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Executive Summary

The problem

Ticks are bloodsucking external parasites. They 
are responsible for decreased productivity due to 
blood loss from the host animal and ‘tick worry’, 

the irritation resulting from their feeding activity. 
Other negative effects include the injection of  
toxins, transmission of  endemic and emerging 
diseases (such as heartwater, African swine fever 
and Congo-Crimean haemorrhagic fever) and tick-
associated disease (such as dermatophilosis). 
Tick-borne pathogens affect 80% of  the world’s 
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cattle population and are ubiquitous in the trop-
ics and subtropics. Countering these negative 
effects requires expensive control measures. Glo-
bal costs associated with ticks and tick-transmitted 
pathogens in cattle alone were estimated years 
ago at above US$13.9 billion and US$18.7 
billion, respectively (de Castro, 1997) and costs 
have doubtless increased in this century. Climate 
change and transboundary trade in livestock 
have recently begun to drive ticks into new areas 
where animals have less resistance to both ticks 
and tick-borne diseases. In Africa, ticks and tick-
borne disease appear at the top of  several rank-
ings of  important livestock diseases; notably, 
diseases transmitted by parasites, such as tryp-
anosomiasis and East Coast fever (ECF), ranked 
high in International Livestock Research Insti-
tute (ILRI) prioritizations of  livestock disease 
across regions and production systems of  
sub-Saharan Africa (Perry et al., 2002).

The most common control methods are the 
use of  genetically resistant animals and the 
application of  acaricides. Acaricides may be 
applied through dips, sprays or pour-on formu-
lations as well as intra-ruminal boluses, ear tags 
and footbaths. Resistance to acaricides is the 
ability in a strain of  ticks to tolerate doses of  
acaricides that would prove lethal to most indi-
viduals in a normal population of  the same spe-
cies, and this is a major and growing problem. 
An anti-tick vaccine is commercially available 
for only a single tick species. Pasture manage-
ment also has a role in integrated control.

ILRI’s role in the global context

Because of  its geographical location, abundant 
infrastructure and technical expertise, ILRI was 
and remains in a powerful position to contribute 
to the global understanding of  African ticks and 
tick-borne diseases. In 1979, the International 
Laboratory for Research on Animal Diseases 
(ILRAD) Tick Unit was established as a resource – 
a provider of  skills and materials that could be used 
in ILRI’s research and, potentially, by others as 
well. The unit was built primarily to support re-
search on ECF. The control of  ECF and other 
such diseases is inextricably linked to ticks and 
their control, so ILRI, although it lacked a sys-
tematic tick research programme – a programme 
aimed at some specific component of  tick biology 

or control – was soon involved in diverse areas of  
tick research.

Following flagship projects at ILRAD, ILRI 
conducted important research on tick biology, 
tick population dynamics, the impact of  ticks 
and tick control using chemicals. Apart from 
ECF, a major ILRI research theme, other haemo-
parasites and, more recently, viral pathogens 
were studied.

Scientific impacts

Sustainable strategies for the control of  ticks and 
tick-borne disease involve a complex interplay 
between parasite and host species, available con-
trol technologies and a range of  environmental 
factors. In this challenging situation, ILRI’s con-
tributions were a continuum from laboratory-
based science, through field experimentation, to 
practical advice and policy recommendations.

ILRI made early and ongoing contributions to 
our understanding of  ‘endemic stability’. This oc-
curs when rates of  infection are sufficient to main-
tain a level of  acquired immunity that minimizes 
clinical disease in a population. The concept was 
developed to describe patterns of  tick-borne disease 
in cattle but has since been applied more broadly 
in veterinary and human health.

ILRI’s field experiments in Kenya, Ethiopia 
and Uganda led to recommendations for on-
farm tick control. For example, in Kenya, acari-
cide treatment improved weight gains where 
keeping unvaccinated cattle without acaricides 
was uneconomical. Rotation of  acaricides could 
potentially mitigate resistance, so ILRI scientists 
conducted the first field examination of  acari-
cide rotation, finding it was advantageous.

More laboratory-based research into tick 
biology was greatly facilitated by the existence of  
the Tick Unit, described above. ILRI developed an 
artificial feeding system for ticks and methods 
for maintaining tick colonies (four stocks for 
over 30 years, and six for more than 20 years). 
In addition, tick-breeding research established 
high- and low-infectivity lines for ECF: seven dif-
ferent stocks and lines of  ticks from eastern and 
southern Africa, which include low (refractory) 
and high (susceptible) genetic tick lines. Vector 
biology studies included understanding popula-
tion genetics of  ticks in East Africa and molecu-
lar taxonomy of  Afro-tropical ticks, tick ecology, 
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and disease dynamics at the wildlife and live-
stock interface. ILRI developed maps of  tick 
distribution and models that explained the 
spread and the subsequent disappearance of  an 
especially problematic tick species after its intro-
duction to Zimbabwe.

The Tick Unit has adapted protocols for 
detecting and quantifying chemical resistance 
in ticks to backstop similar efforts by regional 
veterinary services. Pen and field trials of  new acari-
cide formulations are being tested as alternatives 
to existing compounds to mitigate acaricide re-
sistance in tick vectors of  veterinary importance.

ILRI has played a significant role in the 
international effort to apply a range of  molecu-
lar technologies to improve the scientific under-
standing of  ticks and future means of  their 
control. As genomic technologies emerged glo-
bally, ILRI’s scientists played a valuable part in 
sequencing tick genomes as they did for ECF. Sig-
nificant research was conducted on anti-tick 
vaccine evaluation and antigen identification, 
vector genomics and vector–pathogen inter-
actions. The involvement in the identification of  
novel tick antigens continues.

According to Altmetric (www.altmetric.com/; 
accessed 24 February 2020), ILRI contributed 
to 2% of  the research outputs on ticks.

Development impacts

The most visible development achievement is an 
ECF vaccine, which is covered in Chapter 6 (this 
volume). The Tick Unit and the tick research 
have been essential components of  this major 
commitment by ILRI. The organization has 
played a key role in the development of  a recom-
binant ECF vaccine and an important part in the 
development of  the infection-and-treatment 
regime, which has been shown to have a signifi-
cant impact in Tanzania. A significant and prac-
tical outcome of  the Tick Unit and ILRI’s research 
includes sharing knowledge and advice with the 
Centre for Ticks and Tick-Borne Disease (CTTBD), 
an animal vaccine production facility in Malawi.

Studies of  heartwater, an important tick-
borne disease affecting small ruminants, gener-
ated evidence on economic impacts and a potential 
market for a vaccine.

ILRI developed recommendations on tick 
and tick-borne disease control and acaricide usage 

for farmers but since uptake of  this information 
is indirect, via extension services, its final impact 
is not known.

Policy influence and advice

ILRI generated evidence on the adverse conse-
quences of  stopping state-supported tick control 
in Zimbabwe and advised on better control 
approaches. A consultancy to the Director of  
Veterinary Services in Zimbabwe recommended 
tick control strategies at a critical time for live-
stock production in that country.

Capacity development and partnerships

ILRI has built capacity in tick research and con-
trol for students, extension workers and farmers. 
Supported by the Wellcome Trust, ILRI and 
government officials set up meetings between 
farmers and researchers, to identify problems 
associated with ticks and tick-borne disease, in-
cluding tick sampling with farmers. In addition, 
tick scientists from Sudan, Kenya, Malawi and 
Ghana have come to ILRI to be trained on tick 
dissections and tick management. To strengthen 
future research capacity, the institute has 
trained more than 20 PhD and MSc students 
and Fellows. The close link on the ILRI campus 
between advanced molecular sciences and prac-
tical tick culture and control have often been a 
key competitive advantage.

National and international partners have 
included the Wellcome Trust, the UK Biotech-
nology and Biological Sciences Research Coun-
cil (BBSRC), the Brazilian Federal Agency for 
Support and Evaluation of  Graduate Education 
(CAPES), Genesis Labs, the University of  Bern 
and the Directorate of  Veterinary Services in 
Kenya.

Introduction

From the early days of  ILRI, the impact of  Afri-
can tick species on animal productivity, the com-
plexity of  their control in the field and their 
activity as vectors of  diseases such as ECF, ba-
besiosis, anaplasmosis and heartwater have all 
engaged ILRI’s scientists. Supporting these prac-
tical issues has been research into fundamental 
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aspects of  tick biology. The aggregate contribu-
tion of  ILRI’s scientists to tick research over the 
decades has been considerable. However, from 
the beginning, the major focus of  animal health 
research in ILRI has been on a small number of  
tightly defined areas such as vaccination against 
ECF and trypanosomiasis. Perhaps for that reason, 
ILRI has typically lacked a single, focused tick 
programme, and its engagement in tick research 
has often seemed to be ambivalent. Increasing 
this ambivalence may have been a reluctance to 
intrude where other African institutions could 
claim involvement. An additional consideration 
may have been the fact that tick control depended 
largely on either the use of  indigenous livestock 
by smallholders or the application of  chemical 
acaricides manufactured by global animal health 
companies. Hence, the role of  an institution like 
ILRI was not so clear.

The lack of  a coherent strategy had two broad 
consequences. First, as the research activities 
that were undertaken reflected either the specific 
needs of  other projects or a scientist’s personal 
interest, ILRI’s contributions to tick research 
cover an extremely diverse set of  topics. In con-
trast with other, more focused areas of  activity 
within ILRI, it is therefore harder to point to 
major, quantifiable impacts. This is the downside 
of  the somewhat piecemeal approach ILRI took 
to tick research. On the upside, as the contribu-
tions were mostly a result of  individual initia-
tives, they were typically dependent on external 
collaborations. They therefore constitute an 
excellent example of  ILRI’s capacity to engage 
productively in multi-organizational projects. The 
number of  collaborating institutions involved in 
ILRI’s published tick research is large. In what 
follows, the focus is on areas where, subjectively 
assessed, ILRI’s contributions have been major 
or at least essential to the final result.

In reviewing this diverse effort, it is conveni-
ent to break it generally into two components. The 
first is work that has been largely field based, fo-
cusing on the practicalities of  tick control. The 
second is work that has been more laboratory 
based. Significant contributions have been made 
to practical tick control by quantifying the im-
pact of  ticks, in understanding the dynamics of  
tick populations on a local and landscape scale, 
and in providing input to the effective use of  
pesticides (acaricides), including the economic 
cost and benefit of  their application. The more 

laboratory-based research has focused on devel-
oping research capacity through the ILRI Tick 
Unit and the acquisition of  techniques such as in 
vitro tick feeding and genomic technologies. In 
turn, this has led to application in the develop-
ment of  vaccines for ECF, an understanding of  
the genetic diversity of  the major ECF vector spe-
cies, Rhipicephalus appendiculatus, and progress 
in the development of  anti-tick vaccines. Each of  
these areas will be addressed in turn.

