity for Anaplasma spp in cattle in
Central and Eastern Zambia

*Frequency of tick control, farming system and PCR positivity for E. ruminantium,
T. mutans and T. parva are significant predictors of being PCR positive for Anaplasma

spp.-
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Table 3.10 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity for Anaplasma spp in cattle in

Central and Eastern Zambia.

Odds  95% C.l.for OR

Independent variable ioi
Coefficient P value Ratio (OR) Cower

Upper

Frequency of tick control <0.001

Every two weeks -0.53 0.420 0.59 0.16 2.13

Weekly -1.66 <0.001 0.19 0.09 0.42

Occasionally @
Commercial farm 1.13 0.030° 3.10 1.13 8.49
Traditional farm ©
E. ruminantium 4.51 <0.001 90.68 18.25  450.45
T. mutans 2.14 <0.001 8.46 3.81 18.79
T. parva 0.80 0.023 2.23 1.14 4.36

Constant -1.64 <0.001 0.20

(a) = reference category , C.I. = confidence interval




Table 3.11 Maximum likelihood estimates of binary logistic model of
factors for prediction of PCR positivity for E. ruminantium in cattle in
Central and Eastern Zambia

"Cattle breed type and PCR positivity to Anaplasma spp were significant predictors of

being PCR positive for E. ruminantium.
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Table 3.11 Maximum likelihood estimates of binary logistic model of

factors for prediction of PCR positivity for E. ruminantium in cattle in
Central and Eastern Zambia

95% C.I. for OR

Independent variable Coefficient p value Odc(igs)atio
Lower Upper
Breed type <0.001"
Angoni -1.82 <0.011 0.16 0.07 0.37
Cross -20.84 1.000 0.00 0.00
Friesian -0.73 0.153 0.48 0.18 1.30
Tonga @
Anaplasma spp 4.37 <0.001 79.20 17.93 349.91
Constant -3.43 <0.001" 0.032

(a) = reference category, C.I. = confidence interval



Table 3.12 Mean PCV according to number of co-infections in the dry

season

The relationship between the number of co-infecting pathogens and mean PCV in cattle in
the dry season is shown together with the 95 % confidence interval of the mean PCV and
the range of PCV values for each number of co-infections. The one-way analysis of
variance (ANOVA) showed that cattle with two or no infections had significantly higher
mean PCV than those with five co-infecting pathogens (p = 0.040).
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Table 3.12 Mean PCV according to number of co-infections in the dry

season
°

Number of ean PGV (%) 95% ,Sé'vf‘(’.;, mean  PCV Range (%)
co-infections (SD)

Lower Upper Mini Max
0 156 33.6 (5.5) 32.8 34.5 16 47
1 133 33.2(5.4) 32.3 34.1 19 47
2 122 33.5(5.1) 32.6 34.4 18 46
3 102 32.6 (5.9) 31.4 33.7 12 50
4 57 32.4 (5.3) 31.0 33.8 20 47
5 24 29.8 (5.3) 27.6 32.0 17 40
6 2 32.0 (4.2) -6.2 70.1 29 35
Total 595 33.0 (5.5) 32.60 33.48 12 50

n = number of cattle, C.I. = confidence interval, SD = standard deviation



Table 3.13 Mean PCV according to number of co-infections in the wet

season

The relationship between the number of co-infecting pathogens and PCV in cattle in the
wet season is shown together with the 95 % confidence interval of the mean PCV and the
range of PCV values for each number of co-infections. Although uninfected cattle had
higher mean PCV than those with two or more co-infections, the results of the one-way

ANOVA showed that these differences were not significant (p = 0.090).
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Table 3.13 Mean PCV according to number of co-infections in the wet

season

Number of ] Mean PCV (%) 95% C.I. fc(a‘;o;\llean PCV PCV Range (%)
co-infections (SD) Lower Upper Mini Max
0 64 32.4 (6.3) 30.87 34.00 16 42
1 41 29.7 (5.5) 27.95 31.42 17 44
2 63 30.8 (5.0) 29.53 32.03 15 46
3 74 29.2 (5.6) 27.84 30.45 1 40
4 54 29.2 (5.2) 27.83 30.66 18 41
5 29 28.8 (6.4) 26.32 31.20 17 40
6 15 29.6 (5.2) 26.71 32.49 25 47
7 7 29.9 (7.7) 22.72 36.99 19 40
Total 347 30.1 (5.7) 29.47 30.68 11 47

n = number of cattle, C.I = confidence interval, SD = standard deviation



Table 3.14 Multi-variant linear regression model of the effect of
infection with different tick-borne pathogens and other significant
confounding factors on the PCV of cattle in Central and Eastern
Zambia

Age, multiple infections of 7. parva, T. mutans and Anaplasma spp, multiple infection of
T. parva, T. mutans, T. taurotragi, Anaplasma spp and E. ruminantium or being abundantly
infested with ticks (more than 50 ticks / animal) were associated with significant drop in
mean PCV in carrier cattle in the dry season in central and eastern Zambia. An interaction
between being abundantly infested with ticks (>50 ticks / animal) and multiple infections

of T. parva, T. taurotragi, T. mutans, Anaplasma spp and E. ruminantium was indicated.
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Table 3.14 Multi-variant linear regression model of the effect of
infection with different tick-borne pathogens and other significant

confounding factors on the PCV of cattle in Central and Eastern

Zambia
95% C.I. for

Variable Coefficient  p value coefficient

Lower Upper
Constant 22.38 <0.001* 17.01 27.74
Age (months) -0.03 <0.001* -0.04 -0.02
T. parva + T. mutans + Anaplasma spp -5.52 0.001* -8.83 -2.20
T. parva + T. taurotragi +"f. m_utans + 732 0.001* 1156 307
Anaplasma spp + E. ruminantium
Abundant (>50 ticks/animal) -14.44 0.011* -25.52 -3.37

Abundant (>50 ticks/animal) * T. parva +
T. taurotragi + T. mutans + Anaplasma spp + -21.03 <0.001* -32.78 -9.28
E. ruminantium

C.1. = confidence interval



105

of T. parva, T. mutans, T. taurotragi, Anaplasma spp and E. ruminantium caused an
average reduction in PCV of 7.32 % points (p = 0.001), while that of 7. parva, T. mutans
and Anaplasma species caused an average reduction of 5.52 % points (p = 0.001). Cattle
that were heavily infested with ticks (more than 50 ticks / animal) showed a reduction of
14.44 % points in PCV on average (p < 0.001). There was a significant interaction
between having more than 50 ticks per animal and being infected with 7. parva, T. mutans,
T. taurotragi, Anaplasma spp and E. ruminantium. After allowing for the effect of other
variables, the PCV was reduced by 0.03 % points for every one month increase in age (p <
0.001). Cattle breed-type, the method and frequency of tick control, farming system and
province did not have a significant effect on PCV. The validity of the model (i.e. whether it
met the assumptions of linearity, constant variance and normality) was checked using

residual and probability plots (data not shown).

3.3.7 Tick burden on cattle in the wet and dry season in Central and

Eastern Zambia

The percentage of cattle in each of the four tick burden categories for the dry and wet
seasons are shown in Tables 3.15 and 3.16 respectively. In both seasons, ticks were
observed even on some of the cattle on which tick control was practised intensively,
indicating that tick control, even in commercial herds, was incomplete. In the dry season
(Table 3.15), tick burdens were not assessed for those cattle which were dipped in Central
Province because of non-compliance by the farmers. Of the cattle that were sprayed to
control ticks in this province, no ticks were seen on 50.00 % of them while 29.59 % had a
few ticks, 18.37 % had a moderate tick burden and 2.04 % had an abundant infestation of
ticks. In Lusaka Province all the sampled cattle in the dry season came from farms that
sprayed to control ticks. Over 64 % of cattle in this province had no ticks seen on them
while 19.35 % had a few ticks, 12.90 % had a moderate tick burden and 3.26 % had an
abundant tick burden. In Eastern Province, no tick control was practised on a proportion of
cattle sampled (16.6 %) and those cattle had significantly higher tick burdens than those
that were sprayed (p < 0.001). For cattle that were sprayed, over 48 % had no ticks on
them while 37.50 % had few ticks, 12.22 % had a moderate tick burden and 1.42 % were
abundantly infested with ticks. For those cattle on which no tick control was practised, less
than 6 % had no ticks, 67.14 % had few ticks, 27.14 % had moderate tick burdens and none
were abundantly infested with ticks (Table 3.15). Tick burdens on cattle were significantly

higher in the Eastern Province than in Lusaka and Central Provinces (p = 0.048).



Table 3.15 Percentage of cattle in each tick burden category in the
three provinces grouped according to the method of tick control (dry

season)

The tick burden on cattle in the dry season in the three provinces was calculated with cattle
grouped according to method of tick control. The chi-square test was used to test for
significant differences in tick burdens among the provinces and tick control methods in
Eastern Province. Cattle in Eastern Province had a significantly higher tick burden than
those from Central and Lusaka Provinces (p = 0.048). Cattle that were sprayed in Eastern

province had fewer tick burdens than those on which no tick control was practiced

(p < 0.001).
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Table 3.15 Percentage of cattle in each tick burden category in the

three provinces grouped according to the method of tick control (dry

season)
Tick burden (%
. Tick control n (%)
Province method None
Few Moderate Abundant
seen
Central Spraying 98 50.00 29.59 18.37 2.04
None 70 5.71 67.14 27.14 0.00
Eastern Spraying 352 48.86 37.50 12.22 1.42
Total 422 M7 42.42 14.69 118
(Eastern)
Lusaka Spraying 31 64.52 19.35 12.90 3.26
Total 551 44 .46 38.84 15.25 1.45

n = number of cattle



Table 3.16 Percentage of cattle in each tick burden category in the
three provinces grouped according to the method of tick control (Wet

season)

Tick burdens on cattle in the wet season in the three provinces were calculated with cattle
grouped according to method of tick control. The chi-square test was used to determine
whether significant differences existed in tick burdens between the provinces and between
tick control methods in the provinces. Cattle in the Eastern province had significantly
higher tick burdens than those from Central and Lusaka Province (p < 0.001). Cattle in
Lusaka Province showed a significantly lower tick burdens than those in Central Province
(p = 0.020). In Central province, cattle which were dipped showed significantly lower tick
burdens than those that were sprayed (p = 0.002). In Lusaka Province there was no
significant difference in tick burdens between cattle that were dipped and those that were

sprayed.
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Table 3.16 Percentage of cattle in each tick burden category in the

three provinces grouped according to the method of tick control (Wet

season)
H ()
Province Tick control n Tick burden (%)
method
None Few Moderate Abundant
seen
Spraying 24 20.83 29.16 29.16 20.83
Central Dipping 32 59.38 21.88 18.75 0.00
Total (Central) 56 42.86 25.00 23.21 8.93
Eastern Spraying 211 0.47 46.92 31.28 21.33
Spraying 41 73.17 19.51 7.32 0.00
Lusaka Dipping 41 78.05 12.20 4.88 4.88
Total (Lusaka) 82 75.61 15.85 6.10 2.44
Total 349 24.93 36.10 24.07 14.90

n = number of cattle
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In the wet season (Table 3.16) all the farms from which samples were collected in the three
provinces controlled ticks on their cattle. In Central province 43 % of cattle were sampled
from farms that used spraying as a tick control method while the remainder of the cattle
were from farms that used dipping as a tick control method. For cattle that were sprayed,
20.83 % had no ticks seen on them, 29.16% had few ticks, 29.16 % had a moderate tick
burden and 20.83 % were abundantly infested with ticks. Of the cattle that were dipped,
59.38 % had no ticks seen on them, 21.88 % had few ticks, 18.75 % had moderate tick
burdens and no cattle were abundantly infested with ticks. Cattle that were dipped in this
province had significantly fewer ticks that those that were sprayed (p = 0.002). In Eastern
province, spraying was the only tick control method used and less than 1 % of the cattle
sampled had no ticks seen on them, 46.92 % had a few ticks, 31.28 % were moderately
infested and 21.33 % were abundantly infested. In Lusaka Province the proportion of cattle
on which dipping and spraying were used as tick control methods was the same
(Table 3.16). Of the cattle that were sprayed, 73.17 % had no ticks seen on them, 19.51 %
had a few ticks, 7.32 % were moderately infested and none of the cattle was abundantly
infested with ticks. For the cattle that were dipped, 78.05 % had no ticks seen on them,
12 % had a few ticks, 5 % were moderately infested and another 5 % were abundantly
infested with ticks. There was no significant difference in tick burden between those cattle
that were dipped and those that were sprayed (p = 0.291) in this province. Table 3.17
shows the number of cattle in each of the tick burden categories in traditionally and
commercially reared cattle in Lusaka province. There was no significant difference in tick
burden between cattle from commercial farms and those from farms where traditional
husbandry was practised in Lusaka Province (p = 0.101). When all the cattle from all three
provinces were combined, cattle that had been dipped had significantly fewer ticks than
those that were sprayed (p < 0.001), and cattle from Eastern Province had significantly
higher tick burdens than those from the other two provinces (p < 0.001). When the two
seasons were compared, cattle had a significantly higher tick burden in the wet season than

in the dry season (p < 0.001).

3.3.8 Determination of risk factors associated with tick-burden in the

wet season in Central and Eastern Zambia

The ordinal logistic regression model was used to determine which of the risk factors were
strongly associated with each of the tick burden categories in the wet season. The goodness
of fit p value for the model was 1.00 and the null hypothesis that the location parameters
are the same across the responses categories (p = 0.700) was accepted. Results of the

ordinal regression model (Table 3.18) indicate that cattle that were dipped (p < 0.001) and



Table 3.17 Tick burden according to farming system in the wet season

in Lusaka Province

The percentage of cattle in each of the tick burden categories in commercial and traditional
cattle are shown for Lusaka province in the wet season. No significant difference was
found in tick burden between commercially and traditionally reared cattle in this province

in the wet season (Fisher’s Exact test, p = 0.102).
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Table 3.17 Tick burden according to farming system in the wet season

in Lusaka Province

Tick burden (%)

Farming system

None seen Few Moderate Abundant
Traditional 21 66.67 14.29 9.52 9.52
Commercial 61 78.69 16.39 4.92 0

n = number of cattle. Fisher’s Exact test, p = 0.102



Table 3.18 Risk factors associated with tick burden on cattle in the wet
seasOon in Central and Eastern Zambia based on the ordinal
regression model

Dipping cattle as a method of tick control and commercial farming were significantly

associated with lower tick burdens while occasionally controlling ticks on cattle (frequency

of tick control) was significantly associated with higher tick burdens on cattle.
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Table 3.18 Risk factors associated with tick burden on cattle in the wet

season in Central and Eastern Zambia based on the ordinal regression

model
95% C.l. for estimate
. Estimate
Variable value Lower Upper
None seen -0.80 0.171 -1.94 0.35
Threshold Few 0.90 0.132 -0.26 2.05
Moderate 2.10 <0.001 0.92 3.28
Age 0.00 0.730 -0.00 0.01
Tick Control Dipping -1.65 <0.001* -2.45 -0.85
method Spraying (a)
Female -0.01 0.931 -0.30 0.28
Sex
Male (a)
Angoni -0.15 0.816 -1.45 1.16
Cross 0.71 0.151 -0.26 1.68
Breed type
Friesian 0.65 0.364 -0.73 2.03
Tonga (a)
Farming Commercial -2.35 <0.001* -3.93 -0.77
system Traditional (a)
Central 0.27 0.55 -0.62 1.17
Province Eastern 0(a)
Lusaka (a)
Every two weeks -0.57 0.149 -1.34 0.20
Frequency of . .
tick control Occasionally 0.85 0.017 0.13 1.57
Weekly (a)

(a) = reference category, C.I. = confidence interval
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cattle in commercial farms (p < 0.001) were significantly associated with lower tick
burdens while cattle exposed to infrequent tick control measures were significantly

associated with a higher burden of ticks (p = 0.020).

3.4 Discussion

3.4.1 Prevalence

Tick-borne diseases are an important constraint to livestock production in tropical and sub-
tropical regions (Jongejan & Uilenberg 2004). However, information on their distribution,
abundance and the factors that affect their occurrence is either inadequate or entirely
lacking in most of these countries. For example, in Zambia, the only epidemiological
studies of anaplasmosis and babesiosis that have been reported previously were conducted
more that two decades ago. Moreover, most of the epidemiological studies on TBD carried
out in Zambia to date have utilised the IFA test (Billiouw et al. 1999; Billiouw et al. 2002;
Fandamu et al. 2005; Jongejan et al. 1988) and therefore studies using more specific,
sensitive and reproducible laboratory tests are currently required. The justification for this
study was the paucity of epidemiological data on TBD pathogens in the country. The
results presented in this chapter show that all the TBDs investigated are prevalent in the
three provinces. 7. mutans and Anaplasma spp are the most prevalent tick-borne pathogens
of cattle in Central and Eastern Zambia, with Ba. bigemina being the least prevalent.
T. parva, Ba. bovis, Ba. bigemina, Anaplasma marginale and E. ruminantium are known to
cause diseases of economic importance in cattle in Zambia and most of sub-Saharan Africa
(Makala et al. 2003; Minjauw & McLeod 2003). The importance of 7. mutans and

T. taurotragi in terms of causing morbidity and mortality in cattle in Zambia is unknown.

The prevalence of Ba. bovis obtained in this study in Central Zambia in both seasons was
higher than that observed by Jongejan et al. (1988), who reported prevalences ranging
from 1.8 to 3 %. However, the prevalence of this parasite in the current study in the
Eastern Province is lower than that reported by Jongejan et al. who described sero-
prevalence rates of between 43.3 % and 45.5 % in this province. The prevalences of Ba.
bigemina obtained in this study were also lower than those reported by Jongejan et al.
(1988) who described sero-prevalence rates between 40 % and 57.6 % in both Central and
Eastern Zambia. The Ba. bigemina and Ba. bovis prevalences observed in the current study
are also lower than the sero-prevalence rates reported in small holder dairy cattle in Kenya
(Maloo et al. 2001) and for Ba. bigemina they are lower than those reported in smallholder
dairy cattle in Tanzania (Swai et al. 2005). Although the difference in the prevalence
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between the two Zambian studies may indicate a change in the epidemiological situation of
these parasites over the years, the different diagnostic methods used may account for much
of the observed variation. The PCR method used in this study detects animals that are
carriers of the disease while the IFAT method used by Jongejan ef al. does not distinguish
between carrier animals and immune animals that may have cleared the infection. The
serological response to Babesia infection has been reported to remain high long after
parasites are apparently cleared from the host (Salem ez al. 1999). IFAT also has low
specificity and cross-reactions between Babesia species have been reported (Bose et al.
1995; Edelhofer ef al. 2004). In addition, the use of FTA cards in providing template DNA
for use in PCR may also reduce the sensitivity of the PCR assay. It was observed in this
study that when saponin lysates were prepared from the same samples and re-analysed
using the same PCR method, the number of Babesia positive samples increased (data not

shown).

An interesting finding from this study is the higher number of Ba. bovis cases that were
detected in Central Zambia. Ba. bovis was first reported in Central Zambia in 1986
(Jongejan et al. 1986a). The increase in prevalence indicates that this parasite is becoming
endemic in this part of the country and this may be due to the uncontrolled movement of
cattle. It would therefore be of interest to determine the distribution of B. microplus, the
vector of Ba. bovis, in Central Zambia. In this study prevalences of Ba. bigemina close to
zero were reported in all the three provinces in the dry season and this increased to over 10
% 1in the wet season. Boophilus ticks, which transmit this parasite, were observed on cattle
in both the dry and wet season, although the tick numbers were lower in the dry season.
Other studies have also reported the year-round presence of Boophilus ticks on cattle in
Zambia with monthly fluctuations in abundance (Berkvens et al. 1998; Pegram et al.
1986). The observed differences in the prevalence of Ba. bigemina between the dry and
wet season may indicate higher transmission intensity of the parasite in the wet season,
probably due to reduced tick numbers in the dry season and/or differences in infection rates
in ticks found in the two seasons. This difference in prevalence between the seasons may
also be due to the inability of the Ba. bigemina parasite to survive the high temperatures
and low humidity found in Zambia in the dry season while in the tick. Persistent high
temperatures (above 37 °C) have been reported to inhibit development of or eliminate Ba.
bigemina infections in ticks (Kocan 1995). Therefore, the parasite may be transmitted to
susceptible cattle mainly in the wet season, and during the dry season, the ensuing
parasitaemia is cleared by the immune system to levels below the detection limit of PCR

(Salem et al. 1999).
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T. parva s an important disease of cattle in Zambia, causing high morbidity and mortality
(Nambota et al. 1994). The disease is prevalent in all the provinces of Zambia except
Western, Luapula and North-Western Provinces (Makala et al. 2003). However, there are
no published figures on the prevalence of this disease in Central and Eastern Zambia. The
prevalences obtained in this study in Central and Eastern Zambia are higher than the sero-
prevalences reported in the Southern Province (Fandamu et al. 2005), but lower than those
reported in Kenya, Tanzania and Rwanda (Bazarusanga et al. 2007; Maloo et al. 2001;
Swai et al. 2005). In this study, it was found that there was no significant difference in the
prevalence of 7. parva between ECF immunised and non-immunised cattle in Eastern
Province. Fandamu et a/ (2005) also found that immunisation against ECF in Southern
Province of Zambia did not have a significant effect on the prevalence of 7. parva. This is
surprising given that animals that become infected with 7. parva are believed to remain
carriers for a considerable time during their life (Kariuki et al. 1995). These results suggest
that the carrier state induced by the strains used to vaccinate cattle against ECF in Zambia
does not persist for long periods. Further studies, similar to those carried out in Uganda
(Oura et al. 2007) are required to determine the length of time the carrier status is induced

post-vaccination.

Different epidemiological states of ECF, related to the seasonal abundance of
R. appendiculatus ticks on cattle (Berkvens ef al. 1998; Pegram ef al. 1986) were observed
in this study. The prevalence of 7. parva in young animals was significantly lower than
that found in older cattle in the dry season, while no significant differences in prevalence
between age groups were observed in the wet season. Studies of ECF epidemics in the
Eastern province indicate that waves of ECF challenge in cattle coincide with peaks of
adult R. appendiculatus abundance which occurs in the rainy season (December to March)
and occasionally in the cold dry season (May to July) (Billiouw ef al. 2002). The time of
sampling in the wet season coincided with the wet season transmission peak, while the dry
season samples were collected at a time of low adult tick activity. This indicates that most
of the calves born in the dry season may not encounter the disease until the rainy season
when there is a peak in abundance of vector ticks. A similar trend in the epidemiology of

T. taurotragi, which shares the same vector, R. appendiculatus, was observed.

The prevalences of anaplasmosis revealed in this study are higher than those obtained
using the card agglutination test (CAT) (Jongejan et al. 1988), but lower than those
reported using the ELISA test in the same study. The prevalence of anaplasmosis reported

in this study is higher than that was reported in Sudan, where a sero-prevalence of 37.8 %
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was revealed using ELISA (Salih ef al. 2008a). Although heartwater is a relatively
important disease of livestock in Zambia (Anon 2007; Makala et al. 2003) there have been
no previous studies on the epidemiology of this disease in Zambian cattle. In the current
study, higher prevalences of the disease were reported in Central Zambia than in the
Eastern Province (Table 3.1), though these were lower than the sero-prevalences of 40 %

reported previously in goats (Ahmadu ef al. 2004).

Taken together, the low prevalences of 7. parva, Ba. bigemina, Ba. bovis and E.
ruminantium (see Table 3.1) may indicate the existence of a large pool of susceptible cattle
through which a disease outbreak could spread if appropriate epidemiological parameters
were met. That is to say, an unstable state of endemicity, which favors the occurrence of
disease outbreaks, exists for all the diseases caused by these pathogens in Zambia. It
should be noted, however, that being PCR negative does not indicate that an animal is
susceptible to infection, as it may have sterile immunity to the disease, or the levels of
parasitaemia may be beneath the detection limit of the assay used. The prevalences of 7.
mutans and Anaplasma were high in all the provinces and both seasons indicating an
endemically stable state of these pathogens may exist in all three provinces. The high
prevalences of 7. mutans over the other pathogens are in agreement with those reported in
Uganda (Oura ef al. 2004a) and Sudan (Salih ef al. 2008a). This may indicate that cattle in
these parts of Africa are exposed to a high and continuous challenge with 7. mutans or that
this species is harboured for long periods at detectable levels post-infection. Alternatively,
these results may simply suggest that cattle are more susceptible to 7. mutans infection

than to any other TBD pathogen.

3.4.2 Predictors of PCR positivity for TBD pathogens

Knowledge of risk factors associated with TBDs is an important pre-requisite in the design
and implementation of effective control strategies. An understanding of these risk factors
and the associations among TBD pathogens is also a good aid for clinical diagnosis,
treatment choice and determining the potential of a particular disease to spread. In this
study, the logistical regression model was used to identify risk factors associated with
being PCR positive for 7. parva, Ba. bigemina, Ba. bovis, Anaplasma spp and
E. ruminantium in cattle in Central and Eastern Zambia in the wet season. Significant risk
factors associated with being PCR positive for Ba. bovis were found to be the farming
system, tick control method, the province and being PCR positive for Ba. bigemina,
T. mutans or T. parva. Cattle in commercial farms were more at risk of being PCR positive

for Ba. bovis than those under traditional management. This could be a reflection of the
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management system in commercial farms, which leaves the cattle naive to infection by this
parasite. An additional explanation is that commercial establishments favour the use of
taurine breeds of cattle which are known to have a high susceptibility to Ba. bovis (Bock et
al. 1997; Bock et al. 1999b). The positive association between Ba. bovis and Ba. bigemina
may be due to the fact that the two parasites share the same vector species, B. microplus.
This tick is able to acquire and transmit these two parasites together (Quintao-Silva et al.
2007). Although Ba. bigemina can be transmitted by other vectors in Zambia, there is
evidence than Bo. microplus is spreading into new areas and replacing Bo. decoloratus
which only transmits Ba. bigemina (Berkvens et al. 1998; Jongejan et al. 1988; Pegram et
al. 1986). Cattle in the Eastern province were more at risk of being PCR positive for Ba.
bovis than those in the Central Province (odds ratio (OR) = 186). This is because Bo.
microplus 1s widespread in most areas of the Eastern Province while the tick was
introduced into Central Zambia a few decades ago and its population is still establishing
(Berkvens et al. 1998; Jongejan et al. 1988; Pegram et al. 1986). Consequently cattle in the

Eastern Province are more exposed to this parasite.

Significant predictors of being PCR positive for Ba. bigemina were the age of the animal,
the province and being PCR positive for 7. parva and Ba. bovis. Although the Odds Ratio
was close to one, older animals were significantly less likely to be PCR positive for Ba.
bigemina than younger ones. This is in agreement with the Ugandan study (Magona et al.
2008) where it was found that age was negatively associated with sero-conversion to Ba.
bigemina. Although an inverse age resistance to Ba. bigemina exists, with young animals
possessing innate resistance while older animals are fully susceptible (Jongejan ef al. 1988;
Mahoney et al. 1973), the constant presence of ticks means that the chance of previous
exposure to babesiosis in Zambia increases as the animals gets older. As a result, older
animals may have developed strong immunity that keeps the parasitaemia lower than the

PCR detection limit.

Significant predictors of being PCR positive for 7. parva included the breed of cattle,
farming system, and being PCR positive for Anaplasma, T. taurotragi and Ba. bovis.
Angoni cattle were more likely to be PCR positive for 7. parva than Tonga cattle
(OR =7.99). There is, however, no information on the relative resistance of the two breed-
types of cattle to 7. parva infection. Therefore, the increased risk of infection in Angoni
cattle over the Tonga cattle may either be due to Angoni cattle being more susceptible to
T. parva infection or there may be differences in the virulence of 7. parva strains found in

the two regions. The increased risk of 7. parva infection in commercially reared cattle is
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perhaps a reflection of the management practises which leave these animals susceptible to
infection by this parasite and also the high susceptibility to infection of the taurine breeds
of cattle found in such establishments (Bakheit & Latif 2002). Oura et al. (2004) also
reported higher prevalences of T. parva in cross-bred compared to indigenous cattle in
Uganda, despite the cross-bred cattle being sprayed weekly with acaricides. Significant
positive association between 7. parva and Anaplasma spp, Ba. bovis and T. taurotragi
were found in the present study. These pathogens were also significant predictors of PCR
positivity for 7. parva. The association between 7. parva and T. taurotragi may be
explained by the fact that both parasites are transmitted by the same vector tick
R. appendiculatus. However, the positive relationship between 7. parva and the other two
pathogens, Ba. bovis and Anaplasma spp could be due to two reasons, the first being that
their vectors share the same habitat. The second reason could be that 7. parva is an
immuno-suppressive disease and, as such, it renders the animals more susceptible to

infection by Ba. bovis and Anaplasma spp

Based on the strong evidence of 7. parva infection being associated with co-infection with
other TBD agents, one should consider treatment for concurrent infections whenever an

animal is diagnosed with East Coast Fever.

Significant predictors of PCR positivity to Anaplasma spp included the frequency of tick
control, farming system and being PCR positive for E. ruminantium, T. mutans or
T. parva. Anaplasma was the only TBD pathogen for which frequency of tick control was
a significant predictor. That is to say, cattle on which ticks were controlled weekly were
less likely to be PCR positive for Anaplasma spp than cattle on which ticks were controlled
occasionally (OR = 0.19). Anaplasmosis has many vectors including several ticks spp and
biting flies and it is likely that weekly application of acaricides acted as repellant,
preventing these insects from transmitting the disease, even when the acaricides are not
strong enough to kill the ticks. As was found for Ba. bovis and T. parva, cattle on
commercial farms were at greater risk of being PCR positive for Anaplasma spp than those
under traditional management. The positive association between Anaplasma spp and
E. ruminantium, T. mutans and T. parva suggests that environmental conditions that are
conducive for the transmission of Anaplasma to cattle are also supportive of the vectors of

these other pathogens.

Significant risk factors for PCR positivity for E. ruminantium were the breed of cattle and
being PCR positive for Anaplasma spp. Angoni cattle, which are predominantly found in

the Eastern Province, were 0.16 times less likely to be PCR positive for E. ruminantium
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than Tonga cattle. Currently, there is no information on the relative susceptibility of the
various traditional breeds of cattle to TBDs in Zambia. Additionally, the positive
association between E. ruminantium and T. mutans was not significant despite these
parasites being transmitted by the same tick species. This might indicate that the infection
rates of these parasites differ in the ticks. The observed lack of significant association
between the two pathogens could also be because 7. mutans predominantly infects red
blood cells while E. ruminantium is mostly found in endothelial cells. Therefore, fewer
E. ruminantium pathogens are likely to be found in circulating blood as compared to

T. mutans making the E. ruminantium PCR less sensitive.

3.4.3 Effect of multiple TBD pathogen infections on PCV

In both seasons, more mixed infections of TBD pathogens than single infections were
observed in cattle in Central and Eastern Zambia. The mean PCV in cattle was
significantly higher in the dry season than in the wet season, despite the improved
nutritional status of cattle in the wet season. Seasonal differences in PCV may have been
due to the increase in the number of parasites affecting cattle in the wet season. During the
course of this study, it was observed there were more ticks, haemopathogens and other
biting flies feeding on cattle in the wet season. In a study in Ghana, Bell-sakyi ef al. (2004)
found that the mean PCV of cattle with no detectable parasite infections was significantly
higher than that of cattle infected with one or more parasites. This is in agreement with the
results of this study, where a negative relationship was observed between the number of
co-infecting organisms and the mean PCV. This relationship was found to be statistically
significant for the dry season but not for the wet season. This could be because the low tick
burdens and other blood-sucking ecto-parasites found on cattle in the dry season made this
relationship more visible. All the samples collected in the dry season were from apparently
healthy cattle. Therefore these results demonstrate that, even in the carrier state, the
presence of multiple tick-borne pathogens is associated with significant reductions in PCV

in Zambian cattle.

A multivariant linear regression model was used to determine which combinations of
parasites were significantly associated with reductions in PCV, while controlling for the
effect of other confounding variables. Combinations of multiple infections associated with
significant reductions in PCV in cattle were T. parva, T. mutans and Anaplasma spp which
caused a reduction of 5.52 % points and 7. parva, T. taurotragi, T. mutans, Anaplasma spp
and E. ruminantium which caused a reduction of 7.32 % points in PCV. Anaemia is a

consistent feature associated with the pathology of anaplasmosis. Although anaemia is not



118

the main clinical feature associated with ECF, other studies have found that 7. parva
infections can cause a significant reduction in PCV (Magona et al. 2008; Maxie et al.
1982; Mbassa et al. 1994). Equally, although they are generally considered to cause milder
disease, infection with 7. mutans and T. taurotragi have been associated with anaemia in
cattle (Binta et al. 1998; Musisi et al. 1984). Anaemia is also one of the main clinical
features associated with E. ruminantium infections in cattle (van Amstel et al. 1987).
Mixed infections involving Babesia bovis were not associated with significant reductions
in PCV. This could be because, in a carrier state, Babesia parasites are maintained at very
low parasitaemia, causing very little destruction of red blood cells. Two other factors found
to cause significant decreases in PCV were the age of the cattle and the presence of an
abundant infestation of ticks (i.e. more than 50 ticks / animal). The reduction in PCV with
age supports the findings of a study in southwest Ethiopia where it was reported that cattle
of nine years of age or older had significantly lower PCV than three year old cattle
(Rowlands et al. 1995). Heavy infestations with ticks are known to reduce productivity of
cattle. Previous studies on the economic impact of ticks in Zambia found that infestation of
cattle with 50 - 120 adult Amblyomma variegatum ticks caused significant reductions in
live weight gains (Pegram et al. 1989). In this study it was found that cattle hosting more
than 50 ticks showed a reduction in PCV of 14.44 % points compared to the average.
These results are in agreement with those obtained from Gobora zebu cattle in Gambia
where a negative correlation was found between tick burden and PCV (Mattioli et al.

