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List of Definitions

1. Ancestral (primitive or plesiomorphic): this is a trait (character state) in a

taxon that is present in the common ancestor of all the taxa under study.

2. Autapormorphy: a unique derived character state that is absent in the

ancestral taxon and other descendants.

3. Convergency or convergent evolution: this is the independent evolution of
the same feature in different taxa which feature is different in the ancestral
taxon. Therefore convergent characters are those that have evolved
independently in the taxa under study and differ with the state in their

ancestor.

4. Demes: subpopulations of a population which may be partially isolated from

each other.

5. Disruptive selection: this is a pattern of evolutionary change seen in traits
controlled by many genes (polygenic) and refers to a situation where both
extreme forms of the trait have a higher fitness than does the intermediate

resulting in increase of extreme forms and loss of intermediate forms.

6. Genetic drift: change in allele frequencies due to random sampling in every

generation.

7. Genetic revolution: refers to genetic events that may follow colonization by a
small number of founders, coupled with genetic isolation of the ancestral

population.

8. Homology: refers to similarity in character states in more than one taxon
because they all inherited that trait directly from their ancestor that had that

feature too.

9. Management units: this concept has been used in commercial fisheries and
refers to stocks that are “demographically autonomous” towards which
harvesting quotas and other management plans are directed. Demographic
autonomy is suggested when con-specific populations are not clearly delimited

by large phylogenetic gaps.
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10.

11.

12.

13

14.

15.

16.

17.

18.

19.

20.

Monophyletic: a monophyletic clade is a grouping of all descendants of an

ancestral taxon.

Non-monophyletic: a non-monophyletic group omits some descendants of an

ancestral taxon. Non-monophyletic group can be paraphyletic or polyphyletic.

Orthologous genes: these are homologous genes in different species that have

started a separate evolution because of speciation.

. Paralogous genes: these are homologous genes that have themselves

undergone duplication.

Paraphyletic taxa: these are groupings based on shared primitive (ancestral)
characters and therefore exclude some would be members of the group that

have autapomorhies.

Plasticity: variable phenotypic (morphology, behaviour, physiology)

expression of a genotype in response to changes in environmental conditions

Polyphyletic taxa: taxa that have been erroneously grouped on the basis of

convergent characters.

Population bottleneck: rapid and severe decrease in the number of

individuals of a population.

Quantitative traits (also called polygenic traits): refers to continuous variable
traits determined by a large number of genes called quantitative trait loci

(QTLs) acting in concert each of which adds a little to the overall variance.

Sibling species: morphologically and ecologically very similar species that are

still separate species.

Sink populations: refers to ephemeral populations that are “restocked” or

re-colonized periodically from relatively stable centres of origin.
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Chapter 1 - General Introduction

1.1 Introduction

Ticks are ubiquitous arthropods that are all at some stage in their life cycle obligate
blood-feeding ectoparasites. During feeding ticks may transmit diseases to their hosts.
It is for this reason that ticks are of profound veterinary and medical importance
(Sonenshine, 1991). As a consequence many aspects of tick biology, including tick

ecology have been studied in considerable detail (Klompen et al., 1996).

The ticks Rhipicephalus appendiculatus Neumann 1901, Rhipicephalus zambeziensis
Walker, Norval and Corwin, 1981 and to a lesser extent Rhipicephalus duttoni
Neumann 1907, are the only known field vectors of Theileria parva Theiler 1904, the
causative agent of a cattle disease, East Coast fever (ECF) (Lounsbury, 1904; Neitz,
1955; Lawrence et al., 1983). East Coast fever is one of the most devastating
livestock diseases in east, central and southern Africa, and remains the major health
hindrance to the development and improvement of the livestock industry (Norval et
al., 1992a). The livestock industry loses approximately US$168 million annually
(calculated in 1989) due to high mortality and other costs associated with preventing
and controlling the disease (Norval et al., 1992b). Kivaria (2006) estimated that the
total annual cost of tick borne diseases in Tanzania was US$ 364 million of which
68% was attributed to ECF. In another study in Tanzania, Kivaria et al. (2007), have
estimated that the total losses annually per cow based on 2001 prices due to ECF

mortality, morbidity and control and prevention practices to be at US$ 205.40

1.2 Theileria parva

Levine et al. (1980) revised the classification of protozoa based mainly on
ultrastructural studies and have classified 7. parva as a protozoan belonging to the
phylum Apicomplexa, class Sporozea (sporozoite forming), subclass Piroplasmia
(piroform parasites), order Piroplasmida (asexual and sexual reproduction), family
Theileriidae (Schizonts in lymphocytes) and genus Theileria (piroplasms in
erythrocytes, lack pigment). Recently, Adl et al. (2005) have revised the classification
based on morphology, biochemistry and molecular phylogenetics, in which 7. parva
(and other unicellular eukaryotes) are designated Protists rather than protozoa but still
remain members of the Apicomplexa. Members of the Apicomplexa are parasites of

man and animals. Animals parasitized by 7. parva are cattle and wild bovidae e.g. the
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African Cape buffalo (Syncerus caffer), the blue wildebeest (Connochaetes taurinus)
and, eland (Taurotragus oryx) (Burridge, 1975; Lessard et al., 1990).

1.2.1 Life cycle of 7. parva
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Figure 1.1: Life cycle of Theileria parva in cattle and the ixodid tick
Rhipicephalus appendiculatus (from Norval et al., 1992)

Theileria parva has a complex cycle, which includes an asexual cycle in the
mammalian host (Shaw et al., 1991) and a sexual cycle in the invertebrate host (tick)

(Watt and Walker, 2000) (fig. 1.1). In the mammalian host 7. parva parasitizes white
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blood cells (WBC) and red blood cells (RBC) in succession to complete its life cycle.
Sporozoites, which are the infective stage to the mammalian host, are injected during
the feeding of infected ticks and enter lymphocytes to develop into schizonts. The
schizont-infected WBC population expands exponentially synchronously with the
divisions of the schizont itself (schizogony) (Stagg et al., 1980) and is disseminated
through the entire lymphoid system. Within 12-14 days post infection a proportion of
schizonts differentiate into merozoites (merogony) that are later liberated from
lymphocytes. Merozoites are infective to RBC wherein they give rise to piroplasms.
During feeding on an infected animal, ticks ingest infected RBCs. Piroplasms infected
RBCs are lysed in the tick gut releasing piroplasms in the gut. These free piroplasms
undergo a complex cycle in the gut lumen of the tick which includes a sexual cycle
that results in the formation of motile kinetes. These kinetes have a predilection for
e-cells of type III acini one of the four types of acinus of the tick salivary glands and
develop into sporoblasts (Fawcett et al., 1982). Type three acini are responsible for
fluid transport as the tick concentrates blood meals (Bowman and Sauer, 2004). The
cycle is only completed after the tick moults and starts feeding on a new host in its
next instar. During feeding the parasites undergo a second multiplication phase
(sporogony) resulting in sporozoites that are liberated into the saliva. The sporozoites

are injected into the host and enter the lymphocytes completing the cycle.

Theileria parva is the most important Theileria species infecting cattle in southern
Africa. Other Theileria species affecting cattle include Theileria annulata, T. mutans,
T. sergenti, T. orientalis, T.buffeli, T. taurotragi and T. velifera. Theileria annulata
parasitizes cattle and Asiatic buffalo (Bubalus bubalis). It is important in northern
Africa were it causes tropical theileriosis. Theileria mutans has been known to
sometimes cause severe and fatal disease in cattle in east Africa but is largely non
pathogenic to cattle in southern Africa. Theileria orientalis, T. buffeli and T. sergenti
are parasites of low pathogenicity considered to be one species, though not confirmed
as such (Norval ef al., 1992). That one species was earlier thought to be 7. mutans.
Theileria orientalis in Africa has been reported in Ethiopia and Burundi (Norval et
al., 1992). Theileria taurotragi and T. velifera are non pathogenic in cattle, however,
their importance is in the confusion their presence creates with diagnosis due to
morphological similarity with T. parva. In addition T. parva and T. taurotragi,

(including 7. annulata and T.mutans) antigens produce cross reactions on the most
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widely used routine serological test, the indirect fluorescent antibody test (IFAT).
Further, mixed infection of 7. parva and T. taurotragi in ticks results in high infection

rates of 7. parva (Young et al., 1980).

1.3 The disease (East Coast fever)

1.3.1 The mammalian host

The development of 7. parva that involves parasitizing bovine leucocytes and
erythrocytes in succession is what causes ECF in cattle. The disease is characterised
by swelling of lymph nodes beginning with the parotid lymph node closest to the ear
or eyelid surface which are the predilection feeding sites of the vector ticks. Later the
lymphadenopathy is generalised. Other clinical features of ECF include; a fever (39.5-
42°C), severe dyspnoea and frothing at the nostrils due to interstitial pneumonia and
pulmonary oedema and, high mortalities. Animals that recover naturally or after
treatment with theilericides have long lasting immunity giving complete protection to
homologous challenge (Burridge et al., 1972), but may be susceptible to some
heterologous strains. Recovered or immunised animals remain carriers of the infection

for life and therefore serve as a source of infection to ticks.

1.3.2 The distribution of ECF

The distribution of ECF follows that of the principal vectors of T. parva (fig. 1.2).
However, ECF does not occur throughout the range of the vector ticks’ distribution
(Norval et al., 1992b). This is because the distribution of the vector ticks even in the
countries where they are known to occur commonly is not continuous being
influenced mainly by climate, vegetation and host availability. Further, high
temperatures (>33°C) experienced in some ecologically marginal areas within the
range of the ticks’ distribution do not allow development of theileria in the vector
ticks (Young and Leitch, 1981). Further still in areas of extreme climatic conditions
ECF may fail to establish itself due to low tick numbers for long periods (Speybroeck
et al., 2002). Contrary to this general observation Bazarusanga et al. (2007) reported a
not yet fully explained phenomenon in Rwanda, of higher 7. parva prevalence in
cattle in a region with lower tick numbers compared to two regions with higher tick

numbers.
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Figure 1.2: Distribution range of Theileria parva and Rhipicephalus

appendiculatus (from Chaka, 2001)



Chapter 1 - General Introduction

1.3.3 The epidemiology of ECF

The epidemiology of ECF varies between eastern, central and southern Africa. The
variables of ECF epidemiology can broadly be divided into host, parasite and tick
vector factors. The vector factors include; seasonality, abundance and the level of
infection in the tick population (Norval et al., 1991). The level of infection in a tick
population is influenced by ambient temperature, the behaviour of the 7. parva (may
be low or high piroplasm producing), the susceptibility of R. appendiculatus strains to
T. parva infections, the presence of infected hosts and whether the infected hosts are
clinical cases or carriers (Young, 1981). Carrier animals are those that have recovered
from the primary infection but maintain piroplasms circulating in the blood at levels
that are enough to infect ticks but not always detectable by routine diagnostic
techniques (Medley et al., 1992). Ticks acquire higher infections when they feed on
clinical cases than carrier cases. The latter present extremely low parasitaemias
(piroplams) hindering the development of high infections in ticks (Young et al.,
1996). Carriers might include the African buffalo which is the wildlife reservoir of
infection (Burridge, 1975). Total level of infection in a population of ticks also
depends on the numbers (abundance) of feeding stages on such clinical and or carrier
hosts. The abundance of feeding stages in an area is in turn influenced by host
availability and macro- and micro-climatic requirements of the vector (Yeoman,
1967; Norval and Lightfoot, 1982; Mulumba et al., 2000; Fandamu ef al., 2005). The
microclimate is modulated by vegetation cover (Minshull and Norval, 1982). Climatic
conditions vary throughout the range of R. appendiculatus and R. zambeziensis. In
response the ticks have evolved different behavioural and survival strategies. One
such behavioural strategy is the diapause phenomenon exhibited by ticks from regions
with a marked wet and dry season that enables ticks to delay feeding and hence
oviposition so that the most vulnerable stages of their life cycles are synchronised
with the incidence of favourable climatic conditions. Within the diapause
phenomenon ticks from different geographic areas have evolved different strategies
for the initiation and termination of diapause (Berkvens et al., 1995; Madder et al.,
2002). These behavioural strategies affect not only their abundance but also the
number of generations per year. The number of generations per year, among other
factors, has an effect on the establishment of endemic stability (Perry et al., 1992;
Billiouw et al., 1999; Billiouw et al., 2002; Marcotty et al., 2002), which is the

epidemiological state of a population in which clinical disease is scarce despite high
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level of infection (Coleman et al., 2001). A T. parva specific definition of endemic
stability is the epidemiological state in which, all calves born become infected before
the age of 6 months and clinical disease is rare (Moll et al., 1986). Billiouw (2005)
has recently suggested three different levels of endemic stability i.e. first level, second
level and ultimate endemic stability based on three main parameters. These
parameters are, increased 7. parva challenge, decreasing case fatality rate and a self-

generating carrier state.

1.3.4 The control of ECF

East Coast fever can be controlled using a number of measures singly or in
combination. These measures may be divided into three i.e. 7. parva parasite control
(chemotherapy), immunization of susceptible hosts and tick vector control.
Theileria parva parasite control aims at managing the parasite in the mammalian host
which mostly takes the form of treatment of clinical cases. Three -effective
theilericidal compounds are available for this, i.e. halofuginone, parvaquone and
buparvaquone (Dolan, 1981, 1999). For some years now immunisation has been and
still is by an infection and treatment procedure (Radley et al., 1975; Marcotty et al.,
2001; Mbao et al., 2006). This involves injecting cattle with live sporozoite material
with the concomitant application of long-acting tetracyclines. Long acting
tetracyclines slow down the division of schizonts and the schizont infected cells
against which cellular immune responses are directed. Other vaccines tried include;
the 67kD circum-sporozoite antigen protein (p67) recombinant forms of which induce
high antibody titres in cattle (Kaba ef al, 2004; Musoke et al, 2005) and the
Polymorphic Immunodominant molecule (PIM) (Toye et al., 1996). However the p67
only offers partial protection under field conditions. Vector control activities include
practices such as movement restrictions which essentially entails keeping clean cattle
away from infested pastures or herds, application of acaricides which take the form of
plunge dips, sprays, pour-ons or hand-dressing preparations like “tick grease” and
selection of tick resistant cattle. Choosing control options from the above in the
context of integrated ECF control strategies depends on the production system, the
prevalence of other tick-borne diseases and the epidemiological state of ECF for the
area in question (Uilenberg, 1996; Billiouw, 2005). As already stated, the
epidemiological state of an area is influenced by among other variables the vector

factors. The vector factors of seasonality, abundance, vectorial competence and
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capacity are modulated by the environment and factors inherent to the vector itself.
Factors inherent to the vector itself may be genetic, phenotypic or a combination of
both. Therefore an understanding of both genetic and phenotypic variation in the
vector ticks infesting livestock in an area would contribute to the understanding of the
ECF epidemiology of that area and subsequently aid in the choice and design of

control strategies.

1.4 The vectors

1.4.1 Systematic relationship of R. appendiculatus and R. zambeziensis to other
ticks

Hoogstraal (1956) has classified ticks as invertebrates belonging to the Phylum
Arthropoda, the joint-legged animals and the subphylum Chelicerata. Chelicerates are
characterized by two bladed chelicerae, essentially modified first appendages used for
grasping, piercing, cutting and other functions associated with food gathering and
feeding (fig. 1.3). Another distinguishing characteristic of the chelicerates is the
division of the body into only two major regions namely the prosoma and the

opisthosoma. They are members of the class Arachnida whose adults are eight-legged.
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Figure 1.3: SEM of the dorsal and ventral aspects of capitulum showing
chelicerae a characteristic of members of the Subphylum Chelicerata (Walker ez

al., 2000)

Ticks are included in the order Acari, a large and diverse group to which ticks and
mites belong. Within the Acari, ticks are confined to the Suborder Ixodida
(=Metastigmata) whose members are obligate blood-sucking parasites. The suborder
Ixodida encompasses three families, the Argasidae, Nuttalliellidae and Ixodidae.

Rhipicephalus appendiculatus and R. zambeziensis are placed in the family Ixodidae

10



Chapter 1 - General Introduction

whose members are characterised by having a hard sclerotized (con) scutum and the

subfamily Rhipicephalinae (Keirans, 1992).

1.4.2 The Genus Rhipicephalus
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Figure 1.4: Adults of Rhipicephalus spp. showing morphological features. Male:
(a) dorsal view; (b) ventral view. Female: (c) dorsal view; (d) ventral view

(Walker et al., 2000)

Rhipicephalus is one of the largest genera of the family Ixodidae with 74 reported
species (Walker et al., 2000). If the synonymy of Boophilus Curtice, 1891 with
Rhipicephalus Koch, 1844 suggested by Murrell and Barker (2003) based on the
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evidence from studies by Murrell et al. (2000) and Beati and Keirans (2001) is

accepted the number of species in this genus would be 79.

Species in this genus have the following morphological features (fig. 1.4): their
hypostome and palps are short and their basis capituli is usually hexagonal; they have
eyes, festoons and; in the males, adanal plates. Except for Rhipicephalus dux,
Rhipicephalus humeralis, Rhipicephalus maculatus and Rhipicephalus pulchellus all
the known species in this genus do not have a colour pattern on the scutum, hence
their common name ‘the brown ticks’. Majority of species in this genus
(approximately 54) are found in Africa. However, one species, Rhipicephalus
sanguineus (a species well adapted to living in homes and dog kennels) is found

world-wide between 50° north and 30° south of the equator (Walker et al., 2000).

1.4.3 General life cycle of R. appendiculatus and R. zambeziensis

The life cycle of R. appendiculatus and R. zambeziensis consists of four stages (fig.
1.5): eggs, larvae, nymphs and adults. Larvae, nymphs and adults each go through a
parasitic and free-living phase by a pattern of host seeking, feeding and off-the—host
moulting. This developmental pattern is a typical three-host cycle where each unfed
life stage (larvae, nymphs or adults) feeds on a separate host. After moulting,
followed by a period of hardening and in certain instances dormancy (quiescence or
diapause), immatures and adults alike seek hosts, a process called questing
(Sonenshine, 1993). This involves leaving their niches at the soil vegetation interface
to vegetation tips to acquire hosts by direct contact. Variations in seasonal ambient
conditions have an influence on the questing activity (Punyua and Newson, 1979;
Punyua et al., 1984; Pegram et al., 1986; Short and Norval., 1981; Speybroeck et al.,
2003).

Successful attachment on a suitable host at the predilection site is followed by
feeding. Feeding periods vary depending on the host and ambient temperatures
(Branagan, 1974). On cattle, feeding may take 6 days for larvae and 8 days for
nymphs and adults. These periods may be longer depending on host resistance and
environmental conditions like temperature. After feeding for at least 4 days adult
males and females mate on the host. Complete engorgement of females follows after
mating. Fed females detach and seek a suitable microenvironment. Oviposition

commences after a 3-10 day period of preovipositional development. Females lay a
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large number of eggs (4000 eggs). Period of oviposition may last up to a month
depending on ambient temperatures. Males may remain on the host for 4-6 weeks and

mate with successive batches of females (Branagan, 1974).

N ™ n aned adults

engorged
nymphs

Host 11

Host 111
engorged |/ /
females e

Figure 1.5: Life cycle of three host tick Rhipicephalus appendiculatus (from
Speybroeck, 2003)

Larvae fed to repletion drop from their host and find a sheltered microenvironment
and undergo moulting and metamorphosis. Nymphs will emerge. Nymphs that
dropped from their host undergo metamorphosis and moult into adults. Minshull and
Norval (1982) studied drop-off rhythms of larvae, nymphs and females of R.
appendiculatus on cattle under natural conditions of light and temperature in
Zimbabwe. Most engorged larvae dropped off between 10:00 and 14:00 hours,
nymphs between 12:00 and 18:00 hours. Both periods are associated with increased
activity of the host (cattle) that normally would be at pasture during these periods.
Majority of engorged adults dropped off between 06:00 and 08:00 hours when cattle
are in their night paddocks or enclosure and therefore less active. A related study in
Kabete, Kenya by Mwangi et al. (1991) reported similar observations but did not

observe any pattern in larvae drop offs. The different stages seem to have
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synchronised their drop off times with host behaviour patterns so that they are
deposited in optimal habitats for their development and offer the next instar greater

chance to encounter a suitable host (Sonenshine, 1993).

1.5 Rhipicephalus appendiculatus and R. zambeziensis in Zambia
Zambia is a landlocked country in the southern African region (fig. 1.6). It lies

between (8°30'-18'S -22°-33°30' E).

The country is divided into nine administrative provinces; Northern, Luapula,
Copperbelt, North-western, Western, Central, Lusaka, Eastern and Southern
provinces. The Western, Eastern and Southern provinces are the most important

traditional cattle rearing areas.

Zambia is composed of a series of plateaus ranging from 900-1500m. The highest
plateau, which reaches a maximum altitude of 2000m, is in the east and north-east of
the country. The major depressions are the valleys of the Luangwa and Zambezi
rivers. Other (minor) depressions are found around lakes Mweru, Mweru Wantipa and

Tanganyika.

Republic of Zambia

Southern Africa

Zone 2b

90 180 270 360 450 Kilometers

Figure 1.6: Map of Zambia Eastern and Southern provinces and the ecological
Zonesl, 2a, 2b and 3. See text for explanation of the Zones. Insert Map of
Southern Africa showing the position of Zambia
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The climate of Zambia is tropical and is influenced by altitude. There are three
climatic seasons (Philip’s, 2004a): (a) A hot and wet season — starts from mid October
to November and lasts up to March or April. This characterised by wet and warm
conditions. Annual rainfall averages 1400 millimetres in the northern part of the
country and decreases in the south to 600 millimetres. Mean relative humidity
averages over 75%. (b) A cool dry season — from April to mid August with mean
temperatures in June/July of 5 - 10°C in the Central, Southern and Western Zambia
and 10 — 13°C in the Eastern and North-eastern Zambia. (c) A hot and dry season-
starts mid August and ends about mid October to early November. Temperatures are
high with the highest mean maximum temperatures recorded in the valleys (Luangwa

and Zambezi) where they may exceed 35°C.

1.5.1 The vegetation of Zambia

Zambia’s “original” or natural vegetation consists of savannahs, woodland, grassland
and small amounts of forests and swampland (Philip’s, 2004b). However, a large
proportion of the original Zambian vegetation has been cleared for agriculture and
other human activities. The resultant vegetation can be divided into Savannah
woodlands and Grasslands. The woodlands can be divided into three types; Miombo,
Munga and Mopane woodlands. The Miombo woodland is characterised by the
presence of Brachystegia, Julbernadia and Isoberlinia species and is found on poorer
soils with sparse grass cover. Munga Woodland is dominated by Acacia, Combretum
and Terminalia species that grow among tall grass on better soils. Mopane Woodland
(Colophospermum mopane) is found in the hot drier valleys of the Luangwa and

Zambezi rivers.

1.5.2 Agro-ecological zones of Zambia

Based on the vegetation, climate and physical characteristics the country is divided
into three agro-ecological regions (Fig. 1.6). Zone 1 is characterised by low rainfall
(maximum 600mm per year), is drought prone with high minimum temperatures and

erodible soils.

Zone 2 is found in Eastern, central and southern provinces of Zambia. This region
receives 800 to 1000mm of rain. The region has moderately leached clayey to loamy

soil (2a), slightly leached clayey soils and sandy soils on Kalahari sands (2b). Zone 3
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covers the northern and north-western parts of Zambia. This is a high rainfall region

with annual rainfall of over 1000mm. The soils are highly leached.

The ecology, distribution and phenology of ticks including R. appendiculatus and
R. zambeziensis has been well described in Zambia (MacLeod, 1970; MacLeod and
Colbo, 1976; MacLeod et al., 1977; MacLeod and Mwanaumo, 1978; Pegram ef al.,
1986; Pegram and Banda, 1990; Berkvens et al., 1998; Zieger et al., 1998; Chaka et
al., 1999; Speybroeck et al., 2002). Generally R. appendiculatus and R. zambeziensis
distribution is affected by altitude and climatic factors especially the rain patterns.
Briefly R. appendiculatus is found throughout the country while R. zambeziensis may
be restricted to the hotter low lying areas. In Zambia the ranges of the two taxa
overlap in some areas (Speybroeck et al., 2002). The distribution of ECF in Zambia
generally follows the distribution of its main field vectors. However, not all the places
in the country where the vectors are found experience ECF. For instance
R. appendiculatus is present in western province but the area is free of clinical cases
of ECF (Akafekwa, 1976) due to the transhumance that is practised in this area.
During the peak of adult activity the animals are kept in the flood plains. The flood
plains are not suitable for laying and subsequent eclosion of the eggs. During the peak
of nymphal activity cattle are kept on the drier highlands. The rest of the provinces
have recorded clinical cases of the disease. The Northern province was the first to get
a confirmed case of the ECF in 1922 at Nakonde, a north-eastern town on the border
with Tanzania (Nambota et al., 1994). The disease was later reported in the Eastern
province towards mid last century. The epidemiology of the disease in Eastern
province has been described as first level endemically stable state (Billiouw, 2005).
Billiouw (2005) described this state as a situation where all adult cattle are immune
and the infection prevalence in the cattle population is stable, its level depending
mainly on the level of 7. parva challenge and on the calving rate with case fatality
reduced to about 50%. This epidemiological picture is different from that obtaining in
Southern province which has been described as epidemic. This is an epidemiological
state in which both adult cattle and calves are susceptible and actually get infected

(Billiouw, 2005).

The difference in the epidemiological states between the two provinces might be
attributed to a number of factors some of which are: the more recent introduction of

the disease in Southern province (1978) (Nambota et al., 1994), the difference in
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virulence of the main circulating 7. parva strains in the two provinces (Geysen ef al.,
1999) and the difference in the ecology of the stocks of R. appendiculatus infesting
cattle in the two provinces. Of these factors, the difference in vector ecology may be
the most important (Norval et al., 1991; Billiouw et al., 1999). Speybroeck et al.
(2002) and Billiouw et al. (1999) have attributed the attainment of the state of first
level endemic stability in Eastern province to the existence of a second wave of adults
of R. appendiculatus which ensures a more continuous 7. parva challenge in a year
leading to a higher number of “exposed” animals in the herds. In Southern province,
the unimodal phenology of adult R. appendiculatus coupled with the mixed presence
of R. appendiculatus and R. zambeziensis has been implicated in the current epidemic
state. This mixed presence of R. appendiculatus/ zambeziensis has been associated
with the cool dry season ECF cases in periods of below average rainfall. It is therefore
apparent that variation in vector ecology has profound influence on the epidemiology

of ECF and therefore demands investigation.
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Chapter 2 - A review of variation within and between R. appendiculatus and R. zambeziensis

2.1 Introduction

The important economic and social implications of the cattle disease East Coast fever
(ECF) in several African countries including Zambia (Mukhebi ef al., 1992; Norval et
al., 1992a) caused by the haemaprotist Theileria parva transmitted by the
Rhipicephalus appendiculatus/ R. zambeziensis complex has led to an appreciable
body of information on the vectors (MacLeod, 1970; Walker et al., 1981; Lawrence et
al., 1983; Perry et al., 1990; Madder et al. 1999, 2005; Chungu et al., 2001;
Speybroeck et al., 2004, 2006), interactions of the vectors and the causative organism
(Purnell ef al., 1971; Young et al., 1984; Ochanda et al., 1996, 2003a, 2003b) and the
epidemiology of ECF (Norval ef al., 1985; Moll et al., 1986; Norval et al., 1992b;
Billiouw et al., 1999, 2002; Latif et al., 2001; Fandamu et al., 2005).

Notwithstanding, effective prevention and control of the disease still eludes most of
the countries affected, Zambia included. This is due to, among other things, the
complex epidemiology of the disease which is an intricate interplay of environmental,

host and vector factors (Young, 1981; Norval et al., 1991).

Norval et al. (1991) considered the tick vector factors of population dynamics and
susceptibility of the vector population to infection with 7. parva to be among the most
important factors which influence the expression of ECF as a disease entity. Therefore
an appreciation of both phenotypic and genetic variation in the vector (and indeed
other biological components of the variables of epidemiology of ECF) coupled with
an understanding of the mechanisms that control the genetic variation associated with
the different phenotypes, may be useful in providing further insights into this complex
epidemiology by shedding more light on the essential nature of tick/parasite, tick/host

and tick/environment interactions.

This chapter reviews variation (genetic and phenotypic) in general i.e. the origin and
nature of variation, its importance and necessity and summarizes existing information

on variation in R. appendiculatus / R. zambeziensis in particular.