A note on nomenclature: Boophilus ticks were 
long classified as a genus and in all of  the litera-
ture pre-2001 are cited as such. Approximately 
15  years ago, the suggestion was made, on the 
basis of  molecular evidence, that the genus should 
be considered a subgenus of  Rhipicephalus (Barker 
and Murrell, 2004). The coherence of  the genus 
Rhipicephalus as it stands has also been questioned. 
Hence, in the literature a species may be described 
as Rhipicephalus decoloratus, Rhipicephalus (Boophi-
lus) decoloratus or Boophilus decoloratus. In what 
follows, to cover all possibilities, the Boophilus ticks 
will be referred to as Rhipicephalus (Boophilus) spp. 
or R. (Boophilus) spp.

Practical Tick Control

The impact of  ticks as vectors of  disease has 
been quantified by groups working on these dis-
eases, principally, in the case of  ILRI, ECF (Min-
jauw and McLeod, 2003). The direct effect of  ticks 
themselves has been less examined, although it 
is a major concern in countries such as Australia 
and much of  Central and South America. There 
were, however, several early attempts to quantify 
production losses due to ticks. De Castro et al. 
(1985a) used Boran cattle immunized against 
Theileria spp. to examine the effects of  acaricide 
treatment. Five tick species were found to infect 
the cattle, although in smaller numbers on 
acaricide-treated animals, which also showed 
higher live weight gains. Overall, however, the 
conclusion was that it was possible to keep Zebu 
cattle without chemical tick control, once im-
munized against Theileria spp. Estimates of  the 
direct impact of  R. appendiculatus on productiv-
ity were low. In another study published in 
1985, only relatively small and transient effects 
were found from the infestation of  cattle with up 
to 400 R. appendiculatus a week for 24  weeks. 
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There was some suggestion of  acquisition of  im-
munity to the ticks (de Castro et al., 1985b). 
Morzaria et al. (1988) returned to the question, 
finding that, for cattle vaccinated against ECF, 
acaricide treatment improved weight gains, 
while keeping unvaccinated cattle without 
acaricide treatment was simply uneconomical.

In Africa, as throughout the rest of  the 
world, if  tick control is consciously applied, it is 
most likely to be through the application of  syn-
thetic acaricides. The scientific challenge is to 
identify the optimal acaricide treatment regime, 
one that balances the negatives of  cost and po-
tential environmental and health impacts with 
the positives of  the control of  tick-borne disease 
and the minimization of  production losses 
through the direct effects of  ticks themselves. 
Within this question lies an extremely complex set 
of  issues. Are the animals to be treated – usually 
cattle – indigenous or exotic breeds? Which are 
the most important tick species and what is their 
distribution, both spatially and temporally? 
Which acaricides are available and what is their 
efficacy? The choice of  acaricide may be affected 
by issues such as the cost and the occurrence of  
acaricide resistance. ‘Acaricides’ will include not 
only commercial products of  certified quality but 
also market-derived treatments of  uncertain ori-
gin, quality and efficacy. This, in turn, is affected 
by national and regional registration proced-
ures, which may be rigorous or disturbingly lax. 
All these issues may be regarded as essentially 
scientific or technical. The final set of  complex-
ities relate to infrastructure and human behav-
iour: the availability of  dips or other treatment 
facilities, the distance between the farmer and 
the treatment facility, and the fact that acaricide 
application, regardless of  the efficacy of  the 
chemical itself, is frequently done so poorly that 
treatment is ineffective.

An event in recent African history provides 
a good example of  the benefits and risks of  tick 
control, especially in the absence of  a scientific-
ally sound and enforceable policy. Andy Norval, 
who was head of  the ILRI Tick Unit from 1987 to 
1989, had in earlier work noted that the most 
common tick in Zimbabwe in overgrazed tribal 
areas was R. (Boophilus) decoloratus, while in 
well-managed commercial farms, the diversity 
of  species was greater but the economically most 
important one was R. appendiculatus. Until the 
early 1970s, ticks and tick-borne diseases were 

controlled efficiently through a programme of  
intensive dipping. The low incidence of  tick-borne 
disease led indirectly to overgrazing in commu-
nal areas. Then, between 1973 and 1978, a 
weakening of  the dipping programme was fol-
lowed, typically after 1–3 years, by increases in 
the population of  R. (Boophilus) decoloratus and 
hence outbreaks of  babesiosis and anaplasmosis. 
Cattle numbers plummeted; then, with reduced 
animal numbers, grazing pressure reduced, grass 
cover increased and R. appendiculatus and Am-
blyomma hebraeum re-established in these areas. 
This, in turn, was followed by outbreaks of  
theileriosis and heartwater (Norval, 1979; Law-
rence et al., 1980). These disease outbreaks were 
attributed to a loss of  immunity to the tick-borne 
diseases, i.e. a loss of  endemic stability because 
of  a long-term lack of  exposure to ticks and the 
diseases they transmit. Subsequently, serological 
surveys in 1981–1982 suggested that endemic 
stability was being regained in cattle on commu-
nal land, and the suggestion was made not to re-
introduce intensive dipping (Norval et al., 1992).

Over the years, ILRI has made a number of  
contributions to such complex situations. Al-
though there has been little direct involvement 
in the evaluation of  acaricides in straightfor-
ward field situations, there are exceptions. For 
example, in 2003, there was a 1-year longitu-
dinal study of  92 smallholder dairies in Kenya 
to evaluate the efficacy of  deltamethrin in the 
control of  the major tick-borne diseases and 
trypanosomiasis. Four application regimes were 
compared – biweekly, monthly and bimonthly 
treatment and untreated controls – and the con-
clusion was reached that monthly treatment could 
reduce the incidence of  tick-borne diseases to a 
statistically significant degree (Muraguri et al., 
2003). In 2003 and 2004, the efficacy of  cyper-
methrin on four tick species was investigated in 
Ethiopia and it was found that application every 
3  weeks provided good protection (Mekonnen 
et al., 2004).

The complex issue of  optimal frequency of  
acaricide treatment in the absence of  pesticide 
resistance has been examined by ILRI and their 
collaborators in a variety of  production settings. 
The population dynamics of  four major tick spe-
cies on indigenous and cross-bred cattle in a dry 
or semi-arid area of  Uganda were examined for 
cattle given biweekly, monthly or no acaricide 
treatment. There were effects of  lactation and 
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year-on-year variation but only on the cattle 
given biweekly treatment were the overall num-
bers of  ticks reduced significantly (Okello-Onen 
et al., 1999). In a companion paper published in 
1998, the variable costs of  acaricides, drugs and 
labour, and the benefits in live weight gains, were 
together used to calculate the most economically 
beneficial treatment frequency for indigenous 
cattle. The conclusion was that a biweekly dipping 
strategy did not offer benefits commensurate with 
costs, while the monthly treatment gave clear 
economic benefit (Okello-Onen et al., 1998), a 
conclusion that seemed somewhat at variance 
with the finding on tick numbers. The authors 
returned to the question in 2003, again examin-
ing the effect of  biweekly and monthly dipping 
on indigenous breeds over a period of  almost 
3 years. The biweekly dipping improved milk off-
take and pre-weaning growth rates (Okello-Onen 
et al., 2003). As they currently stand, such dis-
crepant results would be difficult to translate 
into a clear message for farmers.

Scientifically more interesting was a paper 
derived from an ILRI–Kenya Agricultural Research 
Institute (KARI) collaboration that addressed an 
unresolved issue in acaricide usage (Kamidi and 
Kamidi, 2005). Boophilus spp. in particular have 
a pronounced capability to develop resistance to 
a range of  acaricides. The example of  resistance 
in Rhipicephalus (Boophilus) microplus is aston-
ishing and very well documented. It is known 
that, with the possible exception of  amitraz, re-
sistance once acquired can persist for a very long 
time, even in the absence of  chemical selection 
pressure. Commonly, the market offers an odd 
mix of  different acaricides that are used by farmers 
in a fairly random way. On occasion, attempts 
have been made to regulate a chaotic situation 
by enforcing the serial use of  acaricides with the 
idea of  exhausting one before applying another. 
An alternative approach would be to use 
acaricides in a structured rotation, although the 
benefits of  this for tick control have not been 
established.

Rotation of  pesticides from different chem-
ical groups has been used in the management of  
some crop pests to reduce the probability of  the 
emergence of  strong resistance. This has never 
been systematically studied with acaricides for 
tick control. There has been one published labo-
ratory-based test of  the idea that the emergence of  
resistance could be delayed by the rotational use 

of  two different acaricides in a controlled way. 
The results were encouraging (Thullner et al., 
2007). However, the work reported by Kamidi 
and Kamidi (2005) is perhaps the only published 
example where this has been examined in a field 
situation. The work described the consequences 
of  three different acaricide treatments on a sin-
gle smallholder farm with exotic dairy cattle 
over 7.5 years. Initially, ticks were controlled by 
weekly spraying with amitraz. Then, when re-
sistance developed after 3 years, this was replaced 
by fortnightly treatments with an organophos-
phate, although it was known that resistance to 
this chemical group occurred in the district. A 
dramatic increase in tick-borne disease followed. 
The final strategy was a regime of  fortnightly 
spraying, using amitraz and the organophosphate 
in rotation. This resulted in the lowest incidence 
of  tick-borne disease of  the three strategies.

These observations raise interesting questions. 
First, it is striking that, although both acaricides 
were expected to achieve at best partial tick con-
trol used separately, the rotation seemed to be 
effective. Second, the cost of  acaricide was, inev-
itably, very high, although perhaps less than 
might have been incurred with an increased in-
cidence of  tick-borne disease. Finally, of  course, 
the long-term financial and biological sustain-
ability of  intensive pesticide treatment in the 
face of  known resistance must be doubtful.

Several publications have attempted to take 
the issue of  ticks from the field to the landscape 
scale. During the 1990s, the evolving situation 
in Zimbabwe was a focus, and the approaches in-
cluded: (i) examination of  the field distribution 
of  particular species, often supplemented by 
ecological and climatic modelling; (ii) studies on 
current acaricide usage and practices; and (iii) 
economic analysis of  preferred strategies. For 
example, factors contributing to the spread of  
R. appendiculatus in Zimbabwe after its introduction 
and its subsequent disappearance were exam-
ined using a climate model. It was concluded that 
the chief  causal factor was a wet–dry climate 
cycle (Norval and Perry, 1990).

On a number of  occasions, these concerns 
evolved into policy advice. The focus on Zim-
babwe may have been a result of  the dramatic 
effects of  a failure in tick control during the civil 
unrest. In 1990, Perry and Mukabeni of  ILRI, 
and Norval, who had recently shifted to the Uni-
versity of  Florida, together with Barrett, in the 
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Department of  Veterinary and Tsetse Control 
Services, submitted a report containing recom-
mended tick control strategies to Zimbabwe’s 
Director of  Veterinary Services (Perry et al., 
1990a). Twenty-five years later, the report still 
encapsulates many of  the typical issues: political 
imperatives, changing disease epidemiology, the 
cost of  acaricides, the paucity of  methods to 
control tick-borne disease, and so on. To briefly 
recap this history: prior to the independence war 
of  the 1970s, intensive acaricide treatment had 
led to the eradication of  ECF and the control of  
other tick-borne diseases. The highly regulated 
system of  treatment was, however, increasingly 
unpopular. It collapsed during the war, as noted 
previously, with consequent severe outbreaks 
of  disease and the death of  approximately 1 mil-
lion cattle. Subsequently, there was evidence 
that endemic stability to these diseases was 
re-established or in the process of  being re-
established, and there seemed to be the oppor-
tunity to pair satisfactory disease control with 
reduced use of  expensive (state-purchased) 
acaricides. The catastrophic loss of  cattle, how-
ever, had reawakened a demand for intensive 
dipping, which was reintroduced for political 
reasons. By the time of  the ILRI consultancy, the 
costs were becoming unsustainable.