1995).

3.4.4 Tick burdens on cattle

In this study, some ticks were found on cattle on which intensive tick control was
practised, indicating that tick control was incomplete. This is in agreement with findings of
a study carried out in Tanzania where R. appendiculatus and Boophilus ticks were
observed on zero-grazed cattle that were subjected to high frequencies of acaricide
application (Ogden et al. 2005). In the present study, three reasons can be advanced for
incomplete tick control on these cattle. The first being that most farmers do not have
proper cattle handling facilities and therefore they are unable to adequately restrain animals
during the acaricide spraying process, resulting in a failure to cover the entire body with
acaricide. During the course of sample collection, we were able to witness a situation
where a farmer confined his animals to a corner of the kraal and just sprayed their backs.
The second reason may be that the concentration of acaricides used by the farmers was
sub-optimal. Some of the traditional farmers do not have sufficient financial resources to

buy enough acaricide to adequately treat their herds. Consequently, such farmers



119

deliberately apply under-strength acaricide mixtures so that all the cattle in the herd are
treated. This represents ill-advised attempts to economise on the use of acaricides and
reflects the low literacy level of the resource-poor farmers. Such practises have been cited
as one of the contributing factors to the development of acaricide resistance in ticks in
Tanzania (Ogden et al. 2005). The third reason could be that some of the ticks have
developed resistance to the acaricides being used. The generation of acaricide-resistant
ticks is a recognised problem associated with wide-scale use of these chemicals (George et
al. 2004). Strains of tick species that were resistant to a number of acaricides have

previously been reported in Zambia (Luguru et al. 1984).

Over both seasons, higher burdens of ticks were found on cattle in the Eastern Province
than in the other two provinces under study. This could be because a proportion of farmers
in this province did not control ticks on their animals in the dry season. For those who
sprayed to control ticks on their cattle, the frequency and efficiency of spraying was
insufficient to completely control ticks. Most of the farmers sprayed their animals monthly
or only intermittently, when the number of ticks on their cattle became unacceptably high.
This is evidenced by the high percentage of abundantly infested cattle and the low
percentage of cattle that had no ticks on them in the wet season, despite all the farmers
reporting that they controlled ticks on their animals. Conversely, farmers in Lusaka
province were highly efficient at controlling ticks regardless of whether they dipped or
sprayed their animals with acaricides. This is evidenced by the low proportion of cattle that
were abundantly infested with ticks and the high proportion of cattle that did not harbour
any ticks. However, the consistently higher proportion of ticks on cattle in the Eastern
Province was not reflected in differences in prevalence of TBD pathogens among the
provinces. Some parasite species were significantly higher in the Eastern Province while
others were significantly higher in the two provinces with lower tick burdens (Table 3.1).
These differences may be a reflection of the relative abundances of the various tick species
found on cattle in the three provinces or the different infection rates of TBD pathogens in
tick species between the provinces and the two seasons. The relative abundance of the
various tick species found on cattle in this study were not quantified and therefore it is not
possible to relate the observed seasonal fluctuations in TBD pathogen prevalences to the
seasonality and infestation rates of specific vectors. However, previous studies on the
seasonality and infestation rates of ticks on cattle in Zambia show that 4. variegatum and
R. appendiculatus possess similar life-cycles with adults observed on cattle from October
to December and December to April respectively (Pegram et al. 1986). Higher prevalences

of T. parva, T. taurotragi, T. mutans and E. ruminantium which are transmitted by these
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ticks were recorded in the wet season in this study, and this coincides with the reported

increase in abundance of their vectors.

The logistic regression model of the wet season data demonstrated that tick burdens on
cattle in Central and Eastern Zambia were significantly related to management practices.
Cattle that were dipped to control ticks and those that were on commercial farms were
associated with lower tick burdens than those that were sprayed and those on traditionally
managed farms respectively, while controlling for other factors. This indicates that dipping
is a more effective method of tick control than spraying probably due to the whole animal
being immersed in the acaricide suspension. Despite its effectiveness, almost 5 % of the

cattle that were dipped in Lusaka Province were abundantly infested with ticks.

This study also shows that despite being associated with a lower tick burden, cattle in
commercial farms are still more at risk of being infected with specific TBD pathogens
(Ba. bovis, T. parva and Anaplasma spp) than cattle under traditional farm management.
This further confirms the high susceptibility of the breed types of cattle found in these
establishments to TBD and also that these diseases can be transmitted by only a few ticks
feeding on cattle. These results also indicate that intensive application of acaricides is not
enough to prevent transmission of disease. Ochanda et al. (1988) demonstrated that under
an ambient temperature above 23 °C, ticks can transmit 7. parva in the field within 24 h of

attachment.

Cattle on which ticks were infrequently controlled were associated with higher tick
burdens. Most of the farmers in the Eastern Province infrequently controlled ticks on their
cattle, and this may be why tick burdens in this province were always higher than those
found in Central Zambia. The sex of the animal, age, breed-type and the province were not
significant predictors of tick burden on cattle. This is contradictory to a Tanzanian study
(Ogden et al. 2005) where age and agro-ecological zone were identified as significant risk
factors of tick burdens on cattle. This difference could perhaps be because in the Tanzanian
study the analysis was done individually for each tick species while in the present study all
ticks were grouped together. This could have masked the effect of the province (spatial) on

tick burdens in Zambia.
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CHAPTER FOUR

Population genetic analysis of Babesia bovis and

Ba. bigemina

4.1 Introduction

4.1.1 Bovine babesiosis in Turkey and Zambia

Turkey extends from 36° to 42° N and from 26° to 45° S. It is roughly rectangular in shape,
is a massive 1,660 kilometres wide and is considered a transcontinental country bridging
Europe and Asia. Turkey has six distinct geographic and climatic regions ranging from the
high Anatolian plateau of rolling steppe and mountain ranges to the Aegean region centred
on Izmir and Aydin as shown in Figure 4.1. The latter has been described as a breadbasket,
with low hills and high mountains forming fertile valleys full of rich alluvial soils. Bovine
babesiosis in Turkey is distributed throughout the country with Bo. annulatus being the
main tick vector (Aydin & Bakirci 2007). Both Ba. bovis and Ba. bigemina occur in the
country although their distributions are reported to differ. Ba. bovis can be found
throughout Turkey while Ba. bigemina does not occur in the Western region of the country
(H. Bilgic, personal communication). The epidemiology of bovine babesiosis in Zambia is

discussed in Section 3.1.2

4.1.2 The genomes of Ba. bovis and Ba. bigemina

Babesia bovis and Ba. bigemina have a haploid genome with a brief diploid phase in the
tick when the zygotes are formed (Mackenstedt ez al. 1995). The genome of Ba. bovis was
sequenced at Washington State University using a clone of the virulent Texas strain
(Brayton et al. 2007). A combined clone-by-clone and whole genome shotgun approach
was used to obtain the complete genome sequence for this organism. The project was
carried out in three phases: phase one was end sequencing of a Bacterial Artificial

Chromosome (BAC) library, phase two was whole genome shotgun sequencing to 8X

coverage and phase three was gap closure (www.vetmed.wsu.edu/research_vmp/babesia-
bovis/). The nuclear genome of Ba. bovis is estimated to be 8.2 Mb, arranged in four
chromosomes ranging in size from 1.25 to 2.62 Mb (Brayton et al. 2007). The genome of
Ba. bovis (8.2 MDb) is similar in size to that of 7. parva (8.3 Mb) (Gardner et al. 2005) and
T. annulata (8.35 Mb) (Pain et al. 2005), the smallest apicomplexan genomes sequenced to

date. The T. parva and Ba. bovis genomes are remarkably similar at a structural level and



Figure 4.1 Map of Turkey showing the sampling sites

Map A shows the six main regions in Turkey. Map B is a magnification of the Aegean
region showing Izmir (shaded blue) and Aydin (shaded yellow). The dark dotted areas in

Izmir and Aydin denote the sample collection sites.
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Figure 4.1 Map of Turkey showing the sampling sites
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despite several chromosomal rearrangements, synteny is extensively conserved. In
contrast, P. falciparum, which shares similar clinical and pathological features to Ba. bovis
shows major differences in genome size, chromosome number, and gene complement and
synteny between these species is limited to microregions (Brayton et al. 2007). Like other
members of the apicomplexa, Ba. bovis has an apicoplast genome of about 33 kb which
displays similarities in size, gene content and order to those of Eimeria tenella,
P. falciparum, T. parva and Toxoplasma gondii. Ba. bovis also contains a 6 kb linear
mitochondrial genome with genes for Cytochrome b and c¢ polypeptides arranged
identically to those of Theileria spp, but different to those of P. falciparum (Brayton et al.
2007).

A virulent Australian strain of Ba. bigemina is being sequenced at the Sanger Institute,
Cambridge, in collaboration with CSIRO Livestock Industries, Australia. The nuclear
genome of Ba. bigemina is estimated to be 10 Mb in size, distributed over four
chromosomes, and a whole genome shotgun sequencing approach (to 8-fold coverage) has

been undertaken (www.sanger.ac.uk/Projects/B_bigemina/). The project is currently at the

assembly stage.

4.1.3 Population structure

A fundamental question regarding the biology of parasitic protozoa is the impact of
different mating systems on the population structure and the epidemiology of these
transmissible diseases (Tibayrenc & Ayala 2002). A variety of population structures has
been demonstrated in apicomplexan parasites ranging from clonal in Toxoplasma gondii
(Sibley & Ajioka 2008) to panmixia (mating randomly) in Cryptosporidium parvum
(Mallon et al. 2003a). Population structures vary, not only between species but also within
a single species in different ecological situations. For example, a worldwide survey of
diverse P. falciparum populations using microsatellite markers found strong linkage
disequilibrium in six out of nine populations (Anderson et al. 2000). High genetic variation
and panmixia prevailed in places of high transmission (Africa), while the opposite was true
in places of low transmission (South America). There is also evidence to suggest that the
genetic structure of this parasite might be related to the severity of the disease. Analysis of
P. falciparum isolated from Thai-Myanmar suggested that the genetic structure of the
parasite population in patients with severe malaria was panmictic while linkage
disequilibrium was observed in patients with uncomplicated malaria (Susomboon et al.
2008). Although most population geneticists have accepted the model of a population

structure of P. falciparum that is related to transmission intensity (Susomboon et al. 2008),



124

other studies have indicated that regions with high transmission are not panmictic and
show evidence of inbreeding with linkage disequilibrium (Razakandrainibe et al. 2005),
and inbreeding in the absence of detectable linkage disequilibrium (Paul et al. 1995).
However, it is accepted that an obligate sexual stage exists in P. falciparum (Cowman &
Crabb 2005; Talman et al. 2004) and that the resulting genetic exchange plays an

important role in generating genetic diversity.

Multi-locus genotyping of 7. parva isolates from Uganda (Oura et al. 2005) and
T. annulata from Turkey and Tunisia (Weir et al. 2007) has provided evidence that genetic
exchange occurs frequently in these parasite populations and this is discussed in detail in
section 1.7.3. To date, no population genetic analyses of Ba. bigemina and Ba. bovis have
been undertaken. However, a number of studies have demonstrated high levels of diversity
in these parasites, both within and between countries (Genis et al. 2008; Madruga et al.
2002; Wilkowsky et al. 2008). It is known that an obligate sexual phase does occur in the
life cycle of Babesia parasites (Gough et al. 1998; Mackenstedt et al. 1995). To determine
whether high levels of genetic recombination are the primary mechanism for generating
genetic diversity in Ba. bigemina and Ba. bovis, a panel of suitable markers are required

for each parasite species so that a formal population genetic analysis can be undertaken.

4.1.4 Mini- and micro-satellite genotyping

Micro-and mini-satellite genotyping provides a convenient method for genetic studies of
Ba. bovis and Ba. bigemina. Such markers have been successfully used in the genotyping
of a number of apicomplexan parasites (Anderson et al. 2000; Oura et al. 2005; Weir et al.
2007). Mini-satellite markers are composed of tandem repeats of short DNA motifs
(7-24 bp), which are generally subject to a very high frequency of mutation in motif copy
number (Jeffreys et al. 1988). This has facilitated the development of various mini-
satellite-based DNA fingerprinting and DNA profiling systems that have been used for
forensic purposes as well as genetic markers for linkage analysis and examination of
population structure (Bois & Jeffreys 1999). Similar to mini-satellites, micro-satellites are
neutral polymorphic markers that have a shorter period length of between 2 to 6 base pairs.
Micro-satellites owe their variability to a high rate of mutation by slipped strand mis-
pairing (slippage) during DNA replication. The rate of such mutations is significantly
greater than the rate of base substitutions and may vary between 10 to 107 per generation
(Schlotterer 2000). Mutations may also occur during meiotic crossing over (Blouin et al.
1996), although this mechanism is more usually associated with the higher level of

diversity observed in mini-satellites. The mechanism of DNA slippage can occasionally
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lead to incorrect amplification from micro-satellite loci if it occurs early in a PCR reaction,
resulting in fragments of spurious size. Both mini-satellites and micro-satellites are
considered to be abundant and widespread across eukaryotic genomes (Tautz & Renz
1984), as evidenced by the 7. parva and T. annulata markers. In the study by Oura et al.
(2003) and Weir et al. (2007) primers were designed to the sequences flanking micro-
satellites to permit PCR amplification. PCR products were separated either using
electrophoresis on agarose gels (Oura et al. 2005) or by capillary electrophoresis (Weir et
al. 2007). For each system, markers were able to document extensive diversity of 7. parva
and 7. annulata parasite populations. Capillary electrophoresis represents an improved
method for separating and identifying PCR products at a very high resolution (Weir 2006).
The availability of the published and unpublished genome sequences for Ba. bovis
(Brayton et al. 2007) and Ba. bigemina (Sanger Institute) makes it possible to develop such

a genotyping system for these important parasites of livestock.

4.1.5 Objectives of the chapter

The aim of the work presented in this chapter was to identify, characterise and utilise a
panel of polymorphic micro- and mini-satellite markers to analyse diversity in field
populations of Ba. bovis and Ba. bigemina. These markers were then used to answer the
following specific questions relating to the population genetics of Ba. bovis (Zambian and

Turkish) and Ba. bigemina (Zambian) parasite populations:

1. What is the population structure of these two parasite populations? Using standard
population genetic techniques, the hypothesis that both Ba. bovis and Ba. bigemina

have a panmictic population structure was formerly tested.

2. Do genotypes of these parasites derived from widely separated geographical
locations comprise a single or multiple distinct populations? Ba. bovis samples
from Zambia and Turkey and Ba. bigemina samples from Zambia were analysed to test

whether geographical sub-structuring could be detected.

3. How do host characteristics relate to multiplicity of infection in individual
animals? Formal statistical tests were used to determine whether the number of
genotypes observed in individual animals were significantly associated with host

factors.

4. How does the population structure of Ba. bovis compare to that of Ba. bigemina in

Zambia?



126

4.2 Materials and methods

4.2.1 Parasite material and DNA preparation

For the initial screening of markers, five stocks of Ba. bovis were used: Ba. bovis Lismore
(Australia), Ba. bovis Kwanyangwa (South Africa), Ba. bovis M07 (Mexico), Ba. bovis
Mexican (Mexico) and Ba. bovis (unknown origin). Four Ba. bigemina stocks were used in
the initial screening and these were Ba. bigemina Australia, Ba. bigemina Zaria (Nigeria),
Ba. bigemina Muguga (Kenya) and Ba. bigemina Mexico (Mexico). The Australian Ba.
bigemina stock is the genome strain. DNA stocks represented parasites isolated from
widely separated geographical areas that were selected in order to maximise the chance of

detecting polymorphism.

The distribution of sampling sites in Turkey is shown in Figure 4.1. A total of 44 Turkish
isolates were available and these included 11 from Tire in Izmir region and 30 from Aydin
region (11 from Dalama, 14 from Haci Ali Obasi and 5 from Yazidere). The details of
three remaining samples could not be traced. These isolates were collected in 2004 and
were kindly provided by Dr T. Karagen¢ of the Department of Parasitology, Adnan
Menderes University, Aydin.

The distribution of the Zambian sampling sites is shown in Figure 3.1 (Chapter Three). The
Zambian isolates were collected in the wet season between December 2007 and March
2008 (Section 3.2). From the analysis of samples collected earlier in the dry season
(Section 3.2), it was established that the parasitaemia of Ba. bovis and Ba. bigemina was
very low, and that blood spotted on FTA cards would not provide sufficient parasite
material for genotyping. To overcome this problem, blood samples collected for
genotyping were prepared as saponin lysates as follows: for each sample 2 microfuge tubes
were filled with 400 pl of blood and 1 ml lysis buffer (0.22 % NaCl, 0.015 % saponin,
I mM EDTA, pH 7.5) was added to each tube. The tube contents were mixed and then
centrifuged at 10,000 xg for 3 minutes and the supernatant discarded. The pellets in each
tube were then re-suspended in 0.75 ml lysis buffer and the contents of the 2 tubes were
combined. The tubes were again centrifuged and the supernatant discarded. This process
was repeated until the pellet was clear of haemoglobin. The pellet was then re-suspended
in 100 pl of 50 mM KCI, 10 mM tris-HCI pH 8.0, 0.5 % tween and 100 pg proteinase K
per ml. The tubes were incubated in a water bath at 56 °C for 2 hours after which they were
immediately stored at —20 °C. The lysates were boiled for ten minutes and a 1 in 5 dilution

was made for use as PCR template. This method of processing the samples increased the
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number of PCR positive samples from 78 to 89 for Ba. bovis and from 37 to 58 for Ba.
bigemina over those detected on FTA filters. Of the 89 Ba. bovis positive samples, 2 were
from Central, 18 from Lusaka and 69 from Eastern provincs. For the Ba. bigemina

samples, 1 was from Central, 25 from Lusaka and 32 from Eastern province.

4.2.2 Identification of tandemly repeated sequences

The genome sequences of Ba. bovis and Ba. bigemina were screened with the tandem
repeat finder program (Benson 1999). Repeat motifs of up to 500 bp were identified using

stringent parameters for identifying matches, mismatches and indels in the sequences.

4.2.3 PCR amplification

Primers were designed to the unique sequence flanking each repeat region and used in a
semi-nested PCR to test for amplification and polymorphism of DNA from the panel of
stocks. DNA preparations were PCR amplified in a total reaction volume of 20 pl. For the
primary reaction 1 pM of each primer, 1 pM custom PCR master mix (Thermo Scientific),
2 ul DNA template and 1 U Tag polymerase (Applied Biosystems) were used. The
thermocycler conditions were 94 °C for 2 minutes, 30 cycles of 94 °C for 50 seconds, 50 —
60 °C for 50 seconds, 72 °C for 1 minute and a final extension period of 5 minutes at
72 °C. The PCR mixture and thermocycler conditions for the secondary reactions were
similar to the primary one, except 2 pl of a 1:100 dilution of the primary reaction was used
as template. The details of the markers, including the repeat motifs, primer sequences and
annealing temperatures and chromosome/contig location are shown in Table 4.1 for Ba.
bovis and Table 4.2 for Ba. bigemina. During the initial screening for polymorphism,
amplicons were separated by electrophoresis on 2 % agarose gels pre-stained with
ethidium bromide. Gels were photographed under ultra-violet trans-illumination and the
size of each PCR product was determined with reference to a 100 bp DNA ladder. To
facilitate high resolution genotyping of field isolates, a fluorescently labelled internal
primer was incorporated into the secondary PCR reaction. The products were separated by
capillary electrophoresis using the commercial service at the University of Dundee. Each
fragment size was determined relative to a Rox-labelled size standard, which allowed
resolution of 1 bp differences. For all loci and DNA preparations, the fragment size (i.e.
peak position) was determined to two decimal places. Analysis of the distribution of the
fragment sizes facilitated the creation of ‘fixed bins’ of variable sizes to score alleles.
Multiple products from a single PCR reaction indicated a mixture of genotypes, allowing
for the generation of a total ‘fingerprint’ representing the entire population of genotypes

within each sample. The data from the capillary electrophoresis output also provided a



Table 4.1 Characteristics of Ba. bovis polymorphic markers

Eight markers located across all four chromosomes were selected for population genetic studies of Ba. bovis. For the primers, Int. F. refers to the internal
forward primer used in the secondary PCR reaction, Ext. F. refers to an external primer used in the primary PCR reaction and Rev. refers to a reverse
primer used in both the primary and secondary PCR reaction. Repeat copy number refers to copy number of the repeat motif in the Texas, genome strain
of Ba. bovis. For the annealing temperatures, /nt. refers to the annealing temperature for the secondary PCR reaction and Ext. refers to the annealing

temperature for the primary PCR reaction.
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Table 4.2 Characteristics of Ba. bigemina polymorphic markers

Nine markers were selected for population genetic studies of Ba. bigemina. For the primers, Int. F. refers to the forward primer used in the secondary
PCR reaction, Ext. F. refers to a forward primer used in the primary PCR reaction, F. refers to a forward PCR primer used in both the primary and
secondary PCR reactions, /nt. R. refers to a reverse primer used in the secondary PCR reaction, Ext. R. refers to a reverse primer used in the primary PCR
reaction and Rev. refers to a reverse primer used in both the primary and secondary PCR reaction. Repeat copy number refers to the copy number of
repeat motif in the Australian genome strain of Ba. bigemina. For the annealing temperatures, /nt. refers to the annealing temperature for the secondary

PCR reaction and Ext. refers to the annealing temperature for the primary PCR reaction.
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semi-quantitative measurement of the abundance of each allele, allowing the predominant
allele to be identified. This information was then used to generate a multi-locus genotype

(MLG) representing the most abundant genotype in each sample.

4.2.4 Data analysis

Similarity comparison of MLGs was undertaken using an allele sharing co-efficient
(Bowcock et al. 1994) in the Excel Microsoft-microsatellite toolkit (Park 2001). For
similarity analysis, Principal Component Analysis (PCA) was used. PCA is a powerful
statistical procedure for identifying patterns in multi-dimensional data, which has been
applied in diverse fields such as facial recognition and digital image compression. PCA 1is
used to reduce the number of dimensions in a data set while retaining those characteristics
of the dataset that contribute most to its variance. Essentially, a mathematical procedure
transforms a number of potentially correlated variables into a reduced number of
uncorrelated variables called principle components. The objective of the analysis was to
identify underlying trends within a dataset. The technique has been successfully applied in
the analysis of MLGs of T. annulata (Weir 2006). The Microsoft Excel plug-in software,
‘Genalex6’ (http://www.anu.edu.au/BoZo/GenAlEx/) (Peakall & Smouse 2006) was used

to construct a similarity matrix and perform PCA on sets of MLG data. Population genetic
analysis for the estimation of F-statistics was performed using Genepop DOS versions

3.3/3.4 (http://genepop.curtin.edu.au/genepop_op6.html).

To determine whether genetic distance correlated with geographical distance, the Mantel
test (Fortin 2002) was employed. This approach overcomes the problem of analysing
spatially auto-correlated data, which occurs when observations are not independent of one
another, because of their arrangement in space. Spatial auto-correlation violates the
assumption of independence of observations which is a serious concern for traditional
parametric tests. When an association is detected, it may be interpreted in one of three
ways: 1) there is no significant spatial auto-correlation and the observed association really
exists, 2) the degree of spatial auto-correlation is significant and is introducing spurious
associations, or 3) both the degree of spatial auto-correlation and the observed association
are significant. The Mantel test, which is non-parametric, allows one to distinguish among
these three cases by assessing the extent of spatial auto-correlation among subjects. During
the time of sample collection, the longitude and latitude co-ordinates for each sampling
sites were obtained. These were used to estimate the geographical distances in kilometres,
between sampling sites in each country using the GPS Visualizer program

(http://www.gpsvisualizer.com/calculators). Then tri-matrices of genetic distances (Nei
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1978) and geographical distances were created for Ba. bigemina and Ba. bovis isolates
from each country and these were used to undertake a Mantel test using the GenAlEx

program.

The null hypothesis of linkage equilibrium was tested using LIAN (http://adenine.biz.fh-

weihenstephan.de/cgi-bin/lian/lian.cgi.pl), which also calculated the standard index of

association (Is") (Haubold & Hudson 2000), a quantification of linkage
equilibrium/disequilibrium. Linkage equilibrium (LE) is characterised by statistical
independence of alleles across all loci under investigation. LIAN tests for this independent
assortment by initially determining the number of loci at which each pair of MLGs differs.
From the distribution of mis-match values, a variance Vp is calculated. This value is
compared to the variance expected for LE, which is termed V. The null hypothesis that
Vp = V. is tested by a Monte Carlo computer simulation. The software returns 95 %
confidence limit, L denoted Lyc. When Vyp is found greater than L, the null hypothesis is

disproved and linkage disequilibrium is indicated.

To test the hypothesis that the Ba. Bigemina population was genetically sub-structured, the
computer program STRUCTURE (Pritchard et al. 2000) was used to identify the most
probable number of sub-populations or clusters (K) in the dataset. The method aims at
delineating clusters of individuals on the basis of their genotypes at multiple loci using a
Bayesian approach. The programme fits the data by introducing population structure and
attempts to find population groupings that (as far as possible) are not in disequilibrium, but
are undergoing random mating (Pritchard et al. 2000). The estimated log probability of the
data Pr(X/K) for each value of K is given, allowing the estimation of a likely number of
sub-populations or clusters. A quantification of how likely each individual is to belong to
each group is also given, allowing the assignment of individuals to sub-populations. The
‘no admixture’ model was chosen with the option of ‘no correlation’ of allele frequencies
between populations. Ten independent simulations were carried out at each value of K
(K=1 to 10). The length of ‘burning in’ period was set at 100,000 with the number of
Markov chain Monte Carlo (MCMC) iterations, after burning, of 1,000,000. LnP(D) was
calculated by first computing the log likelihood of the data at each step of the MCMC, then
the average of these values was computed and half their variance was subtracted from the
mean. This gave a value referred to as L(K). The ‘true’ number of sub-populations was
identified as the value of K that returned the highest L(K) value (Evanno et al. 2005;
Pritchard et al. 2000).
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4.3 Results

4.3.1 Population genetic analysis of Ba. bovis
4.3.1.1 Identification and evaluation of markers

The tandem repeat finder program identified 11,064 repetitive sequences using the defined
input parameters. However, a large number of these repeated sequences either overlapped
partially or completely and variant motif forms were identified at the same locus. An in
silico filtration process was used to identify a manageable subset of loci that could be
tested using the panel of five stocks. The process involved discarding repeat regions
greater than 500 bp in length and those flanking sequences that were not ideal for primer
design, e.g sequences with excessive GC content. The remaining sequences were ranked
based on the fidelity of the repeat within each region (> 70 % fidelity) and the number of
repeats. 63 top loci were identified (Table 4.3) comprising 49 micro-satellites and 14 mini-
satellites. Primers were designed to the unique sequence flanking each of the 63 satellite
loci and used to amplify the DNA from the panel of five stocks. Since Ba. bovis is haploid,
only a single band was expected to be seen for each of the DNA stocks under
consideration. For a locus to be considered a suitable marker, it had to amplify from at
least four out of the five DNA stocks, be polymorphic, give single bands and not amplify
from non-Ba. bovis DNA stocks (i.e. Ba. bigemina, T. parva, T. mutans, T. taurotragi,
A. marginale and bovine DNA) as shown in Table 4.3. Out of the 63 loci, only eleven met
the stated criteria. Seven of the loci did not amplify any of the five DNA stocks while the
remainder either amplified less than four of the stocks, produced multiple bands or were
not polymorphic (Table 4.3.). The eleven markers that met the criteria were further tested
for their ability to amplify a set of Zambian field isolates and to demonstrate
polymorphism. Three of the markers (Bbvl6, Bbv48 and Bbv49) did not show
polymorphism among the Zambian isolates and were not used to genotype the Zambian
and Turkish isolates. Figure 4.2 shows a gel picture of marker Bbv26, an example of one
of the markers that met the set criteria. This marker was able to amplify from all the
Ba. bovis stocks under consideration (Lanes B to F), and the amplicon size for Ba. bovis
Kwanyangwa (Lane C) was different from the others. The marker was species-specific
because it did not amplify from the other non-Ba. bovis DNA samples (Lanes G to L). In
total, eight markers (Bbv5, Bbv19, Bbv20, Bbv25, Bbv26, Bbv50, Bbv52 and Bbv58)
were identified (Table 4.1). All these markers were polymorphic and were able to amplify
from the panel of test DNA. On this basis, these markers were used for the population

genetic analysis.



Table 4.3 Criteria employed in selecting Ba. bovis markers

This table illustrates the criteria used to select the markers for genotyping Ba. bovis
isolates from Zambia and Turkey. For a marker to be considered suitable, it had to amplify
at least four out of the five Ba. bovis reference stocks, produce single bands, be species-
specific and polymorphic. The markers highlighted in green satisfied all these criteria.
Those highlighted in blue were polymorphic for the five stocks used for screening of the

markers but did not show polymorphism with the Zambian isolates.
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Table 4.3 Criteria employed in selecting Ba. bovis markers

Motif  Repeat C:::ic::rtl; Proportion Single bands
Marker length copy gmplicon of stocks | species- Polymorphic
(bp) number size (bp) amplified specific
BBV1 6 16.7 243 5/5 nol/yes yes
BBB2 9 4.3 243 5/5 no/yes yes
BBV3 3 12.7 259 5/5 yes/yes no
BBV4 2 18 205 5/5 yes/no yes
BBV6 9 4 254 2/5 yeslyes no
BBV7 9 4.4 288 5/5 yeslyes no
BBV8 10 4 356 3/5 no/Yes yes
BBV9 3 8.3 219 0/5 - -
BBV10 3 8 284 0/5 - -
BBV11 2 16.5 311 3/5 yes/yes yes
BBV12 7 4 295 5/5 nol/yes yes
BBV13 9 4.2 223 5/5 yes/yes no
BBV14 9 4 281 2/5 yes/no no
BBV15 12 4.4 302 3/5 yes/Yes yes

BBV16 12 4.8 238 5/5 yes/Yes yes

BBV17 3 9 332 0/5 - -

BBV21 14 4.4 280 5/5 yeslyes no
BBV22 3 8 311 0/5 - -
BBV23 3 10 353 0/5 - -
BBV24 2 19 369 5/5 ies/ies no
BBVv27 3 6.7 277 5/5 yes/yes no
BBV28 6 6.3 339 5/5 yeslyes no
BBV29 21 114 447 5/5 nolyes yes
BBV30 21 7.3 352 2/5 yeslyes yes
BBV31 5 5.8 270 5/5 yeslyes no
BBV32 3 8.7 271 5/5 yeslyes no
BBV33 3 8 270 0/5 - -
BBV34 3 6.7 116 2/5 yes/no yes
BBV35 3 6.7 273 0/5 - -
BBV36 3 6.7 283 5/5 yes/yes no
BBV37 3 6 245 3/5 yes/yes no
BBV38 3 6.7 269 5/5 yes/yes no
BBV39 3 7.7 295 4/5 yeslyes no
BBV40 3 7 247 5/5 yeslyes no
BBV41 6 4.8 229 4/5 yeslyes no
BBV44 6 4 235 4/5 yeslyes no
BBV45 3 6.7 191 5/5 yes/yes no
BBV46 11 5 227 2/5 no/yes yes
BBVv47 3 8 215 1/5 es/yes -
BBV48 K} . yes/yes

BBV49 K} yes/yes

BBV51 2 11.5 180 5/5 yeslyes no
BBV53 3 7.3 185 0/5 - -

BBV54 3 9 215 5/5 yeslyes no
BBV55 3 6.7 156 5/5 yeslyes no
BBV56 3 6.7 238 5/5 yes/yes no
BBV57 3 7 179 5/5 es/yes no

——*

BBV59 3 6.7 240 5/5 yes/yes no
BBV60 4 5 166 2/5 yes/yes no
BBV61 4 53 131 5/5 yes/yes no
BBV62 4 53 164 5/5 yeslyes no
BBV63 4 53 178 5/5 yeslyes no



Figure 4.2 Example of agarose gel electrophoresis for marker BbvV26

This image represents PCR products generated using the Bbv26 primer set on the panel of
DNA samples used to screen all of the Ba. bovis markers. An aliquot of the PCR product
from each reaction was loaded onto a 2 % agarose gel and separated by electrophoresis.
Lane A contains a 100 bp ladder used as a reference to determine the size of the amplicon
in each lane; Lanes B to F contain the Ba. bovis stocks used in screening the markers.
Lanes G to L contains non-Ba. bovis DNA and M was the negative control. This marker

was polymorphic, gave single bands and did not amplify non-Ba. bovis DNA.
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Figure 4.2 Example of agarose gel electrophoresis for marker BbvV26

300 bp
200 bp +

100 bp >

Lane A, 100 bp ladder; B, Ba. bovis Lismore; C, Ba. bovis Kwanyangwa; D, Ba. bovis
(Unknown strain); E, Ba. bovis Mexico; F, Ba. bovis MO7; G, T. parva Muguga;
H, T. taurotragi, 1, T. annulata; J, Ba. bigemina Muguga; K, Bovine DNA; L, A. marginale

and M, negative control.



