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Abstract

Ticks present a major challenge in livestock production, given the increased demand for animal protein
worldwide. In addition to being vectors of numerous diseases in livestock, ticks cause blood loss, worry
and damage hides. Anaplasmosis, Theileriosis, Babesiosis and cowdriosis are amongst the critical tick-
borne diseases causing havoc across the world in the livestock industry. Global economic losses caused by
these ectoparasites amount to billions of dollars annually. Although there are different methods of tick
control, they all have shortcomings which frustrate the efforts of farmers in controlling ticks and tick-borne
diseases. This has motivated researchers to search for sustainable alternative methods of tick control which
include the genetic selection of naturally resistant breeds. The Major Histocompatibility complex (MHC)
also known as the Bovine Leukocyte Antigen (BoLA) in cattle has been associated with tick-borne disease
resistance in some cattle breeds. Different breeds have different levels of resistance to ticks and tick-borne
diseases. The Bos indicus breeds and their crosses are known to be more resistant to ticks and tick-borne
diseases than the Bos Taurus. Given the downsides of acaricides, vaccines and other tick-control methods,
the use of tick and tick-borne disease-resistant cattle breeds is a promising choice for tick and tick-borne
disease control. This review summarizes the role of the MHC in resistance to ticks and tick-borne diseases
in indigenous cattle breeds of Sub-Saharan Africa.
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Introduction

Rainfed agriculture produces the majority of the food consumed in sub-Saharan Africa (SSA) and it is
the backbone of rural economy and food security for the majority of the rural population in SSA (Abrams,
2018). However, rainfall variability, ectoparasites and diseases remain major obstacles in agricultural
production, resulting in major losses in especially livestock production. Ticks and tick-borne diseases are
responsible for major losses by impacting animal production directly (feeding on their hosts causing blood
loss and weight loss) or indirectly by acting as vectors of pathogenic diseases (Sahara et al., 2019). Global
losses (which include costs associated with diseases caused by Rhipicephalus microplus and control of this
tick) are estimated to be between USD 13.9-18.7 billion per year (Hurtado & Giraldo-Rios, 2018). Different
tick control methods include; vaccinations, chemical control, biological control and traditional control
methods. Each control method has its advantages and disadvantages. Chemical control is the primary
method used to combat tick infestations. However, the costs of acaricides are considerable, and most
importantly, there is a rising concern for the development of chemical resistance in some ticks. Furthermore,
there is increasing concern regarding the accumulation of chemical residues in organs and the environment
and consequent adverse effects on food quality, with risks for human health (Sparagano & Giangaspero,
2011). Owing to the drawbacks of acaricides, alternative methods such as the utilization of host resistance
to ticks could reduce the use of acaricides.

The origin of ancient and modern cattle in Africa is still a matter of debate among researchers.
Mitochondrial and Y-chromosome DNA evidence suggests independent domestications of indicine or
humped cattle in South Asia and taurine or straight-backed cattle in Southwest Asia (Loftus et al., 1994). It
is hypothesized that taurine cattle were the first to arrive in Africa around 7000 BP from Southwest Asia
(Brass, 2013) and spread to southern Africa around 2000 BP (Smith, 2000). Since their arrival in Africa,
extensive crossbreeding occurred between taurine and indicine cattle resulting in Sanga cattle (Hanotte et
al., 2002). Today, there are three groups of modern cattle in Africa; taurine, indicine (Zebu) and taurine-
indicine (Sanga). The distributions of Bos indicus, Bos taurus and their crossbreeds in sub-Saharan Africa
is shown in Figure 1.

Efforts to characterize indigenous cattle breeds in SSA at a molecular level are underway with the primary
focus on improving productivity and increasing disease resistance (Madilindi et al., 2020). Genetic
variability for bovine tick resistance in cattle breeds in SSA has been studied (Yessinou et al., 2018;
Mapholietal., 2017; Wambura et al., 1998), showing potential for the improvement of this trait. It is widely
accepted that B. indicus breeds are more resistant to ticks than B. taurus breeds. This is due to their long
history of being reared in tick and Tick-borne diseases (TBDs) endemic areas and have hence evolved
mechanisms that enable them to co-exist with specific pathogens making them a valuable source of genetic
material (Mapholi et al., 2017).

The major histocompatibility complex (MHC) has been identified as one of the candidate genes coding
for tick and TBDs resistance in bovines, and over several decades, numerous studies on genomic analysis
of the bovine MHC have confirmed the association with tick and TBD resistance (Haikukutu et al., 2017
Duangjinda et al., 2013; Porto-Neto et al., 2011; Untalan et al., 2007; Martinez et al., 2006; Acosta-
Rodriguez et al., 2005; Stear et al., 1984). These studies and many more were driven by the need to develop
improved methods of ectoparasite and TBD control and have primarily focused on identifying associations
of MHC genes with TBDs or ectoparasites. This has yielded information that is of value in breeding
practices with a primary focus on breeding for parasite and TBD resistance and also on the design of novel
vaccines.
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Figure 1: Distributions of indigenous cattle in sub-Saharan Africa (Adapted from Mwai et al., 2015).

The use of natural ticks and TBD resistant animals show a promising solution in efforts to increase
productivity and mitigate ticks and TBDs in SSA. Interestingly, resistance and susceptibility to infections
other than TBDs are also associated with the MHC (Derakhshani et al., 2018; Gutiérrez et al., 2017; Lei et
al., 2012). Found in most vertebrates, the MHC plays a central role in the function of the immune system,
and this is mainly due to the polymorphic nature of the genes encoding the MHC. Genes within the major
histocompatibility complex encode many proteins involved in antigen processing and presentation. Most
MHC studies to date have been carried out on B. taurus breeds, with limited analysis of African B. indicus
cattle breeds.