The policy advice that flowed from this con-
sultancy was complex. It divided communal 
lands into four categories, based largely on the 
probable but different impacts of  babesiosis, an-
aplasmosis, heartwater and theileriosis. A reduc-
tion in acaricide treatment with a move, where 
possible, to minimal acaricide application was 
proposed. The target was to achieve endemic sta-
bility to the various diseases, supported by vac-
cination. Significant cost-saving was envisaged, 
although the costs of  vaccinations were uncer-
tain (Norval et al., 1992).

These ideas were revisited again in 1994. 
The concern was specifically with heartwater 
and its vectors, the ticks A. hebraeum and Ambly-
omma variegatum (Norval et al., 1994). A. hebrae-
um was then widely distributed in the dry 
southern Lowveld with some foci in the wetter 
areas of  the Highveld, while A. variegatum oc-
curred in the Zambezi Valley and surrounding 
dry Lowveld areas. The distribution of  A. hebrae-
um had changed over the preceding 70  years, 
while that of  A. variegatum had remained static. 
The distribution patterns of  both species in 

Zimbabwe displayed anomalous features: the 
ticks occurred in areas of  lowest predicted cli-
matic suitability for survival and development 
and in areas where the densities of  cattle, the 
most important domestic host, were lowest. The 
only factor favouring the survival of  the species 
in the Lowveld habitats in which they occurred 
was the presence of  alternative wildlife hosts for 
the adult stage. Norval et al. (1994) concluded:

Their absence from more climatically favourable 
Highveld habitats appears to have been the 
result of  intensive acaricide treatment of  cattle 
over a long period and a historic absence of  
significant numbers of  wildlife hosts. Eradica-
tion of  A. hebraeum and A. variegatum by 
intensive acaricide treatment of  cattle can be 
achieved in the absence of  significant numbers 
of  alternative hosts, because of  the long 
attachment and feeding periods of  the adults of  
these tick species. However, eradication becomes 
impossible when alternative hosts for the adult 
stage are present, because a pheromone emitted 
by attached males attracts the unfed nymphal 
and adult stages to infested hosts. The unfed 
ticks are not attracted to uninfested hosts, such 
as acaricide-treated cattle.

In the face of  a probable reduction in intensive 
acaricide treatments, due to the cost to the gov-
ernment, the authors suggested two potential 
alternative strategies: to establish a buffer zone to 
restrict disease spread, or to allow the ticks to 
spread and to control heartwater by immunization.

By 1998, there was evidence that the heart-
water vectors were, in fact, spreading (Peter et al., 
1998). A study reporting the results of  a survey 
in 1995–1996 (Perry et al., 1998) returned to 
the question of  A. hebraeum, A. variegatum and 
heartwater. The dynamics of  tick control were 
changing. The government, under financial 
pressure, had abandoned intensive dipping, and 
wildlife species were moving back into the High-
veld. Suggestions were made on how to deal with the 
increased disease risk. The overuse of  acaricides 
remained a concern. It was noted that intensive 
acaricide treatment (i.e. more than 30 times a 
year) was associated with a higher risk of  heartwa-
ter than on farms using more strategic dipping.

Given the very strong focus in ILRI on ECF, 
the distribution of  R. appendiculatus was a long-
standing interest. The example of  the spread of  
R. appendiculatus in Zimbabwe is given above. 
A broader consideration of  the distribution of  
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R. appendiculatus in Africa based on climate 
and vegetation was published by Perry et al. 
(1990b). The starting point in this research was 
a predictive model of  tick distribution based on 
climatic factors. The model was originally devel-
oped by the Commonwealth Scientific, Industrial 
and Research Organisation (CSIRO) to better 
understand the distribution of  R. (Boophilus) 
microplus in Australia (Sutherst, 2003). Here, it 
was to be applied to R. appendiculatus. The 
authors found that the ecoclimatic indices of  
suitability correlated well with known tick distri-
butions in eastern Africa but were insufficient 
as a single-factor explanation in central and 
southern Africa. Cold stress and vegetation 
microenvironments were also considered to be 
important. Factors such as cattle and wildlife 
distributions and acaricide control (if  any) were 
hypothesized to be relevant, although the data to 
test that hypothesis were insufficient. Predictably, 
too, this focus on tick distribution and climatic 
factors was combined into an attempt to under-
stand the epidemiology of  Theileria parva using 
additional information from geographic infor-
mation systems (Lessard et al., 1990).

Development of Research Capacity

A mix of  fundamental methodology, facilities, 
equipment and hands-on experimental expertise 
underpins all scientific research. ILRI played a 
significant role in developing such scientific 
capacity in at least two areas of  tick research. 
The first was through the establishment of  a 
Tick Unit for the development and maintenance 
of  tick colonies together with the acquisition 
of  techniques needed for tick and tick-borne dis-
ease research. The second was via the involve-
ment of  ILRI staff  in tick genomics and other 
molecular technologies.

The ILRI Tick Unit

The ILRI Tick Unit was built around experimen-
tally valuable infrastructure: fly- and tick-proof  
animal isolation rooms (pens) with a capacity 
for 16 cattle, tick culture and incubation rooms, 
small-animal facilities and associated laboratory 
space. More important were and are the bio-

logical resources. Currently, the ILRI Tick Unit 
has in culture representatives of  three genera of  
ticks, including the subgenus of  Boophilus. These 
genera are Rhipicephalus, Rhipicephalus (Boophilus), 
Hyalomma and Amblyomma. The species in cul-
ture are R. appendiculatus, Rhipicephalus zambez-
iensis, Rhipicephalus evertsi, A. variegatum, R. 
(Boophilus) decoloratus, R. (Boophilus) microplus 
and Hyalomma anatolicum. The diversity of  R. ap-
pendiculatus cultures is a focus of  the collection, 
with seven different lines from eastern and 
southern Africa, including selected lines derived 
from the Kiambu stock that differ in susceptibil-
ity to T. parva infection and lines from South and 
eastern Africa selected for experiments on the 
impact of  diapause on disease transmission, as 
well as geographically diverse isolates, including 
two from Zimbabwe and three from Zambia. The 
expertise of  the ILRI Tick Unit currently is in tick 
culture, performance of  animal trials under con-
trolled conditions and the process of  producing 
sporozoites for ECF projects. These skills continue 
to underpin basic research into T. parva (e.g. 
Henson et al., 2012).

Ticks share with many other parasites the 
irritating characteristic that, while they are ex-
ceedingly difficult to kill in the wild, they are 
often very difficult to maintain under controlled 
conditions. Hence, it is an achievement that 
of  the R. appendiculatus stocks, four have been 
maintained for over 30  years and six for more 
than 20  years. Two of  the other species have 
been in culture for over 30  years and one for 
more than 20 years. Admirable though this is, 
it is also a cause for concern. Experience with 
R. (Boophilus) microplus in Australia showed that 
a much-used reference tick colony, maintained 
for even longer, showed declining viability and 
then sudden collapse.

Artificial feeding systems

To understand and, if  necessary, dissect the pro-
cess of  tick feeding on a mammalian host (cattle) 
and thus acquiring a disease organism such as 
T. parva, it would be experimentally useful to be 
able to feed ticks in a less physiologically and bio-
logically complex situation than on the natural 
host. For R. appendiculatus, this problem was 
tackled in the 1990s. Slightly earlier work at 
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ILRI with A. variegatum showed that it was pos-
sible to feed the ticks on rabbit or cattle skin 
membranes, with high carbon dioxide concen-
trations and a temperature of  37°C being 
important for success. Adult female and male 
ticks were fed to engorgement over a period of  up 
to 16 days. All stages of  the tick fed successfully 
and although engorgement weights were less than 
on natural hosts, egg laying was successful. Ticks 
fed in vitro successfully transmitted Theileria 
mutans and Ehrlichia ruminantium to cattle (Voigt 
et al., 1993).

For a number of  reasons, use of  an artifi-
cial membrane rather than animal skin is desir-
able, but success with such membranes is easier 
to achieve for ticks with long mouth parts than 
for ticks with short ones, such as R. appendic-
ulatus (Young et al., 1996a). Nevertheless, in 
1995, successful feeding of  nymphal R. appen-
diculatus on an artificial membrane was described. 
When the system was used to feed nymphal 
ticks on blood infected with T. parva piroplasms, 
the prevalence of  infection was high and com-
parable with results achieved with ticks feed-
ing on blood donor cattle (Waladde et al., 
1995). The status of  such feeding systems was 
reviewed (Waladde et al., 1996; Young et al., 
1996a).

Genomics and molecular biology

By the middle of  the first decade of  the 21st cen-
tury, the biological revolution precipitated by 
full-genome sequencing of  many organisms was 
well under way. Just as important as the genome 
sequences themselves were the new experimen-
tal approaches and techniques that evolved, 
drawing on the enormous quantities of  new in-
formation. For ticks, the start was slower than 
for many other organisms, including a variety of  
other parasites and disease organisms. The lower 
priority attached to veterinary diseases, particu-
larly of  developing economies, and the smaller 
size of  the research community were probably 
two reasons for this. More significant, however, 
was the sheer size of  the tick genomes. Depend-
ing on species, size estimates varied from one-
third that of  the human genome to more than 
twice the size. The first full tick genome sequen-
cing project to be launched was for one of  the 

smaller genomes, that of  the North American 
tick, Ixodes scapularis (Hill and Wikel, 2005), 
which was of  only indirect relevance to African 
issues. By 2016, this first tick genome had been 
thoroughly explored and now undoubtedly 
represents an important resource for ongoing 
research into all tick species (Gulia-Nuss et al., 
2016). By 2006, high in the priority list for tick 
genomes was R. (Boophilus) microplus because of  
its economic importance. In this case, the size of  
the genome, considerably larger than the human 
genome, was daunting (Ullmann et al., 2005; 
Guerrero et al., 2006). Nevertheless, by 2010, 
considerable advances had been made in assem-
bling sections of  the genome. In this international 
effort, ILRI’s scientists played a valuable part 
(Guerrero et al., 2010).

In the specific area of  genome sequencing, 
African tick species lagged behind. Nevertheless, 
large quantities of  interesting sequence data for 
African species were being accumulated. The 
focus usually was on the salivary gland, a logical 
choice. The pharmacologically and physiologic-
ally active factors necessary for maintaining the 
tick’s attachment site pass through the salivary 
gland. The salivary gland is also the route of  
transmission of  tick-transmitted diseases as 
well as often being a site for their development. 
In 2002, a complementary DNA (cDNA) library 
was generated from the salivary gland of  feeding 
A. variegatum females. Sequencing of  random 
clones from the library gave more than 2000 
non-redundant sequences, 39% of  which could 
be tentatively identified with known proteins 
based on sequence similarities. Abundant fam-
ilies of  cement proteins, anti-haemostatics and 
also possible anti-inflammatories were identi-
fied, all proteins expected to be important to the 
success of  tick feeding (Nene et al., 2002).