135

Capillary electrophoresis was utilised to analyse amplicons from the field isolates from
Zambia and Turkey. A Rox-labeled Mapmarker” 1000 size-standard was used to determine
the amplicon sizes. An example of an electropherogram generated using Peak Scanner”
software is shown in Figure 4.3 and represents the amplified product of a Zambian field
isolate using the Bbv5 primer set. This clearly shows three discrete blue peaks, the
positions of which are interpolated from the distribution of the size standard. Three alleles
of 208, 251 and 331 bp in size were identified, with the 208 bp allele being the
predominant one by virtue of its greater area under the peak. The size standards are
represented by the red peaks. All eight markers showed polymorphism between stocks
isolated from different countries, as well as among stocks isolated from the same region.
All the markers demonstrated the ability to detect multiple alleles in the same sample with
Bbv25 being the most polymorphic. The eight markers were distributed across all four
chromosomes (Table 4.1) and none were closely physically linked. Markers Bbv5 and
Bbv26 were on chromosome 1 and were separated by a distance of 471 kb. Bbv50 and
Bbv52 were on chromosome 2 and were separated by a distance of 920 kb. Bbv19, Bbv20
and Bbv25 were on chromosome 4. Bbv19 and Bbv25 were separated by a distance of 437
kb, while Bbv19 and Bbv20 were separated by a distance of 964 kb. Only Bbv58 was on

chromosome 3.

4.3.1.2 Allelic diversity of the markers

The eight markers were used to genotype DNA preparations of field samples from Zambia
and Turkey, using capillary electrophoresis to determine the amplicon sizes. All the
markers were polymorphic for both Zambian and Turkish samples. The allelic variation
and the diversity of the markers in each Ba. bovis population is shown in Table 4.4. Across
all isolates the maximum number of alleles identified by each marker in a single sample
ranged from five for Bbv58 to ten for Bbv25, with a mean range of 2.30 for Bbv20 to 2.86
for Bbv25 and Bbv52. The number of different alleles identified by each marker in the
total Zambian population ranged from six for Bbv58 to 41 for Bbv25 while in the Turkish
population, it ranged from six for Bbv58 to 16 for Bbv50. Overall, Bbv25 was the most
polymorphic marker, identifying 48 different alleles in the Zambian and Turkish Ba. bovis
populations, while Bbv58 was the least polymorphic identifying only nine alleles in the
two populations. None of the markers could amplify from all the samples. Bbv5, Bbv20,
Bbv52 and Bbv58 each failed to amplify from one sample, Bbv26 failed to amplify from
two samples while Bbv19, Bbv25 and Bbv50 failed to amplify from three samples each.
However, at least one marker was amplified from each sample. The maximum number of

markers that failed to amplify from the same sample was two, suggesting that failure to



Figure 4.3 Example of Peak Scanner™ analysis for Ba. bovis isolates

This image represents a trace, or electrophoretogram, generated by Peak Scanner™ analysis and depicts fluorescently-labelled PCR products. This
particular trace was produced using the Bbv5 primer set with a DNA template from a Zambian isolate containing a mixture of three genotypes. The
horizontal axis represents fragment sizes while the vertical axis represents units of fluorescent intensity. Blue peaks represent the labeled PCR product,
while red peaks indicate the Mapmarker® 1000 size standards. The sizes of the alleles represented by the three blue peaks are interpolated from their

position with respect to the size standards. The predominant allele, in this case 208 bp, is defined as the peak with the greatest area under the curve.



136

Aun ¢'8/ 9 = eare ‘dq g7 = 9zIs :q yedd
AUN 8°698¢ — Bare ‘dq [¢¢ = AZIS 0 Jedd ASHUN $°98€G 1BAIY
syead Arepuoddg dq 807 :9z1g
spaepue)s IZI§ I3[k JUBUIWOPAIJ

| \ i :
IRARARES S ARLUREARN RN
- 00007
- 00002
_ _ _ _ _ _ _ _ _ | F 0000E
000z 0031 00z1 008 0% 0
25)'5007 2] ]

sa)e|osI SIN0Q "Bg Joj sisAjeue ,, Jauuedg yead Jo ajdwexg ¢y ainbi4



Table 4.4 Allelic variation in Zambian and Turkish Ba. bovis isolates

All samples were genotyped using the panel of eight markers. The minimum and maximum number of alleles detected at each locus within a sample was
determined across all eight markers for each sample that amplified. The number of alleles represented in each population was calculated, taking into
account the most abundant and all the minor alleles present in each sample from that country. Gene diversity was calculated for each marker and is

equivalent to estimated heterozygosity.
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amplify was due to polymorphism at the primer binding site. In total, nine Zambian
samples and four Turkish samples failed to amplify at least at one locus. The average
number of alleles per locus was 22.13 in the Zambian population and 11.38 in the Turkish
population. Although there was variation in gene diversity from marker to marker, the
values for Turkish and Zambian populations for each marker were very similar (Table 4.4).
This suggests that gene diversity is an inherent characteristic of the markers and, to an

extent, is independent of the parasite population.

Multi-locus genotypes (MLGs) were constructed using the predominant allele present at
each locus and used to generate a dataset for population genetic analysis. MLGs for
samples that failed to amplify from at least one locus were not constructed. Each sample
had a unique MLG with the greatest identity between any two samples being six out of
eight allelic markers. The predominant allele frequencies were determined for the Zambian
and Turkish populations and high levels of diversity were observed within each country as
shown in Figure 4.4. Many of the markers showed a considerable number of rare alleles,
many of which were private to either Zambia or Turkey. For example, of the 25 alleles that
were identified by Bbv19, 21 were private. Of these private alleles, 15 were from Zambia,
while the remainder were from the Turkish populations. For six out of eight markers
(Bbv5, Bbv20, Bbv25, Bbv26, Bbv50 and Bbv52) private alleles were detected with a
frequency greater than 0.15 in one or both populations, suggesting sub-structuring. There
were more private alleles detected in the Zambian population than in the Turkish one,
probably reflecting the large sample size from the former population. Examination of the
different allele frequencies within each population showed that for more than 50 % of the
markers (Bbv5, Bbv19, Bbv20, Bbv50 and Bbv58), there were at least two alleles with a
frequency greater than 0.15. Two further markers (Bbv25 and Bbv26) in the Turkish
population had more that two alleles with a frequency of 0.15, while one (Bbv52) in the

Zambian population also showed such a feature (Figure 4.4).

4.3.1.3 Similarity analysis

Due to the high level of diversity within Ba. bovis and the large number of mixtures of
genotypes present in individual samples, a MLG was constructed for each sample
representing the combination of predominant alleles identified at each locus. It was
hypothesized that the population structure of Ba. bovis is panmictic and that sexual
recombination occurs at a sufficiently high rate so that discrete genotypes are not stable
over time. The mixture of genotypes ingested by ticks feeding on a cattle host represents a

sub-population, which has the ability to sexually recombine in the tick gut. Hence the



Figure 4.4 Allele frequencies of Turkish and Zambian Ba. bovis isolates

The frequency of each allele in the Zambian and Turkish population was determined as a proportion of the total for each marker using the predominant

allele in each sample. These histograms were directly generated from the multi-locus genotype data.



Figure 4.4 Allele frequencies of Turkish and Zambian Ba. bovis isolates
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Figure 4.4 Allele frequencies of Turkish and Zambian Ba. bovis isolates (continued)
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predominant allele represents a product of the most abundant recombining genotypes
circulating in that population. On this basis, the MLG, i.e. the combination of predominant
alleles for each sample, can be viewed as a representative sample and therefore these data
were used to undertake PCA between and within countries. The PCA for the Zambian and
Turkish isolates are illustrated in Figure 4.5 and isolates from each country can be seen to
cluster separately. For the PCA representing the Zambian population (Figure 4.6), the
Eastern province isolates were widely distributed over the whole diagram. In contrast, the
Lusaka province genotypes clustered on the lower side of the second axis (Figure 4.6) and
they may therefore represent a subset of genotypes from Eastern Province. This is
consistent with the view that Ba. bovis has been spreading into Central Zambia from the
Eastern Province due to uncontrolled cattle movements. PCA of the Turkish isolates
(Figure 4.7) shows that the Ba. bovis population in this country is divided into two distinct
sub-populations, suggesting that these are genetically isolated. The isolates from Tire
(Izmir region) and those from Dalama (Aydin) clustered together, while those from

Yazidere and Haci Oli basi (Aydin region) form a second cluster.

4.3.1.4 Diversity and Population sub-structuring

High levels of genetic diversity were observed for both Zambian and Turkish populations
and within each region in these countries. Estimated heterozygosities for each country and
region are shown in Table 4.5. Similar values were obtained for within each country,
ranging from 0.733 to 0.821 in Izmir and Aydin regions of Turkey respectively to 0.766 to
0.830 in Lusaka and Eastern Provinces of Zambia respectively. Estimated heterozygosities
for each marker in the combined Turkish and Zambian Ba. bovis populations are shown in
Table 4.6. These ranged from 0.684 for Bbv58 to 0.968 for Bbv25. The lower number of
genotypes per locus in the Turkish population (11.38) compared to that in the Zambian
population (22.23) probably reflects its small sample size rather than a lower diversity

(Table 4.5).

To test the hypothesis that the population in each country was genetically isolated, genetic
differentiation in each country was assessed by calculating Wright’s fixation index, i.e. Fsr
values (Weir & Cockerham 1984). The calculated Fsr values are shown in Table 4.5.
Moderate genetic differentiation (Fst = 0.094) was obtained between Turkish and Zambian
populations. The ability of each marker to differentiate between Zambian and Turkish
isolates was evaluated and the Fg values are shown in Table 4.6. Values close to zero
indicated lack of differentiation and Bbv58 was the only marker with an Fgt value that was

not significantly greater than zero (p = 0.070). The other seven markers had Fgsr values



Table 4.5 Population genetic analysis of Ba. bovis

Standard population tests were conducted on parasite samples representing (a) different countries and (b) areas within Zambia and Turkey. The ‘mean
number of genotypes per locus was calculated as the mean value for the number of alleles detected at each of the eight loci. Structured combinations of
populations were pooled to test for linkage disequilibrium. Variance of mismatch values (Vb) were compared to values of L (the upper confidence limits
of Monte Carlo simulations) and where Vp> L, linkage disequilibrium (LD) was indicated. When L > Vb the null hypothesis of linkage equilibrium (LE)

was not disproved. Fst were used to measure genetic differentiation between and within the countries.
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Figure 4.5 Principal component analysis of Zambian and Turkish Ba.
bovis isolates

Principal component analysis was performed on the multi-locus genotype data representing
the Zambian and Turkish populations. The first two principal axes generated by this
analysis are presented, demonstrating sub-structuring between isolates from each country.

The proportion of the variation in the dataset explained by each axis is indicated in

parenthesis.
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Figure 4.6 Principal component analysis of Zambian Ba. bovis isolates

Principal component analysis was performed on the multi-locus genotype data representing
Eastern, Lusaka and Central Province isolates from Zambia. The first two principal axes
generated by this analysis are presented, demonstrating a degree of sub-structuring
between isolates from each province. The proportion of the variation in the dataset

explained by each axis is indicated in parenthesis.
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Figure 4.6 Principal component analysis of Zambian Ba. bovis isolates
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Figure 4.7 Principal component analysis of Turkish Ba. bovis isolates

Principal component analysis was performed on the multi-locus genotype data representing
the Aydin (Dalama, Hacio Ali Basi and Yazidere) and Izmir (Tire) regions of Turkey. The
first two principal axes generated by this analysis are presented, demonstrating sub-
structuring between isolates from each region. The proportion of the variation in the

dataset explained by each axis is indicated in parenthesis.
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Figure 4.7 Principal component analysis of Turkish Ba. bovis isolates
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Table 4.6 Ba. bovis marker indices of genetic diversity and
differentiation

The genetic diversity of each marker and its ability to differentiate between populations of
Ba. bovis in Zambia and Turkey are shown in this table. The Fsr values ranged between
0.0211 (little genetic differentiation) for Bbv58 to 0.2009 for Bbv19 (great genetic
differentiation). Except for Bbv58, all the markers had Fsr values significantly greater than
zero. All the markers showed high diversity ranging from 0.6843 for Bbv58 to 0.968 for
Bbv25.



Table 4.6 Ba. bovis marker indices of genetic diversity and

differentiation

Marker He Fst p value
Bbv5 0.864 0.151 0.010
Bbv19 0.853 0.201 0.010
Bbv20 0.930 0.103 0.010
Bbv25 0.968 0.044 0.010
Bbv26 0.857 0.030 0.020
Bbv50 0.924 0.104 0.010
Bbv52 0.910 0.101 0.010
Bbv58 0.684 0.021 0.070
Overall 0.874 0.094 0.010

H.= Estimated heterozygosity, Fsris a measure of genetic differentiation

147
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significantly greater than zero with the greatest value being 0.201 for Bbv19, indicating
significant genetic differentiation. Moderate genetic differentiation was also identified
within each country. The genetic differentiation between Aydin and Izmir in Turkey was

0.098 while between Lusaka and Eastern provinces in Zambia, it was 0.068 (Table 4.5).

From the PCA analysis, it is clear that the Zambian population shows limited or no
geographical sub-structuring, whereas the Turkish population separated into two discrete
sub-populations. Based on this, one would predict that in the Zambian population, there
would be limited correlation between geographical and genetic distance (Nei 1978), and
that such a correlation in the Turkish population would be evident. To confirm this
prediction, the Mantel test was used and the results are shown in Table 4.7. The results
show that genetic distance between isolates was positively correlated with geographical
distance in both countries. In Turkey, geographical distance accounted for almost 22 % of
the variation observed in genetic distance and the genetic distance increased by a factor of
0.014 for every 1 km increase in geographical distance. Although a significant positive
association between genetic and geographical distance existed in Zambia, the slope of the
regression line (0.0006) and the coefficient of determination (R*=0.01) (Table 4.7) were
quite low for this relationship to be of biological significance; i.e., the percentage of the
variation in genetic distance explained by geographical distance is very low and one would
have to sample sites separated by a long distance before any change in genetic distance

between isolates could be detected.

4.3.1.5 Genetic analysis of Ba. bovis populations

The principal MLGs representing stocks from the populations of Eastern and Central
Zambia and Izmir and Aydin in Turkey were analysed using standard techniques (see
materials and methods) to measure heterozygosity, linkage equilibrium and population
differentiation and the results are shown in Table 4.5. Since Ba. bovis is haploid and
heterozygosity can not be observed directly, the estimated heterozygosity (H.) was
calculated from the data set. The estimated heterozygosity from each region was generally

high, ranging from 0.73 in Izmir, Turkey to 0.83 in Eastern Zambia (Table 4.5).

In order to test whether the parasite populations from the two countries are comprised of a
single randomly mating population with a high degree of genetic exchange, the level of
linkage equilibrium between pairs of loci was measured using the standard index of
association (I°y). A value close to zero or negative indicates a randomly mating
(panmictic) population while values significantly greater than zero are obtained for non-

panmictic populations. To test the null hypothesis of panmixia, the variance of the pair-



Table 4.7 Correlation between genetic distance and geographical
distance (Mantel test)
The Mantel test was used to determine whether a correlation existed between genetic and

geographical distance in Ba. bovis populations in Zambia and Turkey. Significant positive

correlations were observed in both countries.



149

Table 4.7 Correlation between genetic distance and geographical

distance (Mantel test)

Slope R? p value
Within Zambia 0.0006 0.01 0.009
Within Turkey 0.014 0.218 0.010

R’ = coefficient of determination (i.e. a measure of the proportion of the variance in

genetic distance explained by geographical distance)
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wise differences (Vp) and L, the 95 % confidence interval for Vp relative to the null
hypothesis, are calculated. These parameters can be compared to determine if there is
linkage disequilibrium (LD). When Vp, is less than L, the population is found to be in
linkage equilibrium (LE) and the null hypothesis of panmixia is accepted. When Vp, is
greater than L, the population is non-panmictic and a degree of LD exists. When the
Zambian and Turkish populations were analysed as a single population, an 1%, value
significantly greater than zero was obtained and Vp was greater than L, indicating that
these populations were in LD (Table 4.5). The observed LD in the combined populations
could have been due to the fact that the populations are geographically sub-structured. To
test this hypothesis, the 4 was re-calculated for each population separately. A negative
I°4 value was obtained for the Zambian population while that of the Turkish population
remained in LD. This indicated that there was frequent genetic exchange in the Zambian
Ba. bovis population. The observed LD in the Turkish population could be explained by
three non-mutually exclusive hypotheses: 1) the population is further sub-structured into
genetically distinct populations; 2) the population has an epidemic structure, where asexual
expansion of certain genotypes masks underlying random mating and 3) genetic exchange
could be occurring infrequently. There were no duplicate genotypes in the Turkish
population and this argued against the existence of an epidemic population structure. When
the I°4 was recalculated for each of the two Turkish sub-populations shown in the PCA
diagram (Figure 4.7), a value close to zero was obtained for each population (Table 4.5)
indicating LE. In the case of the Dalama and Tire sub-population, there is clear evidence
for genetic exchange as the value for the I°, is very low and L is greater than Vp,_while for
Haci Ali Basi and Yazidere sub-population, the value is low and L is just greater than Vp
giving a low probability that the data fit the null hypothesis of panmixia. However, the
conclusions about these two sub-populations need to be treated with caution as the sample

size in each case is very low.

4.3.1.6 Multiplicity of infection in individual cattle

Every isolate genotyped in this study represented a mixed infection, with several alleles
identified at one or more loci. The mean number of alleles for the eight loci was calculated
for each isolate, including those where some loci could not amplify, to provide an index
value that represented the multiplicity of infection within each isolate. A summary of the
multiplicity of infection with respect to the country of isolation is presented in Table 4.8.
The multiplicity of infection in Zambia ranged from 2.25 in Central province to 2.92 in
Eastern Province with a mean of 2.67 for the whole country. In Turkey, the multiplicity of

infection ranged from 1.84 in Aydin region to 2.23 in Izmir with a whole country mean of



Table 4.8 Multiplicity of infection in Zambian and Turkish Ba. bovis

populations

The multiplicity of infection was estimated for each isolate by calculating the mean
number of alleles present at each of the eight loci, providing an index of the number of
genotypes present in each sample. A mean value for this measurement was calculated for
the Zambian and Turkish populations and for several sub-populations within each country.
Additionally, the standard deviation (SD) and the minimum and maximum values for this
index of multiplicity were calculated for each group. "The independent sample t-test was
used to compare the multiplicity of infection between the two countries and it was

significantly higher in the Zambian population than in the Turkish population (p < 0.001).
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Table 4.8 Multiplicity of infection in Zambian and Turkish Ba. bovis

populations

Multiplicity of infection

. n
Country/Region Mean SD Min Max
Zambia 89 2.67 0.67 1.50 4.75
Eastern Province 69 2.92 0.68 1.50 4.75
Lusaka Province 18 2.84 0.58 213 413
Central Province 2 2.25 0.18 213 2.38
Turkey 41 219 0.46 1.13 3.25
Aydin region 30 1.84 0.42 1.13 243
Izmir Region 11 2.23 0.46 1.75 3.25

n = number of samples, SD = standard deviation
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2.04. The multiplicity of infection was significantly higher in the Zambian isolates than the
Turkish isolates (p < 0.001).

The variation in multiplicity of infection between the countries may reflect differences in
parasite epidemiology such as transmission intensity. This may in turn be related to
variation in the level of tick infestation on cattle and / or variation in the rate of Ba. bovis
infections in ticks, and this is pertinent given that the vectors of the parasite in the two
countries are different. Information on Ba. bovis infection rates in ticks and the infestation
rates of Boophilus ticks on cattle in each country was not available in this study. Therefore,
it was impossible to establish the extent to which these two factors could influence the
multiplicity of infection in individual animals. Host related factors may also be responsible
for explaining some of the variation in multiplicity of infection observed between and
within countries. On this basis, the relationship between age (in months), sex, breed type,
province, tick burden, farming system and PCV, and the multiplicity of infection were
investigated for the Zambian isolates using either the one-way ANOVA or the independent
sample t-test. For PCV, a cut-off point of 25 % was used, where values less than or equal
to 25 % were considered to be sub-normal and those above 25 % were considered to be
within the normal range. For the Turkish isolates, the host factors investigated were age (in
months), sex, region and breed. Summaries of the multiplicity of infection in relation to the
host factors for the Zambian and Turkish isolates are shown in Table 4.9 and Table 4.10,
respectively. For the Zambian isolates the multiplicity of infection ranged from 2.42 in 1 to
12 month olds to 3.21 in cattle over 48 months old. Age was found to be significantly
associated with multiplicity of infection (p < 0.001). The other factors, (province, tick
burden, sex, farming system, breed type and PCV) were not found to be significantly
associated with multiplicity of infection (Table 4.9). For the Turkish isolates (Table 4.10),
the multiplicity of infection ranged from 1.83 in 1 to 12 month olds to 2.36 in cattle older
than 48 months. Similar to Zambia, age was found to be significantly associated with
multiplicity of infection (p < 0.00I). In Aydin region, the multiplicity of infection was
1.84 while in Izmir it was 2.23. Izmir had a significantly higher multiplicity of infection
than Aydin region (p = 0.015). Breed type and sex were not found to be significantly

associated with multiplicity of infection.

A multivariant linear regression model was used to determine the magnitude and direction
of the relationship between the host factors and multiplicity of infection (i.e. whether they
could be used to predict multiplicity of infection in individual animals). The results of the

regression analysis are shown in Table 4.11 and Table 4.12 for the Zambian and Turkish



Table 4.9 Multiplicity of infection according to host attributes in the

Zambian isolates

The table shows a summary of the multiplicity of infection in relation to host factors in the
Zambian Ba. bovis population. For PCV, a cut off point of 25 % was used, where a figure
below 25 % was considered to be sub-normal. Either the one way ANOVA or t-test was
used to determine which of these factors was significantly associated with multiplicity of
infection in individual animals. Only age was found to be significantly associated with

multiplicity of infection (p < 0.001).
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Table 4.9 Multiplicity of infection according to host attributes in the

Zambian isolates

Multiplicity of infection

HPSt Category n
attribute
Mean SD p value
1to12 18 2.43 0.35
Age 3to 24 6 2.63 0.76
< 0.001
(months) 24 to 48 31 2.86 0.66
>48 34 3.21 0.64
. Eastern 69 2.92 0.68
Province Lusaka 18 2.84 0.64 0.641
No tick 16 2.75 0.69
Tick Few 39 2.77 0.57 0.167
Burden Moderate 23 3.08 0.67 )
Abundant 1 3.1 0.88
Male 43 2.91 0.72
Sex Female 46 2.87 0.62 0.776
Farming Traditional 73 2.92 0.67 0.469
System Commercial 16 2.78 0.60 ’
Breed Commercial 14 2.73 0.61 0.334
Type Local 75 2.92 0.67 ’
<25% 19 2.90 0.64
PCV >25 % 70 2.89 0.68 0.927

n = number of samples, SD = standard deviation



Table 4.10 Multiplicity of infection according to host attributes in the

Turkish isolates

The table shows a summary of the multiplicity of infection in relation to the host factors in
the Turkish Ba. bovis population. Either the one way ANOVA or t-test was used to
determine which+- of these factors were significantly associated with multiplicity of
infection in individual animals. Age (p < 0.001) and region (p = 0.015) were found to be

significantly associated with multiplicity of infection.



Table 4.10 Multiplicity of infection according to host attributes in the

Turkish isolates
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Multiplicity of infection

Host attribute catego n
gory Mean SD p value
1to12 4 1.83 0.29
13to 24 17 1.67 0.29
Age (months) < 0.001
25to0 48 9 1.96 0.49
> 48 11 2.36 0.46
Aydin 30 1.84 0.42
Region 0.015
Izmir 11 2.23 0.46
Male 3 1.88 0.18
Sex 0.853
Female 38 1.94 0.47
Local 4 2.13 0.45
Breed 0.466
Commercial 37 1.92 0.47

n = number of samples, SD = standard deviation



Table 4.11 Predictors of multiplicity of infection in the Zambian

Ba. bovis isolates

Multivariant linear regression was used to determine host factors that were significant
predictors of the multiplicity of infection in cattle in Zambia. Only age was found to be a
significant predictor of the multiplicity of infection (p <0.001), i.e. the multiplicity of

infection increased by a factor of 0.01 for every one month increase in age.
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Table 4.11 Predictors of multiplicity of infection in the Zambian

Ba. bovis isolates

95 % CI of
coefficient
Predictor Coefficient SE P
value
Lower Upper
Constant 2.440 0.528 < 0.001 1.389 3.491
Age (months) 0.010 0.002 0.000 0.005 0.014

SE = standard error of the coefficient



Table 4.12 Predictors of multiplicity of infection in the Turkish Ba.

bovis isolates

Multivariant linear regression was used to determine host factors that were significant
predictors of the multiplicity of infection in cattle in Turkey. Only age was found to be a
significant predictor of the multiplicity of infection. (p < 0.001), i.e. the multiplicity of

infection increased by 0.01 for every one month increase in age.
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Table 4.12 Predictors of multiplicity of infection in the Turkish

Ba. bovis isolates

95 % C.I. for
Variable Coefficient SE p value coefficient
Lower Upper
(Constant) 1.90 0.270 0.000 1.35 2.456
Age (Months) 0.01 0.002 0.000 0.01 0.020

SE = standard error of the coefficient, C.I. = confidence interval
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isolates, respectively. In both countries, only age was found to be a significant predictor of
multiplicity of infection (p < 0.001). Although the region, in Turkey, was significantly
associated with multiplicity of infection, it was not found to be a significant predictor. The
multiplicity of infection increased by a factor of 0.01 for every one month increase in age
of cattle in the two countries (Tables 4.11 and 4.12). There were no interactions between
variables in either population. The effect of age on multiplicity of infection partially
explains the observed difference in multiplicity of infection between the two countries. The
mean age (48 months) of Zambian cattle sampled in this study was higher than that of the
Turkish cattle (42 months).

4.3.2 Population genetic analysis of Ba. bigemina
4.3.2.1 Identification and evaluation of markers

The genome sequence of Ba. bigemina is currently being assembled and is estimated to be
10 Mb in size, distributed across four chromosomes. 627 contigs were obtained from the
Sanger Institute and screened using the tandem repeat finder program to identify repetitive
sequences with the same parameters as those described for Ba. bovis. In contrast to Ba.
bovis, only 194 repetitive sequences were identified with very little overlap evident among
the repeat motifs. An in silico filtration process similar to that used for Ba. bovis was
employed to identify a manageable subset of loci that could be tested for polymorphism,
specificity and whether they amplified a single locus. The top 42 loci comprised 11 mini-
and 31 micro-satellites. Primers were designed to regions flanking the repeat regions and
these loci were screened against a panel of DNA from four stocks of Ba. bigemina. A
similar criteria to that used for Ba. bovis was employed in assessing the suitability of each
loci. The only difference was that, to be selected, a marker had to amplify from all four
DNA stocks. Six of the primer pairs failed to amplify from any of the four test DNA stocks
(Table 4.13). The majority of the markers were either not polymorphic, amplified non-
Ba. bigemina DNA stocks, did not represent a single locus or failed to amplify from all the
stocks. From the original forty two loci, three mini- and six micro-satellite markers (Bbg2,
Bbg7, Bbg9, Bbgl3, Bbgl4, Bbgl8, Bbg23, Bbg34 and Bbg42; Table 4.2) met the stated
criteria, and these were used for genotyping Zambian Ba. bigemina isolates. Figure 4.8
represents an image of gel electrophoresis analysis for Bbg9, one of the markers that met
the set criteria. This marker was able to amplify all the four Ba. bigemina DNA stocks
(Lanes B to E) and it did not amplify from non - Ba. bigemina DNA (Lanes F to K).
Amplicons of differing sizes can be seen on the figure, indicating that the marker was

polymorphic. Bbg2 was located on contig 413 (481 kb in size), Bbg7 was on contig 235



Table 4.13 Criteria employed in selecting Ba. bigemina markers

This table shows the criteria used to select the markers for genotyping Ba. bigemina
isolates from Zambia. For a marker to be considered suitable, it had to amplify all four
Ba. bigemina reference stocks, produce single bands after agarose gel electrophoresis of
PCR product, be species specific and polymorphic. The nine markers highlighted in green

satisfied these criteria.
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Table 4.13 Criteria employed in selecting Ba. bigemina markers

Genome Proportion
Motif  Repeat redicted of stocks  Single bands /
Marker length copy gm licon Ba. species- Polymorphic
(bp) number np bigemina specific
size (bp) .
amplified
Bbg1 10 3.5 237 0/4 - -
Bbg3 3 11.3 350 0/4 - -
Bbg4 3 11.3 343 4/4 yes/no no
Bbg5 3 11.4 345 4/4 yes/no no
Bbg6 3 11.7 353 3/4 yes/yes

Bbg8 14.7 312 4/4 yes/yes
Bbg10 3 55 368 2/4 yeslyes no
Bbg11 3 69 23 2/4 nolyes no

Bbg12 275 325 0/4 - -

Bbg15 3 19.7 247 3/4 yes/no yes

Bbg16 3 14.7 266 4/4 yes/yes yes

Bbg17 3 14.7 270 1/4 yes/yes -
Bbgls 6 127 274 44 yeshes  Yes

Bbg19 3 10.7 429 1/4 yeslyes -

Bbg20 6 10.3 274 1/4 yes/yes -

Bbg21 3 10.3 287 4/4 no/no yes

Bbg22 3 10.3 227 4/4 no/no yes
Bbg2s 9 92 477 44 yeslyes  yes

Bbg24 6 6.5 367 4/4 no/no no

Bbg25 5 6.2 305 4/4 no/no no

Bbg26 5 5.2 214 4/4 no/no no

Bbg27 9 4.2 363 0/4 - -

Bbg28 10 41 257 4/4 no/no no

Bbg29 9 3.7 249 2/4 yes/no no

Bbg30 9 3.3 287 3/4 yeslyes no

Bbg31 9 3.1 207 0/4 - -

Bbg32 9 3.1 347 4/4 yes/no no
Bbg4 3 23 296 44 yes  yes

Bbg35 3 14.7 202 2/4 n/yes yes

Bbg36 6 9.5 342 3/4 yes/no yes

Bbg37 3 8.7 272 4/4 yes/no no

Bbg38 4 8.3 238 2/4 yeslyes no

Bbg39 6 12.7 342 3/4 yes/yes 4

Bbg40 6 5.3 330 4/4 yeslyes no

Bbg41 9 9.2 335 4/4 nol/yes no

Bbg43 2 20.5 302 0/4 - -




Figure 4.8 Example of agarose gel electrophoresis for marker Bbg9

This image represents PCR products generated using the Bbg9 primer set on the panel of
DNA samples used to screen all of the Ba. bigemina markers. An aliquot of PCR product
from each reaction was loaded onto a 2 % agarose gel and separated by electrophoresis.
Lane A contains a 100 bp ladder used as a reference to determine the size of the amplicon
in each lane; Lanes B to E contains the Ba. bigemina stocks used in screening the markers.
The Ba. bigemina in lane B is the Australian genome stock and it gave the expected
fragment size of 191 bp. Lanes F to K contain non-Ba. bigemina DNA and L was the
negative control. This marker was polymorphic, gave single bands and did not amplify

non-Ba. bigemina DNA.
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Figure 4.8 Example of agarose gel electrophoresis for marker Bbg9
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Lane A, 100 bp ladder; B, Ba. bigemina Australia; C, Ba. bigemina Zaria; D, Ba. bigemina
Muguga; E, Ba. bigemina Mexico; F, Ba. bovis Mexico; G, Ba. bovis Lismore; H, bovine

DNA; 1, Ba. divergens; J, T. taurotragi; K, T. parva marikabuni; L, negative control.
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(143 kb), Bbg9 was on contig 28 (12 kb), Bbgl3 on contig 27 (17 kb), Bbgl8 was on
contig 509 (146 kb), Bbg23 was on contig 353 (88 kb), Bbg34 was on contig 342 (48 kb)
and Bbgl4 and Bbg42 were on contig 341 (319 kb) and were separated by distance of
more than 80 Kb.

Capillary electrophoresis was utilised to analyse amplicons from the Zambian field
isolates. A Rox-labeled GS500® size standard was used to determine the amplicon sizes.
An example of an electrophoretogram generated using Peak Scanner * software is shown in
Figure 4.9 and represents the products generated from an isolate amplified using Bbg7
primer set. Three alleles of 214 bp, 242 bp and 260 bp (blue peaks) are identified, with
214 bp being the predominant one by virtue of its greater area under the peak. The size
standard is represented by the orange peaks. All selected markers showed polymorphism
among isolates from the two regions of Zambia as well as isolates from within the same

region.