2.2 Why study variation?

The study of variation is central in the investigation of the processes that account for
the history of life. Variation, especially intra-specific genetic variation provides the
resources for changes within a population (Gooding, 1996; Ridley, 2004). On the

other hand, variation creates uncertainty with respect to interpretation and application

26



Chapter 2 - A review of variation within and between R. appendiculatus and R. zambeziensis

of information by creating potential taxonomical and epidemiological puzzles
(Besansky et al., 1992; Gooding, 1996; Masumu, 2006). A good example of an
epidemiological puzzle due to variation (or the seemingly lack of it!) was the
anomalous outbreak of ECF in May/June (epidemics of which are normally reported
in the rainy season) during years of below average rainfall in traditional cattle herds in
the Southern province of Zambia due to an increase in the R. zambeziensis component
of  the morphologically difficult-to-differentiate members of  the
R. appendiculatus/zambeziensis complex (Mulumba et al., 2000, 2001). In addition,
the study of intra-specific variation in a vector population like Rhipicephalus spp.,
provides unique opportunities for the study of microevolution (Gooding, 1996).
Vector ticks are transported on their hosts or through human activity to new localities
where they might be exposed to evolutionary forces they may not have previously
been exposed to. They are subjected to a variety of control measures that provide
novel selective pressures leading to changes in the vector population. Knowledge of
the changes in a vector population like R. appendiculatus/zambeziensis is vital if
appropriate ECF control measures have to be developed. Therefore the study of
intra-specific variation is important to understand how new species evolve and the
nature of species (Besansky et al., 1992; Ridley, 2004). An appreciation of the nature
of species in a vector population is a major part in understanding the epidemiology of

the disease they transmit.

2.3 Intra-specific variation

Intra-specific variation or within species variation can be defined as the existence of
individuals of distinctly different genetic and or phenotypic characters but clearly
belonging to the same species. For instance different populations of R. appendiculatus
from different latitudes and climatic conditions exhibit differences in diapausing
behaviour (Madder et al., 2002). Even within a population, where a population is
defined as all individuals of the same species living in a defined area at the same time,
no two individuals are exactly the same. Variation within individuals of a population
is called polymorphism (Ridley, 2004). For example Chaka et al. (1999) have
reported spatial polymorphism of average adult body size in a population of
R. appendiculatus from Eastern province of Zambia and Berkvens et al. (1995) and
Madder et al. (2002) have reported polymorphism in diapause behaviour in

populations from the same area.
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While intraspecific genetic and phenotypic variations have been accepted, the
question when is variation enough to constitute another species still remains
unanswered. This and the specific question what are species have given rise to a

number of so called species concepts.

2.4 Species concepts

Species concepts are an attempt at defining and describing what should and should
not be included in the taxonomical grouping called species (Mayden, 1997). Mallet
(2001) considers species concepts an endeavour at delimiting groups of organisms
along natural fault lines, so that approximately the same groupings can be recovered
by independent observers. Ridley (2004) on the other hand considers species concepts
as endeavours at defining which individuals belong to which species at any instant in
time. A definition of species that is species-concept-free would be groups of an
organism that have evolved from a pre-existing species so that the progenitor and the
daughter species become different from each other, so different that they can exist
together without fusing, no barrier to keep them apart but their own organization.
How different that is, depends on which species concepts one is using. Coyne and Orr
(2004) list 25 while Mayden (1997) refers to 22 such species concepts. The
multiplicity of species concepts is testimony to how elusive has been the search for
that “ideal” concept that is biologically meaningful and applies to all diversity. Most
species concepts are very closely related and therefore, only five concepts taken from

Mayden (1997) are considered here.

2.4.1 Morphological species concept (MSC)

The MSC in its current form was promulgated by Regan (1926). It categorizes species
as a community or a number of related communities, whose distinctive morphological
characters are, in the opinion of competent systematists, sufficiently definite to entitle
it or them to a specific name. Variants of the MSC have been suggested, the most
recent was by Cronquist (1978). Mayden (1997) considered the MSC as the most
sensible and commonly used method of species definition by taxonomists, general
biologists and laypersons alike. The strength of this concept is that it applies to both
sexual and asexual species and morphology can be considered in a wider sense. This
concept, however, does not treat species as historical lineages and therefore rules out

transformation of one species into another (i.e. speciation). With this concept
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morphologically very similar species risk being lumped into one species. An example
of this limitation of this concept when applied to rhipicephalids is the assemblage of a
number of species into groups viz, the Rhipicephalus pravus group, Rhipicephalus
appendiculatus group, Rhipicephalus simus group, Rhipicephalus sanguineus group,
Rhipicephalus pulchelus group and Rhipicephalus capensis-longus group (Walker et
al., 2000). This is because member species of these groups show extensive
morphological variation overlapping into those of other members. The MSC may fail
to recognise sibling species since no morphological differences exist between such. In
addition, there may be retention of ancestral (primitive or plesiomorphic)
morphologies between different unrelated groups. Further, individuals within a
species vary and therefore cannot be defined based on one description of what they
should look like. Nevertheless, examples exist of species description based on one
specimen e.g. the initial description of Rhipicephalus longus Neumann 1907 was
based on a single male specimen (EIbl and Anastos, 1966). Later more specimens
were studied by other workers for its specific status to be upheld (EIbl and Anastos,
1966).

2.4.2 Phenetic species concept (PhSC)

The PhSC recognizes species as a set of individuals with a high degree of overall
morphological similarity (determined by multivariate statistical analysis of characters)
(Sokal and Crovello, 1970), separated from all other sets of individuals by a
morphological gulf. Opposition to this concept is directed against its silence on the
process of speciation. Secondly, if no broad morphological gulf can be detected,
where will the species-dividing line be drawn? Further what reason should be given
for choosing one level of phenetic similarity over any other to term the level species?
Further still, phenetic classifications based on morphology introduce the danger that,
if convergent characters are used as data, one may group unrelated forms into
paraphyletic or even polyphyletic taxa (Mallet, 2001). Finally, single gene
polymorphisms and sexual dimorphism can affect multiple morphological characters.
This could lead to recognition of multiple species within polymorphic populations.
Sibling species, on the other hand, could be lumped into the same species using a
phenetic approach, unless a set of highly diagnostic characters could be found. The
PhSC, however, is a very highly operational concept and invoked quite often by

taxonomists.
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2.4.3 The biological species concept (BSC)

According to the BSC, species are categorized as groups of actually or potentially
breeding organisms that are reproductively isolated from other such groups (Mayr,
1940). There are a number of points of contention against the BSC. Firstly, the
concept cannot categorize asexual species (since they do not reproduce with other
individuals at all) or fossil species (it is impossible to tell what fossils could have
reproduced with what other fossils). Furthermore, strong mate choice may exist
within species (sexual selection) resulting in non-breeding of incompatible males and
females of the same species. Boophilus microplus from South Africa and B.
microplus from Australia are different populations of the same species that showed
unsuccessful mating (Spickett and Malan, 1978). These authors were inclined to think
of the two populations as separate species based on the BSC. However, molecular
evidence (Barker, 1998) showed they are a single species. On the other hand, “good”
species can and do hybridize in nature (Shoemaker et al., 1996). For instance, Walker
et al. (1981) reported R. zambeziensis as a distinct species from R. appendiculatus.
Yet Berkvens (2002) found indications of a natural hybrid of these two. In which
case, an application of the BSC to these two entities would give a single species.
Finally, the BSC fails to define species on their own good but in relation to another
group with which they must or must not breed. To its credit the BSC is able to

categorize sibling species.

2.4.4 The evolutionary species concept (ESC)

The ESC was proposed by Simpson (1961) and modified by Wiley (1978, 1981) in
which a species is a lineage (an ancestral-descendant sequence of populations)
evolving separately from others and with its own unitary evolutionary role and
tendencies. The strengths of the ESC are in its recognition of species as lineages in
which patterns and attributes of the species can be correctly interpreted with respect to
their own descent and requires no thresholds for particular attributes for the existence
of the species. It recognizes both uni and bi-parentals therefore encapsulating all types
of biological entities considered species. In addition, it is considered consistent with
current theoretical and empirical knowledge of diversity and ontological status of
entities involved in descent. For these reasons Mayden (1997) in his hierarchy of
species concepts reckoned the ESC to be the primary concept and the rest as

secondary. However, de Pinna (1999) considers the phrase “unitary evolutionary role
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and tendencies” as one of the weaknesses of the ESC as it is considered to depend on
future outcomes whose veracity or the lack of it cannot be determined in the present.
In addition the ESC is non operational. Therefore the ESC to be of practical use must
be invoked with more operational secondary concepts which allow recognition of

entities compatible with its (ESC) intentions.

2.4.5 The phylogenetic species concept (PSC)

Phylogeny as a term refers to the evolutionary history of species, or history of
speciation. A phylogenetic species is an irreducible (basal) cluster of organisms,
diagnosably distinct from other such clusters, and within which there is a parental
pattern of ancestry and descent (Cracraft 1983). Nixon and Wheeler (1990) refined
the definition so that it extends to non-sexually reproducing organisms as “the
smallest aggregation of populations (sexual) or lineages (asexual) diagnosable by a
unique combination of character states in comparable individuals”. In other words, if
we have a group of organisms that all share a derived character state that cannot be
subdivided into smaller groups based on the shared derived character state then we
have a species. Different species have different derived character states from each
other. The phylogenetic species concept is based on the idea that we can tell which
groups are in fact affecting each other genetically by their characteristics. If they
share a unique derived characteristic not found in other groups, then they are not
spreading this characteristic to other groups; if they do not have the derived
characteristics found in other groups, then the other groups are not affecting them.
The ability to interbreed is viewed as a shared primitive attribute of no consequence
in the recognition of species as taxa. The PSC would therefore have no problem
classifying R. appendiculatus and R. zambeziensis separate species despite indications
that they may be interbreeding in nature (Berkvens, 2002) as long as they have
different derived characteristics. Therefore the PSC can be applied to allopatric forms
and non sexual and parthenogenetic forms. One of the arguments against the PSC is
that it may divide species into groups based on characteristics that do not have any
clear biological relevance and appear to be very minor traits (Mayr, 1982). In
addition, the PSC may divide life up into an inconveniently large number of species
and the species groups might not remain separate because the groups can still
reproduce with each other. Thus, species defined by the phylogenetic species concept

may not be permanent; they may merge together over time. Finally, the PSC will fail

31



Chapter 2 - A review of variation within and between R. appendiculatus and R. zambeziensis

to reveal sibling species as it gives no reason or incentive to search for further
divisions of existing diagnosably distinct forms. However, the PSC will have no

problems accommodating sibling species once revealed by another concept.

2.5 Speciation

Implied in most “respected” species concepts is the origin of species or at least the
history of speciation. Speciation, the evolution of two or more species from one pre-
existing species, is too slow to be observed directly (Mayr, 1982). It is, therefore,
impossible to study the same individual population before and after speciation. As a
result the study of speciation involves a reconstruction of historical events from which
are derived certain deductive generalizations whose validity are tested by “proper”
comparative methods (Mayr, 1982). Further, conditions prevailing at the time of
division of an ancient gene pool must be inferred and the time or period during which

an ancient gene pool divided must be estimated (Avise, 2000).

Speciation models can be divided into two broad groups, i.e. geographic speciation
and non geographic speciation (Mayr, 1982). Only geographic speciation is

considered here.

2.5.1 Geographic speciation
Five models of geographic speciation are considered (Mayr, 1982; Page and Holmes,

1998).

2.5.1.1 Allopatric speciation

This term is used to refer to geographical speciation in general and also to a classical
geographical speciation model in which a species is split in two (or more) groups by
geographical barrier(s). When a geographical barrier splits the range of a species the
event that split the species range is called a vicarious event e.g. formation of glaciers
in the ice age, continental drift or changes in water position. For instance the
formation of Lake Kariba due to construction of the Kariba dam on the Zambezi
River between Zambia and Zimbabwe was a vicarious event which might have split
tick populations (and populations of other species) into more than one group. In other
situations the two groups of the same species may be isolated by a geographical
barrier because of dispersal events. Keeping with the example of Lake Kariba, it is
possible that some ticks have been made to cross the lake due to human activities by

for instance clinging to a host. The latter scenario may be very common for
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R. appendiculatus and R. zambeziensis as history is replete with accounts of mass
movement of hosts due to breed upgrading, restocking ventures, disease averting
endeavours and social upheavals avoidance (Norval et al, 1992). If after separation
there is no contact between population(s) in the new location(s) and the original

population it might result in founder effect speciation (Page and Holmes, 1998).

2.5.1.2 Peripatric speciation

This is a type of geographic speciation due to peripheral isolation. It said to be very
likely in species with low dispersal facilities like some tick species. Subpopulations
of the species on the periphery of the range occupied by the main population may
become isolated and begin to diverge genetically until reproduction isolation occurs.
The process is enabled by the fact that peripheral populations are likely to be small
(there is roughly an inverse relationship between population size and rate of
speciation) and may have experienced bottlenecks so that genetic drift, as well as
founder and inbreeding effects, will reinforce their new genetic identity (Page and

Holmes, 1998).

2.5.1.3 Parapatric speciation

This type of speciation is thought to occur in geographically contiguous rather than
isolated populations (Page and Holmes, 1998). In this case individuals can move
between the populations therefore allowing for gene flow. But gene flow makes
speciation unlikely, making this model difficult to understand. It has therefore been
suggested that for speciation to occur in such a situation there must be strong
selection to counteract the effect of gene flow. This can happen if there is an in-situ
abrupt environmental gradient in the range of a species resulting in disruptive
selection of intermediates (hybrids) (Mayr, 1982). This model of speciation is thought
to be very rare because of the requirement of an environment that will result in strong
disruptive selection without a geographic barrier. Incidentally, existence of hybrid
zones (areas where genetically distinct entities do not show complete reproductive
isolation) that are flanked by races adapted to conditions different to those in the
hybrid zone is used as evidence in favour of this mode of speciation (Ridley, 2004). In
the range of R. appendiculatus and R. zambeziensis suspected hybrid zones (areas
with specimens morphologically intermediate between R. appendiculatus and

R. zambeziensis) have been reported (Zivkovic et al., 1986) in areas where there is a
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gentle slope from the highlands (optimal R. appendiculatus area) to the valley
(marginal R. appendiculatus area where R. zambeziensis replaces the former). In areas
where the fall is sharp such morphologically intermediate specimens have not been

observed (Norval et al., 1982).

2.5.1.4 Sympatric speciation

According to this model of speciation reproduction isolation takes place within a
single population without the help of a geographical barrier (Page and Holmes, 1998).
The thorny aspect of this theory is how genetic divergence can be enhanced within a
population of organisms that is continually exchanging genes. There are two main
ways in which sympatric speciation is thought to occur (Mayr, 1982). The first is by
ecological isolation: the barriers to gene flow in this case are ecological and
physiographic parameters e.g. sympatric speciation by a shift of host preference (or
loss by extinction of initial host) is a possibility. The second is strong disruptive
selection within an area: this could potentially result in sympatric speciation if
selection for extreme forms against intermediates is sufficiently strong so that crosses
result in few surviving offspring and therefore little gene flow between the two

extremes.

2.5.1.5 Stasipatric speciation

A new gene arrangement may turn up anywhere within the range of a species.
Gradually it becomes more and more common and spreads out from the point of
origin until the number of heterozygotes has reached such a high frequency that
homozygotes will finally occur (Mayr, 1982). In this model mutations happen first
and then get fixed in particular deme. Any chromosomal rearrangements will result in
a genetic revolution (Mayr, 1954 cited by Templeton, 1979). In species with low
dispersal facilities and /or rather specific habitat requirements one can also find
‘internal’ founder populations anywhere within the range of the species. These may
be populations colonising previously unoccupied spots within the species range. The
new populations may be isolated for quite sometime and undergo peripatric speciation

exactly like peripherally isolated populations.

In conclusion, the distinction between allopatric, parapatric, peripatric, sympatric and
stasipatric speciation is based on the geographic distribution of the groups that have

undergone speciation to become different species and not on the processes that lead to
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speciation. Whether speciation occurs depends on the main forces of evolution

(Futuyma, 1988) i.e. mutation and recombination, natural selection and genetic drift.

2.6 Reconstructing speciation

Molecular phylogenetics is the study of processes of evolution by analysis of DNA or
amino acid sequences (Whelan et al, 2001). Reconstructing the phylogenetic
relationships between gene (DNA) sequences is a critical first step towards
understanding their evolution (Page and Holmes, 1998). The sequences from which
phylogenetic inference is to be made must satisfy certain conditions (Vandamme,
2003). Firstly, sequences used must be homologous (see list of definitions).
Homology of sequences may be inferred from their similarity. In general, the higher
the similarity, the more likely it is that the sequences are homologous. However,
similarity is not equal to homology. Not only must the sequences be homologous, but
also homologous sites in the sequences must be compared, hence the necessity of
alignments. During alignment homologous sites in sequences are put in columns
manually or by use of special software packages e.g. ClustalW (Thompson ef al.,
1994) and ClustalX (Thompson et al., 1997). Lastly if the task is to infer organismal
history (as opposed to sequence history) it is important to establish that the sequences

are orthologous and not paralogous (see list of definitions).

Evolutionary relationships among genes and organisms are usually illustrated by
phylogenetic trees. Phylogenetic trees are mathematical structures that model the
evolutionary history of sequences or organisms. The task of molecular phylogenetics
is to convert information in sequences into an evolutionary tree for those sequences.
A lot of methods and software packages in which these methods of converting
sequence information into trees are implemented are available (Felsenstein, 1989;
Adachi and Hasegawa, 1995; Yang, 1997; Swofford, 1999). These methods can be
divided into those that convert aligned sequences into matrices of pairwise distances,
and then use these matrices for tree building (van de Peer, 2003) and those that
analyse characters separately and independently (Page and Holmes, 1998). The
second classification is whether the method clusters sequences stepwise, so called
stepwise clustering, resulting in only one best tree, or whether the method considers
all theoretically possible trees. The latter are called exhaustive search methods (Page
and Holmes, 1998). Because of the computational cost associated with exhaustive

methods faster alternative search strategies, called heuristic methods have been
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devised. Table 2.1 lists some three common phylogenetic-tree-building methods in

use.

Table 2.1: Some common phylogenetic tree building methods

Method Treatment of Data Tree analysis strategy
Maximum likelihood (ML) Character state Exhaustive search
Maximum parsimony (MP) Character state Exhaustive search
Neighbour-joining (NJ) Distance matrix Stepwise-clustering

Some of the methods in Table 2.1 may have the same data treatment and tree analysis
strategies; however, they differ in their assumptions. Which assumptions and
strategies are the most appropriate may differ between different sequence data sets.
Therefore, the methods may not arrive at the same optimal tree given the same
sequence data. As such the choice of a method should depend on the particularities of

one’s data.

A more recent addition to the arsenal of phylogeny reconstruction tools is the

Bayesian inference of phylogeny (Huelsenbeck and Ronquist, 2001).

The following is a review of the methods that were used in the current work.

2.6.1 Neighbour-joining

Neighbour-joining (NJ) (Page and Holmes, 1998; Whelan et al., 2001; Van de Peer,
2003) is a widely used method because it is computationally fast producing only one
tree. Like most clustering methods, NJ lacks a way of evaluating between competing
hypotheses (trees) i.e. it does not have a measure of fit between tree and data. In
addition, converting sequences into distances leads to an overall estimate between tree
and data resulting in loss of information on individual sites or categories of sites on a
tree. That said, the reliability of trees obtained by distance methods like NJ depends
more on the method used in obtaining the distances. Good estimates of the
evolutionary distance should give trees which provide a closer fit to the data.
Neighbour-joining may be implemented in the software packages PHYLIP
(Felsenstein, 1989) and PAUP* (Swofford, 1999), amongst others.

2.6.2 Maximum parsimony
The aim in Maximum parsimony is to find the tree or collection of trees that minimize

the amount of transformation of one character state into another required to explain
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the data (Swofford and Sullivan, 2003). In other words one looks for a tree or group
of trees that minimize evolutionary change to explain the data (Page and Holmes,
1998). This method requires no explicit assumptions, or at least it is not clear what the
assumptions of parsimony analysis are, apart from the main underlying assumption of
independence among characters. It is most effective when the expected amount of
change is low. Parsimony analysis is faster than model based methods like ML. As
such parsimony is an important alternative to the model based methods when they
cannot be wused due to computational limitations. Maximum parsimony is
implemented in the software packages PHYLIP (Felsenstein, 1989) and PAUP*
(Swofford, 1999).

2.6.3 Maximum likelihood

Maximum likelihood (ML) (Page and Holmes, 1998b; Whelan et al., 2001; Haeseler
and Strimmer, 2003) is a so called discrete character state method. In ML every tree
topology (branching pattern) of the given data is examined and the support for each is
evaluated by examining every nucleotide position. In principle ML calculates the
probability of expecting each possible nucleotide in the ancestral (internal) nodes and
deduces the likelihood of tree structure from these probabilities. In short, Maximum
likelihood chooses the tree that of all the trees is the one that is most likely to have
produced the observed data. Therefore likelihood is not the probability that the tree is
the true tree, rather the probability that the tree has given rise to the data collected.
This analysis is computationally very demanding but considered very consistent. The
ML analysis may be implemented in the software packages PHYLIP (Felsenstein,
1989) and PAUP* (Swofford, 1999).

Maximum likelihood requires three elements, observed data (nucleotide sequences), a
tree (hypothesis) and a model of nucleotide sequence evolution. There are two
approaches to building models of nucleotide sequence evolution (Page and Holmes,
1998c; Whelan et al., 2001; Strimer and von Haeseler, 2003), the empirical approach
and the parameterization approach. The empirical approach uses properties calculated
through the use of large numbers of observed sequences resulting in fixed parameter
values estimated once and then assumed to be applicable to all data sets. In contrast,
models built parametrically are based on the structural and biological properties of
DNA. This allows for the parameter values to be derived from the data set in each

particular analysis. Software packages for parameterization of sequences in analyses
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are available, e.g. Modeltest (Posada and Crandal, 1998). Three main parameters are
used in these models: (1) base frequency parameters, (2) transition/ transversion ratio
(Ts/Tv) otherwise known as base exchangeability parameters, (3) rate heterogeneity
parameters. Base frequency is a description of the frequency of the bases A, C, G and
T, averaged over all sequence sites and over the tree. Base frequency parameters
represent constraints on base frequencies and act as weighting factors in a model by
making certain bases more likely to arise when substitutions occur. In other words, if
some bases are more frequent than others, then some substitutions may be more
frequent than others. Transition/transversion parameters are a measure of the
structural similarity of the bases. If the similarity among the bases is high then
substitutions of one for the other may be high. For example transition substitutions
(purine to purine or pyrimidine to pyrimidine) are more common than transversions
(purine to pyrimidine and vice versa). Rate heterogeneity: nucleotide substitutions
vary considerably among sites in a sequence resulting in considerable impact in
sequence divergence. The substitution rates are influenced by biochemical factors,
constraints of the genetic code and selection for gene function to name a few. For
instance sites at which any nucleotide substitution results in an amino acid
replacement (non-degenerate sites) have very few substitutions. In contrast genes that
have lost functionality (pseudogenes) have high substitution or mutation rates. There
is therefore a whole range of probabilities of substitution. This variation in
substitution is modelled using a gamma distribution of rates across sequences. The
gamma distribution has a shape parameter a which specifies the range of rate
variation among sites. Small values of a, result in an L-shaped distribution with
extreme variation of rates. An L-shaped distribution depicts a situation were most
sites are invariable, but a few have very high rates of substitution. On the other hand,
larger values of a indicate a smaller range of rates. By and large, the distribution of

rates tends to be L-shaped.

2.6.4 Non-parametric bootstrapping

Estimates of phylogeny based on samples will invariably be accompanied by
sampling errors. Non-parametric bootstrapping is a method of estimating sampling
error by re-sampling with replacement (i.e. any site sampled is returned to the data set
before the next sample is taken) from the sample itself (Felsenstein, 1985). Each re-

sampling is therefore a pseudo replicate. A tree is then built from this pseudo replicate
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and the process is repeated several times, for example 100-2000 times. The most
common splits found among the bootstrap trees can be assembled into a bootstrap
consensus trees that is usually drawn with each node labelled with the frequency of its
occurrence. Bootstrap analysis is a simple and effective technique to test the relative
reliability of groups within a phylogenetic tree reflecting the phylogenetic signal in
the data as detected by the tree construction method used (van der Peer, 2003). It is
important to note that bootstrapping is a measure of how many alternative trees are

excluded (precision) and not how true (accuracy) the tree is (Page and Holmes, 1998).

2.6.5 Bayesian inference of phylogeny

Bayesian inference of phylogeny is implemented in the software packages like,
MRBAYES (Huelsenbeck and Ronquist, 2001) and BAMBE (Simon and Larget,
1998). Bayesian estimation of phylogeny is based on a quantity called the posterior
probability distribution of trees. The posterior probability of trees is the probability of
the ith tree conditional on the observations (an alignment of DNA sequences) and is

calculated using Bayes’s theorem (Huelsenbeck et al., 2002).

Like likelihood, Bayesian estimation of phylogeny is based on the likelihood function.
However, unlike maximum likelihood, Bayesian inference of phylogeny as
implemented in MRBAYES can incorporate a systematist’s prior information about

phylogeny through the specification of a prior probability distribution of trees.

The Bayesian posterior probabilities provide an alternative to nonparametric bootstrap
analysis of ML inferences and represent the probability that the corresponding clade

is true given the model, the priors, and the data (Yang and Rannala, 2005).

It can be noticed that even though there are different mechanisms of acquiring
variation, only mutations (point mutation, insertions and deletions) are used by the
different phylogenetic models implemented in most methods to infer relationships
between genes. Therefore, it is apparent that phylogentic inferences are made on
limited data using very simplified models of evolution (relative to the process of gene

evolution) (Avise, 2000) that are nonetheless computationally very challenging.

2.6.6 Choice of gene sequence to use in reconstruction of speciation
Knowledge of how genes evolve is required in choosing genes or gene segments for
different aspects of molecular systematics and phylogenetics. Such information form

the basis for the choice of phylogeny reconstruction methods and priors in models of
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evolution for particular sequence data (see item 2.6.3). Properties of an ideal gene for
use as a molecular marker have been given (Simon et al., 1994; Cruickshank, 2002).
Some of these include the requirement that genes be single copy or multiple
homogeneous copies of the same, with sufficient variation to provide enough number
of informative sites and yet low enough to avoid excessive numbers of multiple
substitutions. In this study three genes were used to assess species relationships
among our taxa of interest; the second internal transcribed spacer (ITS2) of the
nuclear genes and two mitochondrial gene segments, the 12S ribosomal DNA (mt 12S
rDNA) and the cytochrome ¢ oxidase subunit I (mt COI). The combination of the
ITS2 and the protein-coding mtCOI together provide a powerful tool for
phylogenetics at low taxonomic levels (Cruickshank, 2002). A review of each of these

genes is thus provided.

2.6.6.1 The second internal transcribed spacer (ITS2)

The ribosomal DNA (rDNA) array of the nuclear genome consists of the coding
regions for the 18S rDNA, 28S rDNA and 5.8S rDNA subunits (Hwang and Kim,
1999). Together with the coding regions, rDNA array also contains a number of
spacer sequences. These contain signals needed to process the rRNA transcript. The
spacers include an external transcribed spacer (ETS) and two internal transcribed
spacers 1 and 2 called ITS1 and ITS2 for short. When rDNA sequences are compared
within and between species, they tend to show high sequence similarity between
species and a significant diversity between species. This has been attributed to a
process called concerted evolution, which results in redistribution of mutations to all
members of the multigene family. Therefore the ITS2 is frequently used as a
phylogenetic marker, because though it’s a multiple-copy gene all copies have the
same sequence so that it does no matter which copy is sequenced (Simon et al., 1994;
Cruickshank, 2002). Secondly, it has a much more variable primary sequence
compared to the conserved coding flanking regions of 5.8S and 28S rDNA (Page and
Holmes, 1998; Navajas and Fenton, 2000; Cruickshank, 2002). In addition, being
sandwiched between two conserved coding regions of 5.8S and 28S rDNA presents
relative ease of developing primers for its amplification. Further, the presence of
rRNA genes in large quantities in all cells facilitates polymerase chain reaction (PCR)
amplification of small or even degraded samples (Barker, 1998). And finally, as a part
of the rDNA multigene family, the ITS2 shares the property of high sequence
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similarity within species and high degree of divergence between species making it
useful in reconstructing species relationships in closely related taxa (Zahler, 1995,
1997; Barker, 1998; Page and Holmes, 1998; Navajas and Fenton, 2000; Cruickshank,
2002).

2.6.6.2 Mitochondrial 12S rDNA and Cytochrome ¢ oxidase subunit |

Mitochondria have a genome that consists of a single DNA molecule with each gene
generally appearing once (Page and Holmes, 1998; Avise, 2000). Mitochondrial genes
can broadly be divided into two categories; ribosomal genes and protein coding genes.
There are two mitochondrial ribosomal genes, the 12S rDNA and 16SrDNA that are
not separated by internal transcribed spacers (Cruickshank, 2002). In animals
mitochondria are maternally inherited. The maternal inheritance or transmission,
along with the fact that mitochondrial DNA (mtDNA) does not undergo
recombination, its extensive intraspecific variation and its faster evolution (compared
to nuclear genome) makes mitochondria a very important study tool for systematics
and population genetics (Simon et al., 1994). Further because each individual
displays a specifiable mtDNA haplotype inherited without intermolecular genetic
recombination from the mother, individuals and not populations in a population
genetic analysis could be treated as operational taxonomic units (OUT)(Avise, 2000).
As such interpretations can be made without concern about sampling errors at the
population level. Further still the maternal inheritance of mtDNA permits use of
phylogenetic concepts to intraspecific evolution since the mtDNA gene trees are non-
anastomose, but hierarchically branched due to the asexual mode of transmission.
Like nuclear ribosomal DNA, mitochondrial genes have high copy numbers in a cell.
This and the small genome size make mitochondria easier to manipulate and therefore
highly favourable. The entire mitochondrial DNA may be considered as a single locus
for purposes of phylogenetics because character states are linked by virtue of the
molecule’s mode of asexual transmission (Page and Holmes, 1998; Hwang and Kim,
1999; Avise, 2000). Therefore every gene has the same phylogenetic history.
Nonetheless different sites and genes in the mtDNA genome evolve at widely
different rates. For example protein coding genes like mtCOI evolve faster than

12SrDNA.
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2.7 Phenotypic variation within and between R. appendiculatus and
R. zambeziensis

Phenotypic variation refers to variation in any of the observable or measurable
characters of an organism, i.e. morphological, behavioural, phenology including
microscopic, physiological and biochemical characters which may be hard to observe

or measure (Ridley, 2004).