Somewhat more targeted approaches were 
adopted in two subsequent studies. In 2004, 
cDNA libraries were prepared from the salivary 
glands of  R. appendiculatus infected with T. parva 
and from uninfected salivary glands. Over 9000 
sequences were collected from each sample, 
with the intention of  identifying genes specific-
ally up- or downregulated as a result of  the T. parva 
infection. No major differences between the 
abundantly expressed genes in the two samples 
were found, although the sequences themselves 
represent a repository of  useful information 
(Nene et al., 2004).
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Secreted proteins are often identified by a 
signal sequence, a relatively short peptide se-
quence necessary for their export from cells. A 
novel method using a ‘signal sequence trap’ was 
used to identify possible secreted proteins from 
both R. appendiculatus and A. variegatum. Given 
the already extensive databases of  known pro-
teins existing in 2005, it was interesting that of  
61 R. appendiculatus sequences, only 15 could be 
tentatively identified. For A. variegatum, the pro-
portion was just one out of  seven (Lambson et al., 
2005). This underlines, if  such emphasis was 
needed, the paucity of  fundamental information 
about tick genes and proteins.

The reason for the sheer size of  the tick gen-
omes continues to be of  interest. A recent ILRI 
shed some light on this question. Relatively small 
segments of  high-molecular-weight DNA from 
R. appendiculatus were shown to have large num-
bers of  degenerate transposable elements. By 
extrapolation, the authors suggested that there 
could be about 65,000 copies of  a single family 
of  these repetitive elements; in basic terms, this 
means that the size of  the tick genomes could be, 
in part, due to the accumulation of  such elements 
of  unknown (if  any) function over evolutionary 
time spans (Sunter et al., 2008).

A recent and rather different ‘molecular’ 
study offers a new solution to an old problem. 
This chapter has already described historical 
changes in tick distribution that affect the 
occurrence of  tick-borne disease. These are not 
isolated instances. Rather, the speed, scale and 
potential impact of  such changes in tick distri-
bution appear to have increased, while climate 
change, animal movements, trade and the 
multiplicity of  associated factors will probably 
ensure that such changes continue.

Coping with changes in tick distributions 
demands reliable knowledge of  the identity and 
distribution of  ticks. This requires the collection 
of  large numbers of  ticks across broad areas 
and then the accurate identification of  species. 
This has previously been done either morpho-
logically or using DNA-based analysis or a com-
bination of  both. The former requires a trained 
scientist to distinguish closely related species. 
DNA-based methods tend to demand expensive 
equipment and reagents, time and expertise. 
Rothen et al. (2016) described an alternative, the 
use of  matrix-assisted laser desorption/ionization 
(MALDI-TOF) mass spectrometry. The essential 

piece of  scientific equipment needed for such 
analyses is complex and expensive, while the 
skill needed to operate it is considerable. The in-
tuitive response to the idea of  using MALDI-TOF 
to identify ticks could well be that the idea is 
scientifically interesting but impractical. How-
ever, preparation of  samples for MALDI-TOF 
analysis is simple and cheap, the instruments 
are high throughput and analyses are com-
monly carried out in a specialized, central facil-
ity (in the case of  this study in Japan). These 
factors together have the potential to change 
the feasibility of  using this technology. As re-
ported, a collection of  398 African ticks of  the 
genera Rhipicephalus, Rhipicephalus (Boophilus), 
Hyalomma and Amblyomma, in total ten spe-
cies, were identified morphologically and by 
cytochrome C oxidase DNA sequencing. Of  
these, 48 individual ticks were then used to con-
struct a reference database of  mass spectra. 
Subsequently, the remaining ticks were identi-
fied by mass spectrometry using this database. 
Overall, a sensitivity of  96.1% and a specificity 
of  99.7% were achieved. The potential useful-
ness of  this methodology for field surveys is 
considerable.

Application of Research Capacity

Ticks as vectors, with a focus on  
R. appendiculatus as the vector of T. parva

Ticks and their biology are inextricably linked 
with the epidemiology, impact and control of  tick-
borne diseases. The special complex of  R. appen-
diculatus and T. parva (i.e. ECF) has been central 
to ILRI’s animal health research from the insti-
tute’s beginning.

ECF is the subject of  a major chapter in 
this book (Chapter 6). Given that, this section 
will deal only with a few specific questions 
where the dominant research issue concerned 
the biology of  the tick vector rather than that 
of  T. parva. Some aspects have been described 
already. Disease epidemiology depends on 
knowledge of  the incidence and distribution of  
the tick vectors; ECF control in most areas relies 
heavily on tick control via the use of  acaricides. 
ILRI’s contributions to both these areas have 
been discussed.
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A major practical achievement by ILRI has 
been its contribution to the development of  an 
infection-and-treatment method (ITM) vaccine 
for ECF. The ability to produce such a vaccine de-
pends on quality-controlled tick colonies and the 
technical ability to perform all stages of  vaccine 
production (Patel et al., 2016). ILRI remains a 
resource of  knowledge and hands-on expertise 
for this vaccine production.

As with many other vector-borne diseases, 
in the case of  ECF, the tick is not merely a bio-
logical syringe. Rather, it is the site of  complex 
developmental changes in the T. parva organism 
involving a range of  specific and poorly understood 
interactions between the two species. A number 
of  papers in the early- to mid-1980s addressed 
various aspects of  the tick–T. parva interaction. 
Some were practical. Irvin et al. (1981) estab-
lished a rapid method for staining salivary 
glands of  R. appendiculatus infected with T. parva, 
and then used it to follow the dynamics of  infec-
tion and parasite maturation. Later, a method of  
transplanting T. parva kinetes to establish infec-
tion in a single tick salivary gland acinus was de-
scribed, a method that the authors suggested 
could be applied to the development of  cloned 
parasites (Fujisaki et al., 1988). Other research 
was more fundamental. The site of  T. parva 
developmental changes, the type III acinus in 
the tick salivary gland, was first examined (Faw-
cett et al., 1981) before the ultrastructure of  the 
sporogony of  the parasite in the salivary gland 
was investigated (Fawcett et al., 1982). Then, in 
1993, it was shown that both a crude extract of  
tick salivary gland and interleukin-2 as a single, 
pure cytokine could enhance the susceptibility 
of  bovine lymphocytes to infection by T. parva 
sporozoites (Shaw et al., 1993). In a general sense, 
this ability of  salivary gland material from the tick 
vector to facilitate infection was subsequently 
rediscovered for a number of  tick-transmitted 
viral diseases (Nuttall et al., 2008).

The fact that vector competence of  R. appen-
diculatus varies with tick isolate and that these 
differences are heritable has been examined 
several times. In 1995, estimates of  heritability 
were obtained for T. parva infecting two tick stocks, 
Kiambu and Muguga (Young et al., 1995), and 
the point was made that the heritabilities were 
high enough to allow selection of  tick strains for 
high and low susceptibility to infection. This was, 
in fact, done, as noted in the discussion of  the tick 

stocks of  the ILRI Tick Unit. Subsequently, the 
competence of  seven different stocks of  R. appen-
diculatus and R. zambeziensis as vectors of  two 
different stocks of  T. parva was examined (Ochan-
da et al., 1998). Reproducible differences were 
found.

In a slightly earlier paper with significance 
for ECF epidemiology, the transmission of  T. par-
va by nymphal and adult R. appendiculatus was 
examined using two isolates of  T. parva. With 
both, infection levels were much higher in adult 
than nymphal ticks, a contributory factor being 
the large difference in the number of  requisite 
structures, type III acini, in the salivary glands 
of  the different tick instars (Ochanda et al., 1996). 
The authors suggested that transmission by 
nymphal ticks, representing a lower challenge 
dose of  T. parva, might cause milder infections 
and lead to immunity in the cattle host rather 
than death, a factor in the establishment of  en-
demic stability. Field evidence from Zimbabwe 
was consistent with this hypothesis.

Then, in 2009, there was a re-examination 
of  the differences between ticks using the same 
Muguga and Kiambu isolates, although this time 
the differences were examined by the modern 
techniques of  quantitative and nested polymer-
ase chain reaction (PCR) (Odongo et al., 2009). 
These techniques were shown to be more sensi-
tive than traditional microscopy, and it was con-
firmed that, for the Kiambu isolate, a higher 
proportion of  ticks became infected and parasite 
numbers within adult salivary glands were also 
higher. It is interesting that these differences 
between tick isolates persisted through an add-
itional 20 years of  continuous tick culture. These 
observations would make possible the examin-
ation at the level of  gene expression of  factors 
that might explain the differences in T. parva 
susceptibility.

Finally, an older paper exemplifies the use 
that can be made of  large databases in under-
standing disease. Much information had been 
recorded on the transmission of  the Muguga sta-
bilate of  T. parva to Boran cattle using two iso-
lates of  R. appendiculatus. Between 1986 and 
1991, 1241 records of  tick batches harvested 
from 286 infected cattle had been compiled, 
from which a total of  812 records were selected 
as suitable for analysis. This database was inter-
rogated using statistical modelling procedures 
searching for relationships between a long list of  
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factors and the prevalence, abundance and in-
tensity of  salivary gland infection in both female 
and male ticks (Young et al., 1996b). Twenty- 
four factors or interactions were found to be stat-
istically significant. Some factors might have 
been intuitively expected; others were more 
unexpected. Consistently among the most im-
portant factors, however, were the piroplasm 
levels on the day of  harvesting ticks and the 
month in which the ticks were harvested. The lat-
ter finding is surprising, although a tentative 
correlation between time of  nymphal engorge-
ment and the climatic conditions (temperature 
and humidity) at the time was noted. The final 
models were complex and with significant error 
margins, with the consequence that they had 
limited predictive value. There does not appear 
to have been subsequent follow-up using this 
statistical approach.

The genetic complexity  
of R. appendiculatus

As described above, it had long been known that 
strains of  R. appendiculatus had various capaci-
ties to act as vectors of  ECF and that this cap-
acity was heritable. This raises the question of  
the genetic complexity of  this tick species and 
the extent to which it relates, for example, to 
geographical distribution.

Kanduma et al. (2012) utilized the database 
of  expressed genes coding for salivary gland pro-
teins developed by Nene et al. (2004) to identify 
29 polymorphic markers. These they then used 
to discriminate among populations of  R. appen-
diculatus and among R. appendiculatus and four 
other Rhipicephalus spp. using ten field popula-
tions and ten laboratory stocks (Kanduma 
et al., 2012). Distinguishing R. zambeziensis from 
R. appendiculatus was difficult, although the 
other species were satisfactorily separated. Within 
R. appendiculatus, clustering into two popula-
tions occurred, which did not, however, correl-
ate with a field/laboratory culture division. The 
authors proposed two preferred sets of  markers, 
one optimal for distinguishing between species 
and the second for intraspecies comparisons.