4.3.2.2 Allelic diversity of the markers

The nine selected markers were used to amplify Ba. bigemina field isolates from Lusaka
and Eastern provinces of Zambia using semi-nested PCR assays with amplified products
separated using capillary electrophoresis. The characteristics of each marker and the
primers used in the amplification are detailed in Table 4.2. All the markers were found to
be polymorphic. The number of alleles identified for each marker in a single sample and
the two populations from Eastern and Lusaka Provinces are shown in Table 4.14. The
maximum number of alleles identified by each marker in one single sample ranged from
four for Bbg18 to eight for Bbg42. The mean number of alleles identified at each locus in a
single sample ranged from 1.58 for Bbgl8 to 2.73 for Bbg42. The number of alleles
identified by each marker in the Eastern province population ranged from four for Bbgl8
and Bbg23 to 17 for Bbg42, while in the Lusaka province population it ranged from four
for Bbg23 to 15 for Bbg42. The number of alleles identified by each marker in the whole
Zambian Ba. bigemina population ranged from 5 for Bbg23 and Bbg2 to 24 for Bbg42.
These figures were lower than those obtained for the Ba. bovis markers using isolates
obtained from the same areas. Only six samples failed to amplify by the full range of
markers. Markers Bbg9, Bbgl3, Bbgl8 and Bbg42 each failed to amplify one of the
samples while, Bbg14 failed to amplify two samples.

The predominant allele (determined as described for Ba. bovis) was used to create a MLG
for each sample. Each sample had a unique MLG and the closest identity between any pair

of samples was eight out of nine allelic markers. The allelic frequencies of Ba. bigemina



Figure 4.9 Example of Peak Scanner™ analysis of Ba. bigemina isolate

This image represents a trace, or electrophoretogram, generated by Peak Scanner™
analysis and depicts fluorescently-labelled PCR products. This particular trace was
produced using marker Bbg7 primer set. The horizontal axis represents fragment sizes
while the vertical axis on the left hand side represents units of fluorescent intensity. Blue
peaks represent the labelled PCR product, while orange peaks indicate the GS500™ size
standards. The sizes of the alleles represented by the three blue peaks are interpolated from
their position with respect to the size standards. The predominant allele, 214 bp is defined

as the peak with the greatest area under the curve.
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Figure 4.9 Example of Peak Scanner™ analysis of Ba. bigemina isolate
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Table 4.14 Allelic variation in Lusaka and Eastern Province Ba. bigemina isolates

All samples were genotyped using the panel of nine markers. The minimum and maximum number of alleles detected at each locus within a sample was
determined across all nine markers for each sample that amplified. The number of alleles represented in each population was calculated, taking into
account the most abundant and all minor alleles present in each sample from that country. Gene diversity was calculated for each marker and is

equivalent to estimated heterozygosity.
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isolates based on MLGs, are shown in Figure 4.10. A number of markers had many private
alleles, some of which were of high frequency. For example, of the 20 alleles identified by
Bbgl4, 15 were private alleles. Of these private alleles, seven were from Lusaka and eight
from Eastern Provinces. Seven of the markers (Bbg2, Bbg7, Bbg9, Bbgl3, Bbgl8, Bbgl4
and Bbg42) had at least one private allele with a frequency greater than 0.15 suggesting
sub-structuring. Examination of the allele frequencies within each population showed that
three of the markers (Bbg2, Bbgl3 and Bbg23) had at least two alleles with a frequency
greater than 0.15. Three markers (Bbg7, Bbg9, Bbg42) had such a feature only in the
Eastern province population, while two markers had this in only Lusaka Province

population (Figure 4.10).

4.3.2.3 Genetic analysis of Ba. bigemina populations

Standard techniques (see Materials and Methods section) were used to measure the
estimated heterozygozities, LD and genetic differentiation and the values obtained are
shown in Table 4.15. In order to test whether the Zambian Ba. bigemina population
comprised a single randomly mating population with a high level of genetic exchange, the
level of linkage equilibrium between pairs of loci was measured using the standard index
of association (I°4). The same criterion as described for Ba. bovis was used in determining
whether the population was panmictic or non—panmictic. I°5 values significantly greater
than zero were obtained whether isolates from Eastern and Lusaka provinces were
analysed as a single population or separately (Table 4.15). When isolates from all the
provinces were treated as one, an I°, value of 0.064, with a value of L significantly less
than Vp (p < 0.001) was obtained. For the Eastern Province population, an I°s value of
0.055, with a value of L significantly less than Vp (p < 0.001) was obtained. The Lusaka
Province Population also had a value of L that was significantly less than Vp (p < 0.001)
and an I°4 value of 0.078 (Table 4.15). Therefore, it is unlikely that geographical sub-
structuring could account for the observed LD when the two populations were combined.
This meant that either the populations were genetically sub-structured or had an epidemic
population structure. However, the observation that there were no duplicate MLGs in the

populations argues against the existence of an epidemic structure.

The computer program, STRUCTURE was used to test the hypothesis that genetic sub-
structuring was the cause of the LD observed in the Ba. Bigemina population. The plot of
L(K) vs K is shown in Figure 4.11 predicting the existence of five sub-populations.
Figure 4.12 is an output from STRUCTURE, showing the proportion of genotypes in each
predicted sub-population (A, B, C, D and E). The clusters are sorted according to colour



Figure 4.10 Allele frequencies of Zambian Ba. bigemina isolates

The frequency of each allele in the Eastern and Lusaka province population was determined as a proportion of the total for each marker using the

predominant allele in each sample. These histograms were directly generated from the multi-locus genotype data.
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Table 4.15 Population genetic analysis of Ba. bigemina

Standard population tests were conducted on parasite samples representing isolates between and from within the two provinces of Zambia. The ‘mean
number of genotypes per sample’ was calculated as the mean value for the number of alleles detected at each of the nine loci. Structured combinations of
populations were pooled to test for linkage disequilibrium. Variance of mismatch values (Vb) were compared to values of L (the upper confidence limits
of Monte Carlo simulations), and where Vbo> L, linkage disequilibrium (LD) was indicated. When L > Vb the null hypothesis of linkage equilibrium (LE)

was not disproved. All the populations were in LD. Fsr values were used to measure genetic differentiation between the provinces.
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Figure 4.11 Plot of mean likelihood L(K) for each value of K

The value of LnP(D) was calculated for each step of the Markov chain Monte Carlo
(MCMC). The average of this value for the 10 runs performed for each value of K, was
computed and half the variance was subtracted from the mean to obtain a value called
L(K). The ‘true’ number of sub-populations (K) was identified as the value of K that gave
the highest L (K), which is 5 in this case.

Figure 4.12 Estimated population sub-structure (n = 58)

The clusters are sorted according to colours and the size of each block of colour represents
the proportion of genotypes derived from each of the five clusters (Q) as detected by
STRUCTURE. Red = A, Green = B, Blue = C, Yellow = D and Purple = E.
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and the size of each block of colour represents the proportion of genotypes in that cluster.
The compositions of the five sub-populations are shown in Table 4.16. The sub-
populations corresponded to 14 members in group A (1 from Eastern and 14 from Lusaka
Province), 12 in group B (6 from Eastern and 6 from Lusaka Province), 7 in group C (3
from Eastern and 4 from Lusaka Province), 11 in group D (8 from Eastern and 3 from
Lusaka Province) and 13 in group E (all from Eastern Province). Considerable genetic
differentiation was observed between all the sub-populations, as shown by the Fgrvalues in
Table 4.17. Unfortunately, the sample size of each sub-population was not large enough to

determine whether any were in LE.

4.3.2.4 Diversity and population sub-structuring

Genetic differentiation between the two provinces was assessed using Wright’s fixation
index and moderate genetic differentiation (Fst = 0.05) was observed between isolates
from the two provinces (Table 4.15). The ability of each marker to differentiate between
Eastern and Lusaka Province isolates was assessed and the Fgr values for each marker are
shown in Table 4.18, together their estimated heterozygosities. All the markers displayed
Fsr values significantly greater than zero (p < 0.05) except for Bbg42 and Bbg23. Bbg9
had the highest Fsr value of 0.114, which indicated a high level of genetic differentiation.
High genetic diversity was observed in the two provinces with estimated heterozygosities
of 0.816 in Lusaka province and 0.824 in Eastern Province (Table 4.15). The estimated
heterozygosities for the markers when the two populations were combined ranged from
0.479 for Bbgl8, which was the least diverse, to 0.951 for Bbg42 which was the most
diverse (Table 4.18).

The Mantel test was used to determine whether a correlation between geographical and
genetic distance existed and the results are shown in Table 4.19. A significant positive
correlation was identified. However, similar to the Zambian Ba. bovis population, the
coefficient of determination (R* = 0.03) and the slope of the regression line (0.001) were

too low for this relationship to be of any biological significance.

4.3.2.5 Similarity analysis

The PCA for Ba. bigemina isolates was constructed and the first two principal axes are
illustrated in Figure 4.13. 26 % of the variation was explained by axis 1, while 21 % was
explained by axis 2. The PCA showed two main clusters which did not correspond to the
province of origin. The smaller cluster, which comprised of ten isolates, five from each

province is seen on the far left side of Axis 1. The remaining isolates formed a larger sub-



Table 4.16 Composition of each sub-population in each province

The computer program STRUCTURE was used to identify the most probable number of
sub-populations in the Zambian Ba. bigemina population. The composition of each sub-

population (A, B, C, D and E) in each province is shown

Table 4.17 Pair-wise Fgr values for each sub-population

The level of genetic differentiation between the five sub-populations was determined using
Fsr values. Great genetic differentiation was observed between all combinations of sub-

population.
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Province / sub-population A B C D E
Eastern 6 3 8 13
Lusaka 14 6 4 3 0
Total 15 12 7 11 13

Table 4.17 Pair-wise Fgs1 values for each sub-population

A B Cc D E
A 0.000
B 0.244 0.000
Cc 0.174 0.288 0.000
D 0.197 0.277 0.118 0.000
E 0.143 0.255 0.213 0.188 0.000




Table 4.18 Ba. bigemina marker indices of genetic diversity and

differentiation between isolates from Eastern and Lusaka provinces

The diversity of each marker and its ability to differentiate between populations of Ba.
bigemina in Zambia are shown in this table. The Fst values ranged between -0.0026 (no
genetic differentiation) for Bbg23 to 0.1136 for Bbv19 (moderate genetic differentiation).
Except for Bbg23 and Bbg42, all the markers had Fsr values significantly greater than
zero. All the markers showed great genetic diversity ranging from 0.479 for Bbgl8 to
0.951 for Bbg42.

Table 4.19 Correlation between genetic distance and geographical
distance (Mantel test) for Ba. bigemina in Zambia
The Mantel test was used to determine whether a correlation existed between genetic and

geographical distance in Ba. bigemina populations in Zambia, a significant positive

correlation was observed.



Table 4.18 Ba. bigemina marker indices of genetic diversity and

differentiation between isolates from Eastern and Lusaka provinces

Marker Fst p value H.
Bbg2 0.093 0.030 0.842
Bbg7 0.066 0.010 0.922
Bbg9 0.114 0.010 0.885
Bbg13 0.080 0.010 0.839
Bbg14 0.026 0.050 0.942
Bbg18 0.076 0.020 0.479
Bbg23 -0.003 0.370 0.711
Bbg34 0.031 0.050 0.907
Bbg42 0.019 0.060 0.951

Table 4.19 Correlation between genetic distance and geographical

distance (Mantel test) for Ba. bigemina in Zambia

Slope

R2

p value

Within Zambia

0.001

0.030

0.010
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R’ = coefficient of determination (i.e. a measure of the proportion of the variance in

genetic distance explained by geographical distance)



Figure 4.13 Principal component analysis of Zambian Ba. bigemina
isolates

Principal component analysis was performed on the multi-locus genotype data representing
the Eastern and Lusaka Provinces isolates of Zambia. The two principal axes generated by
this analysis are presented, demonstrating a degree of sub-structuring of the population,
although not according to provinces. The proportion of the variation in the dataset
explained by each axis is indicated in parenthesis. The circle denotes the small sub-group

composed of ten non-geographically distinct isolates.
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group which, on closer examination, showed evidence of sub-structuring with a smaller
sub-group below Axis 2. Another PCA (Figure 4.14) was constructed according to the sub-
populations inferred by STRUCTURE and it showed good agreement with the earlier one.
This further confirms that the observed LD in this parasite population was due to genetic

sub-structuring and not due to asexual reproduction.

4.3.2.6 Multiplicity of infection

The one way ANOVA or the independent sample t-test was used to determine host factors
that were significantly associated with the observed variation in multiplicity of infection
between individual animals in Central and Eastern Zambia. A summary of the analysis are
shown in Table 4.20, together with the p values computed for each variable. The
multiplicity of infection ranged from 1.61 in 1 to 12 month old cattle to 2.23 in cattle more
than 48 months old. Age was significantly associated with multiplicity of infection
(» < 0.001). Female cattle had a significantly higher multiplicity of infection than male
cattle (2.16 vs 1.86, p = 0.010). The other host factors (tick burden, province, farming
system, breed type and PCV) were not found to be significantly associated with
multiplicity of infection (Table 4.20). Multivariant linear regression was used to quantify
the relationship between the host factors and the multiplicity of infection and the results are
shown in Table 2.21. Only age was found to be a significant predictor of Ba. bigemina
multiplicity of infection in cattle (p < 0.001). Although sex was found to be significantly
associated with multiplicity of infection, it was not a significant predictor. Similar to the
case for Ba. bovis, multiplicity of infection increased by a factor of 0.01 for every one

month increase in age. There was no apparent interaction between variables.

4.4 Discussion

4.4.1 Population genetic analysis of Ba. bovis
4.4.1.1 Suitability of the markers

Marker based genetic studies are an invaluable way to investigate the basic biology of
pathogens and the interplay between control strategies and the behaviour of the parasite at
the population level. Mini- and micro-satellite markers have been extensively used in
studying the epidemiology and population structures of many parasites (Anderson et al.
2000; Mallon et al. 2003b; Oura et al. 2005; Weir et al. 2007). In the present study, 1 mini-
and 7 microsatellite markers were developed and successfully applied to analyse the
population genetics of Ba. bovis in Zambia and Turkey. However, these markers were not

without their limitations. For example, it is recognised that polymorphism in primer



Figure 4.14 Principal component analysis of Zambian Ba. bigemina
isolates according the sub-populations inferred by STRUCTURE
Principal component analysis was performed on the multi-locus genotype according to the
sub-populations inferred by STRUCTURE. There results shows that there was a good

agreement between the two methods.
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Figure 4.14 Principal component analysis of Zambian Ba. bigemina

isolates according the sub-populations inferred by STRUCTURE
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Table 4.20 Multiplicity of infection according to host attributes in the

Zambian Ba. bigemina isolates

The table shows a summary obtained for the multiplicity of infection in relation to the host
factors in the Zambian Ba. bigemina population. For PCV, a cut-off point of 25 % was
used, where a figure below 25 % was considered to be sub-normal. Either the one way
ANOVA or t-test was used to determine which of these factors were significantly
associated with multiplicity of infection in individual animals. Only age was found to be

significantly associated with multiplicity of infection (p < 0.001).



Table 4.20 Multiplicity of infection according to host attributes in the

Zambian Ba. bigemina isolates
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Multiplicity of infection

Host attribute Category n p value
Mean SD
1t0 12 13 161 0.35
13t0 24 6 1.85 0.14
Age (months) 25 to 48 24 2.14 0.43 0.001
> 48 16 2.23 0.45
None 21 2.08 0.53
. Few 16 1.95 0.39
Tick Burden Moderate 15 1.91 0.40 0.397
Abundant 7 2.23 0.51
Male 28 1.86 0.44
Sex Female 31 2.16 0.43 0.010
. Lusaka 26 2.10 0.50
Province Eastern 32 1.96 0.42 0.233
. Commercial 19 2.10 0.47
Farming system Traditional 40 1.08 0.45 0.370
Commercial 19 2.10 0.47
Breed Traditional 40 1.08 0.45 0.475
<25 15 1.90 0.36
PCV (%) > 25 44 2.06 0.48 0.252

n = number of samples, SD = standard deviation



Table 4.21 Predictors of multiplicity of infection in the Zambian Ba.

bigemina isolates

The multivariant linear regression was used to determine which host factors were
significant predictors of the multiplicity of infection in Ba. bigemina populations in
Zambia. Only age (p < 0.001) was found to be a significant predictor of multiplicity of
infection; i.e. multiplicity of infection increased by 0.01 for every one month increase in

age.



Table 4.21 Predictors of multiplicity of infection in the Zambian Ba.

bigemina isolates

95 % CI of coefficient

Predictor Coefficient SE p value
Lower upper
Constant 1.60 0.097 <0.001 1.40 1.80
Age 0.01 0.002 <0.001 0.01 0.01

SE = Standard error of the coefficient, CI = confidence interval
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annealing sites may lead to failure to amplify PCR product resulting in ‘null alleles’. In this
study, none of the markers was able to amplify from every available sample. However, the
number of samples that failed to amplify in the whole population was low (9.6 %) and this
may be attributed to the rigorous screening process prior to the selection of markers.
Furthermore, the method used to prepare the samples and the use of nested PCR are likely
to have provided a level of sensitivity that ensured the majority of the samples could

amplify by the markers.

The markers used in this study were ideal in that they were distributed across all four
chromosomes and were physically unlinked. However, it is unknown whether these
markers are neutral. If a particular marker were in close proximity to an antigen under
selective pressure, the marker sequence would also be under selective pressure whether it
was in a coding sequence or non-coding sequence, because of its proximity to a locus
under selection. Therefore, although a marker may lie in a non-coding sequence, this does

not necessarily indicate whether it is neutral or not.

All the markers used in this study showed high levels of genetic diversity and were able to
genetically differentiate between Turkish and Zambian isolates, except for Bbv58 which
had a Fsr value that was not significantly different from zero. Bbv58 was also the least

diverse of all the markers used in this study.

4.4.1.2 Population genetic analysis

Studies on 7. parva and T. annulata have revealed that most field isolates are composed of
a mixture of genotypes (Oura et al. 2005; Weir et al. 2007) and this situation was similar to
the findings for Ba. bovis and Ba. bigemina in this study. In the current study, no samples
were found to have the same MLGs. This indicates that ticks feeding on cattle are likely to
ingest a mixture of genotypes which will then recombine within the mid-gut of the vector
as a result of genetic exchange. The high number of genotypes in individual samples, and
in the population as whole, is likely to be an indication of high transmission intensity by
the vector ticks Bo. microplus and Bo. annulatus in Zambia and Turkey, respectively, or
the high number of ticks feeding on individual animals. Varying levels of genetic
recombination have been reported in Plasmodium providing evidence for self-fertilisation
in areas of low transmission intensity and increased levels of out-breeding in areas of high
transmission (Anderson ef al. 2000). The data presented in this study indicates that a high
level of genetic recombination occurs in natural populations of Ba. bovis. Despite high
levels of genetic recombination, the Zambian and the Turkish Ba. bovis populations are

genetically distinct as shown by the PCA (Figure 4.7). However, Ba. bovis in Eastern and



178

Central Zambia appears to be a single randomly mating population and Zambian PCA
(Figure 4.8) demonstrated that the isolates from Lusaka are a subset of those from Eastern
province. This is consistent with the current understanding of the epidemiology of the
parasite and the view that it has been spreading from Eastern parts of the country towards
the west. The first cases of Ba. bovis infection in cattle in Central Zambia were reported in
the late 1980s (Jongejan et al. 1986a; Jongejan et al. 1988) and, as indicated by the data in
Chapter Three, this parasite appears to have become endemically established in this region.
Cattle movement is thought to be responsible for the westward spread of both Ba. bovis
and its vector. Although official figures may show that there is limited movement of cattle
between these two regions (Anon 2007), there is significant anecdotal evidence that illegal
movement of cattle in Zambia is extensive. It is also possible that the abundant wildlife

population that exists between the two regions may aid in the spread of the tick vectors.

Based on the analysis of the Turkish samples, the Ba. bovis population representing Aydin
and Izmir regions are composed of two discrete sub-populations. The isolates from Tire in
Izmir and those from Dalama in Aydin formed a single population, while those from Hacio
Ali Basi and Yazidere formed another sub-population based on the PCA. Both of these
populations appear to be in linkage equilibrium, although the small sample size and the
low p value for the latter population indicate that a larger sample size could reveal
evidence of LD. The possible cause of this sub-division could be that, while there is cattle
movement between Tire and Dalama and between Hacio Ali Basi and Yazidere, there no
cattle movement between Tire / Dalama and Hacio Ali Basi / Yazidere. Therefore, there is
no opportunity for genetic exchange to occur between the two sub-populations resulting in
genetic isolation. There is little information in the published literature on the epidemiology
of babesiosis in this part of Turkey. Another possible explanation for the observed sub-
structuring could be the presence of cryptic biological speciation that prevents genetic
exchange. However, this is unlikely given that Ba. bovis is not sub-structured as is the case
in Zambia. In addition, according to Tibaryenc and Ayala (2002), in randomly mating
parasites, genetic exchange is frequent enough to inhibit the appearance and persistence of
discrete durable genetic sub-divisions. Regional genetic differentiation in Turkey was also
supported by the strong evidence for a positive correlation between geographical and
genetic distance, i.e. the large coefficient of determination and the steep slope of the
regression line obtained by the Mantel test. This was in contrast to the situation in Zambia,
where although a significant positive correlation between geographical and genetic
distance was found, the percentage of genetic variation attributed to geographical distance

was low.
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4.4.1.3 Multiplicity of infection

A high number of mixed genotype infections was found in both countries. However the
multiplicity of infection in individual animals in Zambia was significantly higher than that
found in Turkey. Since the results of this study demonstrated a significant positive
correlation between age of host and multiplicity of infection, this difference may be
explained by the age difference of cattle sampled from each country with the mean age of
the Zambian cattle being higher than those from Turkey. Such a situation is likely because
once infected with Ba. bovis, cattle remain carriers for periods ranging from six months to
several years (Bock et al. 2004a; Calder et al. 1996). Thus, older cattle will have been
exposed to more tick bites and Babesia inoculations, and will consequently have more
genotypes circulating in their blood. The lack of a correlation between multiplicity of
infection and tick burden is counterintuitive considering that one would expect cattle with
higher tick burdens to have more genotypes. However, this might be explained by the fact
that the observed level of tick infestation at the time of sampling doesn’t necessarily
correlate with levels of previous tick challenge on cattle. The results in Chapter Three
showed that some of the farmers inconsistently controlled ticks on their cattle, i.e. absence
of ticks on an animal at a particular time does not indicate that the herd is consistently kept
tick free. Therefore, a cross-sectional study such as this, where tick control history is
unknown, is not ideal to investigate the relationship between tick numbers and the number
of genotypes in individual cattle. Furthermore, the numbers of ticks on individual cattle in
this study were only qualitatively evaluated (Section 3.2) and the species found on each
animal were not identified. To an extent, this may also have masked the effect of tick

burden on the multiplicity of infection.

4.4.2 Population genetic analysis of Ba. bigemina
4.4.2.1 Suitability of Markers

The nine markers used for the population genetic analysis of Ba. bigemina showed that
they were polymorphic and species-specific. However, a small proportion of the samples
(10 %) were not amplified by every marker. This was attributed to polymorphism at the
primer sites. The assembly of the whole genome sequence of Ba. bigemina at the Sanger
Institute is incomplete and ongoing and as a result, it was impossible to determine whether
the developed markers were distributed across all four chromosomes. Nevertheless, except
for one pair of markers, all the others were on different contigs and the two markers on the
same contig were separated by a sufficient physical distance, which made it unlikely that

they were genetically linked
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4.4.2.2 Population genetic analysis

Similar to Ba. bovis, no samples were found to have duplicate MLGs indicating
considerable genetic diversity in the Zambian Ba. bigemina population. This was
evidenced by the high estimated heterozygosities which ranged from 0.816 in Lusaka
Province to 0.824 in Eastern Province. However, linkage disequilibrium (LD), defined as
the non-random association of alleles at two or more loci, was observed, regardless of
whether the data from each province were analysed as one population or separately. The
existence of a high number of genotypes in individual animals and the high genetic
diversity observed in this parasite population argues against a clonal or epidemic
population structure being responsible for the observed LD. The most probable reason for
linkage disequilibrium was that the Ba. bigemina population in Zambia was genetically
sub-structured. This hypothesis was investigated using computer modeling and five sub-
populations were deduced from the dataset. Fst measurements indicated that there was a
high level of genetic differentiation between the five sub-populations. Unfortunately, the
resulting sample sizes of each of the sub-populations were too small to determine whether

there was random mating within any of them.

The population structure identified for Ba. bigemina in Zambia was contrary to that of Ba.
bovis population that was found to be panmictic across both provinces, indicating that there
is considerable movement of cattle / ticks between the two provinces. Moreover, more than
50% of the Ba. bigemina isolates were from cattle that had Ba. bovis / Ba. bigemina
concurrent infections (Table 3.6). The observed LD in the Ba. bigemina population could
be due to the low prevalence (see Chapter 3) of this parasite which results in limited
transfer of parasites between the two provinces, i.e. the low prevalence lowers the
probability of an infected animal being moved. When infected cattle are moved, the
transmission rate is low for sufficient genetic exchange, that would result in LE, to occur
between the parasites from the two provinces. Furthermore, unlike Ba. bovis, Ba. bigemina
transmission seems to occur mostly in the wet season. Therefore, most of the genetic
exchange for Ba. bigemina, unlike that for Ba. bovis, occurs only in the wet season. In
addition, the presence of more than one tick vector of Ba. bigemina in Zambia may also
contribute to the observed sub-structuring. The Australian Ba. bovis vaccine strain has
been found to contain more than one genotype, some of which are poorly transmitted by
B. microplus, while the others are efficiently transmitted (Cowman et al. 1984; Kahl et al.
1983). It is therefore possible that there may be preferential transmission of the different
genotypes by the different vectors of Ba. bigemina found in Zambia, although further

sampling and analysis would be needed to confirm this.
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Clear evidence of sub-structuring is shown by both the PCA and STRUCTURE analysis.
However, the two methods use different approaches with the latter being able to detect
population sub-groups that may not be evident by the former. The PCA is a distance-based
method, which works by calculating a pair-wise distance matrix between every pair of
individuals. The matrix is represented graphically by using a multi-dimensional scaling
plot, giving clusters that can be visually identified (Pritchard et al. 2000). Conversely,
STRUCTURE uses a model-based approach with the assumption that observations are
randomly drawn from some parametric model. Inference of parameters corresponding to
each cluster is then done jointly with inference for cluster membership of each individual
using Bayesian methods (Evanno et al. 2005; Pritchard et al. 2000). Therefore, the distance
based methods (PCA) are only loosely connected to statistical procedures that allow the
identification of homogenous clusters of individuals and are thus more suitable for visual
exploration of data (Evanno et al. 2005). In this study STRUCTURE was able to identify
the five sub-groups in the population by maximising the probability of random mating
within each group. As shown in Table 4.16, sub-population A contains genotypes almost
exclusively from Lusaka Province while sub-population E consists of genotypes that are
exclusively from Eastern Province, possibly representing the ‘core’ evidence of the
populations in each province. The remaining three populations (B, C and D) could be the
product of the low level of recombination between A and E, and as a result, are different
from the two parental groups. To determine whether this is the correct interpretation of the
data, a larger sample size, from both cattle and the vector ticks in the two provinces, would

be required.

4.4.2.3 Multiplicity of infection

Similar to the situation for Ba. bovis, host age was found to be a significant predictor of the
number of Ba. bigemina genotypes in an individual animal. A correlation between the
number of genotypes and age of the host has also been observed in 7. parva and

T. annulata populations (Oura et al. 2005; Weir 20006).

4.4.3 Comparisons between Ba. bovis and Ba. bigemina in Central and

Eastern Zambia

Ba. bigemina and Ba. bovis are two protozoan parasites that belong to the same family and
both can be transmitted by Bo. microplus and B. annulatus. However, in sub-Saharan
Africa, Bo. decoloratus and R. evertsi are additional vectors of Ba. bigemina. It has been
known for some time that the two parasites cause different disease syndromes, with the

pathology generated by Ba. bovis caused by over-production of pro-inflammatory
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cytokines as well as the direct effect of red blood cell destruction. In contrast, the
pathogenesis of Ba. bigemina is mainly due to the direct effect of red blood cell destruction
(Bock et al. 2004a; Brown & Palmer 1999). By obtaining Ba. bigemina and Ba. bovis
samples at the same time and from the same animals, the present study was able to directly
compare certain aspects of the population biology of the two parasites. This is the first time
that the role of genetic exchange has been systematically analysed in both Babesia species.
This study has shown that Ba. bovis occurs in Central and Eastern Zambia as a single
randomly mating population in which genetic exchange occurs frequently. Conversely, the
Ba. bigemina population is probably sub-structured into five sub-populations. The results
presented in Chapter Three show that the prevalence of Ba. bovis, in the wet season is
almost twice that of Ba. bigemina, while in the dry season it is almost 25 times greater.
This can be taken as indirect evidence of a higher transmission rate of Ba. bovis compared
to Ba. bigemina in Eastern and Central Zambia and it would appear that the transmission
rate of Ba. bigemina is insufficient to suppress the linkage disequilibrium brought about by
the introduction of infected cattle and/or ticks from the other parts of the country through
cattle movements. Combined with the possible preferential transmission of certain
genotypes by the different vectors of Ba. bigemina, as postulated above, this might

contribute to the observed linkage disequilibrium.
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CHAPTER FIVE
General discussion

5.1 Development of PCR assays

Tick-borne diseases continue to be a hindrance to the development of the livestock
industry in many countries. Sensitive, specific and cost-effective diagnostic methods are an
important component in the study and control of these diseases. For epidemiological
surveys and clinical diagnostic purposes, the polymerase chain reaction offers an ideal
combination of sensitivity and specificity while being relatively high throughput. In
Chapter Two of this thesis, several uniplex PCR assays that can be used to diagnose TBDs
of cattle are described, which are based on amplification of the 18S and 16S rRNA, -
tubulin and cytochrome b genes. Attempts were also made to develop multiplex PCR
assays for T. parva, T.taurotragi, Ba. bovis, Ba. bigemina, Anaplasma spp and
E. ruminantium using the 18S and 16S rRNA genes; T. parva, Ba. bigemina and Ba. bovis
using the B-tubulin gene and a duplex PCR assay for Anaplasma spp and E. ruminantium
using the 16S rRNA gene. Among the uniplex assays, the cytochrome b and 18S showed
higher sensitivity and specificity than the B-tubulin PCR assay. Because of a lack of
material representing blood of known low parasitaemia, it was not possible to determine
whether the 18S rRNA or cytochrome b gene was the more sensitive. However, previous
studies have shown that the cytochrome b gene is more sensitive that the 18S rRNA gene
(Salem et al. 1999). In addition, Bilgic et al. (unpublished results) has found that the
T. annulata cytochrome b RLB assay was a thousand times more sensitive than the 18S
rRNA RLB. As discussed in Section 2.4, this is likely to be due to the cytochrome b gene
being present at a higher copy number per parasite genome (Brayton et al. 2005; Salem et
al. 1999). Therefore, it can be predicted that the cytochrome b gene would have proved to
be more sensitive than the 18S rRNA gene.

The high costs associated with the use of PCR continue to hinder its application in poorly
resourced laboratories. The development and optimisation of multiplex PCR assays where
several diseases can be diagnosed simultaneously offers an opportunity to reduce costs and
increase the use of the technology for clinical diagnosis and epidemiological studies in
most countries. However, the two multiplex PCR assays described in Chapter Two were
not without problems. The 18S and 16S rRNA gene assay failed to amplify E. ruminantium

and Ba. bigemina. For the other species, it generated non-specific bands which made
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determination of the bonafide amplicons more difficult. Conversely, the B-tubulin gene
PCR assay worked relatively well when used on laboratory-derived parasite DNA
preparations. However, when it was used on field samples collected on FTA cards,
multiple non-specific bands were observed after agarose gel electrophoresis of the PCR
product, probably due to amplification of host DNA. Consequently this assay is unsuitable
for use in field studies. Beyond the scope of this study, it is still possible that other genes,
such as cytochrome b may be used to develop a sensitive and specific multiplex PCR assay
for tick-borne pathogens. However, if such an assay were developed, issues such as PCR
selection are likely to result in differing sensitivities in the amplification of the various
templates. Therefore, considerable effort would be required to optimise such an assay,

assessing template-to-product ratios at various concentrations of DNA for each parasite.

5.2 Epidemiology of TBDs in Zambia

The 18S and 16S rRNA uniplex semi-nested PCR assays described in Chapter Two were
used for the epidemiological study of tick-borne parasites in Zambia. The decision to use
this assay rather than the cytochrome b gene PCR assay was based on convenience of use,
as it did not offer any advantages in terms of sensitivity or specificity. For each sample, the
primary PCR assays were carried out using a pair of universal primers for the Theileria /
Babesia genera and another pair of external primers was used for Anaplasma / Ehrlichia.
Following this, individual species-specific assays were carried out by secondary semi-
nested PCR assays specific for each parasite. This approach to some extent saved a lot of
time and resources, and confirms why diagnostic tests that detect a combination of species

are desirable.