2.7.1 Morphological variation

For centuries, gross morphological variation between individuals or the lack of it (sic)
has been used to group individuals into kinds e.g. Aristotle (4™ Century B.C) and
Linnaeus (ca. 1735). This premise has since been superseded by the knowledge of
quantitative traits that produce great measurable variation in phenotype and the
discovery of sibling species which are morphologically very similar individuals who
nevertheless belong to different species (Page and Holmes, 1998). On the other
extreme are so called polytypic species that have a number of distinct forms which
forms are nonetheless a single species. Further individuals of the same species may
have different morphologies depending on the stage of development. This is clearly
evident in arthropods that undergo incomplete or complete metamorphosis. Three host
ticks like Rhipicephalus spp. undergo metamorphosis when they moult from larvae to
nymph and nymph to adult. Further still, not a few species exhibit sexual dimorphism
which refers to morphological and/or behavioural differences between males and
females of the same species. There is also the effect of climate and other
environmental factors that exert substantial effect on morphological variance (Pétavy
et al., 2001) especially size variation which in turn affects shape or at least the
interpretation of shape. Environmental morphological variance may be adaptive or
plastic. Adaptive morphological variance is easier indentified in polymorphic
genotypes that produce discrete phenotypic variance. Individuals of a favourable
phenotype in a given environment may be favoured (adapted). Plasticity refers
variable phenotypic expression of the same genotype under different environmental
conditions. Plasticity might be suspected when continuous phenotypic variation is
associated with a polymorphic genotype. The biggest challenge therefore, for the
study of morphological variation within a species is determining which variation is
inherited and which is due to environmental factors (Page and Holmes, 1998). Some

of the environmental factors that may result in morphological variation between

42



Chapter 2 - A review of variation within and between R. appendiculatus and R. zambeziensis

populations and in individuals of a population include altitude, latitude and
geography. Individuals raised at higher altitude, hence lower temperatures tend to be
bigger than those raised at lower altitude and therefore higher temperatures (Silver
and Renshaw, 1999; Speybroeck et al., 2004). Species whose ranges span wide
latitudinal differences may be smaller in the south and become gradually bigger as
one goes north. Geographic variation refers to morphological variation of populations
from different areas. Clinal variation, a type of geographic variation, refers to a

gradual change in some feature across geography.

Morphological characteristics that can be used to distinguish ticks in general and
Rhipicephalids in particular have been well described (Walker et al., 2000).
Difficulties arise in distinguishing closely related species by unambiguous characters
(Hunt and Hilburn, 1985). Before morphological variation in the
R. appendiculatus/zambeziensis complex can be described a generalized description
of the “typical” or idealised morphological appearance of R. appendiculatus and

R. zambeziensis is necessary.

2.7.2 Morphological description of Rhipicephalus appendiculatus

Rhipicephalus appendiculatus was originally described by Neumann in 1901. Several
redescriptions have since been given (Nuttall and Warburton, 1916; Paoli, 1916;
Zumpt, 1942; Hoogstraal, 1956; Walker, 1970) and the last being Walker et
al. (1981). The following brief description of the instars of R. appendiculatus is
derived from Walker et al. (2000).

2.7.2.1 Adults
Rhipicephalus appendiculatus has been described as a moderate-sized reddish-brown

tick.
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Figure 2.1: Male Rhipicephalus appendiculatus: left dorsal, right ventral view

Male specimens (fig. 2.1) are characterized by a capitulum which is a lot longer than
broad. The basis capitulum is variable; much broader than long in smaller males and
only slightly broader in larger males, with short obtuse lateral angles at about the
anterior quarter of its length. Palps are short and broad. Coxa I has a distinctly pointed
strongly-sclerotized dorsal projection called the anterior process. A dorsal shield, the
conscutum, extends from the tip of the scapular process to the distal end. The
conscutum has scattered and moderate sized punctations. Cervical fields are broad
and depressed with finely-reticulate surfaces. The marginal lines are distinct,
extending anteriorly nearly to the eye level, delimiting one festoon posteriorly. The
posteromedian groove is long narrow and distinct, while the posterolateral grooves
are short and broad. In smaller specimens the pattern of grooves and punctations may
be much reduced. In engorged specimens a slender caudal process is formed
posteromedially. Eyes are marginal, almost flat and delimited dorsally by a very
shallow groove. Ventrally spiracles are broadly comma shaped curving gently
towards the dorsal surface. Adanal plates are large and well sclerotized tapering
posterointernally to well-rounded points. Accessory adanal plates appear as small,

short sclerotized points.
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Figure 2.2: Female Rhipicephalus appendiculatus: left dorsal, right ventral view

In contrast the capitulum of females (fig. 2.2) is slightly longer than broad and the
basis capitulum has broad lateral angles overlapping the scapulae. The porose areas
on the basis capituli are round. Palps are short broad and bluntly rounded appically.
The dorsal shield now called the scutum is longer than broad but may be
approximately equal in length and width in smaller specimens. The eyes are located at
the widest point of the scutum, are marginal, almost flat and are delimited dorsally by

a faint groove. Cervical fields are broad and depressed.

Ventrally the genital aperture is shaped like the tip of the tongue.

2.7.2.2 Nymphs

Nymphs have a capitulum that is wider than it is long (fig. 2.3). Their basis capitulum
is approximately twice as broad as it is long. The lateral angles of the basis capitulum
are in the anterior half of its length. Ventrally the basis capitulum has short blunt
spurs on the posterior margin. Palps are short and broadly rounded apically. The
scutum is wider than it is long with the posterior margin forming a broad smooth
curve. Eyes are located at the widest point of the scutum, are mildly convex and are
dorsally delimited by a shallow groove. The cervical fields are broad and slightly
depressed and extend almost to the posterior margin of the scutum. Ventrally each
coxa I has a long narrow external spur and a shorter broader internal spur; coxae II to

IV each with a short sharp external spur only.
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——1mm

Figure 2.3: Rhipicephalus appendiculatus: dorsal view of larva (left) and nymph
(right)

2.7.2.3 Larvae

The larval capitulum is broader than long (fig. 2.3). The width of the basis capitulum
is a little over two times longer than the length with very short blunt lateral angles.
Palps are constricted proximally and flattened apically. The scutum is much broader
than long forming a smooth broad curve at the posterior margin. Eyes are at the
widest point of the scutum, almost flat and delimited dorsally by a faint groove.
Cervical grooves are short and slightly convergent. Ventrally coxa I each has a broad

blunt spur; coxae II and III each with a broad ridge-like spur.

The above descriptions notwithstanding, it should be noted that like other
rhipicephalids R. appendiculatus shows a wide range within-species variation in
morphological appearance (Walker et al., 2000). Factors affecting the wellbeing of
immature stages cardinal of which is nutrition have a major effect on morphological
variation within a species (Warburton, 1912; Nuttal, 1913; Hoogstraal, 1956).
Nutrition may be affected by crowding on the host, non availability of suitable hosts
and degree of host resistance to tick feeding. The result is morphological variations of
the shape of the basis capituli, punctation of the (con) scutum (Walker et al., 2000)
and robustness (Hoogstraal, 1956). Variation in size has been observed in
geographically differentiated populations of R. appendiculatus (Speybroeck et al.,
2004). Within the same geographical area specimens collected in the hotter and drier
valley areas tend to be smaller (Chaka ef al., 1999) and more punctate than those

collected on the wetter and cooler plateau areas. In some areas with a more than one
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adult phenology per year there is variation in size of the different temporal adult
groups (Chaka et al., 1999).

2.7.3 Morphological description of R. zambeziensis
Rhipicephalus zambeziensis was first called Rhipicephalus spp.Il by Yeoman and
Walker (1967). It was described as a separate species by Walker ef al. (1981).

———— 1mm

Figure 2.5: Female Rhipicephalus zambeziensis: left dorsal, right ventral view.

2.7.3.1 Adults

R. zambeziensis is described as a moderate-sized brown tick whose capitulum is
longer than broad (fig. 2.4 and 2.5). The basis capitulum has short sharp lateral angles
at anterior third of its length. Palps are short and broad with slightly flattened to
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gently rounded apices. Engorged male specimens have a tail like posteromedially
caudal process. Eyes are marginal, almost flat and edged by a shallow groove.
Cervical fields are broad, depressed with finely shagreened surfaces. Marginal lines
are well developed. The posteromedian groove is long and narrow and posterolaterals
are shorter and broader. Conscutal punctations are usually discrete but may be dense
and coalesce in some places. Ventrally spiracles elongate with a tapering slightly
curved dorsal prolongation. Adanal plates are long, narrow and tapering posterior to
the anus to narrowly rounded posterointernal angles. Very small sclerotized points
represent accessory adanal plates. The females of R. zambeziensis have a capitulum
that is wider than it is long and a basis capitulum with broad lateral angles in anterior
third of its length. The porose areas of the basis capitulum are oval and at times
slightly irregular in shape. Palps are broad and blunt apically. The scutum is mostly
as broad as it is long with a sinuous posterior margin. Eyes are about half way back,
marginal, almost flat and delimited dorsally by a rather deep groove with few large
punctations. The punctation pattern is generally dense. On the ventral side the genital

aperture is wide with a straight posterior margin that curves forward laterally.

2.7.3.2 Nymphs

Figure 2.6: Rhipicephalus zambeziensis nymph: dorsal view

Nymphs of R. zambeziensis have a much broader than long capitulum (fig. 2.6). The
basis capitulum is over three times as broad as long with lateral angles about mid-
length, long, tapering and sharply pointed. On the ventral side the basis capitulum has

bluntly rounded spurs on the posterior border. Palps are round tapering to rounded
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apices. The scutum is broader than long and has a broad smooth curve at the posterior
margin. Eyes, slightly convex and edged dorsally by a shallow groove are located at
the widest point of the scutum. Cervical fields are long narrow and depressed.
Ventrally each of the coxa I has a long tapering external spur and a shorter broader

internal spur. Coxae II to IV each have a sharp external spur only.

2.7.3.3 Larvae

Larvae capitulum is broader than long while the basis capitulum is over twice as
broad as long with short, sharp and slightly forwardly directed lateral angles at about
mid-length. Palps are broad and truncated apically. The scutum is much broader than
long with a wide smooth-curved posterior margin. Eyes are slightly convex, edged
dorsally by a shallow groove and are located at the widest point of the scutum.
Cervical grooves are short and slightly convergent. Ventrally each coxa has a single
spur. The spurs on coxa I are largest and sharpest, while those on coxae II and III are

smaller and blunter.

Deviations from the picture painted above are influenced by the same factors as
discussed under R. appendiculatus (see section 2.6.2.3). However, Speybroeck et al.
(2004) did not find differences in the average size of R. zambeziensis males from

populations at different latitudes.

2.7.4 Morphological variation between R. appendiculatus and R. zambeziensis

From the above descriptions it is clear that there is very little morphological
differentiation between the two taxa (Walker et al., 2000). As if that was not enough
the wide variations in morphology in both R. zambeziensis and R. appendiculatus lead
to overlaps in the two taxon’s morphological features rendering the above differences
powerless in discriminating between the two taxa unless a wholistic approach is used
i.e. a number of specimens should be examined combining morphology, host
preference, predilection site, origin of specimens (Berkvens et al., 1998; Walker et
al., 2000). Generally however, R.zambeziensis is smaller and darker than
R. appendiculatus. The primary feature distinguishing the adults of R. zambeziensis
from R. appendiculatus is the density of the punctation pattern, which is usually
lighter in R. appendiculatus than in R. zambeziensis. Female adults of R. zambeziensis
have a genital aperture with posterior broad U-shaped lips compared to broad

V-shaped lips in R.appendiculatus (Walker et al., 1981) (fig. 2.7). Immature stages of
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the two species differ in the proportions of their basis capituli and the shape of their
palps (Walker et al., 1981). The lack of very clear morphological differentiating
markers is one reason questions have been raised as to whether the two nominal taxa

are “good” species (Speybroeck ef al., 2002; Madder et al., 2005).

T
Wi

Figure 2.7: Genital aperture of female Rhipicephalus appendiculatus (left) and
Rhipicephalus zambeziensis (right) (Walker et al., 2000)

2.7.5 Cellular variation

Cellular variation is a kind of microscopic morphological variation. Within a species
of ticks variable numbers of chromosomes have been reported (Sonenshine, 1991).
Rhipicephalinae though show relatively uniform pattern of chromosome numbers
(Oliver, 1983). Variations may also occur in chromosome morphology especially
banding patterns and have been used in discriminating between different species of

ticks and in evaluating species relations (Gunn and Hilburn, 1990).

2.7.6 Biochemical variation

Phenotypic variation includes variation at the biochemical level, such as proteins.
Study of protein variation has been employed as an indirect approach to genetic
analysis (Baliraine et al. 2000), since all proteins are gene products (Suzuki et al.,
1986). Protein variation can be studied directly or by electrophoretic techniques.
Electrophoretic techniques have proved very valuable in many a species not only to
discriminate between closely related species (Sukowati et al., 1999; Torres et al.,
2006) but also to discern patterns of genetic variability which would suggest a mating
substructure within a species (Hunt and Hilburn, 1985; Gooding et al., 1991).
However, electrophoretic techniques depend on the use of fresh specimens (Navajas
and Fenton, 2000) and interpretation of their results may be controversial (Hunt and

Hilburn, 1985; Gooding, 1996; Navajas and Fenton, 2000). Difficulties in
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interpretation of results arise because for protein variations to be useful as
taxonomical characters it must be demonstrated that they are not induced by either
external or internal factors but originate from constantly expressed genetic factors
(Hunt and Hilburn, 1985). Electrophoretic techniques have not been used as much in
ticks as in other species considering the former’s relative importance as vectors (Hunt
and Hilburn, 1985). In ticks electrophoretic techniques have been used to distinguish
species within the genus Amblyomma using acid phosphatase (ACPH) and peptidase
(PEP-1) (EC.3.4.11) and species within Dermacentor could be distinguished with
peptidase phenotypes (Hunt and Hilburn, 1985). Using esterase (EST) (EC.3.1.1)
isozymes as genetic markers, Peng et al. (1973) investigated Boophilus microplus for
inherent organophosphate resistance. Other electrophoretic studies have included
determination of patterns of genetic variation in the Australian reptile ticks (Bull ef
al., 1984). In R. appendiculatus and R. zambeziensis Wouters et al. (1987) used
enzyme electrophoresis to differentiate between them revealing varied
glucose-phosphate-isomerase (GPI) (EC.5.3.1.9) and mannose-phosphate-isomerase
(MPI) (EC.5.3.1.8) zymogram profiles for the two taxa. Wouters (1989) also
demonstrated different GPI zymogram patterns for R. appendiculatus and 22%
(14/18) of the Fi-hybrids of the cross of R. appendiculatus males and R. zambeziensis
females. Baliraine et al. (2000) similarly demonstrated protein variation in two
distinct R. appendiculatus populations from Kenya by the use of two-dimensional gel
electrophoresis. The two populations were characterised by ca.66% common proteins.
On the other hand, there were 12.5% and 20.8% proteins specific to the two
populations respectively. These authors speculated a link between this variation and
vector competence of the two populations. As yet, however, no causal relationship has
been established between this variation and the phenotype in question. Wang et al.
(2001) have reported considerable polymorphism in salivary gland proteins of unfed
and fed R. appendiculatus which they hypothesized had something to do with

differential engorgement success in a population of co-feeding ticks.

2.7.7 Behavioural variation

Similarity in behavioural traits among organisms has been recognized as probably
being due to the sharing of similar evolutionary histories. However, the challenge for
comparative behavioural studies between species has been how to establish that the

given behaviour(s) are derived from the same (or corresponding) feature of their
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common ancestor (homology). This is due to the abstract nature of behaviour, the
impossibility of deriving behaviour from the fossil record and the high incidence of
behavioural convergence (Atz, 1970). These difficulties, however, were countered by
Wenzel (1992) and De Quieroz and Wimberger (1993) and they may not arise for
intra-specific studies. Several behavioural characteristics have been used in
reconstructing arthropod phylogenies (Wimberger and de Quieroz, 1996). They are
divided into actual behaviour and end products of behaviour (Stuart and Hunter,
1998). Actual behavioural characteristics include, reproductive behaviour, feeding
and general lifestyles while phenology may be viewed as an end product of

behaviour.

2.7.7.1 Diapause

Behavioural diapause has been demonstrated in R. appendiculatus but not in
R. zambeziensis (Berkvens et al, 1995, Madder et al, 1999). However, within
R. appendiculatus there is variation in diapause ranging from complete absence to
obligate exhibition (Madder et al., 2002). For that reason Madder et al. (2002) were
inclined to think of diapause as a possible polygenic trait i.e. produced by small
effects of many loci acting in concert (Page and Holmes 1998). There are also
variations in the cues for both initiation and termination of diapause (Madder et al.,
1999). These variations in behavioural diapause have a geographical pattern (Madder
et al., 2002). The presence of diapause may be used to rule out R. zambeziensis.
However, non demonstration of diapause does not confirm R. zambeziensis. This
behavioural characteristic therefore lacks power to discriminate between these two
taxa. Besides the demonstration of diapause in the laboratory is a very difficult
phenomenon (Madder and Berkvens, 1997; Madder et al., 1999) and can not therefore
be used as a routine diagnostic technique for the two morphologically closely related

species.

2.7.7.2 Vector competence

Rhipicephalus appendiculatus stocks vary in their vector competence for 7. parva.
For example R. appendiculatus stocks from Eastern province were found to be
superior in vector competence for 7. parva (Muguga and Boleni) than stocks from
Southern province (Ochanda et al., 1998). And Tempia (1997) has reported higher

infection rates for T. parva (Chitongo-Southern province of Zambia) in
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R. appendiculatus from Eastern province than R. appendiculatus from Southern
province. Tempia (1997) attributed the higher vector competence in the
R. appendiculatus stock from Eastern province to the difference in the geographic
origins of the 7. parva (Chitongo) and the tick. This is because exotic vectors are less
adapted to the parasite and therefore show higher infections. Similar reasons were
given for higher infections in R. appendiculatus (Keemba-Southern province) stock
with T. parva (Katete-Eastern province) than in R. appendiculatus (Wafa-Eastern
province) stock. Keemba stock was, however, later characterised as an
R. zambeziensis stock (Madder et al., 2005). Blouin and Stoltsz (1989) compared the
infection rates of R. appendiculatus and R. zambeziensis for T. parva (buffalo
derived). Significantly higher infection rates were observed in R. zambeziensis.
Mulumba et al. (2000) observed higher infection rates in the nymphs of
R. zambeziensis than R. appendiculatus during larval to nymphal transmission. These
observations seem to indicate that R. zambeziensis has a better vector competence for
T. parva than R. appendiculatus. Therefore the observations by Tempia (1997) could
be due to a combination of factors i.e. the difference in geographical origin of the
infecting stock of 7. parva and the vector tick as these authors rightly pointed out and
the inherently higher vectorial competence for 7. parva of R. zambeziensis and the
Eastern province R. appendiculatus stocks over Southern province stocks asobserved

by Ochanda et al (1998) and Blouin and Stoltsz (1989) respectively.

2.7.7.3 Host preference and predilection sites

All development stages of R. appendiculatus have been found on most major
domestic species like sheep, goats, horses and cattle, while cattle seem to be the only
preferred domestic host of all instars of R. zambeziensis (Norval et al., 1982). Adults
of both R. appendiculatus and R. zambeziensis parasitize a wide range of wild
animals. However, Norval ef al. (1982) did not find R. zambeziensis on Waterbuck
(Kobus ellipsiprymnus ellipsiprymnus). In all these hosts the preferred site of
attachment of adults of both R .appendiculatus and R. zambeziensis are the inside of
the pinna of the ear followed by the head. Other parts of the body may be parasitized
especially when the tick burden is high. Nymphs commonly attach on the outside of
the pinna of ears, head and legs. Larvae mostly attach to the dewlap, head, legs and

feet. Immatures of R. zambeziensis on Impala seem to prefer the lower legs and feet

(Norval et al., 1982).
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There are indications that in the laboratory, adults of R. zambeziensis (from Zambia)
do not feed on rabbits (Madder, 2000 personal communication). The drastic reduction
in engorgement weights of adult R. zambeziensis recorded by Fivaz and Norval
(1989) on successive infestations on rabbits makes the observation more likely. In
their studies Zivkovic et al. (1986) and Fivaz and Norval (1989) observed positive
feeding behaviour between males of R. appendiculatus and females of
R. zambeziensis. The feeding of males of R. zambeziensis on the other hand did not
aid the feeding of females of R. appendiculatus. These suspected anomalous

variations in feeding behaviour need further investigation.

2.7.8 Phenology

The phenology of Rhipicephalus appendiculatus in Zambia has been well
documented (MacLeod, 1970; MacLeod and Colbo, 1976; MacLeod et al., 1977,
MacLeod and Mwanaumo, 1978; Pegram ef al., 1986; Berkvens et al., 1998; Chaka et
al., 1999; Speybroeck et al.,, 2002) and throughout the range of the species (Yeoman,
1966; Short and Norval, 1981; Paine, 1982; Tatchell and Easton, 1986).
Rhipicephalus appendiculatus stocks from most parts of Zambia have a single adult
phenology except for the eastern province where a bimodal phenology has been
reported (Berkvens et al., 1998, Chaka et al., 1999). Rhipicephalus appendiculatus
stocks from the southern African countries of Zimbabwe and South Africa show a
single adult phenology too. Countries in east Africa and further north have a whole

range of phenologies from unimodal to multimodal.

Norval ef al. (1982) have described the phenology of R. zambeziensis in Zimbabwe as
almost synchronous with that of R. appendiculatus. The relative numbers of
R. zambeziensis however tend to reduce more gradually than those of
R. appendiculatus as the hot dry period approaches. This has been attributed to the
higher survival of R. zambeziensis in hotter and drier conditions and its longer
developmental periods (Madder et al., 2005). But it can also be due to the fact that
R. zambeziensis feeds later in the hot season than R. appendiculatus. In South Africa
Horak has observed that R. zambeziensis feeds a month later than R. appendiculatus
(Madder, 2005 personal communication). Speybroeck et al. (2002) reported the
phenology of R. zambeziensis in Zambia as synchronous with that of
R. appendiculatus. The biology of this species and life cycle traits (Madder et al.,
2005) suggest a possibility of differences in phenologies. Rhipicephalus zambeziensis

54



Chapter 2 - A review of variation within and between R. appendiculatus and R. zambeziensis

phenology in Zambia should be revisited if only the problem of identification is

solved.

2.7.9 Ecological variation

Preference for and suitability and/or ability to exploit a particular ecological niche
have been associated with different species. In addition, different populations of a
species may thrive in different ecological conditions. The ecological conditions are
defined by both abiotic and biotic factors. Abiotic factors may include seasonally
induced changes in the habitat, physiology and climatic cues. These in turn may
depend on such factors as the geographic location, latitude, temperatures and large
scale weather movements e.g. El Nifio (Fandamu ef al., 2005). Biotic factors include
biology and physiology of the species, life cycle, host range and availability and the
existence of both intra and extra species competition. The ecologies of
R. appendiculatus and R. zambeziensis are very similar; sharing hosts, similar
phenology and even occurring sympatrically (Norval ef al., 1982, Speybroeck et al.,
2002). The similarities in their ecologies raises the question are R. appendiculatus and
R. zambeziensis good species or mere ecological variants (ecomorphs) of the same

species (Speybroeck et al., 2002)?

2.7.10 Distribution

Rhipicephalus appendiculatus has been reported in 17 countries of eastern, central
and southern Africa (fig. 2.8). Rhipicephalus zambeziensis has been reported in parts
of Tanzania, Zambia, Angola, Namibia, Botswana, Zimbabwe, Mozambique and
South Africa in areas where the ecological conditions are not suitable for
R. appendiculatus (Walker et al., 2000) (fig. 2.8). The distributions of the two species
seem to be influenced very strongly by relative humidity (Norval ef al., 1982; Walker
et al, 2000; Speybroeck et al., 2002; Madder et al, 2005). Classically
R. appendiculatus is said to be found in higher cooler areas and is replaced by
R. zambeziensis in lower, drier hotter areas. The mechanisms by which
R. zambeziensis survives harsh conditions (high ambient temperatures and low

humidity) without diapause (at least not in the adult stage) have never been clarified.
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Figure 2.8: Distribution of Rhipicephalus appendiculatus (left) and Rhipicephalus
zambeziensis (right)(http://www.itg.be/photodatabase)

In Zambia collections of R. appendiculatus have been reported in all provinces
(Akafekwa, 1976). However, within a province some districts or portions within a
district may be free of R. appendiculatus. This may be due to the unfavourable
microclimate modulated by vegetation and humidity. For its part R. zambeziensis has
been reported in the major depressions of the Luangwa and Zambezi river valley
systems (MacLeod et al., 1977; MacLeod, 1978). However, there have been recent
reports of this tick on the plateau areas of Nteme and Keemba in Monze district of

Southern province (Speybroeck et al., 2002).

In the southern province of Zambia R. appendiculatus and R. zambeziensis co-occur
in the same areas and on the same host at the same time (Speybroeck et al., 2002).
The two species tend to co-occur in areas where the increases in altitude from the
river valley systems to the plateau are gradual (Norval ef al,, 1982). Such areas of
sympatry are largest in Zambia (Zivkovic et al., 1986). While R. appendiculatus in
Zambia has been found in the lowest and driest places where R. zambeziensis has
been found, the latter on the other hand has not been found at the highest altitude
where R. appendiculatus has been found (own observation). The presence or absence
of R. zambeziensis in Eastern province of Zambia is still a matter of debate and
therefore requires clarification. There have been reports (Norval et al 1982; MacLeod
and Mwanaumo, 1978) and counter reports (Berkvens et al., 1998) of the presence of

R. zambeziensis in Eastern province.
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2.7.11 Life cycle traits

The life cycles of the two species are very similar (see fig.1.5). Generally,
developmental periods of R.zambeziensis tend to be longer than those of
R. appendiculatus (Walker et al., 1981; Madder et al., 2005). However, within each
species there are variations in the duration of the different stages of the cycle
depending on temperature, humidity and day length (Madder et al., 2005; Norval et
al., 1982). Rhipicephalus zambeziensis females lay more eggs than R. appendiculatus
(Zivkovic et al., 1986). In spite of that it has been observed in Zimbabwe and Zambia
that R. appendiculatus tends to maintain higher abundance levels on cattle than

R. zambeziensis (Norval et al., 1982).

2.8 Genetic variation

2.8.1 Source and nature of genetic variation

Mutations (Ridley, 2004a; Watson et al., 2004a) are one of the sources of new
variability in genes allowing organisms to adapt to a constantly changing physical and
biological environment (Ridley, 2004; Watson ef al., 2004a). Mutations include all
possible changes in DNA sequences that arise from a number of factors. These
include errors of replication and damage to DNA by environmental factors like
radiation and mutagens (Watson et al., 2004a). Another source of variability in the

genes is homologous recombination (HR) (Watson et al., 2004b).

Genetic variation has been studied through protein (enzyme) electrophoresis, DNA

restriction enzyme techniques and direct DNA nucleotide sequencing methods.

2.8.2 Genetic variation within R. appendiculatus

Barker (1998) demonstrated considerable genetic diversity within the second internal
transcribed spacer (ITS2) of R. appendiculatus in the context of distinguishing
different populations of the species. Each of the seven populations (2 from Kenya, 3
from Zambia and 2 from Zimbabwe) studied had a unique consensus nucleotide

sequence.

2.8.3 Genetic variation within R. zambeziensis
As in R. appendiculatus, Barker (1998) found considerable diversity in the ITS2

consensus sequences of three populations of R. zambeziensis from Zimbabwe.
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2.8.4 Genetic variation between R. zambeziensis and R. appendiculatus
Barker (1998) reported unambiguous distinction between the second internal

transcribed spacers (ITS2) of R. appendiculatus and R. zambeziensis.

It is clear from the above that there is a dearth of data on DNA genetic variation in
populations of R. appendiculatus and R. zambeziensis in Zambia and in other places

were this tick is found.