Subsequently, the question of  genetic diver-
sity in R. appendiculatus populations was addressed 
again, this time using two mitochondrial genes, 

12S ribosomal RNA and cytochrome C oxidase 
subunit 1, as well as a third gene that, ultim-
ately, was not informative. Analysis of  sequence 
variation in these genes in ticks sampled from 
different geographical locations, from different 
hosts and from laboratory and field isolates (the 
three chief  variables examined) identified 28 
haplotypes clustering into two haplogroups. 
These groups could not be defined by geograph-
ical origin, host species or the laboratory/field 
divide. Based on these observations, the au-
thors suggested that two major genetic groups 
of  R. appendiculatus existed in Kenya, with pos-
sible broader distribution in eastern and south-
ern Africa. It was considered possible that the 
existence of  two genetic groups could have 
had implications for the spread of  the tick and 
for the transmission dynamics of  ECF (Kanduma 
et al., 2016a).

The authors returned to the issue in a 
second publication in the same year (Kanduma 
et al., 2016b). Ticks from ten locations in Kenya 
were collected, associated with three grazing 
systems: cattle, cattle and wildlife co-grazing, and 
wildlife without livestock. Numerous individual 
ticks from ten closed laboratory colonies plus 
ticks of  five other Rhipicephalus species were in-
cluded in the analysis. On this occasion, the con-
clusions appeared to be somewhat different. There 
was a low degree of  genetic differentiation in the 
field samples, and no relationship, as before, be-
tween the genetic diversity and either geograph-
ical location or host species. The ten laboratory 
strains, as well as the other species, were strongly 
differentiated. In addition, some of  the labora-
tory strains were differentiated from current 
field samples taken from the same geographical 
point of  origin as the original laboratory strain. 
The key conclusion, in terms of  disease trans-
mission and control, was that there was in fact 
little genetic diversity in the R. appendiculatus 
populations, perhaps as a result of  livestock and 
wildlife movements through the country. This 
conclusion can also be compared with the results 
of  analysis of  the diversity of  protein sequences 
in a single protein, Ra86, which will be discussed 
in the following section on vaccines. Even more 
recently, an array of  gene markers was used to 
look at the broader phylogeny of  Rhipicephalus 
and R. (Boophilus) species, with the results dem-
onstrating once again that much remains to be 
resolved (Kanduma et al., 2019).
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Tick vaccines

There has been occasional interest in the devel-
opment of  tick vaccines since the early days of  
ILRAD, although initially this was as a minor 
contributor to antigen discovery research initi-
ated elsewhere. Certainly, this was the case with 
an anti-tick vaccine effort driven by the Inter-
national Centre of  Insect Physiology and Ecol-
ogy (ICIPE) in Nairobi (Mongi et al., 1986).

From the late 1990s onwards, there was a 
more consistent interest in the field. Three factors 
account for this. First, as had long been the case 
for all parasite vaccines, the ability to express 
recombinant proteins offered at least a potential 
pathway to practical application of  antigen dis-
covery programmes. This was as true of  ticks as 
it was of  ECF. Second, the steady accumulation 
of  tick genomic information, referred to previ-
ously, was a useful source of  novel information. 
Third, in 1988 and 1989, an Australian group 
patented an antigen from the tick R. (Boophilus) 
microplus that, when expressed as a recombinant 
protein in a commercially viable way, gave useful 
protection against field infestations of  ticks. Soon 
two commercial vaccine developments were under 
way, one in Australia and the second in Cuba, 
leading to the release in the early 1990s of  two 
vaccines, TickGARD and GAVAC (Willadsen, 2004).

There were several aspects to ILRI’s re-
sponse. The Australian work gave a stimulus to 
antigen discovery in a number of  laboratories 
and countries. ILRI collaborated, although as 
a minor partner, in the evaluation of  several 
antigens, for example, work on the recombinant 
p29 antigen from Haemaphysalis longicornis 
(Mulenga et al., 1999) and other work that re-
mains unpublished. ILRI has also engaged in 
de novo antigen discovery. An early effort led to 
the identification of  a cement protein, RIM36, 
from R. appendiculatus (Bishop et al., 2002). This 
was shown to be the target of  a strong antibody 
response by cattle naturally exposed to the tick but, 
apparently, was of  little use as a protective anti-
gen. ILRI has contributed to ongoing, basic re-
search on tick proteins (Costa et al., 2017; Seixas 
et al., 2018), some of  which had no obvious con-
nection to vaccine research. Recently and more 
encouragingly, it was shown that recombinant 
glutathione S-transferase from H. longicornis in-
duced 67% protection against R. appendiculatus, 
although it was ineffective against Rhipicephalus 

sanguineus (Sabadin et al., 2017). This is not only 
positive news for control of  the tick of  greatest 
interest to ILRI but also another example of  the 
unpredictability of  cross-immunity among tick 
species, something explored in greater detail by 
ILRI and other laboratories with respect to the 
Bm86 antigen.

Rather more effort went into exploring the 
potential of  Bm86 homologues in the control of  
endemic African tick species. This was (and 
remains) a tantalizing scientific and practical 
issue. It was shown early on that the sequence of  
the Bm86 molecule was quite strongly conserved 
across tick genera and species, although with 
variation (Willadsen, 2004). Even within isolates 
of  R. (Boophilus) microplus itself, sequence differ-
ences of  up to about 5% have been reported. 
Sequence differences did not, however, translate 
into differences in protection against tick infest-
ation in any predictable way. The most striking 
example was Rhipicephalus (Boophilus) annulatus, 
a species closely related to R. (Boophilus) mi-
croplus. Vaccination with recombinant Bm86 
typically gave 80–90% protection against R. 
(Boophilus) microplus on cattle, but effectively 
total protection against R. (Boophilus) annulatus, 
protection that was also sustained for a longer 
period. The reason is still unclear. Practically, 
however, the obvious question was: what is the 
protection of  Bm86 against R. (Boophilus) de-
coloratus or R. appendiculatus?

First, it was shown by Odongo et al. (2007) 
that antisera to Bm86 reacted with the R. 
(Boophilus) decoloratus tick gut, the location of  
the antigen in R. (Boophilus) microplus, and that 
R. (Boophilus) decoloratus feeding on vaccinated 
cattle showed vaccination effects similar to those 
recorded for R. (Boophilus) microplus on Tick-
GARD-vaccinated cattle: reduced tick numbers 
and reduced overall fertility, measured as total 
egg production, reductions of  46 and 61%, re-
spectively. Although less than the effects seen 
with R. (Boophilus) microplus, these results were 
certainly encouraging. The presence of  two vari-
ants of  Bm86 was shown, Bd86-1 and Bd86-2, 
with amino acid sequences that were 86% and 
85% identical to the original Bm86. Recombin-
ant Bd86-1 reacted strongly with antisera from 
TickGARD-vaccinated cattle. Two linear peptide 
epitopes shared between the Bd86 molecules 
and Bm86 were identified that, it was suggested, 
could be the basis of  a peptide-based vaccine.
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Unfortunately, the Bm86 vaccine had no ef-
fect on feeding R. appendiculatus. The obvious 
question was whether a sequence difference be-
tween the Bm86 antigen used for the vaccination 
trials and the homologues in R. appendiculatus, 
named Ra86, was sufficient to explain the lack of  
protection against that tick species. One problem 
was the presence of  at least two variants of  Ra86, 
which themselves showed only 80% amino acid 
sequence identity, exceptionally divergent for the 
‘same’ protein (Kamau et al., 2011). Evidence was 
obtained that both variants could be present in a 
single genome but that when both were present, one 
of  the two would be transcriptionally dominant.

Further research showed the situation to be 
even more complex. Nineteen Ra86 sequences 
were obtained from the laboratory Muguga 
strain of  R. appendiculatus, defining two alleles 
differentiated by insertions or deletions (indels) 
and different in length by 39 amino acids. Then 
a further 20 sequences of  Ra86 were obtained 
from each of  four field sites in central and west-
ern Kenya, revealing a further three different 
size types, differentiated by 39–49 amino acid 
indels and hence a total of  five indel-defined 
genotypes. The longest sequence was found 
only in the laboratory strain. Analysis clustered 
all Ra86 sequences and Bm86 into four major 
clades based on amino acid substitutions. Al-
though there was evidence that selection con-
tributed to the sequence variation, there was no 
evidence that the groupings correlated with geo-
graphical separation of  tick populations (Kamau 
et al., 2016).

With such diversity – which has not been 
reported in R. (Boophilus) microplus in Austra-
lia or Central and South America – is the idea 
of  vaccination using a Bm86 homologue im-
practical? Olds et al. (2012) vaccinated cattle 
with a mixture of  two recombinant forms of  
Ra86 and challenged them with Muguga 
strain ticks. There was no significant effect on 
adult mortality, engorgement weight or weight 
of  eggs laid, although there was an interesting 
decrease in egg hatching, which grew more 
pronounced in late-laid eggs. There was a 
slight but statistically significant decrease in 
moulting of  nymphs to adults. These figures, 
incorporated into a tick population model, 
showed the potential for a useful, although ex-
tremely gradual, decline in tick numbers. 
There was also a slight decline in the infection 

levels of  ticks fed on T. parva-infected cattle 
vaccinated with Ra86 compared with non-
Ra86-vaccinated controls. Clearly, a more 
efficacious vaccine would be necessary, as such 
a vaccine, even if  theoretically useful, would be 
unattractive to farmers.

A recent study examined the potential of  an 
antigen cocktail to give protection against tick 
infestation and/or T. parva transmission (Olds 
et al., 2016). The cocktail used antigens selected 
from the literature: the tick antigens chosen 
were subolesin, TRP64 (the cement protein from 
R. appendiculatus) and three tick histamine-binding 
proteins, while from T. parva, the sporozoite anti-
gen p67C was selected. All of  these antigens had 
separately shown promise in vaccination trials, 
although the tick species, host and challenge 
model all varied. In this trial, cattle were vaccin-
ated, produced good antibody responses and 
were challenged with the normal Muguga iso-
late of  R. appendiculatus and the Muguga ‘low-
line’ ticks that had been infected with T. parva. 
No significant effects on either tick engorgement 
and fertility or disease transmission were found. 
There were, however, some differences in the 
susceptibility of  the two isolates of  tick used, 
emphasizing the potential importance of  isolate 
variation in the field. The authors stressed the 
desirability, in future work, of  early assessment 
of  any tick antigen in the natural tick–host 
relationship.

Another aspect of  this deserves to be noted. 
The idea of  antigen cocktails as a means to im-
prove the efficacy of  vaccines is frequently 
touted, not only for tick vaccines but for many 
other anti-parasite vaccines as well, to the extent 
that it has become an important but poorly 
acknowledged rationale for much antigen re-
search. The concept is experimentally testable, 
but reports of  tests are scarce and those of  suc-
cess even scarcer (Willadsen, 2008). The fact 
that ILRI carried out such a test, and reported 
failure, is a worthwhile contribution.

The tantalizing dream of  tick vaccine re-
search is a vaccine that protects against multiple 
species. The partial cross-protection induced by 
Bm86, despite the variability of  protection across 
species, seemed to offer some hope. This was ex-
plored further in a study that used a peptide from 
Bd86 to raise monoclonal antibodies that were 
found to cross-react with R. (Boophilus) microplus, 
R. (Boophilus) decoloratus, R. appendiculatus and 
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Hyalomma anatolicum anatolicum (Kopp et al., 
2009). The degree to which such cross-reactivity 
translates into protection is unknown.