The bovine major histocompatibility complex (BoLA)

The MHC of cattle also known as the Bovine Leukocyte Antigen (BoLA) is located on the short arm of
chromosome 23 with an estimated size of about 4000 Kb containing 154 genes (Elsik et al., 2009). This
vital component of the immune system plays a significant role in eliminating or neutralizing pathogens by
binding to peptide fragments derived from pathogens and displaying them on the cell surface for recognition
by the appropriate T cells (Janeway et al., 2001). The existence of BoLA was established over 35 years
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ago (Spooner et al., 1979), and since then, the MHC has been a significant focus of most disease association
studies. The MHC is well known for its polygenic and polymorphic nature enhancing the repertoire of
epitopes that an individual can recognize, hence virtually elimination of pathogens. Similar to humans and
mice, three different groups of MHC molecules exist in bovines; Class 1, class Il and class I11. These classes
differ in their structure and function are therefore found on different cells. While class | molecules are found
on all nucleated cells, class 1l molecules are expressed on antigen-presenting cells (APCs), such as B
lymphocytes, dendritic cells and macrophages. Class | molecules present peptides to CD8" T-lymphocytes,
consequently killing virus-infected and neoplastic cells, whereas class Il molecules have a function of
presenting peptides derived from extracellular pathogens to CD4* T cells (Abbas et al., 2007). It is essential
to understand that several evolutionary events have contributed to MHC diversity resulting in
duplications/deletions of some loci (Ellis & Ballingall, 1999). A comprehensive review of the major
histocompatibility complex in bovines was documented by Behl et al., (2012) concluding that high
polymorphism of MHC genes could be useful in marker-assisted selection.

The BoLA consists of two functional gene components, namely: the DR and DQ molecules. Both
molecules present processed pathogen antigens to CD4* T lymphocyte cells. Because the DRA chain is
monomorphic, the DRB chain is the primary source of diversity in DR molecules (Norimine & Brown,
2005). BoLA-DQA also exhibits polymorphism but is not as well documented as the BoLA-DRB. The
BoLA-DRB3 is known to be the only functional DRB gene and is the most polymorphic locus in MHC
class 11 genes. The genetic linkage map of the BoLA is shown in Figure 2.
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Figure 2: Genetic Linkage map of the central histocompatibility complex region in cattle (Adapted from
Amills et al., 1998).

Genetic diversity of the BoLA and its role in ticks and tick-borne disease resistance in sub-Saharan
African Bos indicus cattle and their crossbreeds

The genetic diversity of the BoLA has been well studied, more so in B. taurus than in B. indicus breeds,
leaving the molecular diversity of local indigenous breeds in SSA untapped. Molecular markers are useful
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tools used in investigating and quantifying genetic diversity. Application of molecular markers in bovine
genetics research includes markers in milk quality and production (He et al., 2006; Grisart et al., 2002),
disease resistance (Coussens & Nobbis, 2002), thermo-tolerance in cattle (Hansen, 2004) and meat
tenderness (Casas et al., 2006). Molecular markers can also be used efficiently in breeding and management
decisions in order to increase productivity. Various molecular markers exist such as restriction fragment
length polymorphisms (RFLPs), microsatellites and single nucleotide polymorphisms (SNPs) markers.
These markers differ in many ways, including costs, technical requirements, the amount of genetic variation
detected and reproducibility.

Livestock diversity of the B. indicus is threatened as these breeds become replaced by the more productive
B. taurus breeds or through indiscriminate crossbreeding. Breed characterization allows for the evaluation
of genetic variability using different genetic markers (Singh, 2014). Molecular markers can allow prediction
of breeding values for traits such as parasite and disease resistance that had previously been difficult to
measure and hence were not included in the selection criterion (Beckmann & Soller, 1987).

The BoLA-DRB3 is the most polymorphic bovine MHC gene, and by 2017, at least 136 different alleles
were reported (Maccari et al., 2017). Most MHC studies on BoLA-DRB3 diversity have been carried out on
B. taurus breeds and B. indicus breeds from Asia and South America, with very few studies on African B.
indicus cattle breeds. Peters et al. (2018), assessed the level of genetic diversity of BoLA DRB 3.2 in four
African cattle breeds; N’Dama, Sokoto Gudali, White Fulani and Muturu and reported higher haplotype
frequency in these breeds compared with Asian cattle breeds. Estimated diversity indices suggested that
N’Dama cattle exhibited relatively highest diversity at the DRB3.2 locus with ten haplotypes. The high
haplotype frequency observed in African cattle was attributed to the numerous parasites and disease
challenges predominant in the continent. Haikukutu et al., (2017) analyzed the genetic diversity of four
BoL A microsatellite loci in Namibian Sanga, Namibian Afrikaner, South African Nguni and South African
Bonsmara (crossbreed) and Hereford (B. taurus). The study revealed high BoLA diversity in B. indicus
breeds (Namibian Sanga, Namibian Afrikaner, South African Nguni) and the Nguni crosses (South African
Bonsmara) compared to the B. taurus breed (Hereford). The number of alleles ranged from 5.5 alleles in
Namibian Afrikaner to 7.7 alleles in South African Nguni and Bonsmara cattle. Unbiased heterozygosity
values ranged from 0.66 (Namibian Afrikaner) to 0.76 (South African Bonsmara). The level of genetic
diversity could not be correlated with tick counts due to tick control programs followed by the
breeders. Results from the BoLA genetic diversity and structure analysis of Sudanese B. indicus cattle
breeds (Baggara, Butana, Kenana) revealed 53 alleles, including 7 new alleles (Salim et al., 2020). Genetic
diversity at the BoLA-DRB3 locus was investigated in N' Dama (B. taurus) and African Zebu (B. indicus)
cattle revealing extensive genetic diversity of 18 alleles (Mikko & Andersson, 1995).