2.9 Conclusion

Natural populations show variation from gross morphology to DNA sequences.
Ecological variation in R. appendiculatus and R. zambeziensis has been studied more
extensively compared to genetic variation. Most studies in genetic variation in ticks
have involved clarification of systematic relationships at higher levels. There are
more indirect studies of intraspecific genetic variation in ticks based on protein
electrophoresis techniques than direct measurement of DNA variability through
restriction enzyme techniques or indeed direct nucleotide sequencing. This is despite
the current advances in molecular biology techniques. DNA nucleotide variability
provides the highest resolution of variation in any taxa. Application of phylogenetic
techniques on such high resolution data might reveal better relationships of the
different DNA variants and provide a basis for exploration of the mechanisms of their
differentiation. The necessity to identify and describe this (DNA) variation can

therefore not be gainsaid.
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3.1 Introduction

The vectors of the causative organism of East Coast fever (ECF), the tick species
Rhipicephalus appendiculatus and R. zambeziensis have long been known to show
subtle morphological differences. This led to the use of terms such as
“R. appendiculatus type II” (Yeoman and Walker, 1967), or “heavily punctate
specimens near R. appendiculatus” (MacLeod, 1970) when referring to
R. zambeziensis. The two taxa also differ in their vectorial capacity (Tempia, 1997,
Mulumba et al., 2000) and their phenologies (Berkvens et al., 1998; Madder et al.,
1999; Speybroeck et al., 2002). As a consequence Walker et al. (1981) concluded that
the two taxa are different species. However, the species status of R. appendiculatus
and R. zambeziensis has again been questioned in the recent past by Speybroeck et al.
(2002) and Madder et al. (2005) because R. appendiculatus from lower altitudes on
the plateau of the Eastern province is morphologically indistinguishable from
R. zambeziensis (Berkvens et al., 1998). In addition, R. appendiculatus,
R. zambeziensis and their morphological intermediates live microsympatrically (up to

on the same individual host) in the Southern province.

Furthermore, the epidemiology of ECF in the Eastern and Southern province is
different. In the Eastern province the epidemiology has been described as being in the
state of ‘first level endemically stable’, while in the Southern province it has been
described as ‘epidemic’ (Billiouw, 2005). This difference has mainly been attributed
to the putative differences in the taxonomic composition and the ecology of the
R. appendiculatus stocks in the two provinces (Billiouw et al., 1999; Speybroeck et
al.,2004).

Since on the one hand the differences in the stock and taxonomic composition of
R. appendiculatus have been suggested to be responsible for the epidemiological
differences of ECF within and between the two provinces, while on the other hand the
specific status of R. appendiculatus and R. zambeziensis has been questioned, it is
important to resolve the taxonomy of the R. appendiculatus complex. In order to do
S0, it is essential to make an in-depth analysis of phenotypic and molecular variation
within and between populations comprising the alleged taxa in the relevant

geographic areas (Zahler et al., 1995, 1997), hence our general objective.
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3.2 General objectives

To describe intra- and inter-population variation within and between
R. appendiculatus and R. zambeziensis with the aim of improving our taxonomic
understanding of this species complex and to assess how this variation may be

affecting the epidemiology of East Coast fever.

3.3 Specific objectives
The following were the specific objectives of this study
1. Describe phenotypic and genetic variation within and between
R. appendiculatus and R. zambeziensis and use phylogenetic methods to assess
how far both species and constituent stocks represent monophyletic units.
2. Compare methods of preserving tick material for DNA extraction for use in

PCR techniques.

3. Develop a molecular tool for the identification of R. appendiculatus and

R. zambeziensis.
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4.1 Introduction

The Rhipicephalid ticks Rhipicephalus appendiculatus Neumann 1907 and
Rhipicephalus zambeziensis Walker, Norval, Corwin 1981 have been identified as the
most important vector species of the haemoprotist (Adl et al., 2005) Theileria parva

the causative agent of East Coast fever (Norval ef al., 1992; Ochanda ef al., 1998).

Rhipicephalus appendiculatus has been reported in 17 countries in eastern, central
and southern Africa. It is found at altitudes of just above sea level to 2000m, with
annual rainfall ranging between 500 to 2000mm (Walker et al., 2000). Rhipicephalus
appendiculatus has been reported throughout Zambia (Akafekwa, 1976; Pegram et
al., 1986). Infestation levels vary with areas (MacLeod and Mwanaumo, 1978).

Rhipicephalus zambeziensis, a species morphologically closely related to
R. appendiculatus, has been reported from Tanzania southwards to parts of Zambia,
Angola, Namibia, Botswana, Mozambique and South Africa (Walker et al., 2000).
This species is, as a rule, is less widely distributed and found at lower altitudes in

hotter and drier areas than R. appendiculatus.

The earliest reports of R. zambeziensis (then referred to as “specimens near
R. appendiculatus™) in Zambia were in the valleys of the Zambezi and Luangwa
rivers (MacLeod, 1970; MacLeod et al., 1977). The species has since been reported in
areas outside the valleys (Zivkovic et al., 1986; Speybroeck et al., 2002; Mtambo et
al., 2007a).

A substantial amount of data on the ecology of R. appendiculatus and R. zambeziensis
has accumulated in Zambia in general (Akafekwa, 1976; MacLeod et al.,
1977;MacLeod and Mwanaumo, 1978; Pegram et al., 1986; Pegram and Banda, 1990;
Zieger et al., 1998) and Eastern province and Southern province in particular
(MacLeod, 1970; Berkvens et al., 1995, 1998; Tempia, 1997; Mulumba, 1999; Chaka
et al., 1999; Speybroeck et al, 2002; Mtambo et al., 2007b). In the Eastern and
Southern provinces the huge efforts of the Belgian funded project Assistance to the
Veterinary Services of Zambia (ASVEZA) and its forerunner the Belgium Animal
Diseases Control project (BADCP) has contributed greatly to this wealth of ecological

information.
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Despite this it is still not clear the species status and distribution of R. appendiculatus
and R. zambeziensis in the two provinces. The species status has been questioned
mainly due to the microsympatric occurrence of R. appendiculatus and
R. zambeziensis in Southern province (Speybroeck et al., 2002; Madder et al., 2005).
The latter problem arises because R. appendiculatus in Eastern province include a
high proportion of morphologically R. zambeziensis-like specimens especially at
lower altitudes on the plateau area (Berkvens et al., 1998). In addition there are
conflicting reports on the presence (MacLeod and Mwanaumo, 1978; Norval et al.,
1982) or otherwise (Berkvens et al., 1998) of R. zambeziensis in the province. This is
compounded by the fact that adults of R. appendiculatus and R. zambeziensis s.s. are

morphologically difficult to discriminate.

Meanwhile, Mulumba (1999), Speybroeck et al. (2002) and Billiouw (2005) have
described different vector effects on the transmission patterns of Theileriosis in both
provinces. In addition, the epidemiology of ECF in the two provinces is different

(Billiouw et al., 1999; Speybroeck et al., 2002; Billiouw, 2005).

In this study we compared the phenotypes of three stocks of Rhipicephalus spp.
Phenotypes refer to any observable or measurable character of an organism e.g.
morphological, behavioural and phenology including those that hard to measure or
observe (Ridley, 2004). The three stocks were Wafa (Chipata-Eastern province),
Nkonkola (Mazabuka-Southern province) and Keemba an R. zambeziensis stock
(Monze-Southern province) in Zambia. The phenotypes compared included

morphological characteristics of size and shape and some aspects of their life cycle.

The aim of the study was to describe and compare phenotypic variation within and
between the stocks. The differences in the phenotypes (morphology and life cycle
traits) might be helpful in their identification and explanation of their different roles in

the epidemiology of ECF.

4.2 Materials and Methods

4.2.1 Tick stocks

Five stocks of ticks were used in the comparison of morphological characters. All the
five were third generation laboratory maintained stocks using standard tick breeding
protocols (all engorged instars were kept in an incubator at 26 = 1 °C and 85% RH) at

the Institute of Tropical Medicine, Antwerp (ITMA). After moulting, instars were
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maintained at 22 £ 1°C and 85% RH. All instars were fed on New Zealand white
rabbits. Each rabbit was only used once. The five stocks were: (1) R. zambeziensis
stock from Keemba, Southern province-Zambia (RzKb); (2) R. zambeziensis from
South Africa (RzSA); (3) R. appendiculatus from Nkonkola, Southern province
Zambia (RaNk), (4) R.appendiculatus from Wafa, Eastern province-Zambia (RaWa)
and; (5) R.appendiculatus from SA (OVI) RaSA. The two stocks from South Africa
i.e. RaSA and RzSA were used as reference (control) specimens in the comparisons of

the considered morphological or characters.

4.2.2 Morphological identification, Scoring and Measurements

Morphological identification of three test sample stocks was done by means of a
stereo microscope (Zeiss stemi 2000) using the identification keys of Walker et al.
(2000). Scoring of morphological characteristics was equally done under the stereo
microscope. Punctation was scored on a scale of 1-3 i.e. heavy punctation was scored
as 1, medium as 2 and mild as 3. The female genital aperture shape was scored as 1 if
it had a predominantly U-shape, 2 if it was intermediate between U and V and 3 if it
was V-shaped. Measurements were taken with an ocular micrometer (Wild 15xSK,
Germany [£ 0.0033mm]) mounted onto a stereo microscope. This was done on 100
individuals (50 males and 50 females) of each of the five colony stocks.
Measurements of the length and width of the conscutum, length and width of spiracles
and length and width of adanal plates in male specimens were done. In female
specimens the length and width of the scutum and length and width of spiracles were

measured.

4.2.3 Life cycle traits

The following life cycle traits were compared for the three sample stocks from
Zambia that is Wafa, Nkonkola and Keemba. (1) Duration of engorgement of adults
(2) Pre-oviposition period (3) Period to hatching of their eggs (4) Duration to
engorgement of larvae (5) Period to moulting of larvae (6) Duration to engorgement

of nymphs and; (7) Period to moulting of nymphs.

4.2.4 Statistical analysis
Morphological comparisons were done with the Kruskal-Wallis test in the program
Stata 8 (StataCorp., 2003). Life cycle traits were analyzed using Survival analysis in
Stata 8 (StataCorp., 2003).
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4.3 Results
The results of the measurements are presented in figures 4.1 and 4.2 for males and

females, respectively.

In males, RaNk had the longest and widest conscutum followed by RaSA, then
RaWa. The differences in the conscutal lengths and widths of RaNk and RaSA were
significant (y’= 23.167; p=0.0001; df=1 and %’=12.950; p=0.0003; df=1 for
conscutum length and width respectively). There were no significant differences

between the conscutal lengths and widths of RzKb and RzSA.

RaNk had the longest mean adanal plate length, followed by RaSA and RaWa. The
difference between RaNk and RaSA adanal plate length was significant (x’=29.545;
p=0.0001; df=1). RaSA and RaWa adanal plate lengths were not significantly
different and so were the adanal plate lengths of the RzKb/RzSA pair. The mean
adanal plate width was widest in RaSA followed by RaNk then a cluster of RaWa
RzKb and RzSA. The RaSA/RaNK adanal plate width was significantly different
(x*=22.674; p=0.0001; df=1). There was no significant difference in the adanal plate
widths of the RaWa RzKb and RzSA cluster. RzSA adanal plate ratio was
intermediate between the RzZKb/RaNk/RaWa cluster and RaSA which was the least.

RaSA had the longest spiracle length followed by RaNK and RaWa. The difference in
spiracle length between RaSA and RaNk was not significant. RzKb had the least
spiracle length that was not significantly different from that of RzSA. There was no
significant difference in spiracle width of RaSA and RaNk. RzKb had the shortest
spiracle width followed by RaWa. The two were significantly smaller than RzSA
(x’=22.841; p=0.0001; df=1).

RzSA had the least spiracle ratio while RaWa the biggest. The spiracle ratios of RaSA
and RaNK were intermediate between RzKb and RzSA and there was no significant

difference between the ratios of the former pair. The difference in spiracle ratio

between RzSA and RzKb was significant (x*=16.597; p=0.0001; df=1).

RaSA was the least punctate followed by RaNK then RaWa. There was no significant
difference in punctation within this cluster. The RaSA /RaNK/RaWa cluster was
significantly less punctate (x*=75.96; p=0.0001; df=1) than Rzkb/RzSA within which

there was no significant difference.
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In females, RaSA had the longest scutum length followed by RaNk. RzSA was the
shortest but one, with RzKb as the shortest. There was no significant difference in
scutal length between RaWa and RzSA. There was a significant difference between

RzKb and RzSA scutum lengths (x*=6.758; p=0.0093; df=1) (fig.4.2).

The RaSA stock had the widest mean scutal width, followed by RaNk, then RaWa.
RzSA had the narrowest but one scutal width, with RzKb the narrowest. There was a
significant difference between RaSA and RaNk in scutal width (x*=13.099; p=0.0003;
df=1) and between RzSA and RzKb (x*=13.448; p=0.0002; df=1). There was no
significant difference between RaWa and RzSA (fig.4.2).

The spiracle length was longest in RaSA, followed by RaNk, then RaWa. The shortest
spiracle length was recorded in RzSA followed by RzKb. The difference between
RaSA and RaNk spiracle lengths was significant (x*=6.865; p=0.0088; df=1) and so
was that between RzKb and RzSA (y*=5.885; p=0.0153; df=1). RaNk, RaSA, and
RaWa had similar (significantly not different) mean spiracle widths. There was a
significant difference between this cluster and the RzZSA and RzKb cluster. There was
a significant difference between RzSA and RzKb (x*=6.319; p=0.0119; df=1). The
spiracle ratio was biggest in RzKb and smallest in RzSA. RaNk, RaSA and RaWa
presented with intermediate ratios. There was a significant difference between the

RzKb and RzSA spiracle ratios (x2=19.661; p=0.0001; df=1).

Punctation was lightest in RaSA followed by RaNk. The difference in punctation
between these two was significant (x> =12.288; p=0.0005; df=1) RzKb, RzSA, and
RaWA formed a cluster on the heavy punctation side of the graph with RzSA as the
most punctate. The difference in punctation between the RzKb and RzSA was
significant (x*=4.591; p=0.0321; df=1).

RaSA had the most pronounced V-form of the female genital aperture followed by
RaNk. The difference between these two stocks was not significant. RzSA had the
most pronounced U-form of the genital structure. There was a significant difference
between the form of the genital aperture of RzKb and RzSA (x*=27.466; p=0.0001;
df=1).
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Figure 4.1: Measurements of males of
R. appendiculatus and R zambeziensis
(circles indicate variations which were
non significant, different letters
represent statistically different
groups) (RaSA: R. appendiculatus
from South Africa; RZSA: R
zambeziensis from South Africa;
RaNK: R. appendiculatus from
Nkonkola; Ra Wa: R. appendiculatus

from Wafa; RzKb: R. zambeziensis from Keemba)
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Results of the comparison of life cycle traits are presented in figure 4.3 —4.9.

Briefly, females of Keemba took the longest to complete their engorgement
(approximately 19 days, followed by Wafa (16 days) and least was Nkonkola at 12

days. The pre-oviposition period was the same for all the stocks.

Nkonkola had the shortest hatching period with over 75% of the eggs hatched by day
30. Keemba took the longest with only about 50% of the eggs hatched by day 30 and

eclosion was not complete by day 60.

Larvae engorgement was the same for all the three stocks, over 75% of the ticks
engorged by day 6 and completed by day 7. No difference was observed in duration
of larval moult. Nymphs of the three showed no difference in duration of
engorgement that was completed by day 8. The nymph moult showed two groups.
The longer profile was for Keemba, Nkonkola and some proportion of the Wafa ticks
that completed their moult by day 18. The second was a proportion of Wafa ticks that
completed their moult by day 15.

4.4 Discussion

Scutal length has been used as a size index in R. appendiculatus (Chaka, 2001). Based
on scutal length males of the Nkonkola stock (RaNk) were the biggest ticks. This
agrees with Speybroeck et al. (2004) who found the RaNk to be the biggest of seven
R. appendiculatus and R. zambeziensis stocks drawn from Kenya, Zambia, Zimbabwe
and South Africa. This observation is counter to the general observed pattern of
ectotherms being larger with increased latitude (Silver and Renshaw, 1999), going by
which case RaSA should have been the biggest. There were no significant differences
in the conscutum length and width of males of RzKb and RzSA and by implication no
difference in size between these two stocks. These findings are consistent with those
of Speybroeck et al. (2004) who did not find a significant difference in size between

males of R. zambeziensis from Zambia, Zimbabwe and South Africa.

There was very little variation between males of RzKb and the control stock RzSA as
seven parameters measured presented no significant variation between the two except
the two ratios. This was however, not the case in the two R. appendiculatus stocks
(RaWa and RaNk) and the control stock (RaSA). This indicates more variation in
these tick stocks as only one parameter, punctation was significantly not different in

all the three stocks.
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In the females, RaSA were the largest stock, thus unlike the males, this group obeyed

the rule of increased size with latitude.

The females of the tick stock RzKb and the control stock RzZSA were significantly
different in all the morphological features considered. This might indicate that female
specimens of R. zambeziensis unlike the males might be more variable
morphologically. RaWa females had scutal length and width not significantly
different from RzSA which agrees with its description as a small stock (Speybroeck et
al., 2004) since RzSA is also a small stock. The punctation of the females of RaWa
was not significantly different from RzKb. Therefore apart from size, RaWa was also
not significantly different in punctation to RzKb which might make their
identification difficult as these two features are very useful in differentiating
R. appendiculatus and R. zambeziensis in general. The mean genital aperture form of
RaWa was intermediate between the V- and U-forms. This is yet another feature that
is often used to identify R. appendiculatus and R. zambeziensis. The significant
differences in all the morphological features, except for spiracle width, in the control
tick stocks and the test stocks might be an indicator of the potential difficulties of

morphological discrimination of the females of these tick stocks.

Rhipicephalus zambeziensis has been reported to have a longer generation cycle than
R. appendiculatus. The extended engorgement and eclosion periods of Keemba stock

observed is consistent with that observation.

The eclosion profile of the Keemba stock was very fascinating. Eclosion of the eggs
started the earliest (ca.10 days earlier), but completed eclosion ca.30 days later than
the stock that completed eclosion the earliest. The other interesting aspect was that a
very small proportion of eggs hatched at every step. This “miserly hatching” profile
might contribute to the tick spreading its larvae over a long period (>60 days). This
period may be longer in the wild because of variable environmental conditions. This
slow eclosion and the slow engorging period of adults might be the major risk
spreading mechanisms this tick may have, in the absence of diapause. However, eggs
are very vulnerable. The question of how these eggs survive the extreme climatic

conditions of the areas in which R. zambeziensis is found still remains.

Nkonkola had the shortest adult engorgement and egg eclosion period. Compared to

the other two stocks, Nkonkola should have the shortest generation period. This is not

85



Chapter 4 - Phenotypic comparison of three rhipicephalid tick stocks from Zambia

the case in nature, however, because stocks of R. appendiculatus from Southern
province undergo a diapause (Berkvens ef al., 1995; Madder ef al., 1999, 2002). It
looks like immediately this tick commits itself to feeding (when cues predicting
favourable conditions have been read) it hastens all stages of the cycle that can be
tuned to reach the safest instar, i.e. the adult stage. It might also be a strategy purely to
shorten the cycle, being “conscious” of a long diapause ahead since the more viable

offspring an individual contributes to next generation determines their fitness.

The nymphal moult was the same for all the three stocks. However, there was a
cohort of Wafa nymphs that had an accelerated moult. The existence of two
ecological groups in Eastern province stocks has been reported. For instance Chaka et
al. (1999) observed two groups on adult body size. A small adult body size group that
fed earlier in the rainy season and a large adult body size group. Madder et al. (2002)
observed mixed response to diapause initiation and termination. The Wafa cohort that
fed quickly may be the diapausing phenotytype “rushing to reach the safe adult stage
whilst the group that completed the nymphal moult later could be the non diapausing
phenotypes. However, these assumptions cannot be substantiated with the current

data.

It seems life cycle control mechanisms of averting risk are invested in some selected
stages of the cycle. Such mechanisms might be absent in the larval stage hence all the
three stocks showed almost identical profiles for engorgement and moulting. The
adult stage control mechanisms may be modulated by delayed feeding (diapause or
quiescence that were not studied in this work) and a varied engorgement period of
individuals of a cohort. Eggs may modulate the life cycle possibly by varying their
development or eclosion or both. This may be genetically predetermined or is

triggered by environmental cues or an interaction of the two.

In conclusion we have observed that RaNk is the largest and least punctate of the
three Zambian test stocks. RzKb was the smallest of the three. RzZKb and RaWa may
be confused especially in female specimens due to a lack of differentiation between
the two especially with respect to size and punctation. The form of the female genital
aperture might not be discrete, but continuous ranging from the most V-form through
to the most U-form. In all stocks the females showed more morphological variation
than the males. We therefore conclude that morphological variations or differences

might pose difficulties in differentiating the three stocks
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Nkonkola had the shortest adult feeding to nymphal moult part of the life cycle. And
we speculate that the modulation of this part of the cycle is likely to be invested in the
feeding of the adults and egg eclosion. The Keemba life cycle was characterised by
the “dribs and drabs™ engorgement of the adults and eclosion of eggs. Without the
demonstration of diapause phenomenon in ticks of the R. zambeziensis type, this may

be the major point of modulation of this tick’s life cycle.

The RaWa group showed an intermediate adult engorgement period between Keemba
and Nkonkola stocks. Apart from adult engorgement and egg eclosion stages this tick
seems to have an added mechanism of control invested in the nymphal moult. At the
nymphal moult, one group of Wafa stock moulted very quickly (ca.14 days) and the
second group took longer (ca.18days). This dichotomy is consistent with the observed
spatial and temporal variation in R. appendiculatus from Eastern province (Chaka et
al., 1999). The life cycle traits of the three stocks did offer some grounds on which
speculation on the differences in the epidemiology of ECF in their areas can be based.

Finally the phenotypes taken together could differentiate the three stocks.
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Chapter 5 - Intraspecific variation in Rhipicephalus appendiculatus from Eastern and Southern provinces

5.1 Introduction

The Ixodid tick Rhipicephalus appendiculatus Neumann, 1901, one of the main field
vectors of East Coast fever (ECF), a cattle disease, is widely distributed in eastern,
southern and central African countries (Norval et al., 1992) including Zambia
(Pegram et al., 1986, Speybroeck et al., 2002). Studies in the biology, ecology and
behaviour of R. appendiculatus in Zambia have shown considerable geographic
variation within and between populations (Berkvens et al., 1995; Chaka et al., 1999,

Madder et al., 2002, Speybroeck et al., 2002, Speybroeck et al., 2004).

Table 5.1: Published differences between Eastern province and Southern

province R. appendiculatus stocks

Feature East Rappendiculatus stock South Rappendiculatus stock  References

Diapause induction Photoperiod i.¢. shortday obligatory Madderet al., 2002

Diapause intensity Less intense Greater intensity Madderet al., 2002

Bodysize Mixedi.e. largeand small Large Chakaet al,, 1999; Speybroeck et al. 2004
Phenology Bimodal Unimodal Berkvens etal., 1998; Chakaet 1999
Theileriaparva  (katete)  Lowerinfection rates Higher infection rate Tempia, 1997

In a recent study, 12S rDNA and ITS2 sequence data of R. appendiculatus and
R. zambeziensis from Eastern and Southern provinces of Zambia, showed that
R. appendiculatus from the Eastern province constitutes a bootstrap-supported
monophyletic group within an unresolved assemblage of R. appendiculatus specimens
from the Southern province (Mtambo et al., 2007). Such intraspecific geographic
genetic variation may have important taxonomical and epidemiological consequences
(McLain et al., 1995; Avise, 2000). The current work therefore aims at: (1) providing
further evidence for the geographic genetic differentiation between R. appendiculatus
from the Eastern and Southern provinces of Zambia and; (2) correlating the observed
molecular differentiation with literature data on ecological differences between

R. appendiculatus from the two provinces (Table 5.1).

To this end we sequenced a 600 bp fragment of the mitochondrial cytochrome oxidase
subunit I (COI) gene and considered possible epidemiological implications of this

geographic patterning in R. appendiculatus.

92



Chapter 5 - Intraspecific variation in Rhipicephalus appendiculatus from Eastern and Southern provinces

5.2 Materials and Methods

5.2.1 Sampling

Ticks were sampled from the Eastern (10°18-15°06S; 29°56-33°42E) and Southern
(15°14-17°428S; 25°01- 28°40’E) provinces of Zambia (fig 5.1.) between 1997 and
2003. Ecologically, Zambia is divided into three agro-ecological zones (fig.5.1). Both
the Eastern and Southern provinces fall into agro-ecological zones 1 and 2a. Zone 1
is characterised by the hottest (40°C) and driest (600mm) annual conditions. Rainfall
is generally less than 800mm per annum. Zone 2a receives 800-1200mm of rain
annually and is therefore a medium rainfall zone. The climate and vegetation of the
Eastern province have been described by Berkvens et al. (1998). Briefly, the rainy
season starts in November and ends in April. The hot dry season is from August to the
beginning of the rainy season. There is an intervening cold dry season between May
and July. The vegetation is broadly divided into four types, viz., (1) Munga woodland:
fairly open woodland found on richer soils with a richer grass cover; (2) Miombo
woodland: fairly closed woodland on poorer soils with sparse grass cover. These
vegetation types (1) and (2) are mainly features of the plateau. (3) Mopane woodland:
found in low lying valleys; (4) Grassland also known as dambos: these are open
grasslands with very few or no trees; their drainage is poor and therefore they tend to
get water logged in the rainy season. Grasslands serve as communal grazing areas.
The ticks from Eastern province were collected in January of 2003 from the plateau
districts of Chipata (Kamulaza, Wafa) and Petauke (Kalindawalo, Nyamphande) and
Nyimba (Beni, Chipembi) a district on the fringes of the valley (fig. 5.2). These
specimens were killed and preserved at -80°C. The climate and vegetation of the
Southern province were described in Mulumba et al. (2000) and Speybroeck et al.
(2002). The climate is characterized by a warm rainy season (November to April)
which is followed by a cool dry season (May to August) and a hot dry season
(September to October). The vegetation on the plateau is mainly Munga and Miombo
woodlands. Mopane and scrub woodlands are found in the valley areas and areas of
the Kalahari sands. Ticks from the Southern province were collected from the valley
districts of Sinazongwe (Sinazeze), Gwembe (Syabwengo), Livingstone (Simonga)
and the plateau districts of Mazabuka (Nkonkola, Nega Nega) and Monze (Nteme)
(fig. 5.3). All the specimens were killed in 70% ethanol upon collection (1997) and

stored in the same at ambient temperature.
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Figure 5.2: Map of the Eastern province showing areas of tick collection
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Figure 5.3: Map of the Southern province showing areas of tick collection

5.2.2 Identification of ticks and DNA extraction

DNA extraction was based on the method of Boom et al. (1990, 1999) as described in
Mtambo et al. (2006). All the 60 specimens of R. appendiculatus used in this study
were identified by the use of a PCR-RFLP based on the digestion of the ITS2 with
Baul (JM unpublished). This allows distinguishing between R. appendiculatus and the

closely related R. zambeziensis.

5.2.3 PCR amplification, DNA sequencing and alignment

Amplification and sequencing of the COI were set up as described in Mtambo et al.
(2006). A total of 60 amplicons were sequenced. Sequences were assembled with
ClustalX 1.83 (Thompson et al., 1997), visually inspected and manually edited in
GeneDoc version 2.6.001 (Nicholas & Nicholas, 1997). Multiple alignments were
executed in ClustalX 1.83 with its default settings and the alignments were visually

inspected in GeneDoc.
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5.2.4 Phylogenetic analysis

Using the program Modeltest (Posada and Crandall, 1998) the best fit model of
evolution for the COI sequences was determined as the GTR +I (General time
reversible with proportion of Invariable sites). The parameters of the model were:
base frequencies; freqA=0.2755, freqC=0.1832, freqG=0.1376 and freqT=0.4037;
Rmat=1.785, 3.474, 3.765, 0.174, 10,830 and 1.000; Rates=equal and proportion of
invariable sites (I) =0.6340. Sequences of R. evertsi evertsi and R. turanicus were
included in the alignment as outgroups. (The alignment file is available by
anonymous FTP from ftp.ebi.ac.uk in directory pub/databases/embl/align under the
accession numbers ALIGN_001061). Rhipicephalus evertsi evertsi and R. turanicus
were collected from Kazungula and Simonga respectively in the Livingstone district.
These species were morphologically identified with the identification keys of Walker
et al. (2000). The sequences were subjected to a BLAST to confirm the identity of
the target sequences. A distance tree was generated with Neighbour Joining (NJ) in
PAUP* version 4.0b10 (Swofford, 2003) with the F84 as the distance measure using
the parameters of the GTR +I model. The model was next used in a Maximum
Likelihood (ML) analysis. The stabilities of the NJ and ML trees were evaluated via
bootstrap analysis with 1000 iterations. Finally the same parameters were used in a
Bayesian phylogenetic inference in MrBayes (Ronquist and Huelsenbeck, 2003). The
starting tree for each of the two simultaneous runs was random. We allowed for 1
cold chain and 3 heated chains (default settings). Stationarity was achieved after

600,000 cycles.