Recent Developments

As the 21st century progressed, ILRI’s interest in 
ticks, with the exception of  molecular approaches 
to tick biology and vaccine development, appeared 
to decline. The result was that pointers to the fu-
ture, when they came, were from other institutions 
and scientists. Three issues emerged: the impact 
of  climate change, the spread of  R. (Boophilus) 
microplus through East and southern Africa and 
its accidental introduction into West Africa, 
and finally the evidence of  significant acaricide 
resistance in African tick species.

Today, any discussion of  the future of  disease 
control is likely to begin with the anticipated im-
pacts of  climate change. The idea, supported by 
a growing body of  evidence, that shifts in vector 
populations will greatly change the epidemi-
ology of  many diseases has been well explored. 
Changes to tick distributions and hence, for ex-
ample, to ECF are expected (Grace et al., 2015).

ILRI had earlier played a role in understand-
ing the dynamic nature of  ticks and tick-borne 
disease. The strongest indication that this would 
be an ongoing if  not escalating problem came 
from R. (Boophilus) microplus. In contrast to other 
tropical and subtropical parts of  the world includ-
ing Australia, Central and South America and 
large parts of  south and eastern Asia, Africa was 
until recently fortunate in being spared any major 
impact from this tick species. The situation has 
changed over the last two decades. From small 
populations in eastern South Africa (Natal), the 
tick has spread through much of  South Africa, 
displacing endemic R. (Boophilus) decoloratus 
(Tønnesen et al., 2004). In Tanzania, tick surveys 
conducted between 1998 and 2001 were com-
pared with historical (40-year-old) data, with the 
results showing that, while R. (Boophilus) decol-
oratus had largely retreated to high-altitude areas 
in northern and central Tanzania, R. (Boophilus) 
microplus had invaded all but the driest and cold-
est parts of  the country (Lynen et al., 2008). This 
seemed not to have happened by 2007 in 
Rwanda (Bazarusanga et al., 2007).

In a review published in 2006, Estrada-
Pena et al. (2006) identified only limited confirmed 

records of  R. (Boophilus) microplus in Africa, 
all in the south-east. West Africa was still con-
sidered free of  the tick. Then, in 2007, its discov-
ery was reported in Ivory Coast as a result of  an 
accidental introduction (Madder et al., 2007). 
A second independent introduction was found to 
have occurred in Benin in about 2005. Since 
then, it has continued to spread (Madder et al., 
2011, 2012; de Clercq et al., 2012), apparently 
displacing other Boophilus spp. as it invades. The 
tick has now spread throughout Ivory Coast and 
far into the north of  Benin. In November 2012, 
R. (Boophilus) microplus was discovered as in-
tense field infestations in south-western Burkina 
Faso and Mali (Adakal et al., 2013). It continues 
to spread within Burkina Faso. Its spread has 
been accompanied by decreased milk production, 
uncontrolled tick populations, inappropriate 
acaricide use and cattle deaths (Madder et al., 
2011; Adakal et al., 2013).

Surveys in Cameroon in 2013 at a number 
of  sites, involving the identification of  20,000 
ticks, showed that R. (Boophilus) microplus 
seemed not to have reached that country. How-
ever, there appeared then to be no ecological 
reason why it would not eventually (and prob-
ably rapidly) spread through much of  West 
Africa, south of  the Sahel (de Clercq et al., 
2013, 2015)1. This expectation has regret-
tably been confirmed. Recent evidence, which 
has involved several ILRI scientists, has shown 
that the species is now present in large num-
bers throughout much of  Cameroon, apparently 
displacing R. (Boophilus) decoloratus as it spreads 
(Silatsa et al., 2019a,b).

In more detail, R. (Boophilus) microplus has 
become the dominant tick species on cattle in 
south-western Burkina Faso and southern 
Benin. A full year survey at three sites in Benin 
and three in Burkina Faso showed that the abun-
dance of  R. (Boophilus) microplus was over 50% 
of  all ticks collected of  all species at five of  the 
six sites. When tick counts were averaged over 
the full year, the daily numbers of  R. (Boophilus) 
microplus collected were Gogounou (38), Ouan-
golodougou (113), Farnifaso (164), Okpara 
(249), Kpinnou (465) and Kimini (710). At 
Gogounou, in the northern part of  Benin, A. var-
iegatum was the most abundant species at 26% of  
the total count, although the relative abundance 
of  R. (Boophilus) microplus was almost identical 
at 25%, suggesting that R. (Boophilus) microplus 
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is continuing to expand its range towards drier 
areas. Ongoing spread along the tropical, wetter 
near-coastal regions is, of  course, almost certain 
to occur.

No scientific studies have as yet been carried 
out to measure the impact of  such tick numbers 
on local cattle. However, based on Australian 
experience, the blood loss from a daily tick count 
of  100 or above would have significant effects on 
productivity, and the higher numbers could easily 
result in mortality, particularly at times of  nutri-
tional stress. Anecdotal evidence from farmers 
confirms this expectation.

The next evolving problem is that of  the 
spread of  acaricide resistance. In work led from 
Obihiro University of  Agriculture and Veterin-
ary Medicine in Hokkaido, Japan, and involving 
a number of  collaborating institutions in 
Uganda, ticks were collected from 30 farms 
across Uganda, all having a history of  acaricide 
failure (Vudriko et al., 2016). Such reported 
failures can be due to acaricide resistance, as is 
usually assumed, but other factors are com-
monly part of  the explanation. The major tick 
species were R. appendiculatus and R. (Boophi-
lus) decoloratus. Acaricide resistance assays 
showed that 90% of  the samples were resistant 
to synthetic pyrethroids and 60% of  the total 
were highly resistant, i.e. the acaricides had 
effectively no lethal activity. Resistance was high 
against a combined organophosphate/syn-
thetic pyrethroid product and was significant 
against organophosphates and amitraz. Resist-
ance to multiple acaricides was detected in 
about half  of  the samples. Over a 2-year period, 
three-quarters of  the farms had used two or 
more acaricides, and of  these, over half  had 
used chemical rotations that made no sense 
scientifically.

The work is significant for a number of  
reasons. Most obvious is the worryingly high 
frequency of  resistance and the occurrence of  
multiple resistance to diverse chemical groups. Se-
cond, the study underlines the importance of  in-
correct acaricide usage and the frequency with 
which it happens. Third, there is the fact that re-
sistance to acaricides was found in over 40% of  
the R. appendiculatus samples. It was once a com-
mon speculation that resistance would evolve 
slowly, if  at all, on multi-host ticks compared with 
the single-host Boophilus spp., with the alternative 
hosts perhaps providing a chemical-free refuge. 

Clearly, under the conditions of  cattle farming in 
Uganda, this has not been the case.

The Future

Given the diversity of  tick-related problems, 
where might ILRI best make its future research 
contributions? Its greatest competitive advan-
tage over most other research providers is the 
close juxtaposition of  facilities for large-animal 
experimentation and parasite culture with la-
boratories capable of  advanced molecular re-
search. This is more than a huge experimental 
advantage. In a more indefinable but still im-
portant way, it brings together the molecular sci-
entist and the livestock target of  the scientist’s 
research. This juxtaposition could be utilized in 
many ways, but three examples suffice. First, as 
is clear throughout this chapter, current tick 
and tick-borne disease control depends heavily 
on synthetic acaricides. Resistance to these is an 
increasing problem. No effective resistance man-
agement strategy can be developed until resist-
ance can be rapidly and accurately diagnosed, 
which itself  presupposes an understanding of  
resistance mechanisms. Current methods of  
diagnosis have not changed significantly in dec-
ades, are often slow and are too frequently in-
accurate. To do better is a challenging research 
problem.

The second area where the close associ-
ation of  scientist/laboratory/experimental ani-
mal is beneficial is in vaccine research. This 
is as true of  anti-tick vaccines as it is of  ECF 
vaccines. Interest in this approach to tick 
control for African ticks is developing. Despite 
ILRI’s worthwhile contributions to this area, 
the institute has always lacked a tick vaccine 
programme. As described above, the wealth 
of  genomic information and associated experi-
mental techniques together offer abundant new 
opportunities and approaches (de la Fuente 
et al., 2016). If  the promise of  these is yet to be 
convincingly realized, it is undoubtedly true 
that the combination of  new science, trad-
itional biology and large-animal evaluation is a 
powerful combination that ILRI is well placed 
to exploit.

A third possibility is the investigation of  
the genetics of  within-breed and between-breed 
variation in the ability of  livestock, especially 
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cattle, to become resistant to ticks. This has 
been a major component of  the management 
of  R. (Boophilus) microplus both in Australia 
and South America. In the African context, 
questions of  fundamental scientific interest 
and practical importance are unanswered. For 
example, to what degree are indigenous cattle 
resistant to ticks? Are there between-animal 
differences in heritability high enough to be 
useful? To what degree is the acquisition of  
resistance effective against multiple tick spe-
cies? ILRI possesses the scientific skills, the 
biological resources and, importantly, the in-
frastructure and field stations to address such 
questions.

Each of  these options would be about devel-
oping technologies, at best partial solutions to 
practical problems. As has been described above, 
a robust solution to the control of  ticks and tick-

borne disease requires an understanding of  tick 
distributions and economic impacts; the current 
and future effects of  climate change; and the 
regulatory system and the production environ-
ment in which tick control is to be applied. ILRI 
has skills in all of  these areas and a strong focus 
on at least one target group, the smallholder 
livestock farmer. Thus, ILRI has, in principle, not 
only the potential to develop new technologies 
but also the infrastructure and experience to 
facilitate their effective adoption.
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Note
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catiC project, led by Hassane Adakal, have provided the above data, mostly collected during 2012–2013.

References

Adakal, H., Biguezoton, A., Zoungrana, S., Courtin, F., de Clercq, E.M. et al. (2013) Alarming spread of the 
Asian cattle tick Rhipicephalus microplus in West Africa – another three countries are affected: 
Burkina Faso, Mali and Togo. Experimental and Applied Acarology 61, 383–386.

Barker, S.C. and Murrell, A. (2004) Systematics and evolution of ticks with a list of valid genus and species 
names. Parasitology 129 (Suppl. 1), S15–S36.

Bazarusanga, T., Geysen, D., Vercruysse, J. and Madder, M. (2007) An update on the ecological distribution 
of Ixodid ticks infesting cattle in Rwanda: countrywide cross-sectional survey in the wet and the dry 
season. Experimental and Applied Acarology 43, 279–291.

Bishop, R., Lambson, B., Wells, C., Pandit, P., Osaso, J., et al. (2002) A cement protein of the tick Rhipi-
cephalus appendiculatus, located in the secretory e cell granules of the type III salivary gland acini, 
induces strong antibody responses in cattle. International Journal for Parasitology 32, 833–842.