The diversity of BoLA-DQ genes and their role in disease resistance is not well documented as the BoLA-
DRB3. The BoLA-DQA gene exhibit some level of polymorphism, although not as high as the BoLA-DRB3.
Ballingall et al. (1997) analysed the genetic diversity of BoLA-DQA loci in Kenyan Boran, Ethiopian Arsi
(B. indicus), and Guinean N’Dama (B. taurus) cattle and identified 13 DQAL alleles, 5 DQAZ2 alleles and 7
DQA3 alleles. The author concluded that the differences in DQ and DRB3 diversity are open to speculation;
however, the diversity observed in African cattle populations can be attributed to their domestication and
subsequent inter-mixing. In another study on African cattle (Boan and N’dama), 12 DQAL alleles were
reported (Gelhaus et al., 1995). These markers are therefore important in selecting breeds that are resistant
to ticks and can tolerate TBDs and can optimally adapt to harsh conditions and endemic tick areas of SSA
(Medugorac et al., 2009).
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Genetic diversity of the BoLA and its role in tick and tick-borne diseases resistance in Asian and
South American Bos indicus cattle and their crosses

Extensive research on BoLA diversity has been done on Asian and American Zebu cattle populations.
The first study showing MHC genes association with tick infestation was done in Mexico in Zebu
crossbreeds. However, the pioneering work of Francis & Ashton (1967) paved the way for all studies on
markers for tick resistance. Acosta-Rodriguez et al. (2005), analysed the BoLA-DRB 3.2 association with
Boophilus microplus tick infestation in Zebu crossbreeds. The author reported a positive association
between alleles DRB3-184, BM1815-152, DRBP1-130 and tick infestation. In another study, Zebu cattle
and their crosses were found to exhibit a high tolerance to TBDs (Anaplasma marginale, Babesia bigemina,
Babesia bovis) and alleles associated with resistance and susceptibility to these TBDs were also identified
(Duangjinda et al., 2013). In South America, BoLA-DRB3 diversity analysis in Zebu cattle breeds (Nellore,
Brahman, and Gir) revealed high levels of polymorphism with a number of alleles ranging from 19 in Gir
to 33 in Nellore-Brahman (Takeshima et al., 2018). Moreover, these Zebu breeds had a gene diversity score
higher than 0.86, a nucleotide diversity score higher than 0.06. Thirty-seven BoLA-DRB3.2 alleles were
detected in Indian B. indicus (Malnad Gidda, Hallikar, Ongole) using PCR-RFLP (Das et al., 2012).
Moreover, 18 BoLA-DRB3 new alleles were characterized using PCR-RFLP typing method in Zebu
Brahman cattle in Martinique, revealing the uniqueness of this breed (Maillard et al., 1999). A study that
involved a Brahman-Angus cross cow demonstrated that BoLA-DQ molecules derived from inter-
haplotype and intra-haplotype pairing of A and B chains are functional in presenting Anaplasma marginale
and Babesia bovis peptides (Norimine & Brown, 2005). This suggests that the BoLA-DQ genes also play
essential roles in TBD resistance. These markers are, therefore crucial in selecting breeds that are resistant
to ticks and can tolerate TBDs and can optimally adapt to harsh conditions and endemic tick areas of SSA
(Medugorac, et al., 2009). Even though these studies were not done in Africa, they have paved the way
for researchers in Africa to research on the association of MHC class Il genes with tick resistance.

Tick and Tick-borne diseases resistance in Bos indicus and their crossbreeds

Bos indicus (Zebu or humped cattle) makes up the majority of cattle in Africa and are mainly found in
the northern as well as eastern parts of Africa (Kim et al., 2017). The Sanga cattle (taurine-indicine hybrids)
are predominantly found in the central and southern part of Africa. The majority of indigenous African
cattle are still managed under traditional semi-extensive systems in communal areas and are subjected to
intense environmental pressures (heat, drought) and diverse disease challenges (Musisi & Lawrence, 1995).
There is a consistent agreement that B. indicus cattle exhibit higher resistance to ticks than B. taurus breeds
(Constantinoiu et al., 2010; Piper et al., 2009). Utech et al. (1978), defined tick resistance as the ability of
cattle to limit the number of ticks that survive to maturity. It has long been suggested that cattle resistance
to ticks is hereditary (Hull, 1912). Subsequently, numerous studies have reported the heritability of tick
resistance in different cattle breeds (Ayres et al., 2013; Porto Neto et al., 2011; Budeli et al., 2009).

A cohort study done in Tanzania assessed natural tick infestation on Zebu cattle in Tanzania based on
geographical locations, animals were dipped once every two to three weeks to control the tick challenge.
Results revealed that more animals (P < 0.05) were infested with ticks in Tarime district (96.1 %) than in
Serengeti (61.7 %) suggesting that Serengeti Zebu herds exhibited high resistance to ticks than Tarime Zebu
herds (Laisser et al., 2016). The Nguni breed of South Africa is one of the most researched Sanga breeds.
Numerous studies reported significantly high resistance of Nguni to ticks compared to other South African
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cattle breeds (Marufu et al., 2011; Rechav & Kostrzewski, 1991; Spickett et al., 1989). Mapholi et al.
(2016), used SNP markers to assess host resistance of South African Nguni to ticks and however, obtained
a low heritability estimate ranging from 0.02 + 0.00 to 0.17 + 0.04. Tick resistance in Afrikaner and
Drakensberger breeds of Sanga cattle in South Africa has also been reported by Fourie et al. (2013) and
attributed to coat score and hide the thickness. Magona et al. (2011), demonstrated differences in tick
resistance of Ugandan Nkedi Zebu cattle to R. decoloratus, A. variagatum, R. appendiculatus suggesting
that cattle can possess species-specific resistance to ticks.

Given that B. taurus breeds are more susceptible to ticks, genetic management for ticks in exotic breeds
is mainly attained by crossbreeding B. indicus with B. taurus breeds thus introgressing tick resistance genes
into improved breeds (Taberlet et al., 2008). The Bonsmara breed (Afrikaner-exotic crossbreed) has been
reported to possess high levels of tick resistance in several studies (Nyangiwe et al., 2011; Budeli et al.,
2009; Spickett et al., 1989). The crosses between Horro (Zebu) and Jersey cattle in Ethiopia have also been
reported to exhibit a high degree of tick resistance (Irvin et al., 1996). In another study, acquired immunity
against Theileiria parva was demonstrated in two Tanzanian indigenous cattle breeds (Tarime and Sukuma
cattle) in the Lake zone (Laisser et al., 2016). In Kenya, Zebu cattle from an East Coast Fever (ECF)
endemic area were reported to have a better ability to control the course of the ECF disease and recover in
a shorter period than Friesian (B. taurus) cattle (Ndungu et al., 2005). In Zambia, over 200 000 cattle have
been exposed to Babesiosis and Anaplasmosis (Makala et al., 2003). However, not all animals developed
overt disease the Sanga cattle due to enzootic stability suggesting high resistance of indigenous breeds to
TBDs. This indicates that there are differences in susceptibility to ticks and TBDs between breeds. Most
cattle in Africa live in a state of enzootic stability concerning TBDs, where the majority of the population
is infected and immune, and little or no clinical disease occurs. Existence of enzootic stability in a cattle
population to TBDs, thus limits the worst of the impact of TBDs (Musisi et al., 1995). High natural
resistance implies that there may be a genetic basis to host resistance to ticks and TBDs which if
characterized, could be used in selecting for resistant breeds.