5.3 Results

5.3.1 PCR amplification and sequence alignment statistics

The COI gene fragment comprised 478 aligned bp with 14 polymorphic sites, 12 of
which were parsimony informative and 2 were singletons. There was only a single
haplotype in the Southern province, while there were five haplotypes in the Eastern
province (Table 5.2). Four of the five Eastern province haplotypes (i.e. haplotypes 2-
5) only occurred in the plateau localities of Chipata and Petauke. The fifth (haplotype
1) was identical to the single Southern province haplotype and was only found in

Nyimba, a district on the fringes of the valley.
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Table 5.2: Polymorphism in the mitochondrial COI gene fragment in
R. appendiculatus from Eastern and Southern provinces of Zambia

VARIABLE BASE POSITIONS SOURCE
HAPLOTYPE No.ofspecimens 12 94 147 159 212 246 303 315 345 372 394 432 453 465  Southern  Eastem
Haplotype 1 40 T CT C A CA T G T G G C C Alldisticts Nyimba
Haplotype2 8 cTc¢c T - TG CAG - - T T Chipata, Petauke
Haplotype3 1 - - - - - - - - - - A A - - Chipata
Haplotype4 1 - - - - c - - - - - G - - - Chipata
Haplotype 5 10 I . S Chipata, Petauke

5.3.2 Phylogenetic analysis

The ML, NJ and Bayesian trees consistently revealed that the four haplotypes of the
plateau populations from the Eastern province represent a strongly supported
monophyletic group (Bootstrap support 97(ML) and 100 (NJ) and clade credibility
support 100 (Bayesian inference) to the exclusion of the single haplotype of the
Southern province and Nyimba district (fig. 5.4). Three of the four Eastern Province
plateau haplotypes (3-5) formed an unresolved subclade which received partial

bootstrap support (NJ 79% and Bayesian inference 100 %).
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Figure 5.4: COl maximum  likelihood (ML) cladogram  for
Rhipicephalus appendiculatus from Eastern and Southern provinces. Bootstrap
and Clad credibility values: upper left =ML., upper right=Bayesian, bottom=NJ.
Taxon labels: outgroup 1= Rhipicephalus e. evertsi, outgroup 2= Rhipicephalus
turanicus. Haplotype location: Haplotype 1=Southern province and Nyimba
district (Eastern province); Haplotype 2-5=Eastern province plateau districts

5.4 Discussion

The COI tree (fig. 5.4) agrees with previous 12S rDNA sequence analyses results (MJ
in prep) by revealing that the plateau haplotypes of the Eastern province constitute a
monophyletic group to the exclusion of the single Southern province and Nyimba
district haplotype. The COI data further agreed with 12S rDNA data by having an
equal number of haplotype diversity for the two provinces i.e. one for the Southern

province and five for the Eastern province. In the COI data, as in the 12S rDNA, the

one haplotype out of the five Eastern province haplotypes that was identical to the
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single haplotype of the Southern province was from Nyimba district. The COI tree
was similarly in agreement with the previous ITS2 data which showed support for the
Eastern province plateau sequences as a monophyletic group within an assemblage of

R. appendiculatus sequences from the Southern province and Nyimba district.

The solid support for the separation of R. appendiculatus from Southern and Eastern
provinces into two groups on the gene tree considered here agrees with published
differences (Table 5.1). Rhipicephalus appendiculatus from the two provinces
further differ by having different adult phenologies (Berkvens ef al., 1998; Chaka,
2001; Speybroeck et al., 2002) which are related to the differences in diapause
induction and intensity (Madder et al., 2002; Speybroeck et al., 2002). In addition,
Tempia (1997) reported higher infection rates for Theileria parva (Katete), strain
from the Eastern province in adults of R. appendiculatus from the Southern province
than R. appendiculatus from the Eastern province plateau. These differences manifest
themselves in significant differences in the epidemiology of ECF between the

Southern and Eastern provinces (Speybroeck et al., 2004; Billiouw, 2005).

While both Southern and Eastern provinces fall within the same two agro-ecological
zones (fig. 5.1), there are two major climatic differences between them i.e., (1)
Southern province experiences lower mean temperatures in the cold dry season and
(2) generally receives lower total annual rainfall than Eastern province (Speybroeck et
al., 2002). However, significantly higher differences in both total annual rainfall and
temperatures exist between valley and plateau locations within both provinces. We
therefore propose that haplotype 1 and the Eastern province plateau haplotypes
represent geographical rather than ecologically differentiated haplotypes. The
existence of the two geographic subdivisions may be an indication of partial isolation
of the two geographic stocks resulting in insufficient demographic connection

between them (Avise, 2000).

The presence of more than one haplotype in the Eastern province may be testimony to
the more than one life history strategy developed by this species in this region
(Madder, 1999). Indeed, Madder (1999) suggested that the population in the eastern
province, might consist of individuals with genetically variable critical photoperiod
thresholds for diapause induction. However, which haplotype or haplotypes coincide
with the reported phenotype groups remains to be decided. This, however, is not to

suggest that the COI is involved in diapause control. Using the tool for determination
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of the physiological age of R. appendiculatus (Chaka et al., 2001) it should be
possible to find if there is any correspondence between these haplotypes and the
reported phenotypes. On the contrary, only a single COI haplotype was found in the
Southern province. One factor, which though singly may not explain this phenomenon
completely, is that the dispersal rate of ticks in the province is quite high (own
unpublished observation). This is due to the traditional cattle keeping system in which
cattle are grazed on communal areas and allowed to move from foci of disease
outbreaks to disease free areas. Social-economic activities like the payment of stock
“on the hoof” as dowry for marriage, sharing and hiring out oxen for ploughing, using
oxen as transport to health centres and trekking to selling or trucking points also

contribute to this high movement.

It is interesting that the Nyimba district (Eastern province) haplotype is identical to
the Southern province haplotype. This is in spite of the district’s geographical
proximity to the Eastern province plateau and the absence of a topographical barrier
between Nyimba (on the fringes of the valley) and Petauke on the plateau (Berkvens
et al., 1998) that would otherwise prevent movement of hosts (livestock and wild
animals) and therefore dispersal of the ticks. Despite that, Berkvens et al. (1998) did
predict a limit in the westward spread of R. appendiculatus on the eastern plateau to
around Minga an outpost 35 km west of Petauke (55km East of Nyimba) because of
unfavourable conditions i.e. higher minimum temperatures and lower relative
humidity for R. appendiculatus. That the Eastern province plateau haplotypes were
not found in Nyimba is in line with that prediction but a contradiction for haplotype 1.
However, Speybroeck et al. (2004) suggested that R. appendiculatus stocks that do
not go through a diapause cannot survive in areas with unfavourable conditions where
a diapause is necessary. We, however, further add that R. appendiculatus stocks that
do not go through an obligatory diapause may not survive harsh conditions.
Conversely, R. appendiculatus stocks that go through an obligatory diapause are
likely to survive a wide range of conditions within the acceptable limits of this species
survival (Speybroeck et al., 2004). Therefore, we hypothesize that in Nyimba (an area
with unfavourable conditions) R. appendiculatus may require an obligatory diapause
to survive, just like the Southern province ticks with an identical haplotype. If this

assumption is correct, we suggest that haplotype 1 has more chances of advancing

100



Chapter 5 - Intraspecific variation in Rhipicephalus appendiculatus from Eastern and Southern provinces

eastwards on the Eastern province plateau, than any of the four Eastern plateau

haplotypes advancing westwards into the valley.

The reported difference in the epidemiology of ECF in Eastern and Southern Zambia
(Billiouw, 2005; Speybroeck et al., 2004) is therefore due in a large part to the
difference in the vector ticks. The spread and establishment of either group of ticks
into another group’s area of endemicity has a potential to change the epidemiology of
ECF for that area. This would be due to the differences in infection rates for Theileria
parva strain or strains present in the new area of establishment (Tempia, 1997) and
the differences in ticks’ life history traits. There is therefore need to both confirm
whether haplotype 1 ticks from Nyimba are an extension of the southern province
ticks and therefore undergo an obligate diapause. Further the biology of the progeny
of this haplotype with the Eastern province plateau haplotypes should be explored.

This may help reveal further future epidemiological possibilities.
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Chapter 6: Correlating genetic and ecological variation in Rhipicephalus appendiculatus

6.1 Introduction

The African brown ear tick Rhipicephalus appendiculatus Neumann, 1901, is the
main field vector of the haemoprotozoan parasite Theileria parva, the causative agent
of East Coast fever (ECF). East Coast fever is one of the most economically important
cattle diseases in Zambia (Makala ef al., 2003) and other east, central and southern
African countries due to the high mortality, morbidity and other production losses
associated with the disease (Mukhebi ef al, 1992). The distribution of
R. appendiculatus is not continuous but is limited by factors like the availability of
suitable hosts, vegetation and climate (Norval ef al., 1992a; Walker et al., 2000). In

addition, climate influences the number of generations per year (Norval et al, 1992b).

Based on the number of generations per year, the adult body size and the expression
or non-expression of a behavioural diapause (the suppression of host seeking activity
in unfed adult ticks), R. appendiculatus have been divided into three groups (Madder
et al., 1999; Madder et al., 2002 ; Speybroeck et al., 2004 ). The first group comprises
R. appendiculatus stocks that cycle through two or more generations per year
originating from parts of east Africa e.g. Kenya, Rwanda, Burundi, Tanzania and
Uganda where the climate is characterised by short dry seasons and high ambient
humidity throughout most of the year (Smith, 1969a; Smith, 1969b; Tatchell and
Easton, 1986; Kaiser et al., 1988). The ability of the east African stocks to cycle
through more than one generation per year has been attributed to the absence of a long
dry season which precludes the necessity for a behavioural diapause (Berkvens et al.,
1995; Madder et al., 2002) in these stocks. Further, climate, as it is influenced by
latitude, has an effect on the adult body size of some insects (James et al., 1995;
Silver and Renshaw, 1999) and seems to be the case for R. appendiculatus
(Speybroeck et al., 2004). The latter authors have described east African stocks to be

of smaller adult body size than southern African stocks.

The southern African stocks (i.e. stocks from Southern province of Zambia through
Zimbabwe to South Africa) constitute the second group (Madder et al., 2002;
Speybroeck et al., 2004). The climate of southern Africa is marked by a well defined
rainy season which is followed by a dry season of almost equal duration.
Rhipicephalus appendiculatus in this region cycles through one generation with peak

adult activity coinciding with the rainy season (Short and Norval, 1981; Minshull and
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Norval, 1982; Paine, 1982; Pegram et al., 1986; Pegram and Banda, 1990;
Speybroeck et al., 2002). Southern African stocks exhibit either an obligatory or a
very intense, photoperiod-induced (short day) behavioural diapause (Pegram and
Banda, 1990; Norval et al., 1991; Madder et al., 2002) that allows them to delay
oviposition until conditions favourable for the survival of eggs and larvae, the most
vulnerable stages of their life cycle, are present. Termination of behavioural diapause
in these stocks is determined by ageing (Southern province of Zambia) or in the case
of Zimbabwe increasing photoperiod (Madder ef al., 2002). A comparatively larger
adult body size in southern African stocks has been associated with the ability to
survive harsh conditions (higher temperature, low ambient humidity and delayed

feeding) during diapause (Speybroeck et al., 2004).

The third group consists of R. appendiculatus stocks from the Eastern province of
Zambia whose ecology has been described as “transition” between east and southern
African stocks (Chaka et al, 1999; Madder et al., 1999; Speybroeck et al., 2004)
based on the following observations: (a) R. appendiculatus stocks from the Eastern
province of Zambia have an average adult body size that is intermediate between that
of R. appendiculatus from east and southern Africa (Speybroeck et al., 2004), (b)
their phenology is characterised by two adult activity periods per year (Berkvens et
al., 1998; Chaka et al., 1999) in spite of a climate that is marked by well defined
alternate rainy and dry seasons of approximately equal duration, and (c) their
expression of behavioural diapause is mixed i.e. ticks may or may not enter
behavioural diapause depending on the amounts of rain or length of the rainy season
(Madder et al., 2002). Diapause in the Eastern province stocks is terminated by
ageing (Madder ef al., 2002). Recently Mtambo et al. (2007a) and Mtambo et al.
(2007b) have shown that R. appendiculatus from Eastern and Southern provinces of

Zambia are geographically genetically differentiated.

The aims of the current work were two-fold: (1) to clarify the phylogenetic
relationship of the two geographic genetically differentiated stocks of
R. appendiculatus from Southern and Eastern provinces that are ecologically
classified as “southern African” and “transition” respectively with those of east and
southern Africa in general and; (2) to compare the resultant phylogenetic relationships
with the three group ecological characterization i.e. east African, transition (Eastern

province of Zambia) and southern African stocks.
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6.2 Materials and Methods

Rhipicephalus appendiculatus were collected from Zambia, Rwanda, Grande Comore,
Zimbabwe and South Africa. Adults of R. appendiculatus stocks from Zambia from
Southern and Eastern provinces were collected from cattle in 1997 and 2003,
respectively. Southern province tick collections were from the plateau districts of
Mazabuka (15°52' 0S, 27°46'0E) and Monze (16°16'60S, 27°28'60E) and the valley
areas of Gwembe (16°49'0S, 27°46'60E), Livingstone (17°49'60S, 25°23'60E) and
Sinazongwe (17°7'60S, 27°25'0E) districts. Ticks collected from the Southern
province were killed in 70% ethanol immediately after collection. They were
preserved in 70% ethanol in sealed vacutainer tubes at ambient temperatures. In
Eastern province ticks were collected from the plateau districts of Chipata (13°37'60S,
32°38'60E) and Petauke (14°15'0S, 31°19'60E) and Nyimba (14°33'0S, 30°49'60E) a
district on the fringes of the eastern province plateau and the Luangwa valley. These
ticks were preserved at -80°C. In Rwanda, ticks were collected from cattle in different
agro-ecological regions of the country in the districts of Byumba, Kibuye, Gitarama,
Gikongoro, Kigali and Kibungo in 2004. These ticks were killed in 70% ethanol
immediately upon capture. Later they were washed in tap water, air dried and packed
in Ziplock bags with silica gel and preserved at 4°C. Ticks from South Africa were
collected from cattle in Rietvler (29°10'60S, 30°16'60E) and Hluhuwe (28°08'S,
32°09'60E) in the KwaZulu Natal midlands in 2000 and 2004, respectively. These
specimens were killed and preserved in 70% ethanol. The ticks from Grande Comore
were collected from cattle in May 2004 at Madjeouéni (11°49'18S, 43°16'41E) on the
north-eastern part of the island. They were killed and preserved in 70% ethanol. Ticks
from Zimbabwe were collected from cattle in West Mashonaland in 2000. They were
left to die naturally after collection, dried and then stored in sealed conical tubes at
ambient temperature. Different stocks were subjected to different preservation
methods appropriate to the specific purposes for which they were collected other than

this work.

DNA was isolated using the method of Boom et al. (1990, 1999). The primers, PCR
conditions and temperature profiles used for amplification of the ITS2 and the COI
including the sequencing techniques have been described by Mtambo et al. (2006).
Mitochondrial 12S rDNA was amplified with the primers SR-J-1499 (5'-
TACTATGTTACGACTTAT-3") and SR-N-14594 (5'-
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AAACTAGGATTAGATACCC -3") (Simon et al., 1994). The PCR conditions and
thermal cycler temperature profile for amplification of the 12S rDNA were identical
to those used in the amplification of the COI (Mtambo et al., 2006). To distinguish
between R. appendiculatus and the morphologically very closely related
Rhipicephalus zambeziensis Walker, Norval and Corwin, 1981, a PCR-RFLP
technique (Mtambo et al., 2007b) was used. Briefly ITS2 amplicons of the specimens
were digested with the restriction endonuclease Baul in a 25uL. volume containing 17
uL Mgw, 2.5 uL 10X buffer (Tango™), 0.5 uL Enzyme (0.1U; Baul), and 5 puL
amplicon. The mixture was incubated at 37°C for 150 min. Fragment profiles were
resolved by electrophoresis through 2% (w/v) agarose gel at 100 volts for 30 min and

visualized after staining for 30 min in ethidium bromide.

Multiple alignments were generated for 59 (ITS2), 59 (COI) and 58 (12S rDNA) gene
sequences using default options in ClustalX 1.83 (Thompson et al., 1997). The
alignments were imported into Genedoc ver.2.6.001 (Nicholas and Nicholas, 1997),
wherein they were visually examined and redundant sequences were removed. The
remaining sequences were subjected to a BLAST to confirm the target gene segment.
These sequences were then aligned together with sequences of
Rhipicephalus turanicus Pomerantsev, 1936 (accession numbers DQ849267 [ITS2];
DQ849231 [12S rDNA]; DQ859260 [COI]) as the outgroup species. These
alignments are available in the EMBL-Align database under the accession numbers:
ALIGN_001066=ITS2; ALIGN_001067=COI, ALIGN_001065=12S rDNA. The
best models of evolution for the sequences of the three target genes were determined
in Modeltest (Posada and Crandall, 1998) using the Akaike Information Criteria.
Modeltest chose the General Time Reversible with a proportion of invariable sites
(GTR+I) as the model best fitting the COI data with the following model parameters:
base frequencies; freqA = 0.2755, freqC =0.1832, freqG =0.1376 and freqT =
0.4037; Rmat=1.7849, 3.4740, 3.7650, 0.1735 and 10.8297; Rates=equal and
proportion of invariable sites (I) =0.6340. For the ITS2 data the GTR model with no
invariable sites was the most appropriate. The parameters of the model were: base
frequencies; freqA = 0.1839, freqC = 0.3016, freqG = 0.3487 and freqT = 0.1658;
Rmat =0.9242, 1.5422, 1.3804, 0.3855 and 3.3218; Rates=equal and Pinvar (I) =0.
The model best fitting the 12S rDNA was the K81uf+I. This model had the following
parameters: base frequencies; freqA= 0.3658, freqC= 0.1178, freqG= 0.0916 and
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freqT= 0.4248; Rmat= 1.0000, 2003660.7500, 1123197.3750, 1123197.3750 and
2003660.7500; Rates=equal and Pinvar (I) = 0.7203.

Phylogenetic relationships among the ITS2 sequences and COI and 12S rDNA
haplotypes were evaluated by both a distance (NJ: Neighbour-joining) and a
maximum likelithood (ML) analysis in PAUP* (Swofford, 2003). Starting trees were
obtained through random addition of input taxa with the heuristic search option and
tree bisection-reconnection (TBR) branch swapping. In all the analyses gaps were
treated as missing data. The reliability of the groups on the trees was evaluated

through bootstrap analysis with 1,000 iterations with TBR branch swapping.

6.3 Results

Targeted genes failed to amplify in the dried R. appendiculatus material from
Zimbabwe. The ones that amplified did not give interpretable sequences. Instead we
obtained ITS2 (Accession No._U97704) and COI (Accession No. AF132833)
sequences for Zimbabwe from GenBank. These and the rest of the sequences used in
this study are summarised in Table 6.1. Sequences for the ITS2 and the two
mitochondrial (COI and 12S rDNA) fragments obtained for R. appendiculatus
material from Rwanda and Grande Comore appear in GenBank under accession
numbers DQ901321-DQ901355 for the ITS2, DQ901356-DQ901363 for COI and
DQ901277-DQ901320 for 12S rDNA. Ticks from Zambia and South Africa appear
in GenBank under the following accession numbers: ITS2= (DQ849239-DQ849254
and DOQ849269-D0Q849272); 12S rDNA= (DQ849203-DQ849218 and DQ849233-
DQ849236); COI= (DQ859261-D0O859266). Specimens were submitted to the Royal

Belgium Museum of Natural sciences under the General Inventory number LG.

30662

There were five different ITS2, eight COI and five 12S rDNA sequences (Tables 6.2-
6.4). The Eastern province had five COI and 12S rDNA haplotypes compared to one
in both segments in the Southern province. The Eastern province and Rwanda shared
some COI and 12S rDNA haplotypes. In addition COI and 12S rDNA haplotypes
endemic to either Rwanda or the Eastern province but sympatric to the shared

haplotypes were observed.
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Table 6.1: Source and numbers of R. appendiculatus sequences for the three gene
segments analysed

Country Gene Segment No. of Sequences
ITS2 15
Rwanda COI 15
12S rDNA 15
ITS2 2
Grande Comore COI 2
12S rDNA 2
ITS2 35
Zambia COl 35
12S rDNA 35
ITS2 1
Zimbabwe COl 1
12S rDNA 0
ITS2 6
South Africa COl 6
12S rDNA 6

Results of the analysis of the ITS2 data did not provide support for grouping
R. appendiculatus from Rwanda, Zambia (Eastern and Southern provinces) and South
Africa into any special groupings. The COI tree had two well-supported groups
(fig. 6.1). One group (BS values of 95 % [ML] and 100 % [NJ]) was an unresolved
polytomy of Eastern province plateau and Rwanda haplotypes within which there is
weak support (BS values 64 % [ML] and 67 % [NJ]) for the exclusion of Eastern
province plateau haplotype 8. The second group had BS values of 70 % [ML] and
98 % [NIJ]. This group comprised ticks from South Africa, Zimbabwe, Zambia
(Southern province and the south west edges [Nyimba] on the Eastern province
plateau) and Grande Comore. The 12S rDNA tree (fig. 6.2) was resolved into two
groups (BS values 78 % [NJ] and 87% [ML]). One group consisted of Eastern
province (Nyimba), Southern province of Zambia, South Africa and Grande Comore
stocks while the second was made up of stocks from Rwanda and Eastern province

plateau districts.
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Table 6.2: Variation of the ITS2 sequences in R. appendiculatus from six east,
central and southern African countries

Number of Variable Base Positions
SequenceNo.  Sequences 34 135 346 364 400 408 445 509 510 606 755 788 850 1003 1006 Sequence Origin
Sequence 1 2 TCATOCCC __ CTAT A C Zambia(East&South)
Sequence 2 26 - _ _ _ _ _ T _ _ _ _ _ _ _  _ [Labia(East&South), South Afica
Sequence 3 1 _ _ T 1T 1T T CT _ T A _ _ _ Zmbabwe(Mcllwaine)
Sequence 4 25 _CcCATCCT __ CGTT _ _ RwandaandZambia(Eas)
Sequence 5 5 T_ _ _ _ _ _ _ . _1v _ _ _ € GrandeComore  Zambia(South), South Africa
Key: = indel; — nucleotide identical to one immediately above, Zambia (South);

Southern province of Zambia, Zambia (East); Eastern province of Zambia, Zambia

(East & South); both Eastern and Southern provinces of Zambia.

Table 6.3: Variation of the COI sequences in R. appendiculatus from five east,
central and southern African countries

VARIABLE BASE POSITIONS
HAPLOTYPE No.ofspecimens 12 24 57 94 147 159 165 211 240 246 261 303 315 339 345 372 303 304 432 453 465 SOURCES
Haplotype | Kl TGTCTCTAGCTATTOGTAG G C C Zambia(Southand East) Zimbabwe, South Afiica
Haplotype 2 2 - - C - TR - Grande Comore
Haplotype 3 1 C--TCT - - -T+-GC-AGAGA T T Zambia(East)Rwanda
Haplotype 4 1 - - - - - - A - - - Zambia(Est)
Haplotype 5 1 G - - - Zumbia(East)
Haplotype 6 1 -- - - - - A - - o o o - G - - - - Rwamd
Haplotype 7 1 -C - A - - - - - - A - - - - Ruanda
Haplotype 8 4 T-6G - - - - -« -« - -« - (G - - Lmbaas)
Key:  — nucleotide identical to one immediately above, Zambia (South); Southern

province of Zambia, Zambia (East); Eastern province of Zambia, Zambia (East &

South); both Eastern and Southern provinces of Zambia.

Table 6.4: Variation of the 12S rDNA sequences in R. appendiculatus from five
east, central and southern African countries

Numberof  Variable Base Positions

Haplotype ~ Sequences 69 81 88 164 220 309 315 Haplotypelocation
Haplotype 1 3 TTTT G G A GrandeComore, Zambia (East &South), South Africa
Haplotype? 4 cccCc Zamba(Est)

Haplotype3 1 T Zambia(East)
Haplotype4 2 G RwandaandZambia (Esst)
Haplotype S 8 A Rwandaand Zambia (East)

112



Chapter 6: Correlating genetic and ecological variation in Rhipicephalus appendiculatus

LL.” 13

Key: indel (insertion deletion event), “— “nucleotide same as one immediately
above, Zambia (South); Southern province of Zambia, Zambia (East); Eastern
province of Zambia, Zambia (East & South); both Eastern and Southern provinces of

Zambia.

6.4 Discussion

The non-resolution of R. appendiculatus from Rwanda, Zambia, Zimbabwe and South
Africa into any special groups by the current ITS2 data show that in spite of their
ecological differences R. appendiculatus from Rwanda (east Africa), Zambia,
Zimbabwe and South Africa (southern Africa) are one and the same species.
However, the mitochondrial (12S rDNA and COI) DNA data show that,
R. appendiculatus from Rwanda, Zambia, Zimbabwe and South Africa may be
divided into two geographic genetically differentiated groups: (1) a group consisting
of specimens from Rwanda and the plateau districts of the Eastern province of
Zambia which we here refer to as the “east African genetic group (eAGG)” and, (2) a
group comprising specimens from South Africa, Zimbabwe, Grande Comore, the
Southern province of Zambia and the south western edges of the Eastern province
plateau (Nyimba) in Zambia, which we have referred to as the “southern African
genetic group (SAGG)” (fig.6.1 and 6.2). This geographic genetic differentiation into
sAGG and eAGG is an indicator of possible temporal and/or spatial partial isolation

of the two populations (Avise, 2000).

That the stocks from Eastern province that are considered transitional and stocks from
Rwanda form a coherent monophyletic eAGG is at variance with their ecological
groupings. The difference in ecology within the eAGG may be due to genetic
polymorphism and or phenotypic plasticity. Eastern province transition stocks had
five COI and 12S rDNA haplotypes respectively (compared to a single haplotype for
both segments in all the southern African stocks). It is possible that some haplotypes
may be favoured by the local conditions obtaining in one area more than in others,
e.g. a shorter rainy season for Eastern province than most places in Rwanda or east
Africa in general may be favourable to some haplotypes and not others. Which
haplotype corresponds to a particular phenotype or phenotypes (size, diapause and

phenology) under discussion cannot be ascertained with the current data.
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Figure 6.1: A cladogram of COI haplotypes with Bootstrap support values; Top
= ML; Bottom = Neighbour Joining (NJ); Names after the braces refer to the
area where haplotypes were found. SA=South Africa; Zam (south) = Southern
province of Zambia; Zam (east) = Eastern province of Zambia; Zam (East &
South) = Eastern and Southern province of Zambia; Zim= Zimbabwe; Comore=
Grand Comore
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It is also possible that individuals of the same haplotype may have varied phenotypic
expression of their genotype in different environmental conditions. Indeed the most
prevalent haplotypes i.e. COI haplotype 3 and 12S rDNA haplotype 5, were common
to both Rwanda and the Eastern province. Similarly the reported difference in body
size (Speybroeck et al., 2004) in stocks arising from the same regions as those that
constituted our eAGG may be attributed to genetic polymorphism, phenotypic
plasticity, differences in latitude (Speybroeck et al., 2004) and or any other
unidentified local factors (Speybroeck et al., 2004). Madder et al. (1999) studying
diapause induction in three stocks of ticks from Kiambu (Kenya), Mtenguleni
(Eastern province Zambia) and West Mashonaland (Zimbabwe) speculated the
existence of an extensive genetic variation for diapause after observing as many
responses as were the stocks. We however suggest that an extensive genetic variation

for diapause might exist especially within the eAGG.

The composition of the sAGG agrees with the ecological similarities of the
constituent stocks (Norval ef al., 1991; Madder et al., 1999: Speybroeck et al., 2004)
except for Grande Comore ticks for which no prior ecological information was
obtained. However, the Island of Grande Comore has a single rainy season
(November to April) and a dry season of equal duration (May to October) with
temperatures ranging from 20-28°C (Ben Daoud and Scheltens 1985). Such climatic
conditions could be more favourable to the establishment of R. appendiculatus that
express a behavioural diapause in order to synchronize oviposition with favourable
environmental conditions (Speybroeck et al., 2004). However, the actual situation in
Grande Comore can only be established by further surveys as local ecological

conditions may modulate these climatic conditions.

The failure of amplification of dried specimens from Zimbabwe may have been due to

the nature of the killing and storage methods (Mtambo ef al., 2006).

Within the limits of this data we conclude that R. appendiculatus stocks from
Southern and  Eastern provinces of Zambia are geographically genetically
differentiated stocks that might be part of two wider geographically genetically
differentiated populations of R. appendiculatus in which Southern province stocks are
part of the SAGG and the Eastern province stocks belong to the eAGG. It will be

important to delimit the ranges of these two groups both within and outside Zambia
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since their respective roles in the epidemiology of ECF may be different (McLain et

al., 1995; Avise, 2000; Speybroeck et al., 2004).
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Figure 6.2: A cladogram of 12S rDNA sequences with Bootstrap support values;
Top = ML, Bottom= Neighbour Joining. Names after the braces refer to the area
where haplotypes were found. SA=South Africa; Zam (south) = Southern
province of Zambia; Zam (east) = Eastern province of Zambia; Zam (East &
South) = Eastern and Southern province of Zambia; Comore= Grand Comore
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6.1 Introduction

The African brown ear tick Rhipicephalus appendiculatus Neumann, 1901, is the
main field vector of the haemoprotozoan parasite Theileria parva, the causative agent
of East Coast fever (ECF). East Coast fever is one of the most economically important
cattle diseases in Zambia (Makala ef al., 2003) and other east, central and southern
African countries due to the high mortality, morbidity and other production losses
associated with the disease (Mukhebi ef al, 1992). The distribution of
R. appendiculatus is not continuous but is limited by factors like the availability of
suitable hosts, vegetation and climate (Norval ef al., 1992a; Walker et al., 2000). In

addition, climate influences the number of generations per year (Norval et al, 1992b).