Costa, E.P., Façanha, A.R., Cruz, C.S., Silva, J.N., Machado, J.A., et al. (2017) A novel mechanism of func-
tional cooperativity regulation by thiol redox status in a dimeric inorganic pyrophosphatase. Bio-
chimica et Biophysica Acta 1861, 2922–2933.

de Castro, J.J. (1997) Sustainable tick and tickborne disease control in livestock improvement in developing 
countries. Veterinary Parasitology 71, 77–97.

de Castro, J.J., Young, A.A.S., Dransfield, R.R.D., Cunningham, M.P.M. and Dolan, T.T.T. (1985a) Effects of 
tick infestation on Boran (Bos indicus) cattle immunised against theileriosis in an endemic area of 
Kenya. Research in Veterinary Science 39, 279–288.

de Castro, J.J., Cunningham, M.P., Dolan, T.T., Dransfield, R.D., Newson, R.M., et al. (1985b) Effects on 
cattle of artificial infestations with the tick Rhipicephalus appendiculatus. Parasitology 90, 21–33.

de Clercq, E.M., Vanwambeke, S.O., Sungirai, M., Adehan, S., Lokossou, R., et al. (2012) Geographic dis-
tribution of the invasive cattle tick Rhipicephalus microplus, a country-wide survey in Benin. 
Experimental and Applied Acarology 58, 441–452.

de Clercq, E.M., Estrada-Peña, A., Adehan, S., Madder, M. and Vanwambeke, S.O. (2013) An update on 
distribution models for Rhipicephalus microplus in West Africa. Geospatial Health 8, 301–308.



	 Ticks and Their Control	 383

de Clercq, E.M., Leta, S., Estrada-Peña, A., Madder, M., Adehan, S., et al. (2015) Species distribution mod-
elling for Rhipicephalus microplus (Acari: Ixodidae) in Benin, West Africa: comparing datasets and 
modelling algorithms. Preventive Veterinary Medicine 118, 8–21.

de la Fuente, J., Kopácek, P., Lew-Tabor, A. and Maritz-Oliver, C. (2016) Strategies for new and improved 
vaccines against ticks and tick-borne diseases. Parasite Immunology 38, 754–769.

Estrada-Peña, A., Bouattour, A., Camicas, J.-L., Guglielmone, A., Horak, I., et al. (2006) The known distri-
bution and ecological preferences of the tick subgenus Boophilus (Acari: Ixodidae) in Africa and Latin 
America. Experimental and Applied Acarology 38, 219–235.

Fawcett, D.W., Doxsey, S. and Büscher, G. (1981) Salivary gland of the tick vector (R. appendiculatus) 
of East Coast Fever. II. Cellular basis for fluid secretion in the type III acinus. Tissue Cell 13, 
231–253.

Fawcett, D.W., Büscher, G. and Doxsey, S. (1982) Salivary gland of the tick vector of East Coast Fever. 
III. The ultrastructure of sporogony in Theileria parva. Tissue Cell 14, 183–206.

Fujisaki, K., Irvin, A.D., Voigt, W.P., Leitch, B.L. and Mozaria, S.P. (1988) The establishment of infection in 
the salivary glands of Rhipicephalus appendiculatus ticks by transplantation of kinetes of Theileria 
parva and the potential use of the method for parasite cloning. International Journal for Parasitology 
18, 75–78.

Grace, D., Bett, B., Lindahl, J.F. and Robinson, T.P. (2015) Climate and livestock disease: assessing the 
vulnerability of agricultural systems to livestock pests under climate change scenarios. CCAFS Work-
ing Paper No. 116. CCAFS, Copenhagen.

Guerrero, F.D., Nene, V.M., George, J.E., Barker, S.C. and Willadsen, P. (2006) Sequencing a new target gen-
ome: the Boophilus microplus (Acari: Ixodidae) genome project. Journal of Medical Entomology 43. 9–16.

Guerrero, F.D., Moolhuijzen, P., Peterson, D.G., Bidwell, S., Caler, E., et al. (2010) Reassociation kinetics-
based approach for partial genome sequencing of the cattle tick, Rhipicephalus (Boophilus) microplus. 
BMC Genomics 11, 374.

Gulia-Nuss, M., Nuss, A.B., Meyer, J.M., Sonenshine, D.E., Roe, R.M. (2016) Genomic insights into the 
Ixodes scapularis tick vector of Lyme disease. Nature Communications 7, 10507.

Henson, S., Bishop, R.P., Morzaria, S., Spooner, P.R., Pelle, R., et al. (2012) High-resolution genotyping 
and mapping of recombination and gene conversion in the protozoan Theileria parva using whole 
genome sequencing. BMC Genomics 13, 503.

Hill, C.A. and Wikel, S.K. (2005) The Ixodes scapularis genome project: an opportunity for advancing tick 
research. Trends in Parasitology 21, 151–153.

Irvin, A.S., Boarer, C.D., Dobbelaere, D.A., Mahan, S.M., Masake, R., et al. (1981) Monitoring Theileria 
parva infection in adult Rhipicephalus appendiculatus ticks. Parasitology 82, 137–147.

Kamau, L., Skilton, R.A., Odongo, D.O., Mwaura, S., Githaka, N., et al. (2011) Differential transcription of 
two highly divergent gut-expressed Bm86 antigen gene homologues in the tick Rhipicephalus appen-
diculatus (Acari: Ixodida). Insect Molecular Biology 20, 105–114.

Kamau, L.M., Skilton, R.A., Githaka, N., Kiara, H., Kabiru, E., et al. (2016) Extensive polymorphism of Ra86 
genes in field populations of Rhipicephalus appendiculatus from Kenya. Ticks and Tick-borne Dis-
eases 7, 772–781.

Kamidi, R.E. and Kamidi, M.K. (2005) Effects of a novel pesticide resistance management strategy on tick 
control in a smallholding exotic-breed dairy herd in Kenya. Tropical Animal Health and Production 37, 
469–478.

Kanduma, E.G. Mwacharo, J.M., Sunter, J.D., Nzuki, I., Mwaura, S., et al. (2012) Micro- and minisatellite-
expressed sequence tag (EST) markers discriminate between populations of Rhipicephalus appen-
diculatus. Ticks and Tick-borne Diseases 3, 128–136.

Kanduma, E.G. Mwacharo, J.M., Githaka, N.W., Kinyanjui, P.W., Njuguna, J.N., et al. (2016a) Analyses of 
mitochondrial genes reveal two sympatric but genetically divergent lineages of Rhipicephalus appen-
diculatus in Kenya. Parasites & Vectors 9, 353.

Kanduma, E.G. Mwacharo, J.M., Mwaura, S., Njuguna, J.N., Nzuki, I., et al. (2016b) Multi-locus genotyping 
reveals absence of genetic structure in field populations of the brown ear tick (Rhipicephalus appen-
diculatus) in Kenya. Ticks and Tick-borne Diseases 7, 26–35.

Kanduma, E.G., Bishop, R.P., Githaka, N.W., Skilton, R.A., Heyne, H., et al. (2019) Mitochondrial and 
nuclear multilocus phylogeny of Rhipicephalus ticks from Kenya. Molecular Phylogenetics and 
Evolution 140, 106579.

Kopp, N., Diaz, D., Amacker, M., Odongo, D.O., Beier, K., et al. (2009). Identification of a synthetic peptide 
inducing cross-reactive antibodies binding to Rhipicephalus (Boophilus) decoloratus, Rhipicephalus 



384	 P. Willadsen	

(Boophilus) microplus, Hyalomma anatolicum and Rhipicephalus appendiculatus BM86 homologues. 
Vaccine 28, 261–269.

Lambson, B., Nene, V., Obura, M., Shah, T., Pandit, P., et al. (2005) Identification of candidate sialome 
components expressed in ixodid tick salivary glands using secretion signal complementation in 
mammalian cells. Insect Molecular Biology 14, 403–414.

Lawrence, J.A., Foggin, C.M. and Norval, R.A. (1980). The effects of war on the control of diseases of livestock 
in Rhodesia (Zimbabwe). Veterinary Record 107, 82–85.

Lessard, P., L’Eplattenier, R., Norval, R.A., Kundert, K., Dolan, T.T., et al. (1990) Geographical information 
systems for studying the epidemiology of cattle diseases caused by Theileria parva. Veterinary Record 
126, 255–262.

Lynen, G., Zeman, P., Bakuname, C., Di Giulio, G., Mtui, P., et al. (2008). Shifts in the distributional ranges 
of Boophilus ticks in Tanzania: evidence that a parapatric boundary between Boophilus microplus 
and B. decoloratus follows climate gradients. Experimental and Applied Acarology 44, 147–164.

Madder, M., Thys, E., Geysen, D., Baudoux, C. and Horak, I. (2007) Boophilus microplus ticks found in 
West Africa. Experimental and Applied Acarology 43, 233–234.

Madder, M., Thys, E., Achi, L., Touré, A. and de Deken, R. (2011) Rhipicephalus (Boophilus) microplus: a most 
successful invasive tick species in West-Africa. Experimental and Applied Acarology 53, 139–145.

Madder, M., Adehan, S., de Deken, R., Adehan, R. and Lokossou, R. (2012) New foci of Rhipicephalus 
microplus in West Africa. Experimental and Applied Acarology 56, 385–390.

Mekonnen, S., Kgasi, A., Mureithi, W., Zena, G., Tekle, T., et al. (2004) In vivo and in vitro evaluation of the 
efficacy of cypermethrin high-cis (ECOTOMIN) against economically important cattle ticks in Ethiopia. 
Ethiopian Veterinary Journal 8, 29–38.

Minjauw, B. and McLeod, A. (2003) Tick-borne diseases and poverty. The impact of ticks and tick-borne 
diseases on the livelihood of small-scale and marginal livestock owners in India and eastern and 
southern Africa. Research report. DFID Animal Health Programme, Centre for Tropical Veterinary 
Medicine, University of Edinburgh, UK.

Mongi, A.O., Shapiro, S.Z., Doyle, J.J. and Cunningham, M.P. (1986) Characterization of antigens from 
extracts of fed ticks using sera from rabbits immunized with extracted tick antigen and by successive 
tick infestation. Insect Science and Its Application 7, 479–487.

Morzaria, S.P., Irvin, A.D., Wathanga, J., d’Souza, D., Katende, J., et al. (1988) The effect of East Coast 
fever immunisation and different acaricidal treatments on the productivity of beef cattle. Veterinary 
Record 123, 313–320.

Mulenga, A., Sugimoto, C., Sako, Y., Ohashi, K., Mozaria, S., et al. (1999). Molecular characterization of a 
Haemaphysalis longicornis tick salivary gland associated 29 kilodalton protein and its vaccine effect 
against tick infestation in rabbits. Infection and Immunity 67, 1652–1658.

Muraguri, G.R., McLeod, A. and McDermott, J.J. (2003) Efficacy of a deltamethrin-based pour-on in the 
control of tick-borne diseases and trypanosomosis in Kwale District, Kenya. Insect Science and Its 
Application 23, 69–74.

Nene, V., Lee, D., Kang’A, S., Skilton, R., Shah, T., et al. (2004) Genes transcribed in the salivary glands of 
female Rhipicephalus appendiculatus ticks infected with Theileria parva. Insect Biochemistry and 
Molecular Biology 34, 1117–1128.