African indigenous cattle breeds are adapted to their local environments that are generally unsuitable for
exotic cattle breeds. Such environments are characterized by high temperatures, frequent droughts and
vector-borne diseases. Despite their adaptations, indigenous African cattle are perceived as inferior to exotic
cattle because of their low meat and milk production potentials compared to exotic cattle (Mapiye et al.,
2007). However, these assumptions do not factor in the fact that these cattle are reared in low-input
environments, whereas exotic cattle are reared in high-input environments. There have been some reports
of indigenous cattle with good dairy and beef characteristics (Kugonza et al., 2011; Musa et al., 2005;
Schoeman, 1989) such as high calving rate (89,6%) within the Sanga (Nguni) cattle in South Africa and
Namibia (Schoeman, 1989). In efforts to reach a balance between ticks and TBDs resistance and improved
productivity, Nguni cattle development projects were initiated in communal areas of South Africa (Mapiye
et al., 2007). These projects were introduced to solve production constraints faced by Nguni cattle farmers.
Nguni cattle have the potential and ability to produce high-quality beef that is comparable to exotic breeds
(Musenwa et al., 2008). Mapiye et al. (2007), stressed that the development and research programmes aimed
at reintroducing the Nguni breed in the rural areas should take a holistic and participatory approach in agro-
processing and value-addition of their products.

Crossbreeding B. indicus with B. taurus for beef production provides the necessary improvement in
productivity or potential but is accompanied by lowered resistance to ticks (Musisi et al., 1995). Several
studies (Nyangiwe et al., 2011; Budeli et al., 2009; Scholtz et al., 2005; Spickett et al., 1989) have been
conducted to determine the level of tick resistance of the Bonsmara breed. Results have shown that this
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breed possesses some resistance to ticks although not as high as the Nguni breed but neither as low as the
Hereford breed (Musisi et al., 1995). This suggests that tick resistance decrease in B. indicus crosses.
Marufu et al. (2011), attributed the low resistance of the Bonsmara to the coat thickness. Crossbred cattle
do not only exhibit resistance to ticks but also TBDs. In Uganda, Ankole cattle were investigated for TBD
resistance and were found to possess moderate resistance with optical density (OD) values for antibodies
against T. parva (1.030-1.302); A. marginale (0.442-0.603) and B. bigemina infections (0.863-2.154)
coupled with a moderate production potential (Magona et al., 2011). The Horro (Zebu) x Jersey crosses in
Ethiopia have also been reported to exhibit a high degree of tick resistance (Irvin et al., 1996).

Ticks and Tick-borne diseases of economic importance in sub-Saharan Africa

Ticks are considered to be the most important ectoparasite of livestock in tropical and sub-tropical regions
(Rajput et al., 2006). Approximately 900 species of ticks are recognized globally, of which about 700
species are hard ticks, and 200 species are soft ticks (Madder et al., 2013). The most notable ones belong
to the Rhipicephalus, Hyalomma and Amblyomma genera; these are responsible for causing significant
economic losses in SSA (Walker et al., 2003). Ticks of veterinary importance in SSA are as shown in Table
1. Tick-borne diseases (TBDs) are one of the most important causes of livestock losses in SSA.
Approximately 70% of global beef cattle production and significant dairy production occurs in regions that
have the highest prevalence of ticks (Porto-Neto et al., 2011). There is substantial literature on the adverse
effects of ticks on productivity in beef (Jonsson, 2006; Frisch & O“Neill, 1998) and dairy production (Perera
et al., 2014; Jonsson et al., 1998; Madalena et al., 1990). The most notable cattle TBDs in SSA include;
Anaplasmosis, Babesiosis, Theileriosis and Heartwater (Madder et al., 2013).

Ticks transmit Tick-borne pathogens to cattle in various ways. Transovarial transmission involves the
transmission of pathogens from the parent to the offspring via the ovaries (da Cruz et al., 2015). Babesia
bovis and Babesia bigemina are transmitted in this manner by Rhipicephalus (Boophilus) species (Madder
et al., 2013). Transstadial transmission occurs when parasites acquired by ticks at one life stage (nymph)
are transmitted in the next life stage (adult). Dermacentor ticks transmit Anaplasma species via trans-stadial
means (Kocan et al., 2015). Other routes of transmission include co-feeding (uninfected ticks feeding with
infected ones) and intra-stadial (within the same tick life stage, by males) transmission. Pathogens can also
be transmitted when infected blood is transferred to susceptible animals via contaminated fomites or
mouthparts of biting flies (Kocan et al., 2004).
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Table 1. Ticks of veterinary importance in sub-Saharan Africa

Tick species

Description

Pathogens transmitted

Life cycle

Rhipicephalus (Boophilus)

Rhipicephalus
appendiculatus

Rhipicephalus evertsi
evertsi

Hyalomma truncatum

Amblyomma variegatum

Rhipicephalus decoloratus

Amblyomma hebraeum

Bluish tick

short mouthparts
faint/absent anal groove
eyes small/absent

Uniformly brown scutum
short mouthparts
reddish-brown legs

Dark brown scutum
short mouthparts
medium-sized
beady-eyed ticks

with reddish-orange legs

Dark-brown scutum
long mouthparts banded
legs, eyes present

Brightly ornamented ticks
beady eyes
long mouthparts

Yellowish conscutum
Short mouthparts

Eyes present

Pale yellow, slender legs

Brightly ornamented
scutum flat eyes
long mouthparts

Babesia bigemina,
Babesia bovis,
Anaplasma marginale

Theileria parva
Anaplasma bovis
Theileria taurotragi

Anaplasma marginale
Borrelia theileri

Toxins

Ehrlichia ruminantium
Ehrlichia bovis

Babesia bigemina
Anaplasma marginale
Borrelia theileri

Ehrlichia ruminantum
Theileria mutans
Theileria velifera

One and Two- host ticks

Three-host tick

One-host tick

Three-host tick

Three-host tick

One-host tick

Three-host tick

Sources: Horak & Fourie (1991), Walker (1991) and Coetzer et al., (1994).