PCR analysis of the blood samples on FTA cards from Central and Eastern Zambia showed
that TBD pathogens of cattle are prevalent in all the three provinces sampled, with
variations in prevalence among the provinces and between the two seasons. By conducting
the study over both the dry and wet season in Central and Eastern Zambia, the effect of
seasonality on TBD prevalence could be assessed. In general, the prevalence of the
pathogens was higher in the wet season than in the dry season, and this was in agreement
with the observed increase in tick burden on cattle. It was established that the farmers are
aware of the increased risk of disease in the wet season; all the farms sampled treated their
animals with acaricides in this season while in the dry season a proportion of them did not.
However, in general, tick control was found to be inadequate and ticks were observed even
on regularly treated cattle. This was particularly evident for traditional farmers in Eastern

Province where a number of cattle were heavily infested with ticks. As demonstrated by
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this and previous studies in Zambia (Minjauw ef al. 1997; Pegram et al. 1989), in addition
to transmitting diseases, heavy infestation with ticks can cause a significant reduction in
cattle productivity. Therefore, programmes to educate traditional farmers are required in
order to explain the need for adequate tick control and to highlight the consequences of

inadequate tick control policies.

The results of this study demonstrate that a number of factors are responsible for the
occurrence of TBD infections in cattle, some of which are common to all diseases. Cattle
infected by one parasite are significantly more likely to harbour many other tick-borne
pathogens. For example, it was found in this study that cattle which were PCR positive for
T. parva were more likely to be positive for Anaplasma spp, T. taurotragi, Ba. bovis and
T. mutans. This indicates that integrated disease control strategies (Eisler et al. 2003;
Ghosh et al. 2007), targetting both the pathogen and the tick vector and are aimed at
mitigating the impact of all ticks and the pathogens they transmit should be employed,
rather than targetting each pathogen individually. For such an approach to be effective,
several gaps in our basic knowledge of the biology of ticks and the pathogens they transmit
must be addressed. These include (1) inoculum size and virulence of parasite
species/strain; (2) heterogeneities in vector competence of transmission; (3) the force of
infection (the rate at which susceptible animals acquire infection); and (4) immunity and
carrier status (Eisler et al. 2003). Once ascertained, this basic knowledge should be
combined with existing vector, epidemiological and economic models to provide a
comprehensive theoretical frame-work for investigating and evaluating the impact of the

various integrated disease and vector control programmes.

From the results in this study, only the prevalences of 7. mutans and Anaplasma were
sufficiently high to suggest the existence of endemic stability. While offering the
opportunity to detect animals with active infections, PCR does not provide information on
herd immunity. Tick-borne pathogen densities in carrier animals appear to fluctuate over
time and periodically fall below the levels detectable by PCR (Geysen 2000; Herrero et al.
1998). Thus PCR-based approaches using blood samples collected on FTA filters may be
less likely to provide evidence for low parasite densities than serological methods. This is
because of the probability that no infected erythrocytes are present in the minute volume of
blood on the portion of the FTA card that is excised and used to provide template DNA
material. It is therefore likely that the PCR assays used in this study have underestimated
the prevalence of these pathogens. Combining PCR with serological tests, which are able

to detect antibodies in animals in which the parasitaemia is below the detection limit of
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PCR and in those that have cleared the infection would improve the accuracy of the
estimated prevalence. For example, Bazarusanga et al. (2008) found that the prevalence of
T. parva was much higher when calculated using a combination of serological and PCR
assays than on single diagnostic tests. In addition to providing an accurate estimate of
pathogen prevalence, serological tests may provide useful information concerning herd
immunity to these diseases, although this will depend on the nature of the protective

immune response to each pathogen and the role of antibody in protective immunity.

The results presented in Chapter Three showed that carrier cattle with a higher number of
infecting pathogens also had significantly lower PCV than those with no or few co-
infecting organisms. This indicates that mixed infections of tick-borne pathogens are
associated with loss in productivity of cattle, even in the carrier state. This observation is
very important because most of the disease control measures currently recommended for
control of TBDs favour the development of enzootic stability, i.e. a carrier status where the
parasite, the vector and the host are in a state of equilibrium and clinical disease is virtually
absent. This, in part, is because past efforts aimed at eradicating vector-borne diseases in
many parts of the World (including sub-Saharan Africa) were largely unsuccessful (Eisler
et al. 2003; Pegram et al. 2000). This begs the question, how does one encourage
establishing endemic stability for multiple TBD pathogens while at the same time
minimising the loss in productivity associated with such infections in carrier cattle?
Previous studies of various disease control options for ECF in Zambia have shown that the
combination of strategic tick control and immunisation resulted in the highest level of
productivity, and at the same time reduced the potential risk from other TBDs (Minjauw et
al. 1997). It would, therefore, be desirable to compare productivity losses that result from
control strategies that encourage establishment of carrier status to all tick-borne diseases
against other more targetted control options, to determine the methods that would give the
best economic returns for farmers. Such comparisons should be done for both traditional
farming systems, where most of the animals are local breeds, and commercial systems
which largely rear exotic breeds. This comparison would be important, as the level and
nature of endemic stability may be different. For example, introduction of exotic breeds of
cattle in some areas of Tunisia resulted in changes in the state of endemic stability to
T. annulata (Gharbi et al. 2006). Furthermore, cost-benefit analysis, carried out in the latter
study, found that vaccination would be more effective in reducing losses from the sub-
clinical forms of 7. annulata infections. This assumed that vaccination would reduce the
financial impact of infection by reducing the number of clinical cases and also by

minimising the anaemia that occurs in sub-clinical infection (Gharbi et al. 2006). It is
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therefore possible that vaccinating cattle against TBDs will reduce productivity losses
associated with the sub-clinical disease, while at the same time encouraging the
establishment of endemic stability. In this case, tick control would only be performed
strategically in order to minimise losses (for example, reduced weight gains, tick worry)
and not to prevent disease transmission, allowing boosting of protective immunity. At
present this would be the best control strategy in the absence of methods that can
effectively eradicate TBD parasites or their tick vectors. However, for such an approach to
work efficiently, multiple parasite species vaccines may be required, although this is a
complex issue, as the interaction between hosts and these parasite species has evolved over

the millennia.

5.3 Population genetics

5.3.1 Development and application of the genotyping system

In the work presented in Chapter Four of this thesis, panels of mini- and micro-satellite
markers for genotyping Ba. bovis and Ba. bigemina isolates were developed. The
availability of the genome sequences of Ba. bigemina and Ba. bovis were important factors
in the development of these markers. Without these genome sequences, the identification
of these markers would have been a very difficult task. The number of repeat regions
identified in the Ba. bovis genome was far higher than that identified in the Ba. bigemina
genome using identical search parameters. While this difference may be a reflection of
sequence variation between the genomes, it may in part be explained by the fact that the
Ba. bovis genome was fully assembled, whereas the Ba. bigemina genome was represented
by a collection of unassembled contigs. The presence of low complexity repeat regions is
known to cause difficulties in genome assembly and often repeats are found at the
extremities of unassembled contigs. Consequently, a proportion of the repeats within the
Ba. bigemina genome may not be represented in the contig database. Future screening of a
fully assembled Ba. bigemina genome will resolve this issue. By using stringent criteria to
evaluate the suitability of each candidate marker locus, a large number were discarded.
Only loci that were polymorphic, did not give multiple bands, gave few null alleles and

were species-specific were used to genotype field isolates.

The use of the capillary electrophoresis allowed the resolution of PCR products to 1 bp.
This not only allowed the exact size of alleles to be determined, but where multiple alleles
were present they could be easily discriminated and enumerated. A problem encountered

with the high degree of resolution offered by this method was that most alleles were not
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separated by the exact motif length, but by a gradation of PCR product sizes, i.e., in some
regions of the allelic spectrum there was no clear-cut demarcation between PCR products
of differing sizes. Therefore it was necessary to create ‘bins’ for allele scoring and this was
based on the distribution of PCR product sizes. In problematic regions, bins were generally
0.8 bp in range, with the size difference between successive ‘bins’ being as little as 0.5 bp.
The highly polymorphic nature of many of the markers coupled with this high-resolution
sizing method resulted in a plethora of alleles being identified at many loci. In laboratories
where capillary electrophoresis is unavailable, the markers developed in this study may be
of more limited use. An alternative method using electrophoresis would be required, such
as the high resolution gel-based system used for 7. parva genotyping in Uganda (Oura et
al. 2005). To develop markers suitable for sizing using lower resolution technology, the
initial screening process could be modified to select loci where either large and/or
consistent intervals are identified between alleles, i.e. micro-satellite markers evolving in a
step-wise manner. However, from this and previous studies (Oura et al. 2005; Weir 2006)
it is evident that such loci are rare and it could take considerable time and effort to identify

an adequate number of markers.

The quality of data generated by any population genetic study is limited by the choice of
the genetic marker system used in the study. Over the years, a number of genotyping
methods have been used (MacLeod et al. 2001), and while there is no such a thing as a
‘perfect” marker system, each methodology has its own advantages and disadvantages.
Isoenyme electrophoresis (Ben Miled et al. 1994; Schweizer et al. 1988) and monoclonal
antibody profiles (Ben Miled et al. 1994; Minami et al. 1983; Shiels et al. 1986) gave way
to methods using restriction fragment length polymorphism (RFLP) (Paindavoine et al.
1989) and random amplification of polymorphic DNA (RAPD) (Stevens & Tibayrenc
1995) because these approaches gave direct access to genotypic information rather than
requiring inference from phenotypic data. However, these methods still require large
amounts of parasite material that may only be obtained by amplification of original
material in rodents or by culture. This may result in selection and loss of some genotypes.
Another problem with these methods is that if a high proportion of isolates are composed
of a mixture of genotypes, as was the case in this study, it becomes impossible to
determine genotype frequencies, and assays may identify mixed infections as new
genotypes, confounding the interpretation of the results. This problem maybe overcome by
cloning each isolate, but this is time consuming and costly. More recently, new genotyping
methods such as micro- and mini-satellite (Biteau et al. 2000) and single nucleotide

polymorphism (SNP) (Coates et al. 2009) have gained in popularity. Microsatellites and



189

SNPs have been found to provide similar estimates of population genetic parameters in
Diabrotica virgifera virgifera (Coates et al. 2009). However, with SNPs there is still the
problem of identifying individual alleles in samples with mixed genotypes and are, as such,
subject to the shortcomings of the methods described above. Micro- and mini-satellite
analysis in combination with capillary electrophoresis as applied in this study permits easy
identification of samples with a mixture of genotypes. The method is easy to perform and

does not require amplification of isolates in rodents or cultures.

FTA filters offer a convenient method for storing parasite material as no cold chain is
required when collecting samples in the field (Rajendram et al. 2006). However, for
parasites with very low parasitaemia, the sensitivity of the PCR assay is compromised as
only a very small amount of blood (125 pl) is spotted on the card. With low parasitaemia
samples, it is possible that a very limited amount of parasite DNA is present on the part of
the card that is excised to provide a template for PCR amplification. To overcome the
problem in this study, lysates were prepared from larger volumes of blood and used to
provide template DNA. However, the use of lysates is not without drawbacks as the
amount of PCR inhibitors in such preparations is often high and may reduce the sensitivity
of the PCR assay. In this study, this problem was overcome by diluting the lysate. An
alternative approach would be to isolate DNA from the lysates using standard extraction

protocols, although this may result in the loss of a proportion of parasite DNA.

The findings from Chapter Four indicate a large amount of diversity within Ba. bovis and
Ba. bigemina populations, not only within a locality but also within a single host. This is in
agreement with experiments by Timms et al. (1990) who found that the Australian Ka
vaccine isolate was composed of a heterologous mixture of parasites clones. As every
isolate analysed in this study comprised multiple genotypes, ticks feeding on these cattle
are highly likely to become co-infected and this provides an opportunity for genotypes to
recombine in the tick gut (Gough et al. 1998; Mackenstedt et al. 1995) and generate new
random genotypes. Thus, the underlying conditions promoting genetic exchange are
present, i.e. co-infection of ticks with multiple genotypes at the same blood meal where a

single genotype does not completely dominate.

5.3.2 Population structure

This study determined that in Zambia, Ba. bovis occurred as a single, randomly mating
population while in Turkey it occurred as two discrete populations. Although each of the

Turkish populations was found to be approaching linkage equilibrium (LE), the sample
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size was too small for definitive conclusions to be drawn. However, the calculated ISA for
each Turkish population was too low for the populations to be considered clonal. The high
level of genetic diversity and the absence of duplicate genotypes in the Ba. bovis
populations across the two countries suggest limited self-fertilisation. It can therefore be
concluded that in general Ba. bovis has a panmictic population structure. In a previous
study of 7. annulata in the same geographical region, a degree of sub-structuring according
to district of origin was observed in populations from Turkey, which resulted in linkage
disequilibrium when the populations were combined (Weir 2006). The results of the
Turkish 7. annulata study indicate that there was a degree of inter-mixing of 7. annulata
populations, through cattle movements between the districts, however this was insufficient
to dissolve LD. In the current study, there is complete sub-structuring of the two Ba. bovis
populations, suggesting a complete absence of inter-mixing. Studies of Cryptosporidium
parvum populations in Turkey also found clear sub-structuring according to farms in some
parts of Turkey (Tanriverdi et al. 2006). Ba. bovis is maintained in a purely cattle / tick
transmission system with no paratenic host or ex vivo component to the life-cycle. Gene
flow between areas, in this case, must be the result of movement of either the host or the
vector. Therefore, it is likely that while cattle movement is occurring between certain areas
of the country, it is completely absent between other areas, resulting in genetic isolation of

particular parasite populations.

The results of the population genetic analysis of Ba. bovis (in Zambia and Turkey) indicate
a very high level of diversity with each MLG being unique. This level of diversity could
have significant implications for the development of a sub-unit vaccine for this parasite
species. Research on developing a vaccine initially focused on the major immunodominant
antigens expressed on the surface of the infected red cells (Allred et al. 1994; Leroith et al.
2005). However, recent research coupled with the publication of the genome sequence
(Brayton et al. 2007), has shown that these antigens (VESA 1) are encoded by a multigene
family which undergoes antigenic variation (Al Khedery & Allred 2006). The mechanism
is probably similar to that defined for the var genes in P. falciparum (Scherf et al. 1998).
These findings have lead to the view that such antigens are unlikely to be useful for a
vaccine due to the high levels of antigenic variation and work on candidate vaccine
antigens has focused on a series of less dominant antigens, such as RAP-1 and Hsp20
(Brown et al. 2006). There are limited data on the levels of polymorphism in these antigens
but the data presented in this thesis imply that many will have the potential to be
polymorphic particularly if they are under immune selection. Furthermore, the finding that

the Turkish population is sub-structured suggests that such antigens will evolve
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independently in different populations. The material generated in this study would be very
useful for assessing the diversity of vaccine candidate antigens as well as testing whether

they are subject to diversifying selection.

In contrast to B .bovis, linkage disequilibrium was observed in the Ba. bigemina
populations from Eastern and Central Zambia regardless of whether they were analysed as
a single population or separately. Based on the analysis of the whole population using the
STRUCTURE programme, it was shown that the Ba. bigemina population was genetically
sub-structured into five distinct sub-populations and this would explain the LD observed
when the isolates were treated as a single population. The sample sizes of the sub-groups
were too small to determine whether any of them comprised a single randomly mating
population (panmixia). However, given the low I°,, the high genetic diversity and the
absence of duplicate genotypes, the underlying population structure of this parasite is very
unlikely to be clonal or epidemic. A clonal population is genetically homogenous, with
identical genotypes deriving either from a parental genotype by clonal propagation or from
parasite populations where there is strong inbreeding and self-fertilisation, i.e. the existing
sexual reproduction (out-crossing) is insufficient to break the clonal pattern (Tibayrenc &
Ayala 2002). Similar to many other apicomplexan parasites, an obligate sexual phase is
known to occur in Ba. bigemina (Mackenstedt ef al. 1995). However, in P. falciparum, the
population genetic structure has been shown to be clonal in regions of low transmission
and panmictic in regions of high transmission (Anderson et al. 2000). This means that the
existence of a sexual phase by itself is not enough to ensure panmixia, as a minimum rate
of transmission must be met for a panmictic population structure to occur. In a panmictic
population, all individuals should be potential mating partners and this requires that there
be no restrictions, either genetic or spatial upon mating. The high level of genetic diversity
and the high number of genotypes in individual samples indicates that sexual
recombination of Ba. bigemina genotypes does occur in the ticks. However, as discussed in
Section 4.4.2.2, the low rate of transmission (evidenced from the low prevalence reported
in Chapter Three) may be responsible for the departure of the Ba. bigemina population
structure from LE in Eastern and Central Zambia. Nevertheless, this study demonstrates
that the population structure of Ba. bigemina is close to panmixia. To definitely establish
the population structure of this parasite, a new study, with a larger sample size must be

undertaken.
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5.4 Areas of future study

The epidemiological and population genetic data and their analysis presented in this thesis

have raised a number of issues which may form the basis for further studies on tick-borne

diseases.

It was discovered that Ba. bigemina is almost entirely absent from the cattle
population during the dry season. In future, it would be worthwhile conducting
experiments to determine the force of transmission of this parasite from different
species of tick vectors in the dry and wet seasons in order to determine the factors
that are responsible for the variations in transmission between the seasons. It would
also be possible to determine the relative competency of each of the vectors in

transmitting this disease under varying conditions.

The study showed that the Ba. bigemina population in Zambia is genetically sub-
structured causing the population genetic structure of the parasite to deviate from
LE. To investigate the basis for this sub-structuring and to conclusively determine
whether random mating does occur in this parasite, a large number of samples from
cattle hosts and the different vectors of Ba. bigemina in different regions of the
country should be collected and analysed using the markers developed in this study.
It would also be useful to investigate whether micro-satellite genotyping can shed
light on the variation of the antigenic and virulence properties of the parasite; i.e is
the selection for antigenic diversity able to overcome a low level of genetic

exchange.

The samples collected in this study provide a significant resource for also studying
the population genetics of 7. parva and the molecular epidemiology of the
rickettsial pathogens. With 7. parva, the results of this and a previous study
(Fandamu et al. 2005) have shown there is no association between an animal’s
vaccination status and whether it is positive for ECF. In addition to this, Geysen et
al. (1999) suggested that clonal expansion of components of the Muguga vaccine
cocktail was responsible for the outbreaks of ECF in some parts of Southern
Zambia. Geysen et al. used the PCR-RFLP method, whose limitations were
mentioned above, in the characterisation of the strains and found that components
of the Muguga cocktail that persisted in the Zambian population were the Muguga
and the Serengeti transformed strains. This was in contrast to the results from a

Ugandan study conducted by Oura et al. (2004), who used micro- and mini-



193

satellites and found that the Kiambu 5 was the component of the vaccine that
persisted in cattle. Consequently, a number of questions have been raised about the
conclusions of the Geysen ef al. study (Geysen 2008; McKeever 2007) and it would
be interesting to test the conclusions of this study, while at the same time
characterising the carrier status induced by the local Zambian strains used to
vaccinate cattle against ECF, by applying the 7. parva markers developed by Oura
et al. (2003).

e Another area where the markers developed in this study will be useful is in the
characterisation of vaccine breakthroughs in areas where live vaccines are used to
vaccinate cattle against babesiosis. A number of molecular methods have been used
in an attempt to identify and genetically compare breakthrough strains from vaccine
strains (Berens et al. 2005; Dalrymple 1990; Lew et al. 1997b; Wilkowsky et al.
2008). However, the resolution of these markers has been very low and in most
cases they have failed to distinguish isolates from different areas. Recently,
Wilkowsky ef al. (2009) described a set of mini-satellite markers which can be used
to genotype Ba. bovis isolates. However, these markers were all in coding regions,
some of which are known to have antigenic properties (Hines ef al. 1995a; Tebele
et al. 2000) and are therefore unlikely to be neutral as they may be under selective
pressure. The neutral markers described in this study would be more appropriate for

the discrimination of vaccine breakthrough genotypes.

In summary, this study has shown that molecular tools are useful in the study of the
epidemiology and basic biology of TBDs parasite populations in the field. Further research
is needed on these important parasites of livestock, so that cost effective disease control
strategies, based on sound knowledge of their epidemiology and host response to infection

can be designed and implemented.



Appendix 6.1 MLGs used in the population genetic analysis of

Ba. bovis

Samples representing 120 isolates derived from Turkey and Zambia were used for formal
population genetic. A multi-locus genotype was generated for each sample, representing
the predominant allele detected at each of the eight locus. MLGs for those samples that did

not amplify from at least one locus are not included. Allele sizes are indicated in base pairs

(bp).
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CHAPTER 6
Appendices

Appendix 6.1 MLGs used in the population genetic analysis of

Ba. bovis

Sample Markers

id Region Country Bhy5 Bbv19 Bbv20 Bbv25 Bbv26 Bbv50 Bbv52 Bbv58

DALIOOT Aydin Turkey 208 225 223 155 155 155 176 199
DALIOO2 Ayidin  Turkey 208 155 209 155 209 155 176 211
DALIOO3 Ayidin  Turkey 177 209 155 156 178 208 155 211
DALIOO4 Aydin Turkey 177 155 209 156 208 155 176 199
DALIOOS Ayidin  Turkey 176 155 155 156 209 155 176 211
DALIOO6 Aydin  Turkey 175 209 209 155 155 148 211 211
DALIOO7 Aydin Turkey 176 155 223 156 155 116 176 199
DALIOO8 Aydin Turkey 176 209 230 156 214 148 176 199
DALIOO9 Aydin  Turkey 176 209 155 155 209 171 155 211
HAOO001 Aydin Turkey 204 270 231 231 210 173 246 209
HAOO002 Aydin Turkey 204 273 231 232 213 161 241 208
HAOO003 Aydin Turkey 205 273 232 232 214 153 244 211
HAO004 Aydin Turkey 205 273 231 283 213 164 244 208
HAOO005 Aydin Turkey 173 273 235 226 213 174 248 208
HAOO006 Aydin Turkey 199 273 235 228 213 155 248 208
HAOO007 Aydin Turkey 202 274 230 231 213 173 242 199
HAOO008 Aydin Turkey 205 273 235 211 214 155 248 214
HAOO009 Aydin Turkey 204 273 231 217 214 174 246 199
HAOO010 Aydin Turkey 205 272 231 230 213 174 242 199
HAOO011 Aydin Turkey 205 273 231 230 214 153 248 199
HAOO012 Aydin Turkey 204 273 231 228 214 174 250 199
HAOO013 Aydin Turkey 205 273 231 215 213 159 251 199
YAZOO1 Aydin Turkey 204 273 231 209 213 174 251 208
YAZ002 Aydin Turkey 208 273 232 232 213 174 253 214
YAZOO3 Aydin Turkey 207 274 232 209 213 171 250 208
YAZ004 Aydin Turkey 204 273 231 390 213 174 242 199
YAZOO5 Aydin Turkey 108 273 231 217 213 174 248 199

TIRO01  Izmir Turkey 175 155 220 156 213 144 155 211

TIR002  Izmir Turkey 211 155 209 155 155 174 176 211

TIRO03  Izmir Turkey 239 261 222 155 209 155 176 211

TIRO04  Izmir Turkey 208 209 223 309 209 155 208 199

TIRO0S  Izmir Turkey 176 209 155 155 368 133 176 211

TIRO06  Izmir Turkey 175 264 155 156 209 104 176 211

TIROO7  Izmir Turkey 175 261 155 208 178 171 176 211

TIRO08  Izmir Turkey 176 261 209 209 178 155 176 199

TIRO09  Izmir Turkey 176 209 155 156 209 148 208 211

TIRO10  Izmir Turkey 176 209 155 156 208 135 208 211
UNKOO1 Unknown Turkey 205 276 232 215 227 177 244 155
UNKOO2 Unknown Turkey 206 273 231 217 213 174 244 199
UNKOO3 Unknown Turkey 205 273 232 217 213 171 244 199
LUSO01 Lusaka Zambia 208 262 262 151 230 143 245 211
LUS002 Lusaka Zambia 208 260 223 225 236 144 245 199
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Appendix 6.1 continues

Sample Markers

id Region Country Bhy5 Bbv19 Bbv20 Bbv25 Bbv26 Bbv50 Bbv52 Bbv58

LUS003 Lusaka Zambia 208 260 223 281 304 143 247 211
LUS004 Lusaka Zambia 208 261 222 281 236 144 245 199
LUSO005 Lusaka Zambia 208 261 222 281 238 144 247 211
LUS006 Lusaka Zambia 208 261 222 281 185 174 245 199
LUS007 Lusaka Zambia 207 260 222 281 213 174 245 199
LUSO008 Lusaka Zambia 209 260 228 312 359 144 244 211
LUSO009 Lusaka Zambia 208 261 222 370 515 144 244 154
LUS010 Lusaka Zambia 208 261 210 309 213 146 266 211
LUSO11 Lusaka Zambia 208 272 228 312 213 143 245 202
LUSO12 Lusaka Zambia 208 261 215 309 106 161 247 208
LUS013 Lusaka Zambia 208 272 144 309 371 162 245 199
LUSO014 Lusaka Zambia 208 272 228 283 313 170 267 205
LUSO015 Lusaka Zambia 208 261 269 312 216 172 233 208
LUSO016 Lusaka Zambia 208 272 233 155 213 180 247 202
CENOO1 Central Zambia 209 272 229 312 213 144 244 211
CENO002 Central Zambia 207 267 229 276 213 144 266 211
EAS001 Eastern Zambia 225 261 227 298 213 164 245 199
EAS002 Eastern Zambia 207 261 229 171 196 170 244 199
EAS003 Eastern Zambia 208 272 229 298 213 164 232 199
EAS004 Eastern Zambia 207 272 229 232 217 172 242 208
EAS005 Eastern Zambia 207 261 228 298 213 176 242 199
EAS006 Eastern Zambia 207 261 229 211 298 174 233 211
EAS007 Eastern Zambia 208 261 231 238 124 170 247 199
EAS008 Eastern Zambia 208 272 228 211 124 144 249 208
EAS009 Eastern Zambia 209 261 233 289 180 144 244 199
EAS010 Eastern Zambia 207 262 231 212 113 144 211 199
EAS011 Eastern Zambia 208 272 228 327 213 171 240 208
EAS012 Eastern Zambia 208 261 228 272 213 162 247 205
EAS013 Eastern Zambia 208 261 169 254 162 178 246 202
EAS014 Eastern Zambia 172 272 223 228 213 171 247 211
EAS015 Eastern Zambia 207 272 232 231 213 236 247 202
EAS016 Eastern Zambia 209 262 225 284 213 170 243 205
EAS017 Eastern Zambia 208 272 226 149 213 210 245 199
EAS018 Eastern Zambia 207 261 224 372 262 162 248 199
EAS019 Eastern Zambia 208 272 223 283 154 170 242 199
EAS020 Eastern Zambia 208 261 262 205 154 143 248 205
EAS021 Eastern Zambia 208 275 219 149 180 176 245 199
EAS022 Eastern Zambia 208 277 228 209 244 143 267 211
EAS023 Eastern Zambia 181 272 228 211 213 170 233 208
EAS024 Eastern Zambia 181 265 228 138 324 172 215 199
EAS025 Eastern Zambia 209 260 229 411 214 168 249 211
EAS026 Eastern Zambia 261 272 227 231 213 170 247 199
EAS027 Eastern Zambia 181 270 224 207 274 171 244 205
EAS028 Eastern Zambia 181 272 229 426 178 143 244 205
EAS029 Eastern Zambia 207 261 229 257 213 170 244 199
EAS030 Eastern Zambia 206 266 219 211 213 170 266 199
EAS031 Eastern Zambia 201 272 229 284 154 143 247 199
EAS032 Eastern Zambia 207 226 230 312 214 168 266 211
EAS033 Eastern Zambia 208 261 231 154 124 144 244 199
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Appendix 6.1 continues

Sample Markers

id Region Country Bpy5 Bbv19 Bbv20 Bbv25 Bbv26 Bbv50 Bbv52 Bbv58
EAS034 Eastern Zambia 209 272 228 219 123 162 252 199
EAS035 Eastern Zambia 210 223 227 144 178 143 247 199
EAS036 Eastern Zambia 230 263 229 219 180 143 248 211
EAS037 Eastern Zambia 209 261 228 155 162 142 266 211
EAS038 Eastern Zambia 209 272 229 209 257 170 266 199
EAS039 Eastern Zambia 207 272 228 155 213 143 266 199
EAS040 Eastern Zambia 207 261 228 219 312 143 248 205
EAS041 Eastern Zambia 261 272 228 211 213 170 247 211
EAS042 Eastern Zambia 210 272 228 284 213 166 247 199
EAS043 Eastern Zambia 208 261 225 281 297 144 244 199
EAS044 Eastern Zambia 181 261 226 211 208 143 247 199
EAS045 Eastern Zambia 209 261 227 211 312 143 244 199
EAS046 Eastern Zambia 208 272 224 209 210 170 247 211
EAS047 Eastern Zambia 207 145 228 284 213 143 246 199
EAS048 Eastern Zambia 208 113 230 160 213 170 244 199
EAS049 Eastern Zambia 209 237 228 114 213 139 244 199
EAS050 Eastern Zambia 208 261 229 181 247 166 247 199
EAS051 Eastern Zambia 209 272 419 211 124 143 247 202
EAS052 Eastern Zambia 207 273 156 183 213 143 247 199
EAS053 Eastern Zambia 209 223 232 211 124 143 247 199
EAS054 Eastern Zambia 209 261 230 209 178 143 247 199
EAS055 Eastern Zambia 208 393 262 209 124 210 264 199
EAS056 Eastern Zambia 208 261 228 492 124 143 247 211
EAS057 Eastern Zambia 209 261 102 154 178 144 244 199
EAS058 Eastern Zambia 406 261 227 154 162 143 247 199
EAS059 Eastern Zambia 208 228 232 284 244 251 247 199
EAS060 Eastern Zambia 177 262 281 167 178 143 461 211
EAS061 Eastern Zambia 125 261 233 177 213 158 236 199
EAS062 Eastern Zambia 213 272 227 177 213 210 244 205




Appendix 6.2 MLGs used in population genetic analysis of

Ba. bigemina

Samples representing 52 isolates derived from Zambia were used for formal population
genetic. A multi-locus genotype was generated for each sample, representing the
predominant allele detected at each of the eight locus. MLGs for those samples that did not

amplify from at least one locus are not included. Allele sizes are indicated in base pairs

(bp).
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Sample Markers
id ) Bbg2 Bbg3
Province Bbg2 Bbg7 Bbg9 Bbg13 Bbg14 Bbg18 3 4 Bbg42
Lus01 Lusaka 280 254 278 156 267 173 309 274 347
Lus02 Lusaka 273 255 279 160 264 173 318 248 332
LusO3 Lusaka 280 255 276 156 268 173 309 274 347
LusO4 Lusaka 281 252 273 157 271 173 299 251 290
LusO5 Lusaka 273 258 291 156 271 173 299 248 290
LusO6 Lusaka 280 255 279 158 268 173 309 274 210
LusO7 Lusaka 282 272 276 132 265 173 318 216 358
LusO8 Lusaka 281 272 277 156 265 173 318 216 358
Lus09 Lusaka 281 272 276 159 265 173 318 216 357
Lus10 Lusaka 281 272 276 195 208 174 318 216 358
Lus11 Lusaka 273 272 275 194 265 173 318 216 292
Lus12 Lusaka 281 252 276 156 267 173 309 274 347
Lus13 Lusaka 273 255 279 156 270 173 318 262 332
Lus14 Lusaka 272 252 276 155 271 173 155 220 290
Lus15 Lusaka 279 155 276 195 267 173 155 219 287
Lus16 Lusaka 288 258 279 160 267 173 309 271 358
Lus17 Lusaka 284 156 281 155 264 175 155 271 351
Lus18 Lusaka 276 258 279 160 242 173 309 223 379
Lus19 Lusaka 273 156 277 160 195 173 155 226 346
Lus20 Lusaka 280 280 276 195 195 178 155 261 333
Lus21 Lusaka 280 255 279 157 271 173 309 219 328
Lus22 Lusaka 273 258 271 194 270 173 318 251 347
Lus23 Lusaka 273 258 268 194 268 173 318 248 384
Eas01 Eastern 273 256 271 155 266 174 309 260 357
Eas02 Eastern 274 156 276 194 266 173 309 260 252
Eas03 Eastern 281 242 265 195 273 173 309 257 316
Eas04 Eastern 276 155 271 157 263 173 309 257 347
Eas05 Eastern 281 155 275 194 176 174 155 219 356
Eas06 Eastern 281 271 276 195 264 173 318 216 358
Eas07 Eastern 281 155 277 194 265 173 155 216 359
Eas08 Eastern 274 156 265 155 305 173 309 260 379
Eas09 Eastern 298 155 268 195 195 174 155 274 347
Eas10 Eastern 282 280 262 195 195 173 155 218 355
Eas11 Eastern 281 272 276 194 265 174 318 216 358
Eas12 Eastern 282 155 158 195 178 171 275 219 351
Eas13 Eastern 281 272 276 194 265 173 318 216 358
Eas14 Eastern 282 155 291 157 175 173 155 274 360
Eas15 Eastern 281 242 262 157 265 173 309 216 274
Eas16 Eastern 282 155 262 155 268 174 155 219 274
Eas17 Eastern 282 155 277 156 155 174 318 216 358
Eas18 Eastern 274 242 262 195 276 173 318 258 186
Eas19 Eastern 281 214 262 157 266 173 309 260 274
Eas20 Eastern 281 263 262 195 276 175 309 260 274
Eas21 Eastern 282 159 154 195 177 178 155 262 356
Eas22 Eastern 272 160 291 306 178 177 155 258 359
Eas23 Eastern 213 160 292 194 177 175 155 220 177
Eas24 Eastern 155 252 262 195 177 173 318 219 274
Eas25 Eastern 281 260 262 195 267 170 309 256 340
Eas26 Eastern 281 156 262 157 177 173 318 260 316
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Appendix 6.2 continues

Sample Markers
id Bbg2 Bbg3
Province Bbg2 Bbg7 Bbg9 Bbg13 Bbg14 Bbg18 3 4 Bbg42
Eas27 Eastern 281 255 262 195 301 173 309 260 316
Eas28 Eastern 282 257 265 195 268 173 309 219 154
Eas29 Eastern 274 260 262 195 276 173 309 262 364




199

References

Adams, L.G. & Todorovic, R.A. (1974). The chemotherapeutic efficacy of imidocarb
dihydrochloride on concurrent bovine anaplasmosis and babesiosis. II. The effects of
multiple treatments, Trop.Anim Health Prod., 6, 79-84.