Based on the number of generations per year, the adult body size and the expression
or non-expression of a behavioural diapause (the suppression of host seeking activity
in unfed adult ticks), R. appendiculatus have been divided into three groups (Madder
et al., 1999; Madder et al., 2002 ; Speybroeck et al., 2004 ). The first group comprises
R. appendiculatus stocks that cycle through two or more generations per year
originating from parts of east Africa e.g. Kenya, Rwanda, Burundi, Tanzania and
Uganda where the climate is characterised by short dry seasons and high ambient
humidity throughout most of the year (Smith, 1969a; Smith, 1969b; Tatchell and
Easton, 1986; Kaiser et al., 1988). The ability of the east African stocks to cycle
through more than one generation per year has been attributed to the absence of a long
dry season which precludes the necessity for a behavioural diapause (Berkvens et al.,
1995; Madder et al., 2002) in these stocks. Further, climate, as it is influenced by
latitude, has an effect on the adult body size of some insects (James et al., 1995;
Silver and Renshaw, 1999) and seems to be the case for R. appendiculatus
(Speybroeck et al., 2004). The latter authors have described east African stocks to be

of smaller adult body size than southern African stocks.

The southern African stocks (i.e. stocks from Southern province of Zambia through
Zimbabwe to South Africa) constitute the second group (Madder et al., 2002;
Speybroeck et al., 2004). The climate of southern Africa is marked by a well defined
rainy season which is followed by a dry season of almost equal duration.
Rhipicephalus appendiculatus in this region cycles through one generation with peak

adult activity coinciding with the rainy season (Short and Norval, 1981; Minshull and
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Norval, 1982; Paine, 1982; Pegram et al., 1986; Pegram and Banda, 1990;
Speybroeck et al., 2002). Southern African stocks exhibit either an obligatory or a
very intense, photoperiod-induced (short day) behavioural diapause (Pegram and
Banda, 1990; Norval et al., 1991; Madder et al., 2002) that allows them to delay
oviposition until conditions favourable for the survival of eggs and larvae, the most
vulnerable stages of their life cycle, are present. Termination of behavioural diapause
in these stocks is determined by ageing (Southern province of Zambia) or in the case
of Zimbabwe increasing photoperiod (Madder ef al., 2002). A comparatively larger
adult body size in southern African stocks has been associated with the ability to
survive harsh conditions (higher temperature, low ambient humidity and delayed

feeding) during diapause (Speybroeck et al., 2004).

The third group consists of R. appendiculatus stocks from the Eastern province of
Zambia whose ecology has been described as “transition” between east and southern
African stocks (Chaka et al, 1999; Madder et al., 1999; Speybroeck et al., 2004)
based on the following observations: (a) R. appendiculatus stocks from the Eastern
province of Zambia have an average adult body size that is intermediate between that
of R. appendiculatus from east and southern Africa (Speybroeck et al., 2004), (b)
their phenology is characterised by two adult activity periods per year (Berkvens et
al., 1998; Chaka et al., 1999) in spite of a climate that is marked by well defined
alternate rainy and dry seasons of approximately equal duration, and (c) their
expression of behavioural diapause is mixed i.e. ticks may or may not enter
behavioural diapause depending on the amounts of rain or length of the rainy season
(Madder et al., 2002). Diapause in the Eastern province stocks is terminated by
ageing (Madder ef al., 2002). Recently Mtambo et al. (2007a) and Mtambo et al.
(2007b) have shown that R. appendiculatus from Eastern and Southern provinces of

Zambia are geographically genetically differentiated.

The aims of the current work were two-fold: (1) to clarify the phylogenetic
relationship of the two geographic genetically differentiated stocks of
R. appendiculatus from Southern and Eastern provinces that are ecologically
classified as “southern African” and “transition” respectively with those of east and
southern Africa in general and; (2) to compare the resultant phylogenetic relationships
with the three group ecological characterization i.e. east African, transition (Eastern

province of Zambia) and southern African stocks.
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6.2 Materials and Methods

Rhipicephalus appendiculatus were collected from Zambia, Rwanda, Grande Comore,
Zimbabwe and South Africa. Adults of R. appendiculatus stocks from Zambia from
Southern and Eastern provinces were collected from cattle in 1997 and 2003,
respectively. Southern province tick collections were from the plateau districts of
Mazabuka (15°52' 0S, 27°46'0E) and Monze (16°16'60S, 27°28'60E) and the valley
areas of Gwembe (16°49'0S, 27°46'60E), Livingstone (17°49'60S, 25°23'60E) and
Sinazongwe (17°7'60S, 27°25'0E) districts. Ticks collected from the Southern
province were killed in 70% ethanol immediately after collection. They were
preserved in 70% ethanol in sealed vacutainer tubes at ambient temperatures. In
Eastern province ticks were collected from the plateau districts of Chipata (13°37'60S,
32°38'60E) and Petauke (14°15'0S, 31°19'60E) and Nyimba (14°33'0S, 30°49'60E) a
district on the fringes of the eastern province plateau and the Luangwa valley. These
ticks were preserved at -80°C. In Rwanda, ticks were collected from cattle in different
agro-ecological regions of the country in the districts of Byumba, Kibuye, Gitarama,
Gikongoro, Kigali and Kibungo in 2004. These ticks were killed in 70% ethanol
immediately upon capture. Later they were washed in tap water, air dried and packed
in Ziplock bags with silica gel and preserved at 4°C. Ticks from South Africa were
collected from cattle in Rietvler (29°10'60S, 30°16'60E) and Hluhuwe (28°08'S,
32°09'60E) in the KwaZulu Natal midlands in 2000 and 2004, respectively. These
specimens were killed and preserved in 70% ethanol. The ticks from Grande Comore
were collected from cattle in May 2004 at Madjeouéni (11°49'18S, 43°16'41E) on the
north-eastern part of the island. They were killed and preserved in 70% ethanol. Ticks
from Zimbabwe were collected from cattle in West Mashonaland in 2000. They were
left to die naturally after collection, dried and then stored in sealed conical tubes at
ambient temperature. Different stocks were subjected to different preservation
methods appropriate to the specific purposes for which they were collected other than

this work.

DNA was isolated using the method of Boom et al. (1990, 1999). The primers, PCR
conditions and temperature profiles used for amplification of the ITS2 and the COI
including the sequencing techniques have been described by Mtambo et al. (2006).
Mitochondrial 12S rDNA was amplified with the primers SR-J-1499 (5'-
TACTATGTTACGACTTAT-3") and SR-N-14594 (5'-
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AAACTAGGATTAGATACCC -3") (Simon et al., 1994). The PCR conditions and
thermal cycler temperature profile for amplification of the 12S rDNA were identical
to those used in the amplification of the COI (Mtambo et al., 2006). To distinguish
between R. appendiculatus and the morphologically very closely related
Rhipicephalus zambeziensis Walker, Norval and Corwin, 1981, a PCR-RFLP
technique (Mtambo et al., 2007b) was used. Briefly ITS2 amplicons of the specimens
were digested with the restriction endonuclease Baul in a 25uL. volume containing 17
uL Mgw, 2.5 uL 10X buffer (Tango™), 0.5 uL Enzyme (0.1U; Baul), and 5 puL
amplicon. The mixture was incubated at 37°C for 150 min. Fragment profiles were
resolved by electrophoresis through 2% (w/v) agarose gel at 100 volts for 30 min and

visualized after staining for 30 min in ethidium bromide.

Multiple alignments were generated for 59 (ITS2), 59 (COI) and 58 (12S rDNA) gene
sequences using default options in ClustalX 1.83 (Thompson et al., 1997). The
alignments were imported into Genedoc ver.2.6.001 (Nicholas and Nicholas, 1997),
wherein they were visually examined and redundant sequences were removed. The
remaining sequences were subjected to a BLAST to confirm the target gene segment.
These sequences were then aligned together with sequences of
Rhipicephalus turanicus Pomerantsev, 1936 (accession numbers DQ849267 [ITS2];
DQ849231 [12S rDNA]; DQ859260 [COI]) as the outgroup species. These
alignments are available in the EMBL-Align database under the accession numbers:
ALIGN_001066=ITS2; ALIGN_001067=COI, ALIGN_001065=12S rDNA. The
best models of evolution for the sequences of the three target genes were determined
in Modeltest (Posada and Crandall, 1998) using the Akaike Information Criteria.
Modeltest chose the General Time Reversible with a proportion of invariable sites
(GTR+I) as the model best fitting the COI data with the following model parameters:
base frequencies; freqA = 0.2755, freqC =0.1832, freqG =0.1376 and freqT =
0.4037; Rmat=1.7849, 3.4740, 3.7650, 0.1735 and 10.8297; Rates=equal and
proportion of invariable sites (I) =0.6340. For the ITS2 data the GTR model with no
invariable sites was the most appropriate. The parameters of the model were: base
frequencies; freqA = 0.1839, freqC = 0.3016, freqG = 0.3487 and freqT = 0.1658;
Rmat =0.9242, 1.5422, 1.3804, 0.3855 and 3.3218; Rates=equal and Pinvar (I) =0.
The model best fitting the 12S rDNA was the K81uf+I. This model had the following
parameters: base frequencies; freqA= 0.3658, freqC= 0.1178, freqG= 0.0916 and
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freqT= 0.4248; Rmat= 1.0000, 2003660.7500, 1123197.3750, 1123197.3750 and
2003660.7500; Rates=equal and Pinvar (I) = 0.7203.

Phylogenetic relationships among the ITS2 sequences and COI and 12S rDNA
haplotypes were evaluated by both a distance (NJ: Neighbour-joining) and a
maximum likelithood (ML) analysis in PAUP* (Swofford, 2003). Starting trees were
obtained through random addition of input taxa with the heuristic search option and
tree bisection-reconnection (TBR) branch swapping. In all the analyses gaps were
treated as missing data. The reliability of the groups on the trees was evaluated

through bootstrap analysis with 1,000 iterations with TBR branch swapping.

6.3 Results

Targeted genes failed to amplify in the dried R. appendiculatus material from
Zimbabwe. The ones that amplified did not give interpretable sequences. Instead we
obtained ITS2 (Accession No._U97704) and COI (Accession No. AF132833)
sequences for Zimbabwe from GenBank. These and the rest of the sequences used in
this study are summarised in Table 6.1. Sequences for the ITS2 and the two
mitochondrial (COI and 12S rDNA) fragments obtained for R. appendiculatus
material from Rwanda and Grande Comore appear in GenBank under accession
numbers DQ901321-DQ901355 for the ITS2, DQ901356-DQ901363 for COI and
DQ901277-DQ901320 for 12S rDNA. Ticks from Zambia and South Africa appear
in GenBank under the following accession numbers: ITS2= (DQ849239-DQ849254
and DOQ849269-D0Q849272); 12S rDNA= (DQ849203-DQ849218 and DQ849233-
DQ849236); COI= (DQ859261-D0O859266). Specimens were submitted to the Royal

Belgium Museum of Natural sciences under the General Inventory number LG.

30662

There were five different ITS2, eight COI and five 12S rDNA sequences (Tables 6.2-
6.4). The Eastern province had five COI and 12S rDNA haplotypes compared to one
in both segments in the Southern province. The Eastern province and Rwanda shared
some COI and 12S rDNA haplotypes. In addition COI and 12S rDNA haplotypes
endemic to either Rwanda or the Eastern province but sympatric to the shared

haplotypes were observed.
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Table 6.1: Source and numbers of R. appendiculatus sequences for the three gene
segments analysed

Country Gene Segment No. of Sequences
ITS2 15
Rwanda COI 15
12S rDNA 15
ITS2 2
Grande Comore COI 2
12S rDNA 2
ITS2 35
Zambia COl 35
12S rDNA 35
ITS2 1
Zimbabwe COl 1
12S rDNA 0
ITS2 6
South Africa COl 6
12S rDNA 6

Results of the analysis of the ITS2 data did not provide support for grouping
R. appendiculatus from Rwanda, Zambia (Eastern and Southern provinces) and South
Africa into any special groupings. The COI tree had two well-supported groups
(fig. 6.1). One group (BS values of 95 % [ML] and 100 % [NJ]) was an unresolved
polytomy of Eastern province plateau and Rwanda haplotypes within which there is
weak support (BS values 64 % [ML] and 67 % [NJ]) for the exclusion of Eastern
province plateau haplotype 8. The second group had BS values of 70 % [ML] and
98 % [NIJ]. This group comprised ticks from South Africa, Zimbabwe, Zambia
(Southern province and the south west edges [Nyimba] on the Eastern province
plateau) and Grande Comore. The 12S rDNA tree (fig. 6.2) was resolved into two
groups (BS values 78 % [NJ] and 87% [ML]). One group consisted of Eastern
province (Nyimba), Southern province of Zambia, South Africa and Grande Comore
stocks while the second was made up of stocks from Rwanda and Eastern province

plateau districts.
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Table 6.2: Variation of the ITS2 sequences in R. appendiculatus from six east,
central and southern African countries

Number of Variable Base Positions
SequenceNo.  Sequences 34 135 346 364 400 408 445 509 510 606 755 788 850 1003 1006 Sequence Origin
Sequence 1 2 TCATOCCC __ CTAT A C Zambia(East&South)
Sequence 2 26 - _ _ _ _ _ T _ _ _ _ _ _ _  _ [Labia(East&South), South Afica
Sequence 3 1 _ _ T 1T 1T T CT _ T A _ _ _ Zmbabwe(Mcllwaine)
Sequence 4 25 _CcCATCCT __ CGTT _ _ RwandaandZambia(Eas)
Sequence 5 5 T_ _ _ _ _ _ _ . _1v _ _ _ € GrandeComore  Zambia(South), South Africa
Key: = indel; — nucleotide identical to one immediately above, Zambia (South);

Southern province of Zambia, Zambia (East); Eastern province of Zambia, Zambia

(East & South); both Eastern and Southern provinces of Zambia.

Table 6.3: Variation of the COI sequences in R. appendiculatus from five east,
central and southern African countries

VARIABLE BASE POSITIONS
HAPLOTYPE No.ofspecimens 12 24 57 94 147 159 165 211 240 246 261 303 315 339 345 372 303 304 432 453 465 SOURCES
Haplotype | Kl TGTCTCTAGCTATTOGTAG G C C Zambia(Southand East) Zimbabwe, South Afiica
Haplotype 2 2 - - C - TR - Grande Comore
Haplotype 3 1 C--TCT - - -T+-GC-AGAGA T T Zambia(East)Rwanda
Haplotype 4 1 - - - - - - A - - - Zambia(Est)
Haplotype 5 1 G - - - Zumbia(East)
Haplotype 6 1 -- - - - - A - - o o o - G - - - - Rwamd
Haplotype 7 1 -C - A - - - - - - A - - - - Ruanda
Haplotype 8 4 T-6G - - - - -« -« - -« - (G - - Lmbaas)
Key:  — nucleotide identical to one immediately above, Zambia (South); Southern

province of Zambia, Zambia (East); Eastern province of Zambia, Zambia (East &

South); both Eastern and Southern provinces of Zambia.

Table 6.4: Variation of the 12S rDNA sequences in R. appendiculatus from five
east, central and southern African countries

Numberof  Variable Base Positions

Haplotype ~ Sequences 69 81 88 164 220 309 315 Haplotypelocation
Haplotype 1 3 TTTT G G A GrandeComore, Zambia (East &South), South Africa
Haplotype? 4 cccCc Zamba(Est)

Haplotype3 1 T Zambia(East)
Haplotype4 2 G RwandaandZambia (Esst)
Haplotype S 8 A Rwandaand Zambia (East)
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LL.” 13

Key: indel (insertion deletion event), “— “nucleotide same as one immediately
above, Zambia (South); Southern province of Zambia, Zambia (East); Eastern
province of Zambia, Zambia (East & South); both Eastern and Southern provinces of

Zambia.

6.4 Discussion

The non-resolution of R. appendiculatus from Rwanda, Zambia, Zimbabwe and South
Africa into any special groups by the current ITS2 data show that in spite of their
ecological differences R. appendiculatus from Rwanda (east Africa), Zambia,
Zimbabwe and South Africa (southern Africa) are one and the same species.
However, the mitochondrial (12S rDNA and COI) DNA data show that,
R. appendiculatus from Rwanda, Zambia, Zimbabwe and South Africa may be
divided into two geographic genetically differentiated groups: (1) a group consisting
of specimens from Rwanda and the plateau districts of the Eastern province of
Zambia which we here refer to as the “east African genetic group (eAGG)” and, (2) a
group comprising specimens from South Africa, Zimbabwe, Grande Comore, the
Southern province of Zambia and the south western edges of the Eastern province
plateau (Nyimba) in Zambia, which we have referred to as the “southern African
genetic group (SAGG)” (fig.6.1 and 6.2). This geographic genetic differentiation into
sAGG and eAGG is an indicator of possible temporal and/or spatial partial isolation

of the two populations (Avise, 2000).

That the stocks from Eastern province that are considered transitional and stocks from
Rwanda form a coherent monophyletic eAGG is at variance with their ecological
groupings. The difference in ecology within the eAGG may be due to genetic
polymorphism and or phenotypic plasticity. Eastern province transition stocks had
five COI and 12S rDNA haplotypes respectively (compared to a single haplotype for
both segments in all the southern African stocks). It is possible that some haplotypes
may be favoured by the local conditions obtaining in one area more than in others,
e.g. a shorter rainy season for Eastern province than most places in Rwanda or east
Africa in general may be favourable to some haplotypes and not others. Which
haplotype corresponds to a particular phenotype or phenotypes (size, diapause and

phenology) under discussion cannot be ascertained with the current data.
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Figure 6.1: A cladogram of COI haplotypes with Bootstrap support values; Top
= ML; Bottom = Neighbour Joining (NJ); Names after the braces refer to the
area where haplotypes were found. SA=South Africa; Zam (south) = Southern
province of Zambia; Zam (east) = Eastern province of Zambia; Zam (East &
South) = Eastern and Southern province of Zambia; Zim= Zimbabwe; Comore=
Grand Comore
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It is also possible that individuals of the same haplotype may have varied phenotypic
expression of their genotype in different environmental conditions. Indeed the most
prevalent haplotypes i.e. COI haplotype 3 and 12S rDNA haplotype 5, were common
to both Rwanda and the Eastern province. Similarly the reported difference in body
size (Speybroeck et al., 2004) in stocks arising from the same regions as those that
constituted our eAGG may be attributed to genetic polymorphism, phenotypic
plasticity, differences in latitude (Speybroeck et al., 2004) and or any other
unidentified local factors (Speybroeck et al., 2004). Madder et al. (1999) studying
diapause induction in three stocks of ticks from Kiambu (Kenya), Mtenguleni
(Eastern province Zambia) and West Mashonaland (Zimbabwe) speculated the
existence of an extensive genetic variation for diapause after observing as many
responses as were the stocks. We however suggest that an extensive genetic variation

for diapause might exist especially within the eAGG.

The composition of the sAGG agrees with the ecological similarities of the
constituent stocks (Norval ef al., 1991; Madder et al., 1999: Speybroeck et al., 2004)
except for Grande Comore ticks for which no prior ecological information was
obtained. However, the Island of Grande Comore has a single rainy season
(November to April) and a dry season of equal duration (May to October) with
temperatures ranging from 20-28°C (Ben Daoud and Scheltens 1985). Such climatic
conditions could be more favourable to the establishment of R. appendiculatus that
express a behavioural diapause in order to synchronize oviposition with favourable
environmental conditions (Speybroeck et al., 2004). However, the actual situation in
Grande Comore can only be established by further surveys as local ecological

conditions may modulate these climatic conditions.

The failure of amplification of dried specimens from Zimbabwe may have been due to

the nature of the killing and storage methods (Mtambo ef al., 2006).

Within the limits of this data we conclude that R. appendiculatus stocks from
Southern and  Eastern provinces of Zambia are geographically genetically
differentiated stocks that might be part of two wider geographically genetically
differentiated populations of R. appendiculatus in which Southern province stocks are
part of the SAGG and the Eastern province stocks belong to the eAGG. It will be

important to delimit the ranges of these two groups both within and outside Zambia
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since their respective roles in the epidemiology of ECF may be different (McLain et

al., 1995; Avise, 2000; Speybroeck et al., 2004).
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Figure 6.2: A cladogram of 12S rDNA sequences with Bootstrap support values;
Top = ML, Bottom= Neighbour Joining. Names after the braces refer to the area
where haplotypes were found. SA=South Africa; Zam (south) = Southern
province of Zambia; Zam (east) = Eastern province of Zambia; Zam (East &
South) = Eastern and Southern province of Zambia; Comore= Grand Comore
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Chapter 7: Intraspecific variation in Rhipicephalus zambeziensis

7.1 Introduction

Rhipicephalus zambeziensis Walker, Norval, & Corwin, 1981 and the
morphologically closely related Rhipicephalus appendiculatus Neumann 1901, the
field vectors of Theileria parva the causative organism of East Coast fever (ECF)
(Norval ef al., 1992) have been recognised as tick species that are most important

economically through out eastern and southern Africa.

The ecology of R. zambeziensis has been described (Norval ef al., 1982; Berkvens et
al., 1995; Madder et al., 2005). The description has mostly been in comparison with
the ecology of R. appendiculatus due to their morphological closeness and because
the latter was the first to be described. As a rule R. zambeziensis is less widely
distributed and is found in hotter and drier areas than R. appendiculatus (Norval et al.,
1982). Generally it has a smaller adult body size than R. appendiculatus and does not
exhibit a behavioural diapause (Walker et al., 1981; Berkvens et al., 1995).

Rhipicephalus zambeziensis was first reported in Zambia as ‘“‘specimens near
R. appendiculatus” in the valleys of the Zambezi and Luangwa rivers (MacLeod,
1970; MacLeod et al., 1977). More reports have since been made in areas outside the
valleys (Zivkovic et al., 1986; Mulumba et al., 2001; Speybroeck et al., 2002;
Mtambo et al., 2007a).

Stocks of R. zambeziensis from southern province, exhibit differences in morphology
between specimens collected from the valleys and on the plateau. Specimens
collected from the valleys have morphological features that are more consistent with
the classical morphological description of the species, i.e. small adult body size, dark
brown in colour, heavily punctate and a broad U-shaped genital opening in the case of
females (JM unpublished observations). On their part, specimens collected on the
plateau tend to be less punctate, larger with varied form of the female genital aperture
between U- and V forms. Further, we have observed (JM and MM unpublished) and
Fivaz and Norval (1989) have reported feeding R. zambeziensis from South Africa
and Zimbabwe respectively on rabbits. To the contrary adult R. zambeziensis
specimens from Zambia feed reluctantly or not all when fed on rabbits (unpublished
observation). This could not be put down to diapause as this phenomenon is yet to be

demonstrated in this species (Berkvens et al., 1995).
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In the current work we compared mitochondrial 12S rDNA (mt12S rDNA) sequences
for a collection of R.zambeziensis specimens from the valley, Livingstone and
Plateau regions of the Southern province of Zambia for geographical and ecological
differentiation in the presence of R. appendiculatus from Rietvlei (South Africa) as

control stocks.

7.2 Materials and Methods

7.2.1 Study Area

The Southern province of Zambia is situated between longitudes 25°01'-28°40'E and
latitudes 15°14' -17°42'S. Mitochondrial 12S rDNA sequences of ticks collected from
three ecological regions i.e. the plateau (Keemba and Nteme) (= 1200m), valley
(Sinafala, Syabwengo and Mamba) (<1000m) and Livingstone (Simango) (<1000m)
regions were obtained from earlier work (Mtambo et al., 2007a). Livingstone is a
valley region but the presence of the Victoria Falls confers a special microclimate of
high humidity on the area (Speybroeck et al., 2002). Also obtained were
mt 12S rDNA sequences of R. zambeziensis from Rietvlei (29°10'60S, 30°16'60E)
South Africa.

7.2.2 DNA sequences

Five mtl12S rDNA sequences representing five individual tick specimens were
obtained for each of the three ecological areas of Zambia while six sequences of six
individual specimens were obtained for Rietvlei South Africa. Finally a sequence
each of R. appendiculatus from South Africa and Nkonkola, Zambia were obtained
for use as outgroup species in the phylogenetic analysis. DNA extraction,
amplification, sequencing and other molecular methods were described elsewhere
(Mtambo et al., 2006; Mtambo et al., 2007a). GenBank submission numbers for these
sequences are DQ849219 to DQ849228. DO849238, DQ849205 and_ DQ849235.

7.2.3 Alignment and phylogenetic analysis

Multiple alignments were generated in CLustalX 1.83 (Thompson ef al., 1997) using
default settings. They were visualized and manually edited in GENEDOC (Nicholas
and Nicholas, 1997) and redundant sequences were excluded. Using the program
Modeltest (Posada & Crandall, 1998) the best fit model of evolution for the aligned
12s rDNA sequences was determined as K81uf (Kimura, 1981 with unequal base

frequencies) based on the Akaike information criteria. Using the parameters of the
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model maximum likelihood and distance (NJ= Neighbour Joining) analyses were
performed with R. appendiculatus from Nkonkola (Zambia) and Rietvlei (SA) as
outgroup species in PAUP* version 4.0b10 (Swofford, 2003). Starting trees were
obtained through random addition of input taxa with the heuristic search option and
tree bisection-reconnection (TBR) branch swapping. Gaps were treated as missing
data. The reliability of groups on the trees was assessed through bootstrap analysis by

1000 iterations with TBR branch swapping.

7.3 Results

Phylogenetic assessment of their relationships did not show support for differentiation
in any groups. The highest number of haplotypes per village was observed in the
valley region were Maamba and Syabwengo villages had four haplotypes each (Table
7.1). Haplotype 2 was ubiquitous in all three ecological areas of southern Zambia.

Rietvlei (SA) had a single halotype i.e. haplotype 8.
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Table 7.1: Alignment of mitochondrial 12S rDNA for R. zambeziensis from South Africa and from villages falling under three
ecological regions (valley, plateau and Livingstone*) of southern Zambia

VARIABLE BASE POSITIONS Source
HAPLOTYPE No.OFSPECIMENS 88 105 111 133 181 245 357 Village Region
Haplotype 1 3 T T A A T A C Keemba Plateau
Haplotype 2 15 T T A T T A C  Nteme, Kemba, Sinafala, Maamba, Syabwengo,Simango Plateau/valley/Livingstone
Haplotype 3 4 T T T T T A C  Mamba, Sinafala, Syabwengo Valley
Haplotype 4 1 T T A T T G C  Mamba. Valley
Haplotype 5 1 T T A T T A T  Syabwengo Valley
Haplotype 6 2 T T A T C A C  Simango Livingstone
Haplotype 7 4 T C A T T A C  Mamba, Syabwengo Valley
Haplotype 8 6 AT A T T A C Rietvlei SA

* See text for explanation of Livingstone as an ecological area
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7.4 Discussion

Variation in the 12S mtrDNA did not reveal any particular ecological or regional
patterning within the Southern province stocks and neither was there a geographical
pattern between Southern province and the SA reference stock. The absence of an
ecological /regional patterning within the Southern province could be a result of high
inter-regional dispersal of the tick due to high host vagility brought about by human
activity (Mtambo et al., 2007b.) Ordinarily, however, high dispersal should lead to
uniformity of the haplotypes due to increased gene flow (Avise, 2000a). This seems to
be the case for R. appendiculatus from the same ecological areas that had only one
12S rDNA haplotype (Mtambo et al.,2007a). Instead R. zambeziensis had seven
haplotypes and whose distribution was near haphazard. This high and random
variation of haplotypes may be due to what has been called high variances in
reproductive success (Avise, 2000a). This is because the valleys in which
R. zambeziensis 1s confined are characterized by highly variable seasonal rain
patterns. These result in high variation in reproductive success of R. zambeziensis
between drought and the good rainy year. The same explanation can be used for the
higher number of haplotypes of R. zambeziensis observed in the valley regions

compared to the plateau regions.

The stocks from South Africa had a single haplotype unique to that region at least
with the current data. The existence of intervening populations of R. zambeziensis in
Zimbabwe that were not included in this study prevents us to make any major
conclusions. However, for the difference in feeding behaviour we speculate this could
be a case of character displacement (Moynihan, 1968) where sibling species differ
more in places were their ranges overlap (due to ecological competition) than in
allopatry. Meaning R. zambeziensis and R. appendiculatus are more different, in as far
as feeding behaviour is concerned, in Zambia (where their ranges overlap over bigger

areas (Zivkovic et al., 1986)) than in South Africa.