Conclusions

The BoLA is an essential candidate gene in ticks and TBD resistance as it codes for the two essential
molecules (DRB3 and DQA) that present antigens to CD4* T cells. Both the DRB3 and DQA have
previously been reported to be associated with tick resistance (Duangdjinda et al., 2013; Miyasaka et al.,
2011; Untalan et al., 2007) in Japan, USA and Thailand, respectively. These genes can be used as markers
for selecting tick and TBD resistant breeds in SSA. Numerous studies have proven that B. indicus is more
resistant to ticks and TBDs than the B. taurus, which makes them an ideal choice for marker-assisted
selection. As emphasized by Shyma et al. (2015), the selection is most efficient in improving productivity
if a multi-trait index is developed incorporating breeding values for both production and resistance traits.
Crossbreeding B. indicus with B. taurus increases productivity and also ensures that the tick resistance trait
is transmitted to the offspring, thus reducing the susceptibility of a population in a given enzootic area.
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Good management practises, regulating cattle movements, and minimal use of acaricide should also be
encouraged to attain livestock production goals.

Acknowledgements

The authors greatly acknowledge the National Commission on Research Science and Technology (NCRST)
in Namibia for the financial support for this project. We also acknowledge the Department of Animal
Science in the Faculty of Agriculture and Natural Resources, University of Namibia for technical support.

Disclosure of conflict of interest
The authors declare no conflict of interest.

References

Abbas, A. K., Lichtman, A. H., & Pillai, S. (2007). Cellular and Molecular Immunology (6 ed.). Philadelphia: Elsevier.

Abrams, L. (2018). Unlocking the potential of enhanced rainfed agriculture. Stockholm: SIWI.

Acosta-Rodriguez, R., Alonso-Morales, R., Balladares, S., Flores-Aguilar, H., Garcia-Vazquez, Z., & Gorodezky , C.
(2005). Analysis of BoLA class Il microsatellites in cattle infested with Boophilus microplus ticks: class Il is
probably associated with susceptibility. Veterinary Parasitology, 127, 313-321. doi:10.1016/j.vetpar.2004.10.007

Amills, M., Ramiya, V., Norimine, J., & Lewin, H. A. (1998). The major histocompatibility complex of ruminants.
Revue Scientifique et Technique, 17, 108-120. doi: 10.20506/rst.17.1.1092

Ayres, D. R., Pereira, R. J., Boligon, A. A, Silva, F. F., Schenkel, F. S., Roso, V. M., & Albuquerque, L. G. (2013).
Linear Poisson models for genetic evaluation of tick resistance in cross-bred Hereford and Nellore cattle. Animal
Breeding and Genetics, 130, 417-424. doi: 10.1111/jbg.12036

Ballingall, K. T., Luyai, A., & McKeever, D. J. (1997). Analysis of genetic diversity at the DQA loci in African cattle:
evidence for a BoOLA-DQA3 locus. Immunogenetics, 46, 237-244.

Beckmann, J., Soller, M. (1987). Molecular Markers in the Genetic Improvement of Farm Animals. Nature
Biotechnology, 5, 573-576. doi.org/10.1038/nbt0687-573

Behl, J. D., Verma, N., Tyagi, N., Mishra, P., Behl, R., & Joshi, B. (2012). The Major Histocompatibility Complex in
Bovines: A Review. International Scholarly Research Notices: Veterinary Sciences, 3, 1-12. doi:
10.5402/2012/872710

Brass, M. (2013). Revisiting a hoary chestnut: the nature of early cattle domestication in North-East Africa. Sahara,
24, 24: 65-70.

Budeli, M. A., Nephawe, K. A., Norris, D., Selapa, N. W., Bergh, L., & Maiwashe, A. (2009). Genetic parameter
estimates for tick resistance in Bonsmara cattle. South African Journal of Animal science, 39(4), 321-327.
doi:10.4314/sajas.v39i4.51125

Casas, E., White, S. N., Wheeler, T. L., Shackelford, S. D., Koohmaraie, M., Riley, D. G., . .. Smith, T. P. (2006).
Effects of calpastatin and micro-calpain markers in beef cattle on tenderness traits. Journal of Animal Science, 84,
520-525. doi: 10.2527/2006.843520x.

Coetzer, J., Tompson, G., & Tustin, R. (1994). Infectious diseases of Livestock with special reference to Southern
Africa. Cape Town, South Africa: Oxford University Press.

Constantinoiu, C. C., Jackson, L. A., Jorgensen, W. K., Lew-Tabor, A. E., Piper, E. K., Mayer, D. G., . .. Jonsson, N.
N. (2010). Local immune response against larvae of Rhipicephalus (Boophilus) microplus in Bos taurus indicus
and Bos taurus taurus cattle. International Journal for Parasitology, 40, 865-875. doi:
10.1016/j.ijpara.2010.01.004

Coussens, P. M., & Nobbis, W. (2002). Bioinformatics and high throughput approach to create genomic resources for
the study of bovine immunobiology. Veterinary Immunology and Immunopathology, 86, 229- 244. doi:
10.1016/s0165-2427(02)00005-3

da Cruz, L. C., Serra, O. P., Leal-Santos, F. A., Ribeiro, A. L., Slhessarenko, R. D., & dos Santos, M. A. (2015).
Natural transovarial transmission of dengue virus 4 in Aedes aegypti from Cuiab4, State of Mato Grosso, Brazil.
Revista da Sociedade Brasileira de Medicina Tropical, 48, 18-25. doi: 10.1590/0037- 8682-0264-2014


https://doi.org/10.4314/sajas.v39i4.51125

Haikukutu— The Bovine Major Histocompatibility Complex and Its Role in Tick and Tick-borne
Disease Resistance in Indigenous Cattle Breeds