Agbede, R.I., Kemp, D.H., & Hoyte, H.M. (1986). Babesia bovis infection of secretory
cells in the gut of the vector tick Boophilus microplus, Int.J.Parasitol., 16, 109-114.

Ahmadu, B., Lovelace, C.E., Samui, K.L., & Mahan, S. (2004). Some observations on
the sero-prevalence of heartwater and tick infestation in Zambian goats, Onderstepoort
J.Vet.Res., 71, 161-164.

Ahmed, J.S. (2002). The role of cytokines in immunity and immunopathogenesis of
pirolasmoses, Parasitol.Res., 88, S48-S50.

Al Khedery, B. & Allred, D.R. (2006). Antigenic variation in Babesia bovis occurs
through segmental gene conversion of the ves multigene family, within a bidirectional
locus of active transcription, Mol. Microbiol., 59, 402-414.

Allen, J.R. & Humphreys, S.J. (1979). Immunisation of guinea pigs and cattle against
ticks, Nature, 280, 491-493.

Allred, D.R., Cinque, R.M., Lane, T.J., & Ahrens, K.P. (1994). Antigenic variation of
parasite-derived antigens on the surface of Babesia bovis-infected erythrocytes,
Infect.Immun., 62, 91-98.

Allsopp, M.T., Cavalier-Smith, T., de Waal, D.T., & Allsopp, B.A. (1994). Phylogeny
and evolution of the piroplasms, Parasitology, 108 ( Pt 2), 147-152.

Almeria, S., Castella, J., Ferrer, D., Ortuno, A., Estrada-Pena, A., & Gutierrez, J.F.
(2001). Bovine piroplasms in Minorca (Balearic Islands, Spain): a comparison of PCR-
based and light microscopy detection, Vet. Parasitol., 99, 249-259.

Anderson, T.J., Haubold, B., Williams, J.T., Estrada-Franco, J.G., Richardson, L.,
Mollinedo, R., Bockarie, M., Mokili, J., Mharakurwa, S., French, N., Whitworth, J.,
Velez, 1.D., Brockman, A.H., Nosten, F., Ferreira, M.U., & Day, K.P. (2000).
Microsatellite markers reveal a spectrum of population structures in the malaria parasite
Plasmodium falciparum, Mol.Biol.Evol., 17, 1467-1482.

Andrew, H.R. & Norval, R.A. (1989). The carrier status of sheep, cattle and African
buffalo recovered from heartwater, Vet. Parasitol., 34, 261-266.

Anon (2003). Summary report: Zambia 2000 census of population and housing, Central
Statistical Office: Lusaka. 1-41. Central Statistical Offica: Lusaka, Zambia.

Anon (2007). Annual Report of the Department of Veterinary and Livestock Development,
Ministry of Agriculture and Cooperatives. Government Printers, Lusaka Zambia: Lusaka,
Zambia.



200

Arancia, S., Sandini, S., Cassone, A., & Bernardis, F.D. (2009). Use of 65kDa
mannoprotein gene primers in PCR methods for the identification of five medically
important Candida species, Mol.Cell Probes.

Atashpaz, S., Shayegh, J., & Hejazi, M.S. (2009). Rapid virulence typing of Pasteurella
multocida by multiplex PCR, Res. Vet.Sci.

Aydin, L. & Bakirci, S. (2007). Geographical distribution of ticks in Turkey,
Parasitol.Res., 101 Suppl 2, S163-S166.

Bakheit, M.A. & Latif, A.A. (2002). The innate resistance of Kenana cattle to tropical
theileriosis (Theileria annulata infection) in the Sudan, Ann.N.Y.Acad.Sci., 969, 159-163.

Barbet, A.F., Palmer, G.H., Myler, P.J., & McGuire, T.C. (1987). Characterization of
an immunoprotective protein complex of Anaplasma marginale by cloning and expression
of the gene coding for polypeptide Am105L, Infect. Immun., 55, 2428-2435.

Barker, S.C. & Murrell, A. (2002). Phylogeny, evolution and historical zoogeography of
ticks: a review of recent progress, Exp.Appl.Acarol., 28, 55-68.

Bazarusanga, T., Vercruysse, J., Marcotty, T., & Geysen, D. (2007). Epidemiological
studies on Theileriosis and the dynamics of Theileria parva infections in Rwanda,
Vet Parasitol., 143, 214-221.

Bekker, C.P., de Vos, S., Taoufik, A., Sparagano, O.A., & Jongejan, F. (2002).
Simultaneous detection of Anaplasma and Ehrlichia species in ruminants and detection of

Ehrlichia ruminantium in Amblyomma variegatum ticks by reverse line blot hybridization,
Vet.Microbiol., 89, 223-238.

Bell-Sakyi, L., Koney, E.B., Dogbey, O., & Walker, A.R. (2004). Incidence and
prevalence of tick-borne haemoparasites in domestic ruminants in Ghana, Vet. Parasitol.,
124, 25-42.

Belongia, E.A. (2002). Epidemiology and impact of coinfections acquired from Ixodes
ticks, Vector.Borne.Zoonotic.Dis., 2, 265-273.

Ben Miled, L., Dellagi, K., Bernardi, G., Melrose, T.R., Darghouth, M., Bouattour, A.,
Kinnaird, J., Shiels, B., Tait, A., & Brown, C.G. (1994). Genomic and phenotypic
diversity of Tunisian Theileria annulata isolates, Parasitology, 108 ( Pt 1), 51-60.

Benson, G. (1999). Tandem repeats finder: a program to analyze DNA sequences, Nucleic
Acids Res., 27, 573-580.

Berens, S.J., Brayton, K.A., & Mcelwain, T.F. (2007). Coinfection with antigenically
and genetically distinct virulent strains of Babesia bovis is maintained through all phases
of the parasite life cycle, Infect.Immun., 75, 5769-5776.

Berens, S.J., Brayton, K.A., Molloy, J.B., Bock, R.E., Lew, A.E., & Mcelwain, T.F.
(2005). Merozoite surface antigen 2 proteins of Babesia bovis vaccine breakthrough

isolates contain a unique hypervariable region composed of degenerate repeats,
Infect.Immun., 73, 7180-7189.

Berkvens, D.L., Geysen, D.M., Chaka, G., Madder, M., & Brandt, J.R. (1998). A
survey of the ixodid ticks parasitising cattle in the Eastern province of Zambia,
Med. Vet. Entomol., 12, 234-240.



201

Berkvens, D.L., Pegram, R.G., & Brandt, J.R. (1995). A study of the diapausing
behaviour of Rhipicephalus appendiculatus and R. zambeziensis under quasi-natural
conditions in Zambia, Med. Vet. Entomol., 9, 307-315.

Bezuidenhout, J. D. (1989) "Veterinary Protozoan and Hemoparasite Vaccines," A. G.
Wright, ed., CRC Press, Boca Raton, pp. 31-42.

Billiouw, M., Brandt, J., Vercruysse, J., Speybroeck, N., Marcotty, T., Mulumba, M.,
& Berkvens, D. (2005). Evaluation of the indirect fluorescent antibody test as a diagnostic
tool for East Coast fever in eastern Zambia, Vet.Parasitol., 127, 189-198.

Billiouw, M., Mataa, L., Marcotty, T., Chaka, G., Brandt, J., & Berkvens, D. (1999).
The current epidemiological status of bovine theileriosis in eastern Zambia,
Trop.Med.Int.Health, 4, A28-A33.

Billiouw, M., Vercruysse, J., Marcotty, T., Speybroeck, N., Chaka, G., & Berkvens, D.
(2002). Theileria parva epidemics: a case study in eastern Zambia, Vet. Parasitol., 107, 51-
63.

Binta, M.G., Losho, T., Allsopp, B.A., & Mushi, E.Z. (1998). Isolation of Theileria
taurotragi and Theileria mutans from cattle in Botswana, Vet.Parasitol., 77, 83-91.

Bishop, R., Musoke, A., Morzaria, S., Sohanpal, B., & Gobright, E. (1997). Concerted
evolution at a multicopy locus in the protozoan parasite Theileria parva: extreme
divergence of potential protein-coding sequences, Mol.Cell Biol., 17, 1666-1673.

Bishop, R., Shah, T., Pelle, R., Hoyle, D., Pearson, T., Haines, L., Brass, A., Hulme,
H., Graham, S.P., Taracha, E.L., Kanga, S., Lu, C., Hass, B., Wortman, J., White, O.,
Gardner, M.J., Nene, V., & de Villiers, E.P. (2005). Analysis of the transcriptome of the
protozoan Theileria parva using MPSS reveals that the majority of genes are
transcriptionally active in the schizont stage, Nucleic Acids Res., 33, 5503-5511.

Biteau, N., Bringaud, F., Gibson, W., Truc, P., & Baltz, T. (2000). Characterization of
Trypanozoon isolates using a repeated coding sequence and microsatellite markers,
Mol.Biochem.Parasitol., 105, 187-202.

Blouin, M.S., Parsons, M., Lacaille, V., & Lotz, S. (1996). Use of microsatellite loci to
classify individuals by relatedness, Mol.Ecol., 5, 393-401.

Bock, R., Jackson, L., de Vos, A., & Jorgensen, W. (2004). Babesiosis of cattle,
Parasitology, 129 Suppl, S247-S269.

Bock, R.E., de Vos, A.J., Kingston, T.G., & McLellan, D.J. (1997). Effect of breed of
cattle on innate resistance to infection with Babesia bovis, B bigemina and Anaplasma
marginale, Aust.Vet.J., 75, 337-340.

Bock, R.E., de Vos, A.J., Kingston, T.G., Shiels, I.A., & Dalgliesh, R.J. (1992).
Investigations of breakdowns in protection provided by living Babesia bovis vaccine,
Vet.Parasitol., 43, 45-56.

Bock, R.E., Kingston, T.G., & de Vos, A.J. (1999a). Effect of breed of cattle on innate
resistance to infection with Anaplasma marginale transmitted by Boophilus microplus,
Aust. Vet J., 77, 748-751.



202

Bock, R.E., Kingston, T.G., & de Vos, A.J. (1999b). Effect of breed of cattle on
transmission rate and innate resistance to infection with Babesia bovis and B bigemina
transmitted by Boophilus microplus, Aust.Vet.J., 77, 461-464.

Bois, P. & Jeffreys, A.J. (1999). Minisatellite instability and germline mutation, Cell
Mol.Life Sci., 55, 1636-1648.

Bose, R., Jorgensen, W.K., Dalgliesh, R.J., Friedhoff, K.T., & de Vos, A.J. (1995).
Current state and future trends in the diagnosis of babesiosis, Vet. Parasitol., 57, 61-74.

Bowcock, A.M., Ruiz-Linares, A., Tomfohrde, J., Minch, E., Kidd, J.R., & Cavalli-
Sforza, L.L. (1994). High resolution of human evolutionary trees with polymorphic
microsatellites, Nature, 368, 455-457.

Brayton, K.A., Kappmeyer, L.S., Herndon, D.R., Dark, M.J., Tibbals, D.L., Palmer,
G.H., McGuire, T.C., & Knowles, D.P., Jr. (2005). Complete genome sequencing of
Anaplasma marginale reveals that the surface is skewed to two superfamilies of outer
membrane proteins, Proc.Natl.Acad.Sci.U.S.A, 102, 844-849.

Brayton, K.A., Lau, A.O., Herndon, D.R., Hannick, L., Kappmeyer, L.S., Berens,
S.J., Bidwell, S.L., Brown, W.C., Crabtree, J., Fadrosh, D., Feldblum, T., Forberger,
H.A., Haas, B.J., Howell, J.M., Khouri, H., Koo, H., Mann, D.J., Norimine, J.,
Paulsen, I.T., Radune, D., Ren, Q., Smith, R.K., Jr., Suarez, C.E., White, O.,
Wortman, J.R., Knowles, D.P., Jr., Mcelwain, T.F., & Nene, V.M. (2007). Genome
sequence of Babesia bovis and comparative analysis of apicomplexan hemoprotozoa,
PLoS.Pathog., 3, 1401-1413.

Brayton, K.A., Palmer, G.H., & Brown, W.C. (2006). Genomic and proteomic
approaches to vaccine candidate identification for Anaplasma marginale,
Expert.Rev.Vaccines., S, 95-101.

Brizuela, C.M., Ortellado, C.A., Sanabria, E., Torres, O., & Ortigosa, D. (1998). The
safety and efficacy of Australian tick-borne disease vaccine strains in cattle in Paraguay,
Vet.Parasitol., 76, 27-41.

Brock, W.E., Kliewer, 1.O., & Pearson C.C. (1965). A vaccine for anaplasmosis, Journal
of the American Veterinary Medical Association, 147, 948-951.

Brown, W.C., Mcelwain, T.F., Hotzel, 1., Suarez, C.E., & Palmer, G.H. (1998). Helper
T-cell epitopes encoded by the Babesia bigemina rap-1 gene family in the constant and
variant domains are conserved among parasite strains, Infect.Immun., 66, 1561-1569.

Brown, W.C., Norimine, J., Goff, W.L., Suarez, C.E., & Mcelwain, T.F. (2006).
Prospects for recombinant vaccines against Babesia bovis and related parasites, Parasite
Immunol., 28, 315-327.

Brown, W.C. & Palmer, G.H. (1999). Designing blood-stage vaccines against Babesia
bovis and B. bigemina, Parasitol. Today, 15, 275-281.

Brown, W.C., Ruef, B.J., Norimine, J., Kegerreis, K.A., Suarez, C.E., Conley, P.G.,
Stich, R.W., Carson, K.H., & Rice-Ficht, A.C. (2001). A novel 20-kilodalton protein
conserved in Babesia bovis and B. bigemina stimulates memory CD4(+) T lymphocyte
responses in B. bovis-immune cattle, Mol. Biochem. Parasitol., 118, 97-109.



203

Brownie, J., Shawcross, S., Theaker, J., Whitcombe, D., Ferrie, R., Newton, C., &
Little, S. (1997). The elimination of primer-dimer accumulation in PCR, Nucleic Acids
Res., 25, 3235-3241.

Caccio, S., Camma, C., Onuma, M., & Severini, C. (2000). The [beta]-tubulin gene of
Babesia and Theileria parasites is an informative marker for species discrimination,
International Journal for Parasitology, 30, 1181-1185.

Calder, J.A., Reddy, G.R., Chieves, L., Courtney, C.H., Littell, R., Livengood, J.R.,
Norval, R.A., Smith, C., & Dame, J.B. (1996). Monitoring Babesia bovis infections in
cattle by using PCR-based tests, J.Clin.Microbiol., 34, 2748-2755.

Carcy, B., Precigout, E., Schetters, T., & Gorenflot, A. (2006). Genetic basis for GPI-
anchor merozoite surface antigen polymorphism of Babesia and resulting antigenic
diversity, Vet.Parasitol., 138, 33-49.

Carelli, G., Decaro, N., Lorusso, A., Elia, G., Lorusso, E., Mari, V., Ceci, L., &
Buonavoglia, C. (2007). Detection and quantification of Anaplasma marginale DNA in
blood samples of cattle by real-time PCR, Vet.Microbiol., 124, 107-114.

Carson, C.A., Brandt, H.M., Jensen, J.B., Bailey, C.W., & Allen, G.K. (1994). Use of
random amplified polymorphic DNA analysis to compare Babesia bovis and B. bigemina
isolates, Parasitol.Res., 80, 312-315.

Cha, R.S. & Thilly, W.G. (1993). Specificity, efficiency, and fidelity of PCR, PCR
Methods Appl., 3, S18-S29.

Chen, C. & Hughes, H. (2004). Using ordinal regression model to analyse student
satisfaction questinnaires, /R Applications, 1, 1-13.

Chidumayo, E.N. (1987). Species structure in Zambian miombo woodland, Journal of
tropical ecology, 3, 109-118.

Chilonda, P., Huylenbroeck G.V, D'Haese L, Samui K.L., Musaba E.C., Imakando
M., & Ahmadu B (1999). Cattle production and veterinary care system in Zambia,
Outlook on Agriculture, 28, 109-116.

Chipanshi, A.C. (1989). Analysis of rainfall probabilities to determine maize species
suitability : An agrometeological study of Zambia., Singapore Journal of Tropical
Geography, 10, 110-118.

Christensen, N.O., Nansen, P., Fagbemi, B.O., & Monrad, J. (1987). Heterologous
antagonistic and synergistic interactions between helminths and between helminths and

protozoans in concurrent experimental infection of mammalian hosts, Parasitol.Res., 73,
387-410.

Coates, B.S., Sumerford, D.V., Miller, N.J., Kim, K.S., Sappington, T.W., Siegfried,
B.D., & Lewis, L.C. (2009). Comparative Performance of Single Nucleotide
Polymorphism and Microsatellite Markers for Population Genetic Analysis, J.Hered.

Coetzee, J.F. & Apley, M.D. (2006). Efficacy of enrofloxacin against severe experimental
Anaplasma marginale infections in splenectomized calves, Vet.Ther., 7, 319-328.



204

Coetzee, J.F., Apley, M.D., & Kocan, K.M. (2006). Comparison of the efficacy of
enrofloxacin, imidocarb, and oxytetracycline for clearance of persistent Anaplasma
marginale infections in cattle, Vet.Ther., 7, 347-360.

Coetzee, J.F., Apley, M.D., Kocan, K.M., Rurangirwa, F.R., & Van Donkersgoed, J.
(2005). Comparison of three oxytetracycline regimes for the treatment of persistent
Anaplasma marginale infections in beef cattle, Vet. Parasitol., 127, 61-73.

Cohen, J., Cohen, P., West, S. G., & Aiken, L. S. (2003) Applied multiple
regression/correlation analysis for the behavioral sciences Lawrence Erlbaum Associates,
Hillsdale, NJ.

Collins, N.E., Liebenberg, J., de Villiers, E.P., Brayton, K.A., Louw, E., Pretorius, A.,
Faber, F.E., van Heerden, H., Josemans, A., Van Kleef, M., Steyn, H.C., van Strijp,
ML.F., Zweygarth, E., Jongejan, F., Maillard, J.C., Berthier, D., Botha, M., Joubert,
F., Corton, C.H., Thomson, N.R., Allsopp, M.T., & Allsopp, B.A. (2005). The genome
of the heartwater agent Ehrlichia ruminantium contains multiple tandem repeats of actively
variable copy number, Proc.Natl.Acad.Sci.U.S.A, 102, 838-843.

Collins, N.E., Pretorius, A., Van Kleef, M., Brayton, K.A., Zweygarth, E., & Allsopp,
B.A. (2003). Development of improved vaccines for heartwater, Ann.N.Y.Acad.Sci., 990,
474-484.

Combrink, M.P., Troskie, P.C., & de Waal, D.T. (2002). Residual effect of antibabesial
drugs on the live redwater blood vaccines, Ann.N.Y.Acad.Sci., 969, 169-173.

Connoway, J.W. & Francines, M. (1899). Texas fever. Experiments made by the
Missouri Experimental Station and the Missouri State Board of Agriculture in cooperation
with Texas Experimental Station in immunizing Northern breeding cattle against Texas
fever from the Southern trade, MO Agric. Exp. Station Bull., 48, 1-64.

Conrad, P.A., Iams, K., Brown, W.C., Sohanpal, B., & ole-MoiYoi, O.K. (1987). DNA
probes detect genomic diversity in Theileria parva stocks, Mol. Biochem.Parasitol., 25,
213-226.

Costa-Junior, L.M., Rabelo, E.M., Martins Filho, O.A., & Ribeiro, M.F. (2006).
Comparison of different direct diagnostic methods to identify Babesia bovis and Babesia

bigemina in animals vaccinated with live attenuated parasites, Vet. Parasitol., 139, 231-
236.

Cowman, A.F. & Crabb, B.S. (2005). Revealing the molecular determinants of gender in
malaria parasites, Cell, 121, 659-660.

Cowman, A.F., Timms, P., & Kemp, D.J. (1984). DNA polymorphisms and
subpopulations in Babesia bovis, Mol.Biochem.Parasitol., 11, 91-103.

Criado, A., Martinez, J., Buling, A., Barba, J.C., Merino, S., Jefferies, R., & Irwin,
P.J. (2006). New data on epizootiology and genetics of piroplasms based on sequences of
small ribosomal subunit and cytochrome b genes, Vet.Parasitol., 142, 238-247.

Criado-Fornelio, A. (2007). A review of nucleic-acid-based diagnostic tests for Babesia
and Theileria, with emphasis on bovine piroplasms, Parassitologia, 49 Suppl 1, 39-44.

D'Haese, L., Penne, K., & Elyn, R. (1999). Economics of theileriosis control in Zambia,
Trop.Med.Int.Health, 4, A49-A57.



205

Dalgliesh, R.J., Jorgensen, W.K., & de Vos, A.J. (1990). Australian frozen vaccines for
the control of babesiosis and anaplasmosis in cattle--a review, Trop.Anim Health Prod., 22,
44-52.

Dalgliesh, R.J. & Stewart, N.P. (1982). Some effects of time, temperature and feeding on

infection rates with Babesia bovis and Babesia bigemina in Boophilus microplus larvae,
Int.J Parasitol., 12, 323-326.

Dalrymple, B.P. (1990). Cloning and characterization of the rRNA genes and flanking
regions from Babesia bovis: use of the genes as strain discriminating probes,
Mol.Biochem.Parasitol., 43, 117-124.

Dalrymple, B.P. (1993). Molecular variation and diversity in candidate vaccine antigens
from Babesia, Acta Trop., 53, 227-238.

de Castro, J.J. (1997). Sustainable tick and tickborne disease control in livestock
improvement in developing countries, Vet. Parasitol., 71, 77-97.

de la Fuente, J., Almazan, C., Blouin, E.F., Naranjo, V., & Kocan, K.M. (2006).
Reduction of tick infections with Anaplasma marginale and A. phagocytophilum by
targeting the tick protective antigen subolesin, Parasitol.Res., 100, 85-91.

de la Fuente, J. & Kocan, K.M. (2006). Strategies for development of vaccines for
control of ixodid tick species, Parasite Immunol., 28, 275-283.

de la Fuente, J., Kocan, K.M., & Blouin, E.F. (2007). Tick vaccines and the transmission
of tick-borne pathogens, Vet.Res.Commun., 31 Suppl 1, 85-90.

de la Fuente, J., Kocan, K.M., Garcia-Garcia, J.C., Blouin, E.F., Claypool, P.L., &
Saliki, J.T. (2002). Vaccination of cattle with Anaplasma marginale derived from tick cell

culture and bovine erythrocytes followed by challenge-exposure with infected ticks,
Vet Microbiol., 89, 239-251.

de la Fuente, J., Rodriguez, M., Redondo, M., Montero, C., Garcia-Garcia, J.C.,
Mendez, L., Serrano, E., Valdes, M., Enriquez, A., Canales, M., Ramos, E., Boue, O.,
Machado, H., Lleonart, R., de Armas, C.A., Rey, S., Rodriguez, J.L., Artiles, M., &
Garecia, L. (1998). Field studies and cost-effectiveness analysis of vaccination with Gavac
against the cattle tick Boophilus microplus, Vaccine, 16, 366-373.

de Vos, A.J., Bessenger, R., & Banting, L.F. (1981). Theileria taurotragi: a probable
agent of bovine cerebral theileriosis, Onderstepoort J. Vet.Res., 48, 177-178.

de Waal, D.T. & Combrink, M.P. (2006). Live vaccines against bovine babesiosis,
Veterinary Parasitology, 138, 88-96.

De Wall, D.T. (2000). Anaplasmosis control and diagnosis in South Africa,
Ann.N.Y.Acad.Sci., 916, 474-483.

Deem, S.L. (1998). A review of heartwater and the threat of introduction of Cowdria
ruminantium and Amblyomma spp. ticks to the American mainland, J.Zoo. Wildl.Med., 29,
109-113.

Deem, S.L., Donachie, P.L., Norval, R.A., & Mahan, S.M. (1996a). Colostrum from
dams living in a heartwater-endemic area influences calfhood immunity to Cowdria
ruminantium, Vet.Parasitol., 61, 133-144.



206

Deem, S.L., Norval, R.A.I., Donachie, P.L., & Mahan, S.M. (1996b). Demonstration of
vertical transmission of Cowdria ruminantium, the causative agent of heartwater, from
cows to their calves, Veterinary Parasitology, 61, 119-132.

Di Giulio, G., Lynen, G., Morzaria, S., Oura, C., & Bishop, R. (2009). Live
immunization against East Coast fever - current status, Trends Parasitol.

Dib, L., Bitam, 1., Tahri, M., Bensouilah, M., & De Meeus, T. (2008). Competitive
exclusion between piroplasmosis and anaplasmosis agents within cattle, PLoS.Pathog., 4,
e7.

Dieffenbach, C.W., Lowe, T.M., & Dveksler, G.S. (1993). General concepts for PCR
primer design, PCR Methods Appl., 3, S30-S37.

Du Plessis, J.L. (1970). Pathogenesis of heartwater. I. Cowdria ruminantium in the lymph
nodes of domestic ruminants, Onderstepoort J.Vet.Res., 37, 89-95.

Du Plessis, J.L. (1984). Colostrum-derived antibodies to Cowdria ruminantium in the
serum of calves and lambs, Onderstepoort J.Vet.Res., 51, 275-276.

Du Plessis, J.L. & Malan, L. (1988). Susceptibility to heartwater of calves born to non-
immune cows, Onderstepoort J.Vet.Res., 55, 235-237.

Dumler, J.S., Barbet, A.F., Bekker, C.P., Dasch, G.A., Palmer, G.H., Ray, S.C.,
Rikihisa, Y., & Rurangirwa, F.R. (2001). Reorganization of genera in the families
Rickettsiaceae and Anaplasmataceae in the order Rickettsiales: unification of some species
of Ehrlichia with Anaplasma, Cowdria with Ehrlichia and Ehrlichia with Neorickettsia,
descriptions of six new species combinations and designation of Ehrlichia equi and 'HGE
agent' as subjective synonyms of Ehrlichia phagocytophila, Int.J.Syst. Evol.Microbiol., 51,
2145-2165.

Edelhofer, R., Muller, A., Schuh, M., Obritzhauser, W., & Kanout, A. (2004).
Differentiation of Babesia bigemina, B. bovis, B. divergens and B. major by Western
blotting--first report of B. bovis in Austrian cattle, Parasitol.Res., 92, 433-435.

Eisler, M.C., Torr, S.J., Coleman, P.G., Machila, N., & Morton, J.F. (2003). Integrated
control of vector-borne diseases of livestock--pyrethroids: panacea or poison?, Trends
Parasitol., 19, 341-345.

Elnifro, E.M., Ashshi, A.M., Cooper, R.J., & Klapper, P.E. (2000). Multiplex PCR:
optimization and application in diagnostic virology, Clin. Microbiol.Rev., 13, 559-570.

Eng, J. (2003). Sample size estimation: How many individuals should be studied?
Radiology, 227, 309-313.

Erp, E.E., Gravely, S.M., Smith, R.D., Ristic, M., Osorno, B.M., & Carson, C.A.
(1978). Growth of Babesia bovis in bovine erythrocyte cultures, Am.J. Trop.Med.Hyg., 27,
1061-1064.

Escalante, A.A., Freeland, D.E., Collins, W.E., & Lal, A.A. (1998). The evolution of
primate malaria parasites based on the gene encoding cytochrome b from the linear
mitochondrial genome, Proc.Natl. Acad.Sci.U.S.A4, 95, 8124-8129.

Estrada-Pena, A., Bouattour, A., Camicas, J.L., Guglielmone, A., Horak, 1., Jongejan,
F., Latif, A., Pegram, R., & Walker, A.R. (2006). The known distribution and ecological



207

preferences of the tick subgenus Boophilus (Acari: Ixodidae) in Africa and Latin America,
Exp.Appl.Acarol., 38, 219-235.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study, Mol.Ecol., 14, 2611-
2620.

Faburay, B., Geysen, D., Ceesay, A., Marcelino, 1., Alves, P.M., Taoufik, A., Postigo,
M., Bell-Sakyi, L., & Jongejan, F. (2007). Immunisation of sheep against heartwater in
The Gambia using inactivated and attenuated Ehrlichia ruminantium vaccines, Vaccine,
25, 7939-7947.

Fandamu, P., Duchateau, L., Speybroeck, N., Marcotty, T., Mbao, V., Mtambo, J.,
Mulumba, M., & Berkvens, D. (2005). Theileria parva seroprevalence in traditionally
kept cattle in southern Zambia and El Nino, Int.J. Parasitol., 35, 391-396.

Fawcett, D.W., Buscher, G., & Doxsey, S. (1982). Salivary gland of the tick vector of
East Coast fever. II1. The ultrastructure of sporogony in Theileria parva, Tissue Cell, 14,
183-206.

Figueroa, J.V., Chieves, L.P., Johnson, G.S., & Buening, G.M. (1993). Multiplex
polymerase chain reaction based assay for the detection of Babesia bigemina, Babesia

bovis and Anaplasma marginale DNA in bovine blood, Veterinary Parasitology, 50, 69-
81.

Fisher, T.G., Mcelwain, T.F., & Palmer, G.H. (2001). Molecular basis for variable
expression of merozoite surface antigen gp45 among American isolates of Babesia
bigemina, Infect.Immun., 69, 3782-3790.

Fortin, M. (2002). How to test the significance of the relation between spatially
autocorrelated data at the landscape scale: A case study using fire and forest maps.,
Ecoscience, 9, 213-218.

Futse, J.E., Ueti, M.W., Knowles, D.P., Jr., & Palmer, G.H. (2003). Transmission of
Anaplasma marginale by Boophilus microplus: retention of vector competence in the
absence of vector-pathogen interaction, J.Clin.Microbiol., 41, 3829-3834.

Gardner, M.J., Bishop, R., Shah, T., de Villiers, E.P., Carlton, J.M., Hall, N., Ren, Q.,
Paulsen, I.T., Pain, A., Berriman, M., Wilson, R.J., Sato, S., Ralph, S.A., Mann, D.J.,
Xiong, Z., Shallom, S.J., Weidman, J., Jiang, L., Lynn, J., Weaver, B., Shoaibi, A.,
Domingo, A.R., Wasawo, D., Crabtree, J., Wortman, J.R., Haas, B., Angiuoli, S.V.,
Creasy, T.H., Lu, C., Suh, B., Silva, J.C., Utterback, T.R., Feldblyum, T.V., Pertea,
M., Allen, J., Nierman, W.C., Taracha, E.L., Salzberg, S.L., White, O.R., Fitzhugh,
H.A., Morzaria, S., Venter, J.C., Fraser, C.M., & Nene, V. (2005). Genome sequence of
Theileria parva, a bovine pathogen that transforms lymphocytes, Science, 309, 134-137.

Ge, N.L., Kocan, K.M., Blouin, E.F., & Murphy, G.L. (1996). Developmental studies of
Anaplasma marginale (Rickettsiales:Anaplasmataceae) in male Dermacentor andersoni
(Acari:Ixodidae) infected as adults by using nonradioactive in situ hybridization and
microscopy, J.Med.Entomol., 33, 911-920.

Genis, A.D., Mosqueda, J.J., Borgonio, V.M., Falcon, A., Alvarez, A., Camacho, M.,
de Lourdes, M.M., & Figueroa, J.V. (2008). Phylogenetic analysis of Mexican Babesia
bovis isolates using msa and ssfRNA gene sequences, Ann.N.Y.Acad.Sci., 1149, 121-125.



208

George, J.E., Pound, J.M., & Davey, R.B. (2004). Chemical control of ticks on cattle and
the resistance of these parasites to acaricides, Parasitology, 129 Suppl, S353-S366.

Geysen, D. (2000). The application of Molecular Biology detection techniques to analyse
diversity of Theilaria parva populations in Zambia., PhD thesis, Brunel University, UK.

Geysen, D. (2008). Live immunisation against Theileria parva: spreading the disease?,
Trends Parasitol., 24, 245-246.

Geysen, D., Bishop, R., Skilton, R., Dolan, T.T., & Morzaria, S. (1999). Molecular
epidemiology of Theileria parva in the field, Trop.Med.Int. Health, 4, A21-A27.

Gharbi, M., Sassi, L., Dorchies, P., & Darghouth, M.A. (2006). Infection of calves with
Theileria annulata in Tunisia: Economic analysis and evaluation of the potential benefit of
vaccination, Vet.Parasitol., 137, 231-241.

Ghosh, S., Azhahianambi, P., & Yadav, M.P. (2007). Upcoming and future strategies of
tick control: a review, J. Vector.Borne.Dis., 44, 79-89.

Gilbert, S.A., Burton, K.M., Prins, S.E., & Deregt, D. (1999). Typing of bovine viral
diarrhea viruses directly from blood of persistently infected cattle by multiplex PCR,
J.Clin.Microbiol., 37, 2020-2023.