In conclusion, current 12S mtrDNA shows that there is no ecological differentiation
in southern province stocks. The data further shows that the Southern province and
South African stocks might not be geographically genetically differentiated.
Therefore the phenotypic differences within the Southern province of Zambia stocks

and between the Zambian and South African stocks are most likely due to climate and
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other environmental and local factors. However, some of these differences are quite
confounding. For example R. zambeziensis from South Africa (higher latitude) is
smaller than that from Zambia (lower latitude) though the difference is not significant
(Speybroeck et al., 2004). There is need to investigate the apparent difference in
feeding behaviour between South African and Zambian R. zambeziensis stocks using

stocks from Zambia, Zimbabwe and South Africa.
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8.1 Introduction

Rhipicephalus appendiculatus Neumann, 1901 and R. zambeziensis Walker, Norval &
Corwin, 1981 are two closely related species that are the main vectors of Theileria
parva, the causative agent of East Coast fever (ECF), a cattle disease in Eastern,
Central and Southern Africa (Norval ef al., 1992). The most reliable morphological
features by which adult specimens can be differentiated are the degree of punctation
of the male conscutum and the female scutum, as well the shape of the female genital
aperture. Both male and female adults of R. zambeziensis are more densely punctate
than their R. appendiculatus counterparts. Female adults of R. zambeziensis have a
genital aperture with posterior broad U-shaped lips compared to broad V-shaped lips
in R. appendiculatus (Walker et al., 2000). Immature stages of the two species differ
in the proportions of their basis capituli. Based on these morphological differences
and on the failure to cross-breed in captivity, Walker et al. (1981) considered
R. appendiculatus and R. zambeziensis as two biological species. However, in areas
where the two species co-occur their specific differences may be less pronounced.
This appears to be the case in Zambia, where the two species co-occur over a large

area (Zivkovic et al., 1986).

In Zambia the biology and ecology of the two species are well documented (Pegram
and Banda, 1990; Berkvens et al., 1995; Berkvens et al., 1998; Madder et al., 1999;
Chaka et al., 1999; Madder et al., 2002; Speybroeck et al., 2002; Madder et al.,
2005). In the Southern province of Zambia R. appendiculatus and R. zambeziensis co-
occur even on the same individual host (Speybroeck et al., 2002), while in the Eastern
province a high proportion of specimens morphologically intermediate between
R. zambeziensis and R. appendiculatus have been reported (Berkvens et al., 1998).
This leads to difficulties in morphological identification which are likely to result in
inaccuracies in the reported proportions and distribution of both tick species.
Furthermore the existence of specimens with intermediate morphology brings into
question the specific status of both taxa (Speybroeck et al., 2002; Madder et al., 2005)

in this area.

Therefore this work had two aims: (1) to reassess the species status of both taxa. To
this end, we surveyed DNA sequence variation in the complete nuclear second

internal transcribed spacer (ITS2) of ribosomal DNA (rDNA) and a fragment of the
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mitochondrial 12S rDNA in order to assess whether or not both nominal taxa
represent well-defined taxa and; (2) to develop a PCR-RFLP assay for identification
of both taxa.

8.2 Materials and Methods

8.2.1 Study area

The Southern province of Zambia is situated between latitudes (15°14-17°42S) and
longitude (25°01- 28°40'E) while the Eastern province lies between latitudes (10°18-
15°06S) and longitudes (29°56-33°42E).

8.2.2 Ticks

The reference material of R. appendiculatus and R. zambeziensis consisted of dried
specimens from a colony in Onderstepoort Veterinary Institute (OVI) in Pretoria
South Africa (SA) identified by Jane Walker (OVI, Pretoria). To take care of possible
inbreeding effects of laboratory stock additional reference material of
R. appendiculatus and R. zambeziensis were collected from the field in Hluhluwe
(S28°08', E32°09) in KwaZulu Natal midlands and Rietvlei (29°10'60S, 30°16'60E)
in SA respectively. Outgroup specimens and all the specimens from Southern
province had been preserved in 70% ethanol at ambient temperature since 1997. Test

specimens from the Eastern province were stored in the ultra-freezer (- 80°C) since

2003 (Table 8.1).

Table 8.1: Morphological identification of ticks used in the study, their sources
and years of collection

Group Morphological identity Label No. Source & Year collected
R.zambeziensis SARZ 3 Rietvlei, South Africa, 2004

Reference Specimens R. zambeziensis SARZ 3 Colony, South Africa, 2000
R.appendiculatus SARA 3 Hluhuwe, South Africa, 2004
R. appendiculatus SARA 3 Colony, South Africa, 2000

Outgroup Specimens R. evertsi evertsi REE 5 Kazungula, Zambia, 1997
R. turanicus RT 5 Simonga, Zambia,1998

Test Specimens R. appendiculatus RATEST 54 Southern province, Zambia, 1997

Eastern province, Zambia, 2003

Morphological Intermediates ITEST 15 Southern province, Zambia, 1997
R.zambeziensis RZTEST 7  Southern province, Zambia, 1997
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8.2.3 Morphological identification

Morphological identification was carried out by means of a stereo microscope (Zeiss
Stemi 2000) using the identification keys of Walker ez al. (2000). Specimens whose
degree of (con)scutal punctation relative to other specimens from the same area of
collection was intermediate (on a scale of three) were deemed intermediate. In female
specimens the shape of the genital aperture intermediate between U and V were used

in combination with scutal punctation to define intermediate specimens.

8.2.4 DNA extraction, PCR amplification and nucleotide sequencing

DNA extraction was based on the method of Boom et al. (1990, 1999) as described in
Mtambo et al. (2006). Two genes were targeted; the complete ITS2 and a fragment of
the mitochondrial 12S rDNA. ITS2 generally shows low intra-specific variation but
high inter-specific differentiation and may be therefore useful in delimiting species.
The 12S rDNA was chosen for its expected high amount of intra-specific variation
(Avise, 2000), which may be useful in resolving recent speciation events (Beati and
Keirans, 2001). PCR amplification of the ITS2 was done with the forward primer
3SAF (5'-CTA-AGC-GGT-GGA-TCA-CTC-GG-3") (Barker, 1998) and reverse
primer ITS2R (5'-ATA-TGC-TTA-AAT-TCA-GCG-GG-3") (Domanico et al., 1997).
The primers SR-J-1499 (5'-TACTATGTTACGACTTAT-3") and SR-N-14594 (5'-
AAACTAGGATTAGATACCC -3’) (Simon et al., 1994) were used to amplify the
12S rDNA. Conditions for PCR were described in Mtambo et al. (2006). Nucleotide
sequencing was undertaken by the VIB genetic service facility (University of
Antwerp), using the ABI PRISM® BigDye™ Terminator cycle sequencing kit and a
capillary DNA sequencer (Applied Biosystems 3730 DNA Analyzer).

8.2.5 Sequence assembly, Blasting and Multiple Alignments

Sequences were assembled in ClustalX 1.83 (Thompson et al., 1997), visually
inspected and manually edited in GeneDoc version 2.6.001
(Nicholas and Nicholas, 1997). Sequences of the reference specimens were subjected
to a BLAST search. Multiple sequences were aligned with ClustalX 1.83 with its
default settings and the alignments were visually inspected with GeneDoc. The
sequences were truncated to exclude unclear initial and terminal parts and to obtain
uniform lengths for all sequences. Alignment files are available by anonymous FTP
from ftp.ebi.ac.uk in directory pub/databases/embl/align under the accession numbers
ALIGN_001058 (ITS2), ALIGN 001059 (12SrDNA) and ALIGN_001060
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(ITS2/12S rDNA). Basic DNA statistics were obtained from GeneDoc and/ or were

manually calculated.

8.2.6 Phylogenetic analysis

Phylogenetic analyses were performed on the ITS2 and 12S rDNA sequence data
separately. The evolutionary models that best suited the 12S rDNA and ITS2
sequence data were selected with Modeltest (Posada and Crandall 1998) based on the
Akaike Information Criterion. The parameters of the model were used to construct a
12S rDNA sequence data distance tree in PAUP* version 4.0b10 (Swofford, 2003)
using a Neighbour-Joining (NJ) analysis with F84 as the distance measure. The
stability of the NJ tree was assessed via bootstrapping over 1000 replicates. The
evolutionary model selected was then used in a Maximum Likelihood (ML) analysis
using PAUP* version 4.0b10 (Swofford, 2003). The stability of the ML tree was
similarly assessed by bootstrapping over 1000 replicates. Finally the same parameters
of the model selected were used in the MrBayes package (Ronquist and Huelsenbeck,
2003) to obtain a Bayesian tree. MrBayes runs two simultaneous, completely
independent analyses. The starting tree for each run was random. We allowed for 1
cold chain and 3 heated chains (default settings). Stationarity was achieved after

600,000 cycles.

The analysis of the ITS2 was performed as in the 12S rDNA data. Stabilities of the NJ
and ML trees so obtained were assessed via 1000 bootstrap replicates. Later the
model parameters were used in MrBayes. The trees obtained from the ITS2 and 12S
rDNA were not contradictory. Therefore, the two gene segments were combined and
a suitable model of evolution selected in Modeltest. Phylogenetic analysis of the
concatenated 12S rDNA and ITS2 data proceeded as in the individual fragments. In

all the analyses gaps were treated as missing data.

8.2.7 Development of diagnostic PCR-RFLP markers
The program Restrict from wEMBOSS (http://oryx.ulb.ac.be) which uses the

REBASE database of restriction enzymes to predict cutting sites in a DNA sequence
was used to search for a restriction endonuclease that would yield unique, species
specific restriction digestion profiles for ITS2 and/or 12S rDNA in R. appendiculatus
and R. zambeziensis. The following constraints were imposed on the program:

minimum two and maximum 10 cuts per enzyme; minimum recognition sites four bp
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long; blunt and sticky ends allowed; DNA is linear; and ambiguities not allowed. The
restriction endonuclease Baul (Bacillus aqguaemaris RFL1) was found to theoretically
provide unique digestion profiles for ITS2 in the two species. This was then tested

practically.

8.2.8 DNA template for PCR-RFLP

DNA from specimens whose identities were confirmed by phylogenetic sequence
analysis was amplified by PCR. Restriction digestion was in a 25pL volume
containing 17 pLL Mqw, 2.5 pL 10X buffer (Tango™), 0.5 uL Enzyme (0.1U; Baul),
and 5 pL amplicon. The mixture was incubated at 37°C for 150min. Fragment
profiles were resolved by electrophoresis through 2% (w/v) agarose gel at 100 volts
for 30 min and visualized after staining for 30min in ethidium bromide. All the seven
R. appendiculatus and five R. zambeziensis 1TS2 sequence types (Table 8.3) were
digested for the PCR-RFLP. The digestion was repeated to ensure repeatability of the
profiles obtained. In addition to the DNA from ticks already used in the phylogenetic
analyses, DNA template of R. appendiculatus specimens from Kenya (Muguga),
Rwanda (Kibungo) and Grand Comore was digested. This was to ensure that eventual
specific PCR-RFLP markers had a wide geographic applicability. The Muguga
specimens were third generation adults of a colony maintained at the Institute of
Tropical Medicine, Antwerp (ITMA). Ticks from Rwanda were collected from cattle
in 2004, killed in ethanol and later stored in the refrigerator. Only two Grand Comoro
specimens were available for digestion. They were killed and maintained in ethanol,
after collection from cattle in 2004. After the consistency of the digestion profiles was

established 18 representative samples were digested (Fig.8.2).

8.3 Results

A total of 76 test specimens from the Southern and Eastern provinces in Zambia were
examined, 54 of which were morphologically identified as R. appendiculatus (39
from the Southern province, 15 from the Eastern province), seven as R. zambeziensis

(Southern province), and 15 as morphological intermediates (Southern province).

PCR amplifications of both the test and reference material yielded successful
amplicons in 77 specimens for ITS2 (65 test and 12 reference specimens) and in 88
specimens for 12S rDNA (76 test and 12 reference specimens). A BLAST search

involving the sequences of the 12 reference specimens, confirmed their morphological
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identifications. The R. zambeziensis reference sequences had their best match with an
R. zambeziensis sequence from Nuanetsi, Zimbabwe (ITS2 sequence accession No.
RZ U97709; 12S rDNA sequence accession No. AF031867). The best match for the
R. appendiculatus reference sequences was an R. appendiculatus sequence from
Eastern province, Zambia (ITS2 sequence accession No. RA U97706; 12S rDNA
sequence accession No. AF031859).

The 12S rDNA alignment comprised 372 bp, 24 of which were polymorphic and 21
were parsimony informative. Thirteen bp were species specific. One of the
15 intermediate specimens had a 12S rDNA haplotype that differed from the rest
(Table 8.2). The Southern province R. appendiculatus haplotype was identical to the
reference R. appendiculatus sequence. There were five haplotypes of
R. appendiculatus in the Eastern province, one of which was identical to the single
Southern province haplotype and was found in specimens from the Nyimba district of

the Eastern province. The other four haplotypes were unique to the Eastern province.

The aligned ITS2 sequences comprised 1,116 bp, 34 of which were polymorphic, 29
were parsimony informative and 21 were species specific. Two of the 15 intermediate
specimens each showed a different ITS2 sequence. There were two ITS2 sequences
of R. appendiculatus in Eastern province. One was identical to the most common
Southern province sequence and was from Nyimba district of the Eastern province.

The second was unique to the Eastern province and was from the Petauke and Chipata

(Table 8.3).

A summary of the sequence divergences for the two genes is given in Table 8.4. The
South African R. zambeziensis reference specimens SARZ had identical ITS2 and 12S
rDNA sequences respectively. The R. zambeziensis test specimen from Southern
Province RZTEST showed more divergence (mean 0.0032) in 12S rDNA sequences
than in ITS2 (mean=0.0008). The divergence in the ITS2 between SARZ and
RZTEST was lower
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Table 8.2: Polymorphisms in the 12S rDNA of R. appendiculatus and R. zambeziensis test and reference specimens

VARIABLE BASE POSITIONS
Sample ID. Sequence No. Specimens 87 88 100 105 107 111 133 166 175 178 179 180 181 184 240 245 260 317 329 334 335 345 354 357
SARA Sequence 1 6 AT T T T A T A _ T G T T T G A A T G T A T T C
RATEST SP  Sequence 1 3 - - - _ - - - -
RATESTEP Sequence 1 3 - - - - _ - -
RATESTEP Sequence 2 3 cC C C - A _ A - A -
RATESTEP Sequence 3 4 - T - - _ _ - G -
RATESTEP Sequence 4 2 C - T _ - _ - A -
RATESTEP Sequence 5 1 - T - T - _ C _ - - G - -
SARZ Sequence 6 6 T A T T C A T T A A A A T T G A T C A C T A C C
RZTEST Sequence 7 10 T - - - - - - - -
RZTEST Sequence 8 4 - C - - - -
RZTEST Sequence 9 3 - T T - - -
ITEST Sequence 9 1 - T T - - -
RZTEST Sequence 10 1 - A - - T
ITEST Sequence 11 1 - - G - - C
Key

SARA =R. appendiculatus reference specimens; SARZ = R. zambeziensis reference specimens; RATEST = R. appendiculatus from Southern
and Eastern provinces of Zambia; ITEST = Specimen of intermediate morphology from Southern province; RZTEST= R. zambeziensis from

Southern province
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Table 8.3: Polymorphisms in the ITS2 rDNA of R. appendiculatus and R. zambeziensis test and reference specimens

VARIABLE BASE POSITIONS
SampleID  Sequenceno.  Specimens 67 104 130 134 147 148 100 187 230 206 298 317 365 300 397 © 424 446 49T 588 020 046 040 008 720 700 BOT 804 833 840 89 888 oI5 1113
SARA Sequence 1 5 G C A A G A G G A A cC A A G G G T cC T A A T c C A C T G A A T A T T
RATESTSP  Sequence | 18 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
RATESTEP  Sequence | 3 - - - - - - - - - - - - - - - - - - - -
ITEST SP Sequence 2 2 - - - - - - - - - - C - - - - - - - - -
RATESTSP  Sequence 3 4 - - - - - - - - - - T - - - - T - - - - -
RATESTEP  Sequence 4 9 - - - - - - - - - - - - - - G - - R R R
ITEST SP Sequence 5 1 A - - - A - - - - - T - - - - - - R R R R
RATESTSP  Sequence 6 4 G - - - C - - C - - C - - - - - T - - - - - -
SARA Sequence 7 1 - - - - - - - - - - - - G - - - R R R R R R
RATEST Sequence 7 2 - - - - - - - - - - - - G - - R R R R R R
SARZ Sequence 8 6 AT G T A G - A G G G - - A C A - G A C T G T T C - G C T C -
RZTEST Sequence 8 6 - - - - - - - - - - - - - - N -
RZTEST Sequence 9 1 - - A - - - - - - - - - - - R R R R R R
RZTEST Sequence 10 1 - - - G - G - - - - - - - - - - - - R R R R
RZTEST Sequence 11 3 - - - - A - - - C - - - - - - - - - - - -
RZTEST Sequence 12 1 - - - - - - - - - - - - - - - - - - - C

Key

SARA =R. appendiculatus reference specimens; SARZ = R. zambeziensis reference specimens; RATEST = R. appendiculatus test specimens
from Southern and Eastern provinces of Zambia; ITEST = Test specimens of intermediate morphology from Southern province; RZTEST=

R. zambeziensis test specimens from Southern province
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0.0005) than within the RZTEST (0.0008) test specimens. However, in the 12S rDNA
the divergence within the RZTEST was lower (0.0032) than that between SARZ and
RZTEST (0.0042). The ITS2 mean sequence divergence between SARZ and RT was
larger (0.0837) than that between the SARZ and REE (0.0782). A similar divergence
pattern was observed between the two outgroup species and the SARZ in the

12S rDNA sequences.

The mean ITS2 sequence divergence within the R. appendiculatus reference group
from South Africa (SARA) was 0.0016. There was no variation of the 12S rDNA in
the SARA group. Both ITS2 and 12S rDNA sequence divergences between SARA
and the two outgroups were smaller than the divergences between SARZ and the
outgroup species. The pattern and extent of diversion was similar for the
corresponding test specimen sequences. The intermediate test specimens from
Southern Province ITEST had the highest within group mean divergence in both the
ITS2 and 12S rDNA viz. 0.0152 and 0.0124 respectively.
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Table 8.4: Sequence divergence within and between R. appendiculatus, R. zambeziensis, intermediate, reference, test and outgroup

material
Morphologically Identified Group Outgroups
Tick Group Gene No. of Specimens SARZ _ RZTEST SARA RATEST TTEST REE RT
range 0.0000 0.0000-0.0018  0.0219-0.0239  0.0210-0.0248  0.0000-0.0229  0.0764-0.0792  0.0834-0.0845
SARZ ITS2 6 mean  0.0000 0.0005 0.0231 0.0236 0.0117 0.0782 0.0837
range 0.0000-0.0008  0.02190.0258  0.02100.0267  0.0000-0.0248  0.0764-0.0814  0.0833-0.0866
RZTEST ITS2 7 mean 0.0008 0.0236 0.0240 0.0122 0.0788 0.0842
range 0.0000-0.0036  0.0000-0.0054  0.0009-0.0258  0.0709-0.0752  0.0791-0.0824
SARA ITS2 6 mean 0.0016 0.0015 0.0133 0.0735 0.0808
range 0.0000-0.0054  0.0000-0.0267  0.07010.0762  0.07801-0.0825
RATEST ITS2 54 mean 0.0014 0.0133 0.0740 0.0809
Range 0.0000-0.0396  0.0712-0.0813  0.0791-0.0866
ITEST ITS2 9 mean 0.0152 0.0764 0.0823
range  0.0000 0.0027-0.0054 0.0396 0.03680.0397  0.0027-0.0396 0.1265 0.095740.0992
SARZ 12s DNA 6 mean 0.0000 0.0046 0.0396 0.0396 0.0129 0.1265 0.0980
range 0.0000-0.0054  0.0366-0.0396  0.0366-0.0426  0.0000-0.0396  0.1260-0.1265  0.0922-0.0993
RZTEST 12s DNA 7 mean 0.0032 0.0387 0.0397 0.0121 0.1264 0.0972
range 0.0000 0.0000-0.0137  0.0000-0.0396 0.1126 0.0818-0.0852
SARA 12s IDNA 6 mean 0.0000 0.0025 0.0286 0.1126 0.0841
range 0.0000-0.0137  0.0000-0.0426  0.1126-0.1197  0.0818-0.0885
RATEST 12s tDNA 54 mean 0.0025 0.0297 0.1137 0.0848
range 0.0000-0.0248  0.1126-0.1265  0.0818-0.0992
ITEST 12s DNA 15 mean 0.0124 0.1215 0.0932
Key
SARA: = morphologically identified R. appendiculatus reference specimens from South Africa; SARZ: = morphologically identified

R. zambeziensis reference specimens from South Africa; RATEST: = morphologically identified R. appendiculatus from Southern and Eastern

provinces; ITEST: = morphologically identified intermediate specimen from Southern province; REE: = R. evertsi evertsi; RT: = R. turanicus
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Modeltest gave GTR +I as the evolutionary model of choice for the concatenated
data. The parameters of the model were: base frequencies= freqA=0.2208,
freqC=0.2561, freqG=0.2911, freqT=0.2319); Rmat= (1.2451, 4.5017, 5.8684,
0.9856, 6.4344); Rates=equal; and Pinvar=0.6956. The Ts/Tv ratio was 1.7. An ML
tree of the concatenated ITS2 and 12S rDNA sequence data is presented (fig.8.1). The
tree was well resolved with R. appendiculatus and R. zambeziensis each as well-
supported monophyletic groups with high bootstrap support (BS) values (see fig.8.1
(A) for the BS values). The R. appendiculatus group was further subdivided in two
groups: (1) an all Eastern province and well supported monophyletic group without
ticks from Nyimba district and, (2) a polytomy of Southern province specimens,
South African reference specimens and ticks from Nyimba district in the Eastern

province.

The best fit model for the 12S rDNA sequences as determined by Modeltest was
K8luf + G (Kimura 1981 with unequal base frequencies and a gamma shape rate
distribution) which is equivalent to the GTR +G (General time reversible model with
gamma distribution of sites) as. The parameters of this model were: Rate matrix
(Rmat) = (1.0000, 16260659.0000, 9272497.0000, 9272497.0000, 16260659.0000);
base frequencies; freqA=0.3675, freqC= 0.1208, freqG=0.0990, freqT=0.4127;
proportion of invariable sites (Pinvar) = 0; transition/transversion ratio (Ts/Tv) was
1.4 and; rates= gamma with a shape parameter (o) = 0.0750. The NJ 12S rDNA tree
(not shown) was well resolved with R. appendiculatus and R. zambeziensis each as
well-supported monophyletic groups with bootstrap support (BS) 93% and 100%
respectively. The R. appendiculatus group was further subdivided in two
monophyletic groups (1) with BS 78% and (2) with BS 95% as in the concatenated
ML tree. The Bayesian tree for the 12S rDNA was not so well-resolved but had
100% clade credibility (CC) for the R.zambeziensis group while the
R. appendiculatus group was a polytomy with 98% CC for group (1) and 96% CC for
group (2). The ML tree had R. zambeziensis group (BS 61%) and R. appendiculatus
(BS 99%). The two groups within R. appendiculatus were not supported i.e. BS 50%
for group (1) and 42% for group (2).

The evolutionary model that best suited ITS2 data was the GTR + I (General time
reversible model with a proportion of invariable sites). The parameters of the model

were: Base frequencies; FreqA=0.1752, freqC= 0.2992, freqG= 0.3514 and freqT=
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0.1742; Rmat= (1.0246, 2.4196, 1.6462, 0.5664, and 4.2570); Rates=equal; and
Pinvar=0.6161 and Ts/Tv=1.66. The ITS2 tree’s features (not shown) were very
similar to the concatenated tree with higher bootstrap and clade credibility values than
the 12S tree for all the two species groups and the two within R.appendiculatus

groups.

Out of the 39 test specimens from the Southern province morphologically identified
as R. appendiculatus 1.e. RATEST, six grouped with R. zambeziensis on both the
ITS2 and 12S rDNA phylograms. Based on the sequence data two of the 15
intermediate specimens ITEST were assigned to R. appendiculatus and 13 to
R. zambeziensis. The seven specimens morphologically identified as R. zambeziensis

1.e. RZTEST were confirmed by the DNA data.
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Figure 8.1: (A): Maximum Likelihood (ML) tree (cladogram) of combined ITS2 and 12S rDNA with Bootstrap support and clade
credibility values Top left=ML (normal font); top right=Bayesian inference (Bold font); Bottom =NJ (Italics). Fig. 8.1 (B): ML tree
(phylogram) of the combined ITS2 and 12S rDNA sequences

144



Chapter 8: Relationships between R. appendiculatus and R. zambeziensis

The restriction profile is presented in fig. 8.2. The reference and test specimens of
R. zambeziensis had the same restriction profile. This profile was different from that
of reference R. appendiculatus (SARA). The SARA profile was identical for all the
specimens that were grouped with the SARA on the phylogenetic tree. The
intermediates had profiles consistent with their grouping on the phylogenetic tree i.e.
those that grouped with R. appendiculatus had an R. appendiculatus profile and those
that grouped with R. zambeziensis had an R. zambeziensis profile. The restriction
patterns for the two species were consistent for all geographic areas including areas

outside Zambia i.e. Rwanda and Kenya.

AL

== =
=— =

Figure 8.2: Baul Restriction digestion profile for variable sequences of the ITS2
PCR amplicon (1200bp) for R. zambeziensis and R. appendiculatus.

Lanes 1, 12, 13 & 24 = 100+ ladder; Lane 2, Sequence 8= R. zambeziensis SARZ
(Colony); Lane 3, Sequence 8= R. zambeziensis SARZ (Rietvlei); Lane 4, Sequence
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1= R. appendiculatus SARA (Hluhluwe); Lane 5, Sequence 7 = R. appendiculatus
SARA (Colony); Lanes 6, Sequence 3= R. appendiculatus RATEST; Lane 7,
Sequence 4= R. appendiculatus RATEST EP; Lane 8, Sequence 6=
R. .appendiculatus RATEST SP; Lanes 9, Sequence 2= ITEST; Lane 10, Sequence 5=
ITEST; Lanes 11 and 23, digestion control=1200bp undigested ITS2 amplicon;
Lanes 14, 15 and 16, R. appendiculatus=Rwanda; Lanes 17 and 18,
R. appendiculatus=Grand Comoro; Lanes 19 and 20, R. appendiculatus=Muguga,
Kenya; Lane 21, Sequence 10= R. zambeziensis RZTEST; Lane 22, Sequence 11
=R. zambeziensis RZTEST.

8.4 Discussion

Vector identification is traditionally achieved by morphological criteria.
Unfortunately, morphological criteria have little or no discriminatory power in the
case of closely related species, such as R. appendiculatus and R. zambeziensis
(Walker et al., 2000). The present DNA sequence data, however, show convincingly
that the two nominal taxa should be regarded as two separate species, at least in the
phylogenetic sense. The consistently high bootstrap values for the two clades in the
phylogenetic trees support the distinctiveness of the two groups. These results are in
line with those of Barker (1998) and Murrell et al. (2001). The different glucose
phosphate isomerase (GPI) isoenzyme zymograms for the two species (Wouters et al.,
1987) also support these results. Moreover, the two taxa further differ in their (1)
behaviour, e.g. R. appendiculatus readily feeds on rabbits, while R. zambeziensis does
not, (2) survival times under different temperature and humidity conditions, with
R. zambeziensis  surviving better under more extreme conditions than
R. appendiculatus (Madder et al., 2005), (3) life history characteristics with (a) R.
zambeziensis showing generally longer development periods and higher egg
production than R. appendiculatus (Zivkovic et al., 1986), and (b) R. appendiculatus
sometimes passing through a diapause , while R. zambeziensis never passes through a
diapause (Madder et al.,1999; Madder et al., 2002) and, (4) the vectorial competence
of their nymphs for 7. parva (Mulumba, 1999) with R. zambeziensis being more

competent than R. appendiculatus.

Since cross-breeding in the wild is not incompatible with phylogenetic species
(Mayden, 1997), it is possible that R. appendiculatus and R. zambeziensis may do so.

Cross-breeding of the two taxa in captivity has at least been demonstrated by
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Zivkovic et al. (1986). Cross-breeding in captivity, however, does not necessarily
confirm its occurrence in the wild. Nevertheless, evidence of the possible existence of
natural hybrids was observed in a single field specimen with a GPI zymogram similar
to the ones obtained from captive F; hybrids (Berkvens, 2002). Zivkovic et al. (1986)
further demonstrated 7. parva transmission by the F; progeny of the cross
R. zambeziensis (female) X R. appendiculatus (male). However, the effect that such
eventual natural hybrids may have on the epidemiology of ECF is still unknown.
Therefore further studies on the possibility of inter-specific hybridisation in the field

are needed.

Specimens of intermediate morphology have been reported in both taxa when exposed
to suboptimal conditions during their life cycle (Nuttall, 1914; Walker et al., 2000).
They have been reported too in the F; progeny of the cross R. appendiculatus (female)
X R. zambeziensis (male) (Zivkovic et al., 1986). It is not clear which of these two

possible origins apply to the intermediate specimens we observed.

The robust molecular evidence that R. appendiculatus and R. zambeziensis can be
grouped according to their nominal taxonomic status is important for the control of
ECF. Decision makers in the control of ECF in Zambia need therefore to correctly
account for the two different components of the species complex. This is important
because their roles in the epidemiology of ECF are different (Mulumba, 1999).
Ignoring a component of the species complex may impact negatively on disease

control decisions (Speybroeck et al., 2002).