Das, D.N., Sri Hari, V.G., Hatkar, D.N., Rengarajan, K., Saravanan, R., Suryanarayana, V.V.S. and Murthy, L.K.
(2012). Genetic diversity and population genetic analysis of bovine MHC class Il DRB3.2 locus in three Bos
indicus cattle breeds of Southern India. International Journal of Immunogenetics, 39: 508-519.
doi:10.1111/j.1744-313X.2012.01126.x

Derakhshani, H., Plaizier, J. C., De Buck, J., Barkema , H. W., & Khafipour, E. (2018). Association of bovine major
histocompatibility complex (BoLA) gene polymorphism with colostrum and milk microbiota of dairy cows during
the first week of lactation. Microbiome, 6. doi:10.1186/s40168-018-0586-1

Duangjinda, M., Jindatajak, Y., Tipvong, W., Sriwarothai, J., Pattarajinda, V., Katawatin, S., & Boonkum, W. (2013).
Association of BoLA-DRB3 alleles with tick-borne disease tolerance in dairy cattle in a tropical environment.
Veterinary Parasitology, 196, 314-320. doi.org/10.1016/j.vetpar.2013.03.005

Ellis S, A, Ballingall, K.T. (1999) Cattle MHC: evolution in action? Immunological Reviews 167:159-168. doi:
10.1111/j.1600-065x.1999.tb01389.x

Elsik, C. G., Tellam, R. L., Worley, K. C., Gibbs, R. A., Muzny, D. M., Weinstock, G. M., . . . Guigo, R. (2009). The
genome sequence of Taurine cattle: A window to ruminant biology and evolution. Science, 324, 522-528. doi:
10.1126/science.1169588

Fourie, P. J., Foster, L. A., & Neser, F. W. (2013). Differences in physical traits such 122 as coat score and hide
thickness together with tick burdens and body condition score in four beef breeds in the Southern Free State.
Journal of New Generation Science, 11, 66-73.

Francis , J., & Ashton, G. C. (1967). Tick resistance in cattle: its stability and correlation with various genetic
characteristics. Australian Journal of Experimental Biology and Medical Science, 40, 131-140. doi:
10.1038/ich.1967.10

Frisch, J. E., & O*Neill, C. J. (1998). Comparative evaluation of beef cattle breeds of African European and Indian
origins. 2. Resistance to cattle ticks and gastrointestinal nematodes. Animal Science, 67, 39-48. doi:
10.1017/S1357729800009772

Gelhaus, A., Wippern, C., Mehlitz, D., & Horstmann, R. D. (1995). Sequence polymorphism of BoLA-DQA.
Immunogenetics, 42, 296-298. doi.org/10.1007/BF00176448

Grisart, B., Coppieters, W., & Famir, F. (2002). Positional candidate cloning of a QTL in dairy cattle: identification
of a missense mutation in the bovine DGAT1 gene with major effect on milk yield and composition. Genome
Research, 12, 222-231. doi: 10.1101/gr.224202

Gutiérrez, S. E., Esteban, E. N., Lutzelschwab, C. M., & Juliarena, M. A. (2017). Major Histocompatibility Complex-
Associated Resistance to Infectious Diseases: The Case of Bovine Leukemia Virus Infection. In M. Abubakar,
Trends and Advances in Veterinary Genetics. doi:10.5772/65804

Haikukutu, L., Itenge, T. O., Bosman, L., Visser, C., & van Marle-Kdoster, E. (2017). Genetic variability of the major
histocompatibility complex (MHC) class Il (DRB3) in South African and Namibian beef cattle breeds. Advances
in Animal Biosciences, 8, s19-s21. doi:10.1017/S2040470017001625

Hanotte, O., D. G. Bradley, J. W. Ochieng, Y. Verjee, E. W. Hill and J. E. O. Rege. 2002. African pastoralism: genetic
imprints of origins and migrations. Science 296:336-339. doi: 10.1126/science.1069878

Hansen, P. (2004). Physiological and cellular adaptations of zebu cattle to thermal stress. Animal Reproduction
Science, 82, 349-360. doi: 10.1016/j.anireprosci.2004.04.011

He, F., Sun, D., & Yu, Y. (2006). Association between SNPs within prolactin gene and milk performance traits in
Holstein dairy cattle. Asian-Australian Journal of Animal Science, 19, 1384-1389. doi: 10.5713/ajas.2006.1384

Horak, I., & Fourie, L. J. (1991). Parasites of domestic and wild animals in South Africa. XXIX. Ixodid ticks on hares
in the Cape Province and on hares and red rock rabbits in the Orange Free State. Onderstepoort Journal of
Veterinary Research, 58, 261-270.

Hurtado, O. J., & Giraldo-Rios, C. (2018). Economic and Health Impact of the Ticks in Production Animals. In M.
Abubakar, & P. K. Perera, Ticks and Tick-Borne Pathogens. IntechOpen. doi:10.5772/intechopen.81167

Irvin, A. D., McDermott, J. J., & Perry, B. D. (1996). Epidemiology of ticks and tick-borne diseases in Eastern, Central
and Southern Africa. In A. D. Irvin, J. J. McDermott, & B. D. Perry (Ed.), Proceedings of a workshop Held in
Harare, 12-13 March 1996. Nairobi, Kenya: International Livestock Research Institute.

Janeway, C. A., Travers, P., Walport, M., & Shlomchik, M. J. (2001). Immunobiology: The Immune System in Health
and Disease. (5th ed.). NY, USA: Garland Science.