Goff, W.L., Johnson, W.C., Molloy, J.B., Jorgensen, W.K., Waldron, S.J., Figueroa,
J.V., Matthee, O., Adams, D.S., McGuire, T.C., Pino, 1., Mosqueda, J., Palmer, G.H.,
Suarez, C.E., Knowles, D.P., & Mcelwain, T.F. (2008). Validation of a competitive
enzyme-linked immunosorbent assay for detection of Babesia bigemina antibodies in
cattle, Clin.Vaccine Immunol., 15, 1316-1321.

Gough, J.M., Jorgensen, W.K., & Kemp, D.H. (1998). Development of tick gut forms of
Babesia bigemina in vitro, J. Eukaryot. Microbiol., 45, 298-306.

Graham, A.L., Lamb, T.J., Read, A.F., & Allen, J.E. (2005). Malaria-filaria coinfection
in mice makes malarial disease more severe unless filarial infection achieves patency,
J.Infect.Dis., 191, 410-421.

Graham, A.L., Cattadori, .M., Lloyd-Smith, J.O., Ferrari, M.J., & Bjornstad, O.N.
(2007). Transmission consequences of coinfection: cytokines writ large?, Trends in
Parasitology, 23, 284-291.

Graham, S.P., Pelle, R., Honda, Y., Mwangi, D.M., Tonukari, N.J., Yamage, M.,
Glew, E.J., de Villiers, E.P., Shah, T., Bishop, R., Abuya, E., Awino, E., Gachanja, J.,
Luyai, A.E., Mbwika, F., Muthiani, A.M., Ndegwa, D.M., Njahira, M., Nyanjui, J.K.,
Onono, F.O., Osaso, J., Saya, R.M., Wildmann, C., Fraser, C.M., Maudlin, I.,
Gardner, M.J., Morzaria, S.P., Loosmore, S., Gilbert, S.C., Audonnet, J.C., van der,
B.P., Nene, V., & Taracha, E.L. (2006). Theileria parva candidate vaccine antigens
recognized by immune bovine cytotoxic T lymphocytes, Proc.Natl. Acad.Sci.U.S.4, 103,
3286-3291.

Gray, J.S. & Potgieter, F.T. (1981). The retention of Babesia bigemina infection by
Boophilus decoloratus exposed to imidocarb dipropionate during engorgement,
Onderstepoort J.Vet.Res., 48, 225-227.



209

Grootenhuis, J.G., Morrison, W.I., Karstad, L., Sayer, P.D., Young, A.S., Murray,
M., & Haller, R.D. (1980). Fatal theileriosis in eland (Taurotragus oryx): pathology of
natural and experimental cases, Res.Vet.Sci., 29, 219-29U.

Guan, G., Chauvin, A., Luo, J., Inoue, N., Moreau, E., Liu, Z., Gao, J., Thekisoe,
0.M., Ma, M., Liu, A., Dang, Z., Liu, J., Ren, Q., Jin, Y., Sugimoto, C., & Yin, H.
(2008). The development and evaluation of a loop-mediated isothermal amplification
(LAMP) method for detection of Babesia spp. infective to sheep and goats in China,
Exp.Parasitol., 120, 39-44.

Gubbels, J.M., de Vos, A.P., van der, W.M., Viseras, J., Schouls, L.M., de Vries, E., &
Jongejan, F. (1999). Simultaneous detection of bovine Theileria and Babesia species by
reverse line blot hybridization, J.Clin.Microbiol., 37, 1782-1789.

Guglielmone, A.A. (1995). Epidemiology of babesiosis and anaplasmosis in South and
Central America, Veterinary Parasitology, 57, 109-119.

Guglielmone, A.A., Anziani, O.S., Mangold, A.J., Volpogni, M.M., & Vogel, A. (1996).
Enrofloxacin to control Anaplasma marginale infections, Ann.N.Y.Acad.Sci., 791, 471-472.

Gwamaka, M., Matovelo, J.A., Mtambo, M.M., Mbassa, G.K., Maselle, R.M., &
Boniphace, S. (2004). The effect of dexamethasone and promethazine in combination with
buparvaquone in the management of East Coast fever, Onderstepoort J.Vet.Res., 71, 119-
128.

Haqqi, T.M., Sarkar, G., David, C.S., & Sommer, S.S. (1988). Specific amplification
with PCR of a refractory segment of genomic DNA, Nucleic Acids Res., 16, 11844,

Haubold, B. & Hudson, R.R. (2000). LIAN 3.0: detecting linkage disequilibrium in
multilocus data. Linkage Analysis, Bioinformatics., 16, 847-848.

Henegariu, O., Heerema, N.A., Dlouhy, S.R., Vance, G.H., & Vogt, P.H. (1997).
Multiplex PCR: Critical parameters and step-by-step protocol, BioTechniques, 23, 504-
511.

Henry, E.T., Norman, B.B., Fly, D.E., Wichmann, R.W., & York, S.M. (1983). Effects
and use of a modified live Anaplasma marginale vaccine in beef heifers in California,
J.Am.Vet. Med.Assoc., 183, 66-69.

Herrero, M.V., Perez, E., Goff, W.L., Torioni, d.E., Knowles, D.P., Mcelwain, T.F.,
Alvarez, V., Alvarez, A., & Buening, G.M. (1998). Prospective study for the detection of
Anaplasma marginale Theiler, 1911 (Rickettsiales: Anaplasmataceae) in Costa Rica,
Ann.N.Y.Acad.Sci., 849, 226-233.

Hines, S.A., Palmer, G.H., Brown, W.C., Mcelwain, T.F., Suarez, C.E., Vidotto, O., &
Rice-Ficht, A.C. (1995a). Genetic and antigenic characterization of Babesia bovis
merozoite spherical body protein Bb-1, Mol. Biochem. Parasitol., 69, 149-159.

Hines, S.A., Palmer, G.H., Jasmer, D.P., Goff, W.L., & Mcelwain, T.F. (1995b).
Immunization of cattle with recombinant Babesia bovis merozoite surface antigen-1,
Infect.Immun., 63, 349-352.

Hodgson, J.L. (1992). Biology and transmission of Babesia bigemina in Boophilus
microplus, Ann.N.Y.Acad.Sci., 653, 42-51.



210

Horak, I.G., Camicas, J.L., & Keirans, J.E. (2002). The Argasidae, Ixodidae and
Nuttalliellidae (Acari: Ixodida): a world list of valid tick names, Exp.Appl.Acarol., 28, 27-
54.

Hosmer, D. W. & Lemeshow, S. (2000). Applied Logistic Regression, 2nd edn,
Chichester, Wiley, New York.

Hotzel, 1., Suarez, C.E., Mcelwain, T.F., & Palmer, G.H. (1997). Genetic variation in
the dimorphic regions of RAP-1 genes and rap-1 loci of Babesia bigemina,
Mol.Biochem.Parasitol., 90, 479-489.

Howell, D.E., Stiles, G.W., & Moe, L.H. (1941). The fowl tick (4rgas persicus), a new
vector of anaplasmosis., American Journal of Veterinary Research, 4, 73-75.

Imamura, S., Konnai, S., Vaz, L.S., Yamada, S., Nakajima, C., Ito, Y., Tajima, T.,
Yasuda, J., Simuunza, M., Onuma, M., & Ohashi, K. (2008). Effects of anti-tick
cocktail vaccine against Rhipicephalus appendiculatus, Jpn.J.Vet.Res., 56, 85-98.

Irvin, A.D., Brown, C.G., Burridge, M.J., Cunningham, M.P., Musoke, A.J., Pierce,
M.A., Purnell, R.E., & Radley, D.E. (1972). A pathogenic theilerial syndrome of cattle in
the Narok District of Kenya. I. Transmission studies, Trop.Anim Health Prod., 4, 220-229.

Iseki, H., Alhassan, A., Ohta, N., Thekisoe, O.M., Yokoyama, N., Inoue, N., Nambota,
A., Yasuda, J., & Igarashi, I. (2007). Development of a multiplex loop-mediated
isothermal amplification (mLAMP) method for the simultaneous detection of bovine
Babesia parasites, J. Microbiol Methods, 71, 281-287.

Jeffreys, A.J., Royle, N.J., Wilson, V., & Wong, Z. (1988). Spontaneous mutation rates
to new length alleles at tandem-repetitive hypervariable loci in human DNA, Nature, 332,
278-281.

Jongejan, F., Lemche, J., Mwase, E.T., & Kafunda, M.M. (1986a). Bovine babesiosis
(Babesia bovis infection) in Zambia, Vet.Q., 8, 168-171.

Jongejan, F., Musisi, F.L., Moorhouse, P.D., Snacken, M., & Uilenberg, G. (1986b).
Theileria taurotragi in Zambia, Vet.Q., 8, 261-263.

Jongejan, F., Pegram, R.G., Zivkovic, D., Hensen, E.J., Mwase, E.T., Thielemans,
M.J., Cosse, A., Niewold, T.A., el Said, A., & Uilenberg, G. (1989). Monitoring of
naturally acquired and artificially induced immunity to Amblyomma variegatum and
Rhipicephalus appendiculatus ticks under field and laboratory conditions,
Exp.Appl.Acarol., 7, 181-199.

Jongejan, F., Perry, B.D., Moorhouse, P.D., Musisi, F.L., Pegram, R.G., & Snacken,
M. (1988). Epidemiology of bovine babesiosis and anaplasmosis in Zambia, Trop.Anim
Health Prod., 20, 234-242.

Jongejan, F. & Uilenberg, G. (2004). The global importance of ticks, Parasitology, 129
Suppl, S3-14.

Jongejan, F., Zandbergen, T.A., van de Wiel, P.A., de Groot, M., & Uilenberg, G.
(1991). The tick-borne rickettsia Cowdria ruminantium has a Chlamydia-like
developmental cycle, Onderstepoort J.Vet.Res., 58, 227-237.



211

Jonsson, N.N., Bock, R.E., & Jorgensen, W.K. (2008). Productivity and health effects of
anaplasmosis and babesiosis on Bos indicus cattle and their crosses, and the effects of
differing intensity of tick control in Australia, Vet. Parasitol.

Kahl, L.P., Anders, R.F., Rodwell, B.J., Timms, P., & Mitchell, G.F. (1982). Variable
and common antigens of Babesia bovis parasites differing in strain and virulence,
JImmunol., 129, 1700-1705.

Kahl, L.P., Mitchell, G.F., Dalgliesh, R.J., Stewart, N.P., Rodwell, B.J., Mellors, L.T.,
Timms, P., & Callow, L.L. (1983). Babesia bovis: proteins of virulent and avirulent

parasites passaged through ticks and splenectomized or intact calves, Exp.Parasitol., 56,
222-235.

Kariuki, D.P., Young, A.S., Morzaria, S.P., Lesan, A.C., Mining, S.K., Omwoyo, P.,
Wafula, J.L., & Molyneux, D.H. (1995). Theileria parva carrier state in naturally infected
and artificially immunised cattle, Trop.Anim Health Prod., 27, 15-25.

Katende, J., Morzaria, S., Toye, P., Skilton, R., Nene, V., Nkonge, C., & Musoke, A.
(1998). An enzyme-linked immunosorbent assay for detection of Theileria parva
antibodies in cattle using a recombinant polymorphic immunodominant molecule,
Parasitol Res., 84, 408-416.

Katzer, F., Ngugi, D., Oura, C., Bishop, R.P., Taracha, E.L., Walker, A.R., &
McKeever, D.J. (2006). Extensive genotypic diversity in a recombining population of the
apicomplexan parasite Theileria parva, Infect.Immun., 74, 5456-5464.

Kiltz, H.H. & Humke, R. (1986). Bovine theileriosis in Burundi: chemotherapy with
halofuginone lactate, Trop.Anim Health Prod., 18, 139-145.

Kiltz, H.H., Uilenberg, G., Franssen, F.F., & Perie, N.M. (1986). Theileria orientalis
occurs in Central Africa, Res.Vet.Sci., 40, 197-200.

Kim, C., Iseki, H., Herbas, M.S., Yokoyama, N., Suzuki, H., Xuan, X., Fujisaki, K., &
Igarashi, I. (2007). Development of TagMan-based real-time PCR assays for diagnostic
detection of Babesia bovis and Babesia bigemina, Am.J.Trop.Med.Hyg., 77, 837-841.

Kocan, K.M. (1995). Targeting ticks for control of selected hemoparasitic diseases of
cattle, Vet.Parasitol., 57, 121-151.

Kocan, K.M., Blouin, E.F., & Barbet, A.F. (2000). Anaplasmosis control. Past, present,
and future, Ann.N.Y.Acad.Sci., 916, 501-509.

Kocan, K.M., de la, F.J., Blouin, E.F., & Garcia-Garcia, J.C. (2004). Anaplasma
marginale (Rickettsiales: Anaplasmataceae): recent advances in defining host-pathogen
adaptations of a tick-borne rickettsia, Parasitology, 129 Suppl, S285-S300.

Kocan, K.M., de la, F.J., Guglielmone, A.A., & Melendez, R.D. (2003). Antigens and
alternatives for control of Anaplasma marginale infection in cattle, Clin. Microbiol.Rev.,
16, 698-712.

Kocan, K.M., Goff, W.L., Stiller, D., Claypool, P.L., Edwards, W., Ewing, S.A., Hair,
J.A., & Barron, S.J. (1992a). Persistence of Anaplasma marginale (Rickettsiales:
Anaplasmataceae) in male Dermacentor andersoni (Acari: Ixodidae) transferred
successively from infected to susceptible calves, J. Med. Entomol., 29, 657-668.



212

Kocan, K.M., Halbur, T., Blouin, E.F., Onet, V., de la, F.J., Garcia-Garcia, J.C., &
Saliki, J.T. (2001). Immunization of cattle with Anaplasma marginale derived from tick
cell culture, Vet.Parasitol., 102, 151-161.

Kocan, K.M., Morzaria, S.P., Voigt, W.P., Kiarie, J., & Irvin, A.D. (1987).
Demonstration of colonies of Cowdria ruminantium in midgut epithelial cells of
Amblyomma variegatum, Am.J.Vet.Res., 48, 356-360.

Kocan, K.M., Stiller, D., Goff, W.L., Claypool, P.L., Edwards, W., Ewing, S.A.,
McGuire, T.C., Hair, J.A., & Barron, S.J. (1992b). Development of Anaplasma
marginale in male Dermacentor andersoni transferred from parasitemic to susceptible
cattle, Am.J.Vet.Res., 53, 499-507.

Konnai, S., Imamura, S., Nakajima, C., Witola, W.H., Yamada, S., Simuunza, M.,
Nambota, A., Yasuda, J., Ohashi, K., & Onuma, M. (2006). Acquisition and
transmission of Theileria parva by vector tick, Rhipicephalus appendiculatus, Acta Trop.,
99, 34-41.

Kuttler, K.L. (1975). The effect of Imidocarb treatment on Babesia in the bovine and the
tick (Boophilus microplus), Res. Vet.Sci., 18, 198-200.

Kuttler, K.L. & Johnson, L.W. (1986). Chemoprophylactic activity of imidocarb,
diminazene and oxytetracycline against Babesia bovis and B. bigemina, Vet.Parasitol., 21,
107-118.

Kuttler, K.L. & Simpson, J.E. (1978). Relative efficacy of two oxytetracycline
formulations and doxycycline in the treatment of acute anaplasmosis in splenectomized
calves, Am.J.Vet.Res., 39, 347-349.

Labuda, M., Trimnell, A.R., Lickova, M., Kazimirova, M., Davies, G.M., Lissina, O.,
Hails, R.S., & Nuttall, P.A. (2006). An antivector vaccine protects against a lethal vector-
borne pathogen, PLoS.Pathog., 2, €27.

Larregina, A.T. & Falo, L.D., Jr. (2005). Changing paradigms in cutaneous
immunology: adapting with dendritic cells, J.Invest Dermatol., 124, 1-12.

Lawrence, J.A., Foggin, C.M., & Norval, R.A. (1980). The effects of war on the control
of diseases of livestock in Rhodesia (Zimbabwe), Vet.Rec., 107, 82-85.

Leeflang, P. & Ilemobade, A.A. (1977). Tick-borne diseases of domestic animals in
northern Nigeria. II. Research summary, 1966 to 1976, Trop.Anim Health Prod., 9, 211-
218.

Leroith, T., Brayton, K.A., Molloy, J.B., Bock, R.E., Hines, S.A., Lew, A.E., &
Mcelwain, T.F. (2005). Sequence variation and immunologic cross-reactivity among
Babesia bovis merozoite surface antigen 1 proteins from vaccine strains and vaccine
breakthrough isolates, Infect.Immun., 73, 5388-5394.

Lessard, P., L'Eplattenier, R., Norval, R.A., Kundert, K., Dolan, T.T., Croze, H.,
Walker, J.B., Irvin, A.D., & Perry, B.D. (1990). Geographical information systems for
studying the epidemiology of cattle diseases caused by Theileria parva, Vet.Rec., 126, 255-
262.

Levine, N.D. (1971). Taxonomy of the piroplasms, Transactions of the American
Microscopical Society, 90, 2-33.



213

Lew, A.E., Bock, R.E., Croft, J.M., Minchin, C.M., Kingston, T.G., & Dalgliesh, R.J.
(1997a). Genotypic diversity in field isolates of Babesia bovis from cattle with babesiosis
after vaccination, Aust.Vet.J., 75, 575-578.

Lew, A.E., Dalrymple, B.P., Jeston, P.J., & Bock, R.E. (1997b). PCR methods for the
discrimination of Babesia bovis isolates, Vet.Parasitol., 71, 223-237.

Lewis, D., Purnell, R.E., Francis, L.M., & Young, E.R. (1981). The effect of treatment
with imidocarb diproprionate on the course of Babesia divergens infections in
splenectomized calves, and on their subsequent immunity to homologous challenge,
J.Comp Pathol., 91, 285-292.

Lopez, J.E., Siems, W.F., Palmer, G.H., Brayton, K.A., McGuire, T.C., Norimine, J.,
& Brown, W.C. (2005). Identification of novel antigenic proteins in a complex Anaplasma
marginale outer membrane immunogen by mass spectrometry and genomic mapping,
Infect.Immun., 73, 8109-8118.

Luguru, S.M., Banda, D.S., & Pegram, R.G. (1984). Susceptibility of ticks to acaricides
in Zambia, Trop.Anim Health Prod., 16, 21-26.

Mackenstedt, U., Gauer, M., Fuchs, P., Zapf, F., Schein, E., & Mehlhorn, H. (1995).
DNA measurements reveal differences in the life cycles of Babesia bigemina and B. canis,
two typical members of the genus Babesia, Parasitol.Res., 81, 595-604.

MacLeod, A., Tait, A., & Turner, C.M. (2001). The population genetics of Trypanosoma
brucei and the origin of human infectivity, Philos. Trans.R.Soc.Lond B Biol.Sci., 356, 1035-
1044.

Madruga, C.R., Leal, C.R.B., Ferreira A.M.T., Araujo F.R., Bonato A.L.V., Kessler
R.H., Schenk M.A.M., & Soares C.O. (2002). Genetic and antigenic analysis of Babesia
bigemina isolates from five geographical regions of Brazil, Pesq.Vet.Bras., 22, 153-160.

Magona, J.W., Walubengo, J., Olaho-Mukani, W., Jonsson, N.N., Welburn, S.C., &
Eisler, M.C. (2008). Clinical features associated with seroconversion to Anaplasma
marginale, Babesia bigemina and Theileria parva infections in African cattle under natural
tick challenge, Vet. Parasitol., 155, 273-280.

Magonigle, R.A., Renshaw, H.W., Vaughn, H.W., Stauber, E.H., & Frank, F.W.
(1975). Effect of five daily intravenous treatments with oxytetracycline hydrochloride on
the carrier status of bovine anaplasmosis, J.Am. Vet.Med.Assoc., 167, 1080-1083.

Mahan, S.M., Allsopp, B., Kocan, K.M., Palmer, G.H., & Jongejan, F. (1999). Vaccine
strategies for Cowdria ruminantium infections and their application to other ehrlichial
infections, Parasitol. Today, 15, 290-294.

Mahoney, D.F. & Mirre, G.B. (1979). A note on the transmission of Babesia bovis (syn
B. argentina) by the one-host tick, Boophilus microplus, Res.Vet.Sci., 26, 253-254.

Mahoney, D.F., Wright, I.G., & Mirre, G.B. (1973). Bovine babesiasis: the persistence
of immunity to Babesia argentina and B. bigemina in calves (Bos taurus) after naturally
acquired infection, Ann. Trop.Med. Parasitol., 67, 197-203.

Makala, L.H., Mangani, P., Fujisaki, K., & Nagasawa, H. (2003). The current status of
major tick borne diseases in Zambia, Vet.Res., 34, 27-45.



214

Mallon, M., MacLeod, A., Wastling, J., Smith, H., Reilly, B., & Tait, A. (2003a).
Population structures and the role of genetic exchange in the zoonotic pathogen
Cryptosporidium parvum, J.Mol.Evol., 56, 407-417.

Mallon, MLE., MacLeod, A., Wastling, J.M., Smith, H., & Tait, A. (2003b). Multilocus
genotyping of Cryptosporidium parvum Type 2: population genetics and sub-structuring,
Infect.Genet.Evol., 3,207-218.

Maloo, S.H., Thorpe, W., Kioo, G., Ngumi, P., Rowlands, G.J., & Perry, B.D. (2001).
Seroprevalences of vector-transmitted infections of small-holder dairy cattle in coastal
Kenya, Prev.Vet.Med., 52, 1-16.

Mangold, A.J., Vanzini, V.R., Echaide, I.E., de Echaide, S.T., Volpogni, M.M., &
Guglielmone, A.A. (1996). Viability after thawing and dilution of simultaneously
cryopreserved vaccinal Babesia bovis and Babesia bigemina strains cultured in vitro,
Vet.Parasitol., 61, 345-348.

Marecotty, T., Brandt, J., Billiouw, M., Chaka, G., Losson, B., & Berkvens, D. (2002).
Immunisation against Theileria parva in eastern Zambia: influence of maternal antibodies
and demonstration of the carrier status, Vet.Parasitol., 110, 45-56.

Markoulatos, P., Siafakas, N., & Moncany, M. (2002). Multiplex polymerase chain
reaction: a practical approach, J.Clin.Lab Anal., 16, 47-51.

Martins, T.M., Pedro, O.C., Caldeira, R.A., do, R., V, Neves, L., & Domingos, A.
(2008). Detection of bovine babesiosis in Mozambique by a novel seminested hot-start
PCR method, Vet. Parasitol.

Mattioli, R.C., Bah, M., Kora, S., Cassama, M., & Clifford, D.J. (1995). Susceptibility
to different tick genera in Gambian N'Dama and Gobra zebu cattle exposed to naturally
occurring tick infestations, Trop.Anim Health Prod., 27, 95-105.

Maxie, M.G., Dolan, T.T., Jura, W.G., Tabel, H., & Flowers, M.J. (1982). A
comparative study of the disease in cattle caused by Theileria parva or T. lawrencei: 11.

Hematology, clinical chemistry, coagulation studies and complement, Vet. Parasitol., 10, 1-
19.

Mbassa, G.K., Balemba, O., Maselle, R.M., & Mwaga, N.V. (1994). Severe anaemia
due to haematopoietic precursor cell destruction in field cases of East Coast Fever in
Tanzania, Vet. Parasitol., 52, 243-256.

Mbwambo, H.A., Sudi, F.F., Mkonyi, P.A., Mfinanga, J.M., Mella, E.S., & Ngovi, C.J.
(2002). Comparative studies of the efficacy of parvaquone and parvaquone-plus-frusemide
in the treatment of Theileria parva infection (East Coast fever) in cattle, Vet. Parasitol.,
108, 195-205.

McClulloch, B., Kalaye, W.J., Tungaraza, R., Suda, B.J., & Mbasha, E.M. (1968). A
study of the life history of the tick Rhipicephalus appendiculatus--the main vector of East

Coast fever--with reference to its behaviour under field conditions and with regard to its
control in Sukumaland, Tanzania, Bull. Epizoot.Dis.Afr., 16, 477-500.

Mcelwain, T.F., Perryman, L.E., Musoke, A.J., & McGuire, T.C. (1991). Molecular
characterization and immunogenicity of neutralization-sensitive Babesia bigemina
merozoite surface proteins, Mol. Biochem.Parasitol., 47, 213-222.



215

McGuire, T.C., Davis, W.C., Brassfield, A.L., Mcelwain, T.F., & Palmer, G.H. (1991).
Identification of Anaplasma marginale long-term carrier cattle by detection of serum
antibody to isolated MSP-3, J.Clin.Microbiol., 29, 788-793.

McHardy, N., Hudson, A.T., Morgan, D.W., Rae, D.G., & Dolan, T.T. (1983). Activity
of 10 naphthoquinones, including parvaquone (993C) and menoctone, in cattle artificially
infected with Theileria parva, Res.Vet.Sci., 35, 347-352.

McHardy, N. & Simpson, R.M. (1974). Imidocarb dipropionate therapy in Kenyan
anaplasmosis and babesiosis, Trop.Anim Health Prod., 6, 63-70.

McHardy, N., Wekesa, L.S., Hudson, A.T., & Randall, A.W. (1985). Antitheilerial
activity of BW720C (buparvaquone): a comparison with parvaquone, Res. Vet.Sci., 39, 29-
33.

McKeever, D.J. (2007). Live immunisation against Theileria parva: containing or
spreading the disease?, Trends Parasitol., 23, 565-568.

McKeever, D.J., Taracha, E.L., Innes, E.L., MacHugh, N.D., Awino, E., Goddeeris,
B.M., & Morrison, W.I. (1994). Adoptive transfer of immunity to Theileria parva in the
CD8+ fraction of responding efferent lymph, Proc.Natl. Acad.Sci.U.S.A, 91, 1959-1963.

Mehlhorn, H. & Shein, E. (1984). The piroplasms: life cycle and sexual stages,
Adv.Parasitol., 23, 37-103.

Minami, T., Spooner, P.R., Irvin, A.D., Ocama, J.G., Dobbelaere, D.A., & Fujinaga,
T. (1983). Characterisation of stocks of Theileria parva by monoclonal antibody profiles,
Res.Vet.Sci., 35, 334-340.

Minjauw, B. & McLeod, A. (2003). Tick-borne diseases and poverty. The impact of ticks
and tickborne diseases on the livelihood of small-scale and marginal livestock owners in
India and eastern and southern Africa. Research report, DFID Animal Health Programme,
Centre for Tropical Veterinary Medicine, University of Edinburgh, UK., DFID Animal
Health Programme, Centre for Tropical Veterinary Medicine, University of Edinburgh,
UK.

Minjauw, B., Otte, J., James, A.D., de Castro, J.J., & Sinyangwe, P. (1997). Effect of
different East Coast Fever control strategies on fertility, milk production and weight gain
of Sanga cattle in the Central Province of Zambia, Exp.Appl.Acarol., 21, 715-730.

Montenegro-James, S., James, M.A., Benitez, M.T., Leon, E., Baek, B.K., & Guillen,
A.T. (1991). Efficacy of purified Anaplasma marginale initial bodies as a vaccine against
anaplasmosis, Parasitol.Res., 77, 93-101.

Morgan, D.W. & McHardy, N. (1982). Comparison of the antitheilerial effect of
Wellcome 993C and halofuginone, Res. Vet.Sci., 32, 84-88.

Morrison, W.I., Goddeeris, B.M., Teale, A.J., Groocock, C.M., Kemp, S.J., & Stagg,
D.A. (1987). Cytotoxic T-cells elicited in cattle challenged with Theileria parva (Muguga):
evidence for restriction by class | MHC determinants and parasite strain specificity,
Parasite Immunol., 9, 563-578.

Morrison, W.1. & McKeever, D.J. (2006). Current status of vaccine development against
Theileria parasites, Parasitology, 133 Suppl, S169-S187.



216

Morzaria, S.P., Irvin, A.D., Taracha, E., Spooner, P.R., Voigt, W.P., Fujinaga, T., &
Katende, J. (1987). Immunization against East Coast fever: the use of selected stocks of

Theileria parva for immunization of cattle exposed to field challenge, Vet. Parasitol., 23,
23-41.

Mosqueda, J., Mcelwain, T.F., & Palmer, G.H. (2002). Babesia bovis merozoite surface
antigen 2 proteins are expressed on the merozoite and sporozoite surface, and specific
antibodies inhibit attachment and invasion of erythrocytes, Infect.Immun., 70, 6448-6455.

Mosqueda, J., Ramos, J.A., Falcon, A., Alvarez, J.A., Aragon, V., & Figueroa, J.V.
(2004). Babesia bigemina: sporozoite isolation from Boophilus microplus nymphs and
initial immunomolecular characterization, Ann.N.Y.Acad.Sci., 1026, 222-231.

Mugisha, A., McLeod, A., Percy, R., & Kyewalabye, E. (2008). Socio-economic factors
influencing control of vector-borne diseases in the pastoralist system of south western
Uganda, Trop.Anim Health Prod., 40, 287-297.

Mulenga, A., Sugimoto, C., Ingram, G., Ohashi, K., & Onuma, M. (1999). Molecular
cloning of two Haemaphysalis longicornis cathepsin L-like cysteine proteinase genes,
J.Vet.Med.Sci., 61, 497-502.

Mulumba, M., Speybroeck, N., Berkvens, D.L., Geysen, D.M., & Brandt, J.R. (2001).
Transmission of Theileria parva in the traditional farming sector in the Southern Province
of Zambia during 1997-1998, Trop.Anim Health Prod., 33, 117-125.

Mulumba, M., Speybroeck, N., Billiouw, M., Berkvens, D.L., Geysen, D.M., &
Brandt, J.R. (2000). Transmission of theileriosis in the traditional farming sector in the
southern province of Zambia during 1995-1996, Trop.Anim Health Prod., 32, 303-314.

Muraguri, G.R., Kiara, H.K., & McHardy, N. (1999). Treatment of East Coast fever: a
comparison of parvaquone and buparvaquone, Vet.Parasitol., 87, 25-37.

Musisi, F.L., Jongejan, F., & Pegram, R.G. (1984). Isolation and transmission of
Theileria mutans (Chisamba) in Zambia, Res. Vet.Sci., 36, 129-131.

Musoke, A., Rowlands, J., Nene, V., Nyanjui, J., Katende, J., Spooner, P., Mwaura,
S., Odongo, D., Nkonge, C., Mbogo, S., Bishop, R., & Morzaria, S. (2005). Subunit
vaccine based on the p67 major surface protein of Theileria parva sporozoites reduces
severity of infection derived from field tick challenge, Vaccine, 23, 3084-3095.

Musoke, R.A., Tweyongyere, R., Bizimenyera, E., Waiswa, C., Mugisha, A.,
Biryomumaisho, S., & McHardy, N. (2004). Treatment of East Coast fever of cattle with
a combination of parvaquone and frusemide, 7rop.Anim Health Prod., 36, 233-245.

Nambota, A., Samui, K., Sugimoto, C., Kakuta, T., & Onuma, M. (1994). Theileriosis
in Zambia: etiology, epidemiology and control measures, Jpn.J. Vet.Res., 42, 1-18.

Ndungu, S.G., Brown, C.G., & Dolan, T.T. (2005). In vivo comparison of susceptibility
between Bos indicus and Bos taurus cattle types to Theileria parva infection,
Onderstepoort J.Vet.Res., 72, 13-22.

Nei, M. (1978). Estimation of Average Heterozygosity and Genetic Distance from a Small
Number of Individuals, Genetics, 89, 583-590.



217

Newson R.M. (1978). Tick-borne diseases and their vectors. Centre for Tropical
Veterinary Medicine, University of Edinburgh.

Nithiuthai, S. & Allen, J.R. (1985). Langerhans cells present tick antigens to lymph node
cells from tick-sensitized guinea-pigs, Immunology, 55, 157-163.

Noh, S.M., Brayton, K.A., Brown, W.C., Norimine, J., Munske, G.R., Davitt, C.M., &
Palmer, G.H. (2008). Composition of the surface proteome of Anaplasma marginale and

its role in protective immunity induced by outer membrane immunization, Infect.Immun.,
76, 2219-2226.

Norimine, J., Mosqueda, J., Palmer, G.H., Lewin, H.A., & Brown, W.C. (2004).
Conservation of Babesia bovis small heat shock protein (Hsp20) among strains and
definition of T helper cell epitopes recognized by cattle with diverse major
histocompatibility complex class II haplotypes, Infect.Immun., 72, 1096-1106.

Norimine, J., Suarez, C.E., Mcelwain, T.F., Florin-Christensen, M., & Brown, W.C.
(2002). Immunodominant epitopes in Babesia bovis rhoptry-associated protein 1 that elicit
memory CD4(+)-T-lymphocyte responses in B. bovis-immune individuals are located in
the amino-terminal domain, Infect.Immun., 70, 2039-2048.

Norval, R.A., Andrew, H.R., & Yunker, C.E. (1990). Infection rates with Cowdria
ruminantium of nymphs and adults of the bont tick Amblyomma hebraeum collected in the
field in Zimbabwe, Vet.Parasitol., 36, 277-283.

Norval, R.A., Lawrence, J.A., Young, A.S., Perry, B.D., Dolan, T.T., & Scott, J.
(1991). Theileria parva: influence of vector, parasite and host relationships on the
epidemiology of theileriosis in southern Africa, Parasitology, 102 Pt 3, 347-356.