The two groups within R. appendiculatus could be broadly divided into the two
provinces (Eastern and Southern) with the exclusion of samples from Nyimba. The
Eastern province group was consistently supported as a monophyletic unit, while the
Southern province group was an unresolved polytomy. A further study to explore and

explain this phenomenon is envisaged.

Finally, the PCR-RFLP diagnostic assay developed proved to be applicable over a
wide range of the distribution of the two tick taxa. It will be useful for confirming
previous and current morphological identifications of R. appendiculatus and
R. zambeziensis. It should likewise be useful in the determination of the presence or
absence of R. zambeziensis in Eastern province where the overlap in both morphology

and biology of the two taxa raises questions as to whether or not this taxon is present.
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This PCR-RFLP assay is more practical than GPI electrophoresis (Wouters et al.,
1987) because the latter is only applicable to cryopreserved specimens. Specimens for
use in PCR-RFLP, on the other hand, can be stored in a number of ways (Mtambo et
al.,2006).The PCR-RFLP assay has identical profiles for the two sub groups within
the R. appendiculatus group and its use is therefore limited to confirmation of
R. appendiculatus and R. zambeziensis. Accurate information about the distribution
and dynamics of the two species in the field will facilitate effective planning for ECF

control.

148



Chapter 8: Relationships between R. appendiculatus and R. zambeziensis

8.5 References

Avise, J.C. 2000. Phylogeography: the history and formation of species. Harvard
University Press, Cambridge and London.

Barker, S.C. 1998. Distinguishing species and populations of Rhipicephaline ticks
with ITS2 ribosomal RNA. Journal of Parasitology, 84, 887 -892.

Beati, L. and J.E. Keirans. 2001. Analysis of the systematic relationships among ticks
of the genera Rhipicephalus and Boophilus (Acari: Ixodidae) based on the
mitochondrial 12S ribosomal DNA gene sequences and morphological
characters. Journal of Parasitology, 87, 32-48.

Berkvens, D.L., R.G. Pegram and J.R.A. Brandt. 1995. A study of the diapausing
behaviour of Rhipicephalus appendiculatus and R. zambeziensis under quasi-
natural conditions in Zambia. Medical and Veterinary Entomology, 9, 307-
315.

Berkvens, D.L., D.M. Geysen, G. Chaka, M. Madder and J. R.A. Brandt. 1998. A
survey of the ixodid ticks parasitizing cattle in the Eastern province of
Zambia. Medical and Veterinary Entomology, 12, 234-240.

Berkvens, N. 2002. Differentiatie van teken van het
Rhipicephalus appendiculatus/R. zambeziensis complex uit Zambia. Scriptie
voorgedragen tot het behalen van de graad van Bio-ingenieur in de Landbouw.
Ghent University.

Boom, R., C.J.A. Sol, M.M.M. Salimans, C.L. Jansen, P.M.E. Wertheim-van Dillen
and J. Van Der Noordaa. 1990. Rapid and simple method of purification of
nucleic acids. Journal of Clinical Microbiology, 28, 495-503.

Boom, R., C. Sol, M. Beld, J. Weel, J., Goudsmit, P.M.E. Wertheim-van Dillen. 1999.
Improved silica-guanidiniumthiocyanate DNA isolation procedure based on

selective binding of bovine alpha-casein to silica particles. Journal of Clinical
Microbiology, 37, 615-619.

Chaka, G., M. Billiouw, D.M. Geysen and D. L. Berkvens. 1999. Spatial and
temporal variation in Rhipicephalus appendiculatus size in eastern Zambia.
Tropical Medicine and International Health, 4, A43-A48.

Domanico, M.J., R.B. Phillips and T.H. Oakley. 1997. Phylogenetic analysis of
Pacific salmon (genus Oncorhynchus) using nuclear and mitochondrial DNA
sequences. Canadian Journal of Fisheries and Aquatic Sciences, 54, 1865-
1872.

Madder, M., N. Speybroeck, J. Brandt and D. Berkvens. 1999. Diapause induction in
adults of three Rhipicephalus appendiculatus stocks. Experimental and
Applied Acarology, 23, 961-968.

Madder, M., N. Speybroeck, J. Brandt, L. Tirry, I. Hodek and D. Berkvens. 2002.
Geographic variation in diapause response of adult Rhipicephalus
appendiculatus ticks. Experimental and Applied Acarology, 27, 209-221.

Madder, M., N. Speybroeck, A. Bilounga, D. Helleputte and D. Berkvens. 2005.
Survival of unfed Rhipicephalus appendiculatus and Rhipicephalus
zambeziensis adults. Medical and Veterinary Entomology, 19, 245-250.

149



Chapter 8: Relationships between R. appendiculatus and R. zambeziensis

Mayden, R.L. 1997. A hierarchy of species concepts: the denouement in the saga of
the species problem. In: Claridge, M.F., Dawah, H.A., Wilson, M.R. (Ed.),
Species: the units of biodiversity, Chapman and Hall, London, pp. 382-425.

Mtambo, J., W. Van Bortel, M. Madder, P. Roelants and T. Backeljau. 2006.
Comparison of preservation methods of Rhipicephalus appendiculatus (Acari:
Ixodidae) for reliable DNA amplification by PCR. Experimental and Applied
Acarology, 38, 189-199.

Murrell, A., N.J.H. Campbell and S.C. Barker. 2001. A total-evidence phylogeny of
ticks provides insights into the evolution of life cycles and biogeography.
Molecular Phylogenetics and Evolution, 21, 244-258.

Mulumba, M. 1999. Epidemiology of Theileria parva theileriosis in the Southern
province of Zambia. PhD thesis, Institute of Tropical Medicine, Antwerp,
Belgium, 158pp.

Nicholas, K.B. and H. B. Nicholas jnr. 1997. GeneDoc: a tool for editing and
annotating multiple sequence alignments. Distributed by author.
http://www.psc.edu/biomed/genedoc/gddl.htm.

Norval, R.A.L,, B.D. Perry and A.S. Young. 1992. The epidemiology of theileriosis in
Africa, pp 99. Academic Press, London.

Nuttall, G.H.F. 1913-1914. Rhipicephalus appendiculatus: variation in size and
structure due to nutrition. Parasitology, 6, 195-204.

Pegram, R.G. and D.S. Banda. 1990. Ecology and phenology of the cattle ticks in
Zambia: development and survival of free-living stages. Experimental and
Applied Acarology, 9, 291-301.

Posada, D. and K.A. Crandall. 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics, 14, 817-818.

Ronquist, F. and J.P. Huelsenbeck. 2003. MRBAYES: Bayesian phylogenies under
mixed models. Bioinformatics, 19, 1572- 1574.

Simon, C., F. Frati, A. Beckenbach, B. Crespi, H. Liu and P. Flook. 1994. Evolution,
weighting and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Annals of the
Entomological Society of America, 87, 651- 701.

Speybroeck, N., M. Madder, P. Van Den Bossche, J. Mtambo, N. Berkvens, G.
Chaka, M. Mulumba, J. Brandt, L. Tirry and D. Berkvens. 2002. Distribution
and phenology of ixodid ticks in Southern Zambia. Medical and Veterinary
Entomology, 16, 430-441.

Swofford, D.L. 2003. PAUP* Phylogenetic Analysis using Parsimony (*and other
methods). Sinauer Associates, Sunderland, Massachusetts.

Thompson, J.D., T.J. Gibson, F. Plewniak, F. Jeanmougin and D.G. Higgins. 1997.
The ClustalX windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Research, 25, 4876-
4882.

Walker, J.B., R.A.L. Norval and M.D. Corwin. 1981. Rhipicephalus zambeziensis sp.
nov., a new tick from eastern and southern Africa, together with a

150



Chapter 8: Relationships between R. appendiculatus and R. zambeziensis

redescription of Rhipicephalus appendiculatus Neumann, 1901 (Acarina,
Ixodidae). Onderstepoort Journal of Veterinary Research, 48, 87-104.

Walker, J.B., J.E. Keirans and 1.G. Horak. 2000. The Genus Rhipicephalus (Acari:
Ixodidae): a guide to the brown ticks of the world. Cambridge University
Press, Cambridge.

Wouters, G., J. Brandt and D. Berkvens. 1987. Species characterization of
Rhipicephalus appendiculatus and Rhipicephalus zambeziensis (Ixodidae:
Acarina) by enzyme-electrophoresis. Annales de la Société belge de médecine
tropicale, 67, 267-270.

Zivkovic, D., R.G. Pegram, F. Jongejan and E.T. Mwase. 1986. The biology of
Rhipicephalus appendiculatus and R. zambeziensis and production of a fertile
hybrid under laboratory conditions. Experimental and Applied Acarology, 2,
285-298.

151






Chapter 9 - COMPARISON OF THE QUALITY OF DNA
EXTRACTED FROM PRESERVED RHIPICEPHALUS
APPENDICULATUS MATERIAL FOR PCR
AMPLIFICATION

Based on the Manuscript:

Mtambo, J., W. Van Bortel, M. Madder, P. Roelants and T. Backeljau. 2006.
Comparison of preservation methods of Rhipicephalus appendiculatus
(Acari: Ixodidae) for reliable DNA amplification by PCR. Experimental and
Applied Acarology, 38, 189-199.



Chapter 9: Comparison of the quality of DNA for PCR amplification

9.1 Introduction

DNA is a relatively stable molecule that may stay intact for an extremely long time
under the right conditions. The time span over which DNA integrity of biological
specimens is maintained is a function of the preservation conditions (Phillips and

Simon, 1995)

For insects the most effective method for preserving specimens for DNA work is
ultra-cold (-80°C) freezing of live specimens (Cruickshank, 2002). The second most
effective method is killing and preserving insects in 100% ethanol and keeping them
in a refrigerator (Cruickshank, 2002; Dillon et al., 1996). Tick specimens for DNA
work have been preserved in a number of ways including absolute ethanol stored at -
20°C (Guglielmone et al., 2003; Mangold et al., 1998), ultracold freezing (Hernandez
et al., 1998; McLain et al., 1995), TE buffer at -70°C (Murrell et al., 2001; Crampton
et al, 1996), 70% ethanol/5% glycerol (Crosbie et al., 1998) and 70% Ethanol
(Crosbie et al., 1998, Barker, 1998). However, no study has yet compared the quality
of tick DNA isolated from samples preserved by different methods for subsequent
PCR amplification.

A number of methods have been used to isolate DNA from ticks (Hubbard et al.,
1995; Hernandez et al., 1998; Hill and Gutierrez, 2003). Different methods of DNA
isolation may yield varying quality of DNA (Hill and Gutierrez, 2003).

In this study we compared the quality of DNA extraction from R.appendiculatus
specimens preserved in five different ways. Three DNA extraction methods were
applied to five sample preservation types. The quality of DNA obtained was
compared by the PCR amplification success of their ribosomal second internal
transcribed spacer (ITS2) and a fragment of their mitochondrial cytochrome c oxidase
I (COI) genes. Finally we used the most successful of the three DNA extraction
methods to explore the possibility of isolating DNA from legs of individual

specimens of each of the five preservation groups.

9.2 Materials and Methods
Ticks
These consisted of five groups of differently preserved adult R. appendiculatus from

three countries namely, Rwanda, Zambia and South Africa collected at different
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periods for studies other than the current. Thirty individuals were sampled from each
of the five preservation types, except for material preserved in the refrigerator (4°C)
of which only 28 specimens were used. The five preservation types were: (1) fresh,

(2) dried, (3) 70% ethanol, (4) cryopreserved and (5) refrigerated tick specimens.

9.2.1 Ticks

9.2.1.1 Fresh ticks:

These were sixth generation specimens from a colony at the Institute of Tropical
Medicine, Antwerp (ITMA). This colony was established in 2003 from adults (50
males and 50 females) of a colony maintained in Mazabuka, Zambia for ecological

studies. All instars were fed on rabbits, and maintained at 20-22°C and 85%RH.

9.2.1.2 Dried ticks

These specimens were from a colony at Onderstepoort Veterinary Institute (Pretoria)
collected from Rietvlei, in Mpumalanga, South Africa. The ticks were killed in the
year 2000 by putting them in a refrigerator (4°C) and allowed to air dry. They were

then put in sealed conical tubes and maintained at ambient temperature.

9.2.1.3 Ethanol (70%) preserved ticks

These specimens were collected from cattle in 1995 at Nega Nega village in
Mazabuka district of southern Zambia (Speybroeck et al., 2002). They were killed in
70% ethanol immediately upon collection from cattle and maintained in the same in

sealed vacutainers at ambient temperature.

9.2.1.4 Cryopreserved ticks

These specimens were collected in 2002 at Nkonkola village in Mazabuka district.
The specimens were killed and maintained in an ultracold refrigerator (-80°C) at
Mazabuka Veterinary Research Station. They were transported to ITMA in a dry

shipper (- 150°C) and returned to the ultracold refrigerator upon arrival.

9.2.1.5 Refrigerator preserved ticks

These specimens were collected from Kibungo district in Rwanda 2004. They were
killed immediately upon collection in 70% ethanol. At the laboratory in Kigali, the
samples were washed in tap water and allowed to air dry to remove excess tap water.

They were then put in Ziplock bags with silica gel and stored in the refrigerator (4°C).
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Due to the limited numbers of these specimens, only the tick validated DNA
extraction method (method 3) was applied to this group.

9.2.2 DNA extraction

9.2.2.1 Pre-treatment of samples

Specimens in 70% ethanol were washed in tap water, and rinsed in TE buffer (10mM
Tris-HCI1 [pH 8.0], ImM EDTA). Dried specimens were washed in alcohol first
followed by tap water and re-hydrated in TE buffer for six hours. Individual
specimens were blotted to remove excess TE buffer prior to cutting. Manipulation of

cryopreserved specimens was done on ice.

9.2.2.2 Method 1: TE bufter

This method was chosen because it is very fast and simple. It has been used in the
isolation of DNA from mosquito specimens (WVB unpublished). Individual
specimens were cut into 6-8 pieces with a scalpel blade on a petri-dish. The pieces
were put in 1.5ml microfuge tubes to which 30ul TE buffer was added. The DNA

mixes were then stored at -20°C to be used as template when required.

9.2.2.3 Method 2: Collins et al. (1987)

This method has been used in isolating DNA from mosquitoes. The extraction process
is completed within 3 hours. Individual specimens were cut into 6-8 pieces with a
scalpel blade in a petri-dish and put in a 1.5ml microfuge tube to which 50ul heat
inactivated (65°C for 30 min) extraction buffer (0.08M NaCl; 0.06M EDTA [pH 8.0],
pH adjusted with NaOH; 0.10M Tris-HCI [pH 8.6]; 0.5% SDS; 0.16M sucrose) was
added. The tubes were incubated in a thermoblock at 65°C for 30 min following
which 7ul 8M KAc, was added to precipitate the protein SDS complex. The tubes
were then placed on ice for 30 min. This was followed by cooled (4°C) centrifugation
for 10 min at 12000g. The supernatant was transferred into clean tubes to which 100l
cold absolute ethanol was added. The tubes were again put on ice for 5 min after
which they were centrifuged for 20 min at 16000g. The supernatant was discarded.
The pellet was washed with 150ul cold (-20°C) 70% ethanol, centrifuged for 5 min
and the supernatant discarded. Cold (-20°C) absolute ethanol (150ul) was added to the
pellet and centrifuged for 5 min. Ethanol was then discarded gently by flipping the
tube without disturbing the pellet. The pellet (often not visible to the naked eye) was
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allowed to air dry, following which 25ul TE buffer was added to dissolve the pellet

and the solution was stored at -20°C.

9.2.2.4 Method 3: Boom et al. (1990, 1999)

This method is very similar to that of Hubbard et al. (1995) that allows for successful
amplification of DNA from ticks preserved in ethanol for almost 100 years. Using a
scalpel blade whole ticks were cut singly into 6-8 small pieces and transferred to
1.5ml microfuge tube to which 250ul lysis buffer (1M Tris-HCI, 0.5M EDTA, 6M
guanidinium hydrocloride [GuHCI], 0.5% [w/v] Triton X-100) and 250ul milli-Q
water were added. For DNA extraction from legs, the samples were crushed in lysis
buffer using knotes pestles after which milli-Q water was added. Subsequently, 50ul
Proteinase K was added and incubated overnight at 60°C in a thermoblock shaking at
1400 rpm. The following morning the process was continued by the addition of 40ul
diatomaceous earth suspension and incubating at 37°C for 1 hour shaking at
1400 rpm. The tubes were then centrifuged for 20s and supernatant discarded. The
pellet was washed two times with 900ul 70% ethanol (4°C) and centrifuged for 20s.
Washing involved adding ethanol, mixing, centrifuging and discarding the
supernatant. This sequence was repeated two times. This was followed by washing
with 900ul acetone (once only). The pellet was dried at 50°C in the thermoblock for
20 min. TE buffer (90ul) was added to the pellet and incubated at 60°C in the
thermoblock for 20 min shaking at 1000rpm. This was followed by centrifuging for
40s. Finally the supernatant was transferred by pipetting to new PCR tubes and stored
at - 20°C.

9.2.3 Amplification

Successful PCR amplification of the target genes was used as a measure of the quality
of DNA isolated. We defined amplification success as the production of a visible PCR
amplification band of the expected size after agarose gel resolution. The entire ITS2
gene and a fragment of the COI were used to evaluate the quality for molecular work
of the DNA extracted. These genes were selected because they have been used for
assessing molecular variation and phylogenetic relationships in Rhipicephaline ticks

(Barker, 1998; Murrell et al., 2000).
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9.2.3.1 Primers

ITS2 was amplified using the forward primer 3SAF (5'-CTA-AGC-GGT-GGA-TCA-
CTC-GG-3") from Barker (1998) and the reverse primer ITS2R (5'-ATA-TGC-TTA-
AAT-TCA-GCG-GG-3") from Domanico et al. (1997). COI was amplified with the
forward primer CI-J-1718 (5'-GGA-GGA-TTT-GGA-AAT-TGA-TTA-GTT-CC-3")
and the reverse primer CI-N-2191 (5'-CCC-GGT-AAA-ATT-AAA-ATA-TAA-ACT-
TC-3"), both from Simon et al. (1994).

9.2.3.2 PCR

PCR for both the ITS2 and COI was set up in a 50ul volume in a thermal cycler (MJ
Research; model PTC 100). The 50ul PCR mix contained 0.5pmoles of each of the
respective primers, 3mM MgCl,. 0.1Units Tag polymerase (QIAGEN™), and 0.2mM
of each dANTP. Three ul DNA extract was used as template in the PCR mixture.
Positive controls were established and validated for each preservation group. Negative
controls (no template) were always run simultaneously. The temperature profile for
the amplification of the ITS2 region was 94°C for 1 min, 55°C for 1 min and 72°C for
2 min for 35 cycles. For the COI fragment the profile was 94°C for 1 min, 50°C for 1
min and 72°C for 2 min for 35 cycles. For both profiles an initial denaturation step of
94°C for 3 min and a final extension step of 72°C for 10 min were added. In both
cases a heated lid was enabled. After amplification a mixture of Sul PCR product and
2ul loading buffer were resolved by electrophoresis through 2% (w/v) agarose gel in
TAE buffer [pH 8.0] during 20 min at 100V in a Mini Gel migration trough (Cosmo
Bio Co. LTD). DNA bands were visualised using the ImageMaster VDS® after
staining with ethidium bromide for 30 min. Selected amplicons were sent for direct
sequencing. This was done by the VIB genetic service facility (University of
Antwerp), using the ABI PRISM® BigDye™ Terminator cycle sequencing kit and a
capillary DNA sequencer (Applied Biosystems 3730 DNA Analyzer).

9.2.4 Statistical analysis

Data analysis was done in Stata SE/8.0 (StataCorp. 2003). Using logistic regression
(LR) we related the success of amplification (response variable) to the independent
variables namely, gene segment, extraction method, preservation and all the possible
interactions of these variables. Starting from this saturated model, non significant

interactions were removed and the simpler models were interpreted.
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The first simpler LR analysis related amplification success (response variable) to the
four sample preservation methods, two DNA extraction methods and two target genes
as independent variables. Refrigerator samples were not included since these were not
used with both extraction methods. In the second LR we related the amplification
success of DNA template of specimens from all the five preservation methods
isolated using DNA extraction method 3 to the two target genes. The last LR related
the amplification success of the ITS2 to each of the five preservation methods for

DNA template from legs obtained by extraction method 3.

9.3 Results

Results of the amplification success of ITS2 and COI for the five preservation
methods are summarised in table 9.1.

Table 9.1: PCR amplification success of the ITS2 and COI of adult

R. appendiculatus for five preservation methods and two DNA extraction
methods

Gene
Extraction  Preservation ITS2 Ccol

Method Method Amplification Total % Amplification Amplification Total % Amplification
Fresh 28 30 93 30 30 100
Cryopreserved 3 30 10 0 30 0

Method 2 70% Ethanol 11 30 37 4 30 13
Dried 1 30 3 0 30 0
Refrigerator Not done - - Not done -
Total 43 120 34 120
Fresh 30 30 100 30 30 100
Cryopreserved 27 30 90 22 30 73
70% Ethanol 26 30 87 22 30 73

Method 3 Dried 0 30 0 0 30 0
Refrigerator 27 28 96 27 28 96
Total 110 148 101 148

The first LR analysis showed that fresh ticks had a significantly higher success of
amplification than ticks preserved by 70% ethanol, cryopreservation and drying.
There was no significant difference (p=0.061) in amplification success between
specimens preserved in 70% ethanol and cryopreserved specimens. Extraction method
1 failed with all preservation methods. Template obtained by extraction method 3 had
a significantly higher success of amplification than that obtained by method 2. ITS2
had a significantly higher (p<0.001) success of amplification than COL.

Results of the second LR showed that fresh ticks had the highest amplification

success in both gene segments. This was followed by refrigerator samples. There was
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no significant difference (P=0.814) between cryopreservation and 70% ethanol
preservation. There was no significant difference (P=0.051) in success of

amplification between ITS2 and COI.

The results of the legs only analysis (Table 9.2) showed that fresh ticks and
refrigerator samples had the highest success of amplification followed by
cryopreservation and 70% ethanol preserved specimens between which there was no
significant difference.

Table 9.2: PCR amplification success of the ITS2 from DNA template obtained

by extraction method 3 from legs of adult R. appendiculatus preserved in five
different ways

Preservation Method =~ Number Amplified Total Percent Amplification

Fresh 15 15 100%
Refrigerator 15 15 100%
Cryopreservation 5 15 33.3%
70% Ethanol 4 15 26.7%
Dried 2 15 13.3%

Amplicons from legs like those from whole body yielded interpretable sequences (not

presented) after sequencing.

9.4 Discussion
Preservation is critical in the study of variation as it allows for investigations over
wider temporal and spatial ranges of the targeted species. However, preservation

methods differ both in their effectiveness and practicality.

Fresh specimens yielded the highest quality of DNA for PCR. This was evidenced by
consistent significantly higher amplification success for the two gene segments and
extraction methods respectively. Nevertheless, the availability of specimens killed just
before processing is not practical due to limitations like the large numbers of
specimens that may have to be processed, the inherently low throughput of some of
the methods of processing specimens, the large geographical area over which samples
may have to be collected (making direct processing difficult), and the necessity of
analysing preserved specimens from old museum collections. All these conditions
require the use of preserved ticks. In the first LR, fresh specimens were followed by

70% ethanol and cryopreservation with no significant difference in the success of
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amplification of the latter two. This was unexpected since, time of storage has been
observed to be more critical for PCR success than storage conditions (Dean and
Ballard, 2001). Ethanol (70%) samples were stored for about 10 years, while
cryopreserved samples for approximately two years. In addition, our observation is at
variance with observations in insects, where cryopreservation was reported to be the
best preservation method for molecular work (Cruickshank, 2002). The apparent lack
of superiority of cryopreservation over 70% ethanol may be due to the release of
cellular endonucleases during thawing which might have resulted in degradation of
some nucleic acids. Endonucleases are ubiquitous, difficult to inactivate especially in
moist conditions and very minute quantities are sufficient to destroy nucleic acids.
Freezing generates crystals which destroy cellular compartments where endogenous
DNA-damaging nucleases are sequestered giving them access to nucleic acids during
thawing (Dean and Ballard, 2001; Burgemeister ef al., 2003). Though manipulation of
cryopreserved samples (-80°C) was done on ice (0-4°C) some thawing may have

taken place.

Similar results were obtained in the second LR, which included samples from the
refrigerator. In this analysis, however, refrigerator samples had the next highest
success of amplification after the fresh samples. An earlier observation that specimens
killed in 100% ethanol and stored at or below 4°C produce the best results (Dillon ef
al., 1996) is consistent with this result. The relatively higher amplification success of
refrigerator samples may be attributed to their shorter period of storage,
approximately a year. However, going by this pattern alcohol preserved ticks should
have had the least success since they were the oldest. Instead it was dried ticks that
yielded the least amplification results. Drying as a preservation method for material
for DNA work has been previously reported by Cruickshank (2002) to be unsuitable
for another group of Acari, the mites. Our results with R. appendiculatus are

congruent with that observation.

Generally there was higher PCR amplification success of ITS2 than COI. It is not
clear why COI had lower amplification success. We speculate that this may be due to
the wobble of the third codon positions in COI which may have resulted in more
failures of primer annealing. The difference in amplification success between ITS2

and COI was significant (p<<0.001) in the first LR. However, with extraction method 3
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(i.e. second LR) there was no significant difference (p=0.051) between the PCR
amplification success of ITS2 and COL.

It has been reported that rRNA genes are present in all cells facilitating PCR from
small or degraded samples (Barker, 1998). Indeed, successful PCR amplifications of
the ITS2 from leg extracts was possible and the pattern of amplification success was
similar to that of whole tick extractions. Fresh and refrigerator samples yielded the
highest amplification success followed by cryopreservation and 70% ethanol
preservation. Amplification of DNA from leg extracts could be useful in experiments
involving e.g. fed ticks reducing the risk of having PCR inhibition due to presence of
tick’s blood meal. Secondly tick DNA extracted from legs could be used as (quality)
controls during studies were R. appendiculatus intracellular pathogen DNA in other
body parts from the same individual is the target. Lastly using legs could allow for
preservation of taxonomically more important tick body parts (i.e. in type material

and for future type designations).

Unlike extraction methods 2 and 3, method 1 did not yield any successful
amplification not even in fresh ticks. The failure of method 1 to produce any
successful PCR amplification could have been due to the absence of a step in the
protocol to get rid of exoskeletal and cellular debris (Hill and Gutierrez, 2003) and
PCR inhibitors especially blood constituents. According to Higuchi, (quoted in
Hubbard et al., 1995) whole blood (from tick blood meals) can inhibit DNA
amplification even when present in very small quantities (1% v/v). In contrast,
method 2 performed very well with fresh samples. However, the performance of this
method reduced drastically when applied to preserved samples. This may be due to
the yet unexplained susceptibility of tick DNA to degradation after ethanol
precipitation (Hill and Gutierrez, 2003). This phenomenon, combined with some
degree of degradation caused by the preservation method itself, may have resulted in
reduced amplification success. The difficulty of re-dissolving the DNA pellets
obtained by method 2 due to co-purification with glycogen, as reported by Hill and
Gutierrez (2003), could also have contributed to the lower performance. Method 3
yielded a significantly higher amplification success than the other extraction methods
with all preservation methods, except with dried specimens. This agrees with findings
of Hubbard et al. (1995), and extends the usefulness of this method to preservation
methods other than alcohol. The PCR amplification of template and subsequent
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satisfactory sequencing of amplicons obtained is, nevertheless, not a reflection of the
molecular weight and quantity of total genomic DNA obtained. Determination of
these and an extraction method for obtaining high molecular weight genomic DNA
for ticks have been described by Hill and Gutierrez (2003). PCR amplification success
only confirms the suitability of DNA extracted for the purpose. The experiments with
extraction methods 1 and 2 (validated for mosquitoes) confirm the observation that
the usefulness of preservation and extraction methods may not simply be extrapolated
between different taxa (Dillon et al., 1996). Further, they showed that DNA extraction
protocols should be evaluated and optimised in function of preservation methods of

specimens.

Within the limits of this study we can conclude that different preservation methods
vary in quality of DNA produced for PCR. Fresh ticks are the best but are logistically
not easy to obtain. Killing ticks in alcohol and storing in the refrigerator may be
equally a very effective mode of preservation for DNA work at least for shorter
preservation periods. This was evident in both whole tick and tick legs extract.
Ethanol preservation may be as good as cryopreservation. Since the latter is not
always practicable (Cruickshank, 2002) the former could therefore be useful when
ticks have to be collected in harsh field conditions in regions were the cold chain may
not be guaranteed or even impossible to maintain. However, this may need
confirming by comparing samples of similar storage age preserved by different
methods for different storage periods. The effect of the target gene on the
amplification success was not evident at least when the tick validated DNA extraction
method was used. That the sequences of amplicons from leg DNA were as
interpretable as those from whole body amplicons is significant and to our knowledge

this is the first time DNA template from legs of ticks was amplified and sequenced.
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