Jonsson, N. N. (2006). The productivity effects of cattle tick (Boophilus microplus) infestation on cattle, with
particular reference to Bos indicus cattle and their crosses. Veterinary Parasitology, 137, 1-10. doi:
10.1016/j.vetpar.2006.01.010



https://doi.org/10.1111/j.1744-313X.2012.01126.x

Welwitschia International Journal of Agricultural Sciences Vol. 2. 2020

Jonsson, N. N., Mayer, D. G., Matschoss, A. L., Green, P. E., & Ansell, J. (1998). Production effects of cattle tick
(Boophilus microplus) infestation on high vyielding dairy cows. Veterinary Parasitology, 78, 65-77. doi:
10.1016/S0304- 4017(98)00118-6

Kim, J., Hanotte, O., Mwai, O. A., Dessie, T., Bashir, S., Diallo, B., . . . Kim, H. 130 (2017). The genome landscape
of indigenous African cattle. Genome Biology, 18, 2-14. doi: 10.1186/s13059-017-1153-y

Kocan, K. M., De la Fuente, J., Blouin, E. F., & Garcia-Garcia, J. C. (2004). Anaplasma marginale (Rickettsiales
Anaplasmataceae): recent advances in defining host-pathogen adaptations of a tick-borne rickettsia. Veterinary
Parasitology, 129, 285-300. doi: 10.1017/S0031182003004700

Kocan, K.M., de la Fuente, J. & Coburn, L.A. (2015). Insights into the development of Ixodes scapularis: a resource
for research on a medically important tick species. Parasites Vectors 8, 592. https://doi.org/10.1186/s13071-015-
1185-7

Kugonza, D. R., Nabasirye, M., Mpairwe, D., Hanotte, O., & Okeyo, A. (2011) Productivity and morphology of
Ankole cattle in three livestock production systems in Uganda. Animal Genetic Resources, 48, 13-22.

Laisser, E. L., Chenyambuga, S. W., Karimuribo, E. D., Msalya, G., Kipanyula, M. J., Mwilawa, A. J., . . . Gwakisa,
P. S. (2016). Tick burden and acquisition of immunity to Theileria parva by Tarime cattle in comparison to Sukuma
cattle under different tick control regimes in the Lake Zone of Tanzania. Journal of Veterinary Medicineand
Animal Health, 8, 21-28. doi: 10.1007/s11250-014- 0651-0

Lei, W., Liang, Q., Jing, L., Wang, C., Wu, X., & He, H. (2012). BoLA-DRB3 gene polymorphism and FMD
resistance or susceptibility in Wanbei cattle. Molecular Biology Reports, 39, 9203-9209. doi:DOI 10.1007/s11033-
012-1793-7

Loftus, R. T., D. E. Machugh, D. G. Bradley, P. M. Sharp, and P. Cunningham. 1994. Evidence for two independent
domestications of cattle. Proceedings of the National Academy of Sciences of the United States of America.
91:2757-2761. doi: 10.1073/pnas.91.7.2757

Maccari, G., Robinson, J., Ballingall, K., Guethlein, L. A., Grimholt, U., Kaufman, J. (2017). IPD-MHC 2.0: an
improved inter-species database for the study of the major histocompatibility complex. Nucleic Acids Research.
45, D860-D864. doi: 10.1093/nar/gkw1050

Madalena, F. E., Teodoro, R. L., Lemos, A. M., Monteiro, J. B., & Barbosa, R. T. (1990). Evaluation of strategies for
crossbreeding of dairy-cattle in Brazil. Journal of Dairy Science, 73, 1887-1901. doi:10.3168/jds.S0022-
0302(90)78869-8

Madder, M., Horak, I., & Stoltsz, H. (2013). Tick importance and disease transmission. Retrieved from African
Veterinary Information website: http://www.afrivip.org

Madilindi, M. A., Banga, C. B., Bhebhe, E., Sanarana, Y. P., Nxumalo, K. S., Taela, M. G., . . . Mapholi, N. O. (2020).
Genetic diversity and relationships among three Southern African Nguni cattle populations. Tropical Animal
Health Production, 52, 753-762. doi: 10.1007/s11250-019-02066-y

Magona, J. W., Walubengo, J., & Kabi, F. (2011). Response of Nkedi Zebu and Ankole cattle to tick infestation and
natural tick-borne, helminth and trypanosome infections in Uganda. Tropical Animal Health and Production, 43,
1019-1033. doi: 10.1007/s11250-011-9801-9

Maillard, J.-C., Renard, C., Chardon, P., Chantal, 1. and Bensaid, A. (1999), Characterization of 18 new BoLA-DRB3
alleles. Animal Genetics, 30: 200-203. doi:10.1046/j.1365-2052.1999.00446.x

Makala, L. H., Mangani, P., Fujisaki, K., & Nagasawa, H. (2003). The current status of major tick borne diseases in
Zambia. Veterinary Research, 34, 27- 45. doi: 10.1051/vetres:2002056

Mapholi, N. O., Maiwashe , A., Matika , O., Riggio, V., Bishop, S. C., MacNeil, M. D., . . . Dzama, K. (2016).
Genomw-Wide association study of tick resistance in South African Nguni cattle. Ticks and Tick-borne Diseases,
7, 487-497. doi: 10.1016/j.ttbdis.2016.02.005

Mapholi, N. O., Maiwashe, A., Matika, O., Riggio, V., Bnga, C., McNeil, M. D., . . . Dzama, K. (2017). Genetic
parameters for tick counts across months for different tick species and anatomical locations in South African Nguni
cattle. Tropical Animal Health and Production, 49, 1201-1210. doi:10.1007%2Fs11250-017-1336-2

Mapiye, C., Chimonyo, M., Muchenje, V., Dzama, K., Marufu, M. C., & Raats, J. G. (2007). Potential for value-
addition of Nguni cattle products in the communal areas of South Africa: a review. African Journal of Agricultural
Research, 2(10), 488-495.

Martinez , M. L., Machado, M. A., Nascimento, C. S., Silva, M. V., Teodoro, R. L., Furlong, J., . .. Verneque, R. S.
(2006). Association of BoLA-DRB3.2 alleles with tick (Boophilus microplus) resistance in cattle. Genetics and
Molecular Research, 5, 513-524.