Norval, R. A., Perry, B. D., Young, A. S., Lawrence, J. A., Mukhebi, A. W., Bishop,
R., & McKeever, D. J. (1992). The Epidemiology of Theileriosis in Africa. Academic
Press. London, UK.

Norval, R.A., Sutherst, R.W., Kurki, J., Gibson, J.D., & Kerr, J.D. (1988). The effect
of the brown ear-tick Rhipicephalus appendiculatus on the growth of Sanga and European
breed cattle, Vet. Parasitol., 30, 149-164.

Norval, R.A.L., Donachie, P.L., Meltzer, M.I., Deem, S.L., & Mahan, S.M. (1995). The
relationship between tick (Amblyomma hebraeum) infestation and immunity to heartwater

(Cowdria ruminantium infection) in calves in Zimbabwe, Veterinary Parasitology, 58,
335-352.

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N.,
& Hase, T. (2000). Loop-mediated isothermal amplification of DNA, Nucleic Acids Res.,
28, E63.

Nuttall, P.A., Trimnell, A.R., Kazimirova, M., & Labuda, M. (2006). Exposed and
concealed antigens as vaccine targets for controlling ticks and tick-borne diseases, Parasite
Immunol., 28, 155-163.

Nyika, A., Mahan, S.M., Burridge, M.J., McGuire, T.C., Rurangirwa, F., & Barbet,
A.F. (1998). A DNA vaccine protects mice against the rickettsial agent Cowdria
ruminantium, Parasite Immunol., 20, 111-119.



218

O'Callaghan, C.J., Medley, G.F., Peter, T.F., & Perry, B.D. (1998). Investigating the
epidemiology of heartwater (Cowdria ruminantium infection) by means of a transmission
dynamics model, Parasitology, 117 ( Pt 1), 49-61.

Oberle, S.M., Palmer, G.H., Barbet, A.F., & McGuire, T.C. (1988). Molecular size
variations in an immunoprotective protein complex among isolates of Anaplasma
marginale, Infect.Immun., 56, 1567-1573.

Ochanda, H., Young, A.S., Medley, G.F., & Perry, B.D. (1998). Vector competence of 7
rhipicephalid tick stocks in transmitting 2 Theileria parva parasite stocks from Kenya and
Zimbabwe, Parasitology, 116 ( Pt 6), 539-545.

Odongo, D.O., Oura, C.A., Spooner, P.R., Kiara, H., Mburu, D., Hanotte, O.H., &
Bishop, R.P. (2006). Linkage disequilibrium between alleles at highly polymorphic mini-
and micro-satellite loci of Theileria parva isolated from cattle in three regions of Kenya,
Int.J Parasitol., 36, 937-946.

Ogden, N.H., Swai, E., Beauchamp, G., Karimuribo, E., Fitzpatrick, J.L., Bryant,
M.J., Kambarage, D., & French, N.P. (2005). Risk factors for tick attachment to
smallholder dairy cattle in Tanzania, Prev.Vet.Med., 67, 157-170.

Oura, C.A., Asiimwe, B.B., Weir, W., Lubega, G.W., & Tait, A. (2005). Population
genetic analysis and sub-structuring of Theileria parva in Uganda,
Mol.Biochem.Parasitol., 140, 229-239.

Oura, C.A., Bishop, R., Asiimwe, B.B., Spooner, P., Lubega, G.W., & Tait, A. (2007).
Theileria parva live vaccination: parasite transmission, persistence and heterologous
challenge in the field, Parasitology, 134, 1205-1213.

Oura, C.A., Bishop, R.P., Wampande, E.M., Lubega, G.W., & Tait, A. (2004a).
Application of a reverse line blot assay to the study of haemoparasites in cattle in Uganda,
Int.J. Parasitol., 34, 603-613.

Oura, C.A., Odongo, D.O., Lubega, G.W., Spooner, P.R., Tait, A., & Bishop, R.P.
(2003). A panel of microsatellite and minisatellite markers for the characterisation of field
isolates of Theileria parva, Int.J.Parasitol., 33, 1641-1653.

Oura, C.A.L., Bishop, R.P., Wampande, E.M., Lubega, G.W., & Tait, A. (2004b).
Application of a reverse line blot assay to the study of haemoparasites in cattle in Uganda,
International Journal for Parasitology, 34, 603-613.

Pain, A., Renauld, H., Berriman, M., Murphy, L., Yeats, C.A., Weir, W., Kerhornou,
A., Aslett, M., Bishop, R., Bouchier, C., Cochet, M., Coulson, R.M., Cronin, A., de
Villiers, E.P., Fraser, A., Fosker, N., Gardner, M., Goble, A., Griffiths-Jones, S.,
Harris, D.E., Katzer, F., Larke, N., Lord, A., Maser, P., McKellar, S., Mooney, P.,
Morton, F., Nene, V., O'Neil, S., Price, C., Quail, M.A., Rabbinowitsch, E., Rawlings,
N.D., Rutter, S., Saunders, D., Seeger, K., Shah, T., Squares, R., Squares, S., Tivey,
A., Walker, A.R., Woodward, J., Dobbelaere, D.A., Langsley, G., Rajandream, M.A.,
McKeever, D., Shiels, B., Tait, A., Barrell, B., & Hall, N. (2005). Genome of the host-
cell transforming parasite Theileria annulata compared with T. parva, Science, 309, 131-
133.

Paindavoine, P., Zampetti-Bosseler, F., Coquelet, H., Pays, E., & Steinert, M. (1989).
Different allele frequencies in Trypanosoma brucei brucei and Trypanosoma brucei
gambiense populations, Mol.Biochem.Parasitol., 32, 61-71.



219

Paling, R.W., Grootenhuis, J.G., & Young, A.S. (1981). Isolation of Theileria mutans
from Kenyan buffalo, and transmission by Amblyomma gemma, Veterinary Parasitology,
8, 31-37.

Palmer, G.H., Barbet, A.F., Cantor, G.H., & McGuire, T.C. (1989). Immunization of
cattle with the MSP-1 surface protein complex induces protection against a structurally
variant Anaplasma marginale isolate, Infect.Immun., 57, 3666-3669.

Palmer, G.H. & McGuire, T.C. (1984). Immune serum against Anaplasma marginale
initial bodies neutralizes infectivity for cattle, J.Immunol., 133, 1010-1015.

Palmer, G.H., Rurangirwa, F.R., Kocan, K.M., & Brown, W.C. (1999). Molecular
basis for vaccine development against the ehrlichial pathogen Anaplasma marginale,
Parasitol.Today, 15, 281-286.

Park, K. C. (2001). Trypanotolerance in West African Cattle and the Population Genetic
Effects of Selection, PhD thesis, University of Dublin.

Passos, L.M., Bell-Sakyi, L., & Brown, C.G. (1998). Inmunochemical characterization
of in vitro culture-derived antigens of Babesia bovis and Babesia bigemina, Vet.Parasitol.,
76, 239-249.

Paul, R.E., Packer, M.J., Walmsley, M., Lagog, M., Ranford-Cartwright, L.C., Paru,
R., & Day, K.P. (1995). Mating patterns in malaria parasite populations of Papua New
Guinea, Science, 269, 1709-1711.

Peakall, R. & Smouse, P.E. (2006). GENALEX 6: genetic analysis in Excel. Population
genetic software for teaching and research, Molecular Ecology Notes, 6, 288-295.

Pegram, R.G. & Banda, D.S. (1990). Ecology and phenology of cattle ticks in Zambia:
development and survival of free-living stages, Exp.Appl.Acarol., 8, 291-301.

Pegram, R.G., Lemche, J., Chizyuka, H.G., Sutherst, R.W., Floyd, R.B., Kerr, J.D., &
McCosker, P.J. (1989). Effect of tick control on liveweight gain of cattle in central
Zambia, Med.Vet. Entomol., 3, 313-320.

Pegram, R.G., Perry, B.D., Musisi, F.L., & Mwanaumo, B. (1986). Ecology and
phenology of ticks in Zambia: seasonal dynamics on cattle, Exp.Appl.Acarol., 2, 25-45.

Pegram, R.G., Wilson, D.D., & Hansen, J.W. (2000). Past and present national tick
control programs. Why they succeed or fail, Ann.N.Y.Acad.Sci., 916, 546-554.

Peregrine, A.S. (1994). Chemotherapy and delivery systems: haemoparasites,
Vet. Parasitol., 54, 223-248.

Perry, B.D., Lessard, P., Norval, R.A., Kundert, K., & Kruska, R. (1990). Climate,
vegetation and the distribution of Rhipicephalus appendiculatus in Africa,
Parasitol. Today, 6, 100-104.

Peter, T.F., Deem, S.L., Barbet, A.F., Norval, R.A., Simbi, B.H., Kelly, P.J., & Mahan,
S.M. (1995). Development and evaluation of PCR assay for detection of low levels of

Cowdria ruminantium infection in Amblyomma ticks not detected by DNA probe,
J.Clin.Microbiol., 33, 166-172.



220

Pinchbeck, G.L., Morrison, L.J., Tait, A., Langford, J., Meehan, L., Jallow, S.,
Jallow, J., Jallow, A., & Christley, R.M. (2008). Trypanosomosis in The Gambia:
prevalence in working horses and donkeys detected by whole genome amplification and
PCR, and evidence for interactions between trypanosome species, BMC.Vet.Res., 4, 7.

Pipano, E. (1995). Live vaccine against hemoparasitic disease in livestock, Veterinary
Parasitology, 57, 213-231.

Pipano, E. & Shkap, V. (2000). Vaccination against tropical theileriosis,
Ann.N.Y.Acad.Sci., 916, 484-500.

Polz, M.F. & Cavanaugh, C.M. (1998). Bias in template-to-product ratios in
multitemplate PCR, Appl. Environ.Microbiol., 64, 3724-3730.

Posnett, E.S., Metaferia, E., Wiliamson, S., Brown, C.G., & Canning, E.U. (1998). In
vitro cultivation of an African strain of Babesia bigemina, its characterisation and
infectivity in cattle, Parasitol.Res., 84, 302-309.

Potgieter, F.T. & Els, H.J. (1977a). Light and electron microscopic observations on the
development of Babesia bigemina in larvae, nymphae and non-replete females of
Boophilus decoloratus, Onderstepoort J.Vet.Res., 44, 213-231.

Potgieter, F.T. & Els, H.J. (1977b). The fine structure of intra-erythrocytic stages of
Babesia bigemina, Onderstepoort J.Vet.Res., 44, 157-168.

Potgieter, F.T., Els, H.J., & Vuuren, A.S. (1976). The fine structure of merozoites of
Babesia bovis in the gut epithelium of Boophilus microplus, Onderstepoort J.Vet.Res., 43,
1-9.

Pretorius, A., Van Kleef, M., Collins, N.E., Tshikudo, N., Louw, E., Faber, F.E., van
Strijp, M.F., & Allsopp, B.A. (2008). A heterologous prime/boost immunisation strategy
protects against virulent E. ruminantium Welgevonden needle challenge but not against
tick challenge, Vaccine, 26, 4363-4371.

Pretorius, A., Van Strijp, F., Brayton, K.A., Collins, N.E., & Allsopp, B.A. (2002).
Genetic immunization with Ehrlichia ruminantium GroEL and GroES homologues,
Ann.N.Y.Acad.Sci., 969, 151-154.

Pritchard, J.K., Stephens, M., & Donnelly, P. (2000). Inference of population structure
using multilocus genotype data, Genetics, 155, 945-959.

Prozesky, L. & Du Plessis, J.L. (1987). Heartwater. The development and life cycle of
Cowdpria ruminantium in the vertebrate host, ticks and cultured endothelial cells,
Onderstepoort J.Vet.Res., 54, 193-196.

Quintao-Silva, M.G., Melo, M.N., & Ribeiro, M.F. (2007). Comparison of duplex PCR
and microscopic techniques for the identification of Babesia bigemina and Babesia bovis
in engorged female ticks of Boophilus microplus, Zoonoses.Public Health, 54, 147-151.

Radley, D.E., Brown, C.G.D., Burridge, M.J., Cunninggham, M.P., Kirimi, [.M.,
Purnell, R.E., & Young, A.S. (1975a). East Coast Fever 1. Chemotherapy imminisation
of cattle against Theileria parva (Muguga) and five Theileria strains., Veterinary
Parasitology, 1, 35-41.



221

Radley, D.E., Brown, C.G.D., Cunninggham, M.P., Kimber, C.D., Musisi, F.L.,
Payne, R.C., Purnell, R.E., Stagg, D.A., & and Young, A.S. (1975b). East Coast fever:
3. Chemoprophylactic immunisation of cattle using oxytetracycline and a combination of
Theilaria strains., Veterinary Parasitology, 1, 51-60.

Rajendram, D., Ayenza, R., Holder, F.M., Moran, B., Long, T., & Shah, H.N. (2006).
Long-term storage and safe retrieval of DNA from microorganisms for molecular analysis
using FTA matrix cards, J. Microbiol.Methods, 67, 582-592.

Rand, K.N., Moore, T., Sriskantha, A., Spring, K., Tellam, R., Willadsen, P., &
Cobon, G.S. (1989). Cloning and expression of a protective antigen from the cattle tick
Boophilus microplus, Proc.Natl.Acad.Sci.U.S.A, 86, 9657-9661.

Razakandrainibe, F.G., Durand, P., Koella, J.C., De Meeus, T., Rousset, F., Ayala,
F.J., & Renaud, F. (2005). "Clonal" population structure of the malaria agent Plasmodium
falciparum in high-infection regions, Proc.Natl.Acad.Sci.U.S.4, 102, 17388-17393.

Riding, G.A., Jarmey, J., McKenna, R.V., Pearson, R., Cobon, G.S., & Willadsen, P.
(1994). A protective "concealed" antigen from Boophilus microplus. Purification,
localization, and possible function, J.Immunol., 153, 5158-5166.

Roby, T.O., Simpson, J.E., & Amerault, T.E. (1978). Elimination of the carrier state of
bovine anaplasmosis with a long-acting oxytetracycline, Am.J.Vet.Res., 39, 1115-1116.

Rocchi, M.S., Ballingall, K.T., MacHugh, N.D., & McKeever, D.J. (2006). The kinetics
of Theileria parva infection and lymphocyte transformation in vitro, /nt.J. Parasitol., 36,
771-778.

Rodriguez, S.D., Garcia Ortiz, M.A., Hernandez, S.G., Santos Cerda, N.A., Aboytes,
T.R., & Canto Alarcon, G.J. (2000). Anaplasma marginale inactivated vaccine: dose
titration against a homologous challenge, Comp Immunol.Microbiol.Infect.Dis., 23, 239-
252.

Rodriguez, S.D., Palmer, G.H., Mcelwain, T.F., McGuire, T.C., Ruef, B.J., Chitko-
McKown, M.G., & Brown, W.C. (1996). CD4+ T-helper lymphocyte responses against
Babesia bigemina rhoptry-associated protein I, Infect.Immun., 64, 2079-2087.

Rowlands, G.J., Mulatu, W., Nagda, S.M., & d'leteren, G.D. (1995). Variations in
packed red cell volume and trypanosome prevalence and relationships with reproductive

traits in east African Zebu cows exposed to drug-resistant trypanosomes, Acta Trop., 59,
105-116.

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., Mullis,
K.B., & Erlich, H.A. (1988). Primer-directed enzymatic amplification of DNA with a
thermostable DNA polymerase, Science, 239, 487-491.

Salem, G.H., Liu, X.-J., Johnsrude, J.D., Dame, J.B., & Roman Reddy, G. (1999).
Development and evaluation of an extra chromosomal DNA-based PCR test for diagnosing
bovine babesiosis, Molecular and Cellular Probes, 13, 107-113.

Salih, D.A., Hassan, S.M., & El Hussein, A.M. (2007). Comparisons among two
serological tests and microscopic examination for the detection of Theileria annulata in
cattle in northern Sudan, Prev.Vet.Med., 81, 323-326.



222

Salih, D.A., Hassan, S.M., Julla, L.I., Kyule, M.N., Zessin, K.H., & El Hussein, A.M.
(2008a). Distribution and application of ELISA for the seroprevalence of tick-borne
diseases in Central Equatoria State, Sudan, Transbound.Emerg.Dis., 55, 257-262.

Salih, D.A., Liu, Z., Bakheit, M.A., Ali, A.M., El Hussein, A.M., Unger, H., Viljoen,
G., Seitzer, U., & Ahmed, J.S. (2008b). Development and evaluation of a loop-mediated
isothermal amplification method for diagnosis of tropical theileriosis,

Transbound. Emerg.Dis., 55, 238-243.

Sasanelli, M., Paradies, P., Lubas, G., Otranto, D., & de Caprariis, D. (2009). Atypical
clinical presentation of coinfection with Ehrlichia, Babesia and Hepatozoon species in a
dog, Vet.Rec., 164, 22-23.

Schein, E., Warnecke, M., & Kirmse, P. (1977). Development of Theileria parva
(Theiler, 1904) in the gut of Rhipicephalus appendiculatus (Neumann, 1901),
Parasitology, 75, 309-316.

Scherf, A., Hernandez-Rivas, R., Buffet, P., Bottius, E., Benatar, C., Pouvelle, B.,
Gysin, J., & Lanzer, M. (1998). Antigenic variation in malaria: in situ switching, relaxed
and mutually exclusive transcription of var genes during intra-erythrocytic development in
Plasmodium falciparum, EMBO J., 17, 5418-5426.

Schlotterer, C. (2000). Evolutionary dynamics of microsatellite DNA, Chromosoma, 109,
365-371.

Schweizer, J., Tait, A., & Jenni, L. (1988). The timing and frequency of hybrid formation
in African trypanosomes during cyclical transmission, Parasitol.Res., 75, 98-101.

Shaw, ML.K. & Tilney, L.G. (1992). How individual cells develop from a syncytium:
merogony in Theileria parva (Apicomplexa), J.Cell Sci., 101 (Pt 1), 109-123.

Shayan, P. & Rahbari, S. (2005). Simultaneous differentiation between Theileria spp.
and Babesia spp. on stained blood smear using PCR, Parasitol.Res., 97, 281-286.

Shiels, B., McDougall, C., Tait, A., & Brown, C.G. (1986). Antigenic diversity of
Theileria annulata macroschizonts, Vet. Parasitol., 21, 1-10.

Shkap, V., de Vos, A.J., Zweygarth, E., & Jongejan, F. (2007). Attenuated vaccines for
tropical theileriosis, babesiosis and heartwater: the continuing necessity, Trends Parasitol.,
23, 420-426.

Shkap, V., Leibovitz, B., Krigel, Y., Molad, T., Fish, L., Mazuz, M., Fleiderovitz, L.,
& Savitsky, 1. (2008). Concomitant infection of cattle with the vaccine strain Anaplasma
marginale ss centrale and field strains of 4. marginale, Vet.Microbiol., 130, 277-284.

Short, N.J. & Norval, R.A. (1981). Regulation of seasonal occurrence in the tick
Rhipicephalus appendiculatus Neumann, 1901, Trop.Anim Health Prod., 13, 19-26.

Sibeko, K.P., Oosthuizen, M.C., Collins, N.E., Geysen, D., Rambritch, N.E., Latif,
A.A., Groeneveld, H.T., Potgieter, F.T., & Coetzer, J.A. (2008). Development and
evaluation of a real-time polymerase chain reaction test for the detection of Theileria parva
infections in Cape buffalo (Syncerus caffer) and cattle, Vet. Parasitol., 155, 37-48.



223

Sibley, L.D. & Ajioka, J.W. (2008). Population structure of Toxoplasma gondii: clonal
expansion driven by infrequent recombination and selective sweeps, Annu.Rev.Microbiol.,
62, 329-351.

Smith, R.D., Osorno, B.M., Brener, J., De La, R.R., & Ristic, M. (1978). Bovine
babesiosis: severity and reproducibility of Babesia bovis infections induced by Boophilus
microplus under laboratory conditions, Res. Vet.Sci., 24, 287-292.

Speybroeck, N., Madder, M., Van Den, B.P., Mtambo, J., Berkvens, N., Chaka, G.,
Mulumba, M., Brandt, J., Tirry, L., & Berkvens, D. (2002). Distribution and phenology
of ixodid ticks in southern Zambia, Med. Vet. Entomol., 16, 430-441.

Spreull, J. (1914). East Coast fever inoculations in the Transkeian Territories, South
Africa, Journal of Comparative Pathology and Therapeutics, 27, 299-304.

Stevens, J.R. & Tibayrenc, M. (1995). Detection of linkage disequilibrium in
Trypanosoma brucei isolated from tsetse flies and characterized by RAPD analysis and
1soenzymes, Parasitology, 110 ( Pt 2), 181-186.

Suarez, C.E., Florin-Christensen, M., Hines, S.A., Palmer, G.H., Brown, W.C., &
Mcelwain, T.F. (2000). Characterization of allelic variation in the Babesia bovis
merozoite surface antigen 1 (MSA-1) locus and identification of a cross-reactive
inhibition-sensitive MSA-1 epitope, Infect.Immun., 68, 6865-6870.

Susomboon, P., Iwagami, M., Tangpukdee, N., Krusood, S., Looareesuwan, S., &
Kano, S. (2008). Differences in genetic population structures of Plasmodium falciparum
isolates from patients along Thai-Myanmar border with severe or uncomplicated malaria,
Malar.J.,7,212.

Suzuki, M.T. & Giovannoni, S.J. (1996). Bias caused by template annealing in the
amplification of mixtures of 16S rRNA genes by PCR, Appl. Environ.Microbiol., 62, 625-
630.

Swai, E.S., French, N.P., Karimuribo, E.D., Fitzpatrick, J.L., Bryant, M.J., Brown,
P.E., & Ogden, N.H. (2005a). Spatial and management factors associated with exposure

of smallholder dairy cattle in Tanzania to tick-borne pathogens, International Journal for
Parasitology, 35, 1085-1096.

Swai, E.S., Karimuribo, E.D., Ogden, N.H., French, N.P., Fitzpatrick, J.L., Bryant,
M.J., & Kambarage, D.M. (2005b). Seroprevalence estimation and risk factors for A.
marginale on smallholder dairy farms in Tanzania, Trop.Anim Health Prod., 37, 599-610.

Swift, B.L. & Thomas, G.M. (1983). Bovine anaplasmosis: elimination of the carrier state
with injectable long-acting oxytetracycline, J.Am.Vet.Med.Assoc., 183, 63-65.

Tait, A. & Oura, C. (2004). Reverse line blotting: a new technique for the sensitive
detection of tick borne pathogens, Arch.Inst. Pasteur Tunis, 81, 47-50.

Talman, A.M., Domarle, O., McKenzie, F.E., Ariey, F., & Robert, V. (2004).
Gametocytogenesis: the puberty of Plasmodium falciparum, Malar.J., 3, 24.

Tang, Y.W., Procop, G.W., & Persing, D.H. (1997). Molecular diagnostics of infectious
diseases, Clin.Chem., 43, 2021-2038.



224

Tanriverdi, S., Markovics, A., Arslan, M.O., Itik, A., Shkap, V., & Widmer, G.
(2006). Emergence of distinct genotypes of Cryptosporidium parvum in structured host
populations, Appl. Environ.Microbiol., 72, 2507-2513.

Tautz, D. & Renz, M. (1984). Simple sequences are ubiquitous repetitive components of
eukaryotic genomes, Nucleic Acids Res., 12, 4127-4138.

Taylor, R.J. & McHardy, N. (1979). Preliminary observations on the combined use of
imidocarb and Babesia blood vaccine in cattle, J.S.Afr. Vet.Assoc., 50, 326-329.

Tebele, N., McGuire, T.C., & Palmer, G.H. (1991). Induction of protective immunity by
using Anaplasma marginale initial body membranes, Infect.Immun., 59, 3199-3204.

Tebele, N., Skilton, R.A., Katende, J., Wells, C.W., Nene, V., McElwain, T., Morzaria,
S.P., & Musoke, A.J. (2000). Cloning, characterization, and expression of a 200-
kilodalton diagnostic antigen of Babesia bigemina, J.Clin.Microbiol., 38, 2240-2247.

Telfer, S., Birtles, R., Bennett, M., Lambin, X., Paterson, S., & Begon, M. (2008).
Parasite interactions in natural populations: insights from longitudinal data, Parasitology,
135, 767-781.

Theiler, A. (1911). The artificial transmission of East Coast fever. In Report of the
Government Bacteriologist, Union of South Africa, 1909.1010.

Thompson, C., Spielman, A., & Krause, P.J. (2001). Coinfecting Deer-Associated
Zoonoses: Lyme Disease, Babesiosis, and Ehrlichiosis, Clinical Infectious Diseases, 33,
676-685.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., & Higgins, D.G. (1997).
The CLUSTAL X windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools, Nucleic Acids Res., 25, 4876-4882.

Tibayrenc, M. & Ayala, F.J. (2002). The clonal theory of parasitic protozoa: 12 years on,
Trends Parasitol., 18, 405-410.

Uilenberg, G. (1983). Heartwater (Cowdria ruminantium infection): current status,
Adv.Vet.Sci.Comp Med., 27, 427-480.

Uilenberg, G. (1996). Progress and priorities in research on heartwater, Ann.N.Y.Acad.Sci.,
791, 1-16.

Uilenberg, G. (1999). Immunization against diseases caused by Theileria parva: a review,
Trop.Med.Int.Health, 4, A12-A20.

Uilenberg, G. (1995). International collaborative research: significance of tick-borne
hemoparasitic diseases to world animal health, Veterinary Parasitology, 57, 19-41.

van Amstel, S.R., Guthrie, A.J., Reyers, F., Bertschinger, H., Oberem, P.T., Killeen,
V.M., & Matthee, O. (1987). The clinical pathology and pathophysiology of heartwater: a
review, Onderstepoort J.Vet.Res., 54, 287-290.

van Amstel, S.R., Oberem, P.T., Didomenico, M., Kirkpatrick, R.D., & Mathee, J.
(1988). The presence of endotoxin activity in cases of experimentally-induced heartwater
in sheep, Onderstepoort J.Vet.Res., 55, 217-220.



225

Van de Pypekamp, H.E. & Prozesky, L. (1987). Heartwater. An overview of the clinical
signs, susceptibility and differential diagnoses of the disease in domestic ruminants,
Onderstepoort J.Vet.Res., 54, 263-266.

Van de, P.Y. & De Wachter, R. (1997). Evolutionary relationships among the eukaryotic
crown taxa taking into account site-to-site rate variation in 18S rRNA, J.Mol. Evol., 45,
619-630.

Van Den Bossche P. & De Deken, R. (2002). Seasonal variations in the distribution and
abundance of the tsetse fly, Glossina morsitans morsitans in eastern Zambia,
Med.Vet.Entomol., 16, 170-176.

Vega, C.A., Buening, G.M., Green, T.J., & Carson, C.A. (1985). In vitro cultivation of
Babesia bigemina, Am.J.Vet.Res., 46, 416-420.

Ververken, C., Geysen, D., Loots, K., Janssens, M.E., Guisez, Y., & Goddeeris, B.M.
(2008). Orientation of bovine CTL responses towards PIM, an antibody-inducing surface
molecule of Theileria parva, by DNA subunit immunization, Vet.Immunol. Immunopathol.,
124, 253-263.

Vial, H.J. & Gorenflot, A. (2006). Chemotherapy against babesiosis, Veterinary
Parasitology, 138, 147-160.

Vichido, R., Falcon, A., Ramos, J.A., Alvarez, A., Figueroa, J.V., Norimine, J.,
Brown, W.C., Castro, L.A., & Mosqueda, J. (2008). Expression analysis of heat shock
protein 20 and rhoptry-associated protein la in sexual stages and kinetes of Babesia
bigemina, Ann.N.Y.Acad.Sci., 1149, 136-140.

Viera, A.J. (2008). Odds Ratios and Risk Ratios: What's the Difference and Why Does It
Matter? Southern Medical Journal 101, 730-734.
Ref Type: Journal (Full)

Wagner, A., Blackstone, N., Cartwright, P., Dick, M., Misof, B., Snow, P., Wagner,
G.P., Bartels, J., Murtha, M., & Pendleton, J. (1994). Surveys of Gene Families Using
Polymerase Chain Reaction: PCR Selection and PCR Dirift, Systematic Biology, 43, 250-
261.

Walker, J.B. & Olwage, A. (1987). The tick vectors of Cowdria ruminantium (Ixodoidea,
Ixodidae, genus Amblyomma) and their distribution, Onderstepoort J.Vet.Res., 54, 353-
379.

Weir, B.S. & Cockerham, C.C. (1984). Estimating F-Statistics for the Analysis of
Population Structure, Evolution, 38, 1358-1370.

Weir, W. (2006). Genomic and population genetic studies on Theileria annulata, PhD
thesis, University of Glasgow.

Weir, W., Ben Miled, L., Karagenc, T., Katzer, F., Darghouth, M., Shiels, B., & Tait,
A. (2007). Genetic exchange and sub-structuring in Theileria annulata populations,
Mol.Biochem.Parasitol., 154, 170-180.

Wilkie, G.M., Brown, C.G., Kirvar, B.E., Thomas, M., Williamson, S.M., Bell-Sakyi,
L.J., & Sparagano, O. (1998). Chemoprophylaxis of Theileria annulata and Theileria
parva infections of calves with buparvaquone, Vet. Parasitol., 78, 1-12.



226

Wilkowsky, S., Farber, M., Gil, G., Echaide, 1., Mosqueda, J., Alcaraz, E., Suarez,
C.E., & Florin-Christensen, M. (2008). Molecular characterization of Babesia bovis
strains using PCR restriction fragment length polymorphism analysis of the msa2-a/b
genes, Ann.N.Y.Acad.Sci., 1149, 141-144.

Wilkowsky, S.E., Farber, M., Echaide, 1., Torioni, d.E., Zamorano, P.l., Dominguez,
M., Suarez, C.E., & Florin-Christensen, M. (2003). Babesia bovis merozoite surface
protein-2c¢ (MSA-2c) contains highly immunogenic, conserved B-cell epitopes that elicit
neutralization-sensitive antibodies in cattle, Mol Biochem.Parasitol., 127, 133-141.

Willadsen, P. (2001). The molecular revolution in the development of vaccines against
ectoparasites, Vet. Parasitol., 101, 353-368.

Willadsen, P. (2004). Anti-tick vaccines, Parasitology, 129 Suppl, S367-S387.

Willadsen, P., Bird, P., Cobon, G.S., & Hungerford, J. (1995). Commercialisation of a
recombinant vaccine against Boophilus microplus, Parasitology, 110 Suppl, S43-S50.

Willadsen, P. & Kemp, D.H. (1988). Vaccination with 'concealed' antigens for tick
control, Parasitol. Today, 4, 196-198.

Wilson, A.J., Parker, R., & Trueman, K.F. (1980). Susceptibility of Bos indicus
crossbred and Bos taurus cattle to Anaplasma marginale infection, Trop.Anim Health
Prod., 12, 90-94.

Wright, I.G., Casu, R., Commins, M.A., Dalrymple, B.P., Gale, K.R., Goodger, B.V.,
Riddles, P.W., Waltisbuhl, D.J., Abetz, 1., Berrie, D.A., & . (1992). The development of
a recombinant Babesia vaccine, Vet.Parasitol., 44, 3-13.

Wright, 1.G., Goodger, B.V., Buffington, G.D., Clark, L.A., Parrodi, F., & Waltisbuhl,
D.J. (1989). Immunopathophysiology of babesial infections, Trans.R.Soc.Trop.Med.Hyg.,
83 Suppl, 11-13.

Yamada, S., Konnai, S., Imamura, S., Simuunza, M., Chembensofu, M., Chota, A.,
Nambota, A., Onuma, M., & Ohashi, K. (2009). Quantitative analysis of cytokine
mRNA expression and protozoan DNA load in Theileria parva-infected cattle,
J.Vet.Med.Sci., 71, 49-54.

Yeoman, G.H. (1966). Field vector studies of epizootic East Coast Fever. II. Seasonal
studies of R. appendiculatus on bovine and non-bovine hosts in East Coast Fever enzootic,
epizootic and free areas, Bull. Epizoot.Dis.Afr., 14, 113-140.

Young, A.S., Groocock, C.M., & Kariuki, D.P. (1988). Integrated control of ticks and
tick-borne diseases of cattle in Africa, Parasitology, 96 ( Pt 2), 403-432.

Young, A.S., Grootenhuis, J.G., Kimber, C.D., Kanhai, G.K., & Stagg, D.A. (1977).
Isolation of a Theileria species from Eland (Taurotragus oryx) infective for cattle,
Tropenmed.Parasitol., 28, 185-194.

Young, A.S., Purnell, R.E., Payne, R.C., Brown, C.G., & Kanhai, G.K. (1978). Studies
on the transmission and course of infection of a Kenyan strain of Theileria mutans,
Parasitology, 76, 99-115.

Zamoto, A., Tsuji, M., Wei, Q., Cho, S.H., Shin, E.H., Kim, T.S., Leonova, G.N.,
Hagiwara, K., Asakawa, M., Kariwa, H., Takashima, 1., & Ishihara, C. (2004).



227

Epizootiologic survey for Babesia microti among small wild mammals in northeastern
Eurasia and a geographic diversity in the beta-tubulin gene sequences, J. Vet.Med.Sci., 66,
785-792.