Nene, V., Lee, D., Quackenbush, J., Skilton, R., Mwaura, S., et al. (2002) AvGI, an index of genes transcribed in 
the salivary glands of the ixodid tick Amblyomma variegatum. International Journal for Parasitology 
32, 1447–1456.

Norval, R.A. (1979) Tick infestations and tick-borne diseases in Zimbabwe Rhodesia. Journal of the South 
African Veterinary Association 50, 289–292.

Norval, R.A.I. and Perry, B.D. (1990) Introduction, spread and subsequent disappearance of the brown ear-
tick, Rhipicephalus appendiculatus, from the southern lowveld of Zimbabwe. Experimental and Ap-
plied Acarology 9, 103–111.

Norval, R.A.I., Perry, B.D. and Hargreaves, S.K. (1992) Tick and tick-borne disease control in Zimbabwe: 
what might the future hold? Zimbabwe Veterinary Journal 23, 1–15.

Norval, R.A., Perry, B.D., Meltzer, M.I., Kruska, R.L. and Booth, T.H. (1994) Factors affecting the distribu-
tions of the ticks Amblyomma hebraeum and A. variegatum in Zimbabwe: implications of reduced 
acaricide usage. Experimental and Applied Acarology 9, 383–407.

Nuttall, P.A., Labuda, M. and Bowman, A.S. (2008) Saliva-assisted transmission of tick-borne pathogens. 
In: Bowman, A.S. and Nuttall, P.A. (eds) Ticks: Biology, Disease and Control. Cambridge University 
Press. Cambridge, pp. 205–219.



	 Ticks and Their Control	 385

Ochanda, H., Young, A.S., Wells, C., Medley, G.F. and Perry, B.D. (1996) Comparison of the transmission 
of Theileria parva between different instars of Rhipicephalus appendiculatus. Parasitology 113, 
243–253.

Ochanda, H., Young, A.S., Medley, G.F. and Perry, B.D. (1998) Vector competence of 7 rhipicephalid tick stocks in 
transmitting 2 Theileria parva parasite stocks from Kenya and Zimbabwe. Parasitology 116, 539–545.

Odongo, D., Kamau, L., Skilton, R., Mwaura, S., Nitsch, C., et al. (2007) Vaccination of cattle with TickGARD 
induces cross-reactive antibodies binding to conserved linear peptides of Bm86 homologues in 
Boophilus decoloratus. Vaccine 25, 1287–1296.

Odongo, D.O., Ueti, M.W., Mwaura, S.N., Knowles, D.P., Bishop, R.P., et al. (2009) Quantification of Theileria 
parva in Rhipicephalus appendiculatus (Acari: Ixodidae) confirms differences in infection between 
selected tick strains. Journal of Medical Entomology 46, 888–894.

Okello-Onen, J., Mukhebi, A., Tukahirwa, E., Musisi, G., Bode, E., et al. (1998) Financial analysis of 
dipping strategies for indigenous cattle under ranch conditions in Uganda. Preventive Veterinary Medi-
cine 33, 241–250.

Okello-Onen, J., Tukahirwa, E.M., Perry, B.D., Rowlands, G.J., Nagda, S.M., et al. (1999) Population 
dynamics of ticks on indigenous cattle in a pastoral dry to semi-arid rangeland zone of Uganda. Ex-
perimental and Applied Acarology 23, 79–88.

Okello-Onen, J., Tukahirwa, E.M., Perry, B.D., Rowlands, G.J., Nagda, S.N., et al. (2003) The impact of tick 
control on the productivity of indigenous cattle under ranch conditions in Uganda. Tropical Animal 
Health and Production 35, 237–247.

Olds, C., Mwaura, S., Crowder, D., Odongo, D., van Oers, M., et al. (2012) Immunization of cattle with Ra86 
impedes Rhipicephalus appendiculatus nymphal-to-adult molting. Ticks and Tick-borne Diseases 3, 
170–178.

Olds, C.L., Mwaura, S., Odongo, D.O., Scoles, G.A., Bishop, R., et al. (2016) Induction of humoral immune 
response to multiple recombinant Rhipicephalus appendiculatus antigens and their effect on tick 
feeding success and pathogen transmission. Parasites & Vectors 9, 484.

Patel, E., Mwaura, S., Kiara, H., Morzaria, S., Peters, A., et al. (2016) Production and dose determination of 
the Infection and Treatment Method (ITM) Muguga cocktail vaccine used to control East Coast fever 
in cattle. Ticks and Tick-borne Diseases 7, 306–314.

Perry, B.D, Mukhebi, A.W., Norval, R.A.I. and Barrett, J.C. (1990a) A preliminary assessment of current and 
alternative tick and tick-borne disease control strategies in Zimbabwe. Report to the Director of Vet-
erinary Services, Zimbabwe. ILRAD, Nairobi.

Perry, B.D., Lessard, P., Norval, R.A.I., Kundert, K. and Kruska, R. (1990b) Climate, vegetation and the 
distribution of Rhipicephalus appendiculatus in Africa. Parasitology Today 6, 100–104.

Perry, B.D., Chamboko, T., Mahan, S.M., Medley, G.F., Minjauw, B., et al. (1998) The economics of in-
tegrated tick and tick-borne disease control on commercial farms in Zimbabwe. Zimbabwe Veterinary 
Journal 29, 21–29.

Perry, B.D., Randolph, T.F., McDermott, J., Sones, K.R. and Thornton, P.K. (2002) Investing in Animal 
Health Research to Alleviate Poverty. ILRI, Nairobi.

Peter, T.F., Perry, B.D., O’Callaghan, C.J., Medley, G.F., Shumba, W., et al. (1998) Distributions of the 
vectors of heartwater, Amblyomma hebraeum and Amblyomma variegatum (Acari: Ixodidae), in 
Zimbabwe. Experimental and Applied Acarology 22, 725–740.

Rothen, J., Githaka, N., Kanduma, E.G., Olds, C., Pflueger, V., et al. (2016) Matrix-assisted laser desorp-
tion/ionization time of flight mass spectrometry for comprehensive indexing of East African Ixodid tick 
species. Parasites & Vectors 9, 151.

Sabadin, G.A., Parizi, L.F., Kiio, I., Xavier, M.A., da Silva Matos, R., et al. (2017) Effect of recombinant gluta-
thione S-transferase as vaccine antigen against Rhipicephalus appendiculatus and Rhipicephalus 
sanguineus infestation. Vaccine 35, 6649–6656.

Seixas, A., Alzugaray, M.F., Tirloni, L., Parizi, L.F. and Pinto, A.F.M. (2018) Expression profile of Rhipiceph-
alus microplus vitellogenin receptor during oogenesis. Ticks and Tick-borne Diseases 9, 72–81.

Shaw, M.K., Tilney, L.G. and McKeever, D.J. (1993). Tick salivary gland extract and interleukin-2 stimulation en-
hance susceptibility of lymphocytes to infection by Theileria parva sporozoites. Infection and Immunity 61, 
1486–1495.

Silatsa, B.A., Kuiate, J.-R., Njiokou, F., Simo, G., Feussom, J.-M.K., et al. (2019a) A countrywide molecular 
survey leads to a seminal identification of the invasive cattle tick Rhipicephalus (Boophilus) microplus 
in Cameroon, a decade after it was reported in Cote d’Ivoire. Ticks and Tick-borne Diseases 10, 
585–593.



386	 P. Willadsen	

Silatsa, B.A., Simo, G., Githaka, N., Mwaura, S., Kamga, R.M., et al. (2019b) A comprehensive survey of 
the prevalence and spatial distribution of ticks infesting cattle in different agro-ecological zones of 
Cameroon. Parasites & Vectors 12, 489.

Sunter, J.D., Patel, S.P., Skilton, R.A., Githaka, N., Knowles, D.P. et al. (2008). A novel SINE family occurs 
frequently in both genomic DNA and transcribed sequences in ixodid ticks of the arthropod sub-phylum 
Chelicerata. Gene 415, 13–22.

Sutherst, R.W. (2003) Prediction of species geographical ranges. Journal of Biogeography 30, 805–816.
Thullner, F., Willadsen, P. and Kemp, D. (2007) Acaricide rotation strategy for managing resistance in the 

tick Rhipicephalus (Boophilus) microplus (Acarina: Ixodidae): laboratory experiment with a field strain 
from Costa Rica. Journal of Medical Entomology 44, 817–821.

Tønnesen, M.H., Penzhorn, B.L., Bryson, N.R., Stoltsz, W.H. and Masibigiri, T. (2004) Displacement of 
Boophilus decoloratus by Boophilus microplus in the Soutpansberg region, Limpopo Province, South 
Africa. Experimental and Applied Acarology 32, 199–208.

Ullmann, A.J., Lima, C.M.R., Guerrero, F.D., Piesman, J. and Black, W.C. (2005) Genome size and organ-
ization in the black-legged tick, Ixodes scapularis, and the southern cattle tick, Boophilus microplus. 
Insect Molecular Biology 14, 217–222.

Voigt, W.P., Young, A S., Mwaura, S.N., Nyaga, S.G., Njihia, G.M., et al. (1993) In vitro feeding of instars of 
the ixodid tick Amblyomma variegatum on skin membranes and its application to the transmission of 
Theileria mutans and Cowdria ruminatium. Parasitology 107, 257–263.

Vudriko, P., Okwee-Acai, J., Tayebwa, D.S., Byaruhanga, J., Kakooza, S., et al. (2016) Emergence of 
multi-acaricide resistant Rhipicephalus ticks and its implication on chemical tick control in Uganda. 
Parasites & Vectors 9, 4.

Waladde, S.M., Young, A.S., Mwaura, S.N., Njihia, G.N. and Mwakima, F.N. (1995) Optimization of the in vitro 
feeding of Rhipicephalus appendiculatus nymphae for the transmission of Theileria parva. Parasitology 
111, 463–468.

Waladde, S.M., Young, A.S. and Morzaria, S.P. (1996) Artificial feeding of ixodid ticks. Parasitology Today 12, 
272–278.

Willadsen, P. (2004) Anti-tick vaccines in ‘Ticks, Disease and Control’. Parasitology Supplement 129, 
S367–S388.

Willadsen P. (2008) Antigen cocktails: valid hypothesis or unsubstantiated hope? Trends in Parasitology 24, 
164–167.

Young, A.S., Dolan, T.T., Mwakima, F.N., Ochanda, H., Mwaura, S.N., et al. (1995) Estimation of heritability 
of susceptibility to infection with Theileria parva in the tick Rhipicephalus appendiculatus. Parasit-
ology 111, 31–38.

Young, A.S., Waladde, S.M. and Morzaria, S.P. (1996a) Artificial feeding systems for ixodid ticks as a tool for 
study of pathogen transmission. Annals of the New York Academy of Sciences 791, 211–218.

Young, A.S., Dolan, T.T., Morzaria, S.P., Mwakima, F.N., Norval, R.A.I., et al. (1996b) Factors influencing 
infections in Rhipicephalus appendiculatus ticks fed on cattle infected with Theileria parva. Parasitology 113, 
255–266.