Marufu, M. C., Qokweni, L., Chimonyo, M., & Dzama, K. (2011). Relationships between tick counts and coat
characteristics in Nguni and Bonsmara cattle reared on semiarid rangelands in South Africa. Ticks and Tick-borne
Diseases, 2(2011), 172-177. doi: 10.1016/j.ttbdis.2011.07.001



Haikukutu— The Bovine Major Histocompatibility Complex and Its Role in Tick and Tick-borne
Disease Resistance in Indigenous Cattle Breeds

Medugorac, I., Medugorac, A., Russ, I., Veit-Kensch, C. E., Taberlet, P., Luntz, B., . . . Forster, M. (2009). Genetic
diversity of European cattle breeds highlights the conservation value of traditional unselected breeds with high
effective population size. Molecula Ecology, 2009, 3394-3410. doi: : 10.1111/j.1365-294x.2009.04286.x

Mikko, S., & Andersson., L. (1995). Proceedings of the National Academy of .Sciences, 92, 4259-4263.
doi: 10.1073/pnas.92.10.4259

Miyasaka, T., Takeshima, S.-n., Matsumoto, Y., Kob, Kobayashi, N., Mutsuhashi, T., . . . Aida, Y. (2011). The
diversity of bovine MHC class 11 DRB3 and DQA alleles in different herds of Japanese Black and Holstein cattle
in Japan. Gene, 472, 42-49.

Musenwa, L., Mushenje, A., Chimonyo, M., Fraser, G., Mapiye, C., & Muchenje, V. (2008). Nguni cattle marketing
constraints and opportunities inthe communal areas of South Africa: Review. African Journal of Agricultural
Research, 3(4), 239-245.

Musa, L. M. A., Ahmed, M. A., Peters, K. J., Zumbach, B. & Gubartalla, K. E. A. (2005). The reproductive and milk
performance merit of Butana cattle in Sudan. Arch Tierz, 48, 445-459.

Musisi, F. L., & Lawrence, J. A. (1995). Prospects For Control Of Tick-Borne Diseases In Cattle By Immunization In
Eastern, Central, And Southern Africa. Agriculture and Human Values, 95-106. doi: 10.1007/BF02217300

Mwai, O., Hanotte, O., Kwon, Y., & Cho, S. (2015). African indigenous cattle: unique genetic resources in a rapidly
changing world. Asian-Australasian Journal of Animal Science, 28, 911-921. doi: 10.5713/ajas.15.0002R

Ndungu, S., Brown, C., & Dolan, T. (2005). In vivo comparison of susceptibility between Bos indicus and Bos taurus
cattle types to Theileria parva infection. Onderstepoort Journal of Veterinary Research, 72(1), 13-
22:https://doi.org/10.4102/0jvr.v72i1.220

Norimine, J., & Brown, W. C. (2005). Intrahaplotype and interhaplotype pairing of bovine leukocyte antigen DQA
and DQB molecules generate functional DQ molecules important for priming CD4+ T-lymphocyte responses.
Immunogenetics, 57, 750-762. doi: 10.1007/s00251-005-0045-6

Nyangiwe, N., Goni, S., Herve-Claude, L. P., Ruddat, I., & Horak, I. G. (2011). Ticks on pastures and on two breeds
of cattle in the Eastern Cape province, South Africa. Onderstepoort Journal, 78(1), 320-329. doi:
10.4102/0jvr.v78i1.320

Perera, P. K., Gasser, R. B., Firestone, S. M., Anderson, G. A., Malmo, J., Davis, G., . . . Jabbar, A. (2014). Oriental
theileriosis in dairy cows causes a significant milk production loss. Parasites & Vectors, 7, 1-13. doi:
10.1186/1756-3305- 7-73

Peters, S. O., Hussain, T., Adenaike, A. S., Adeleke, M. A., De Donato, M., Hazzard, J., Babar, M. E., & Imumorin,
I. G. (2018). Genetic Diversity of Bovine Major Histocompatibility Complex Class 11 DRB3 locus in cattle breeds
from Asia compared to those from Africa and America. Journal of genomics, 6, 88-97. doi.org/10.7150/jgen.26491

Piper, E. K., Johnsson, Jonsson, N. N., Gondro, C., Lew-Tabor, E. A., Moolhuijzen, P., . . . Jackson, L. A. (2009).
Immunological profiles of Bos taurus and Bos indicus cattle infested with the cattle tick, Rhipicephalus (Boophilus)
microplus. Clinical and Vaccine Immunology, 16, 1074-1086. doi: 10.1128/CV1.00157-09

Porto-Neto, L. R., Jonsson, N. N., D“Occhio, M. J., & Barendse, W. (2011). Molecular genetic approaches for
identifying the basis of variation in resistance to tick infestation in cattle. Veterinary Parasitology, 180, 165-172.
doi: 10.1016/j.vetpar.2011.05.048

Rechav, Y., & Kostrzewski , M. W. (1991). Relative resistance of six cattle breeds to the tick Boophilus decoloratus
in South Africa. Onderstepoort Journal of Veterinary Research, 58, 181-186.

Sahara, A., Nugraheni, Y. R., Patra, G., Prastowo, J., & Priyowidodo, D. (2019). Ticks (Acari: Ixodidae) infestation
on cattle in various regions in Indonesia. Veterinary World, 12, 1755-1759. doi: 10.14202/vetworld.2019.1755-
1759

Salim, B., Takeshima, S., Nakao, R., Moustafa, M., Ahmed,M., Kambal, S., Mwacharo, J., Giovambattista., G.
(2020). BoLA-DRB3 gene haplotypes show divergence in native Sudanese cattle from Taurine and Zebu breeds.
bioRxiv 2020.08.07.241133; doi: https://doi.org/10.1101/2020.08.07.241133

Schoeman, S. J. (1989) Recent research into the production potential of indigenous cattle with special reference to the
Sanga. South African Journal of Animal Science. 19(20), 55-61.

Scholtz, M. M. (2005). Tick resistance in the Nguni breed. Joernaal, 55-57.

Shyma, K. P., Gupta, J. P., & Singh, V. (2015). Breeding strategies for tick resistance in tropical cattle: a sustainable
approach for tick control. J Parasit Dis, 39(1), 1-6.

Singh, U., Deb, R., Alyethodi, R. R., Alex, R., Kumar, S., Chakraborty, S., ... Sharma, A. (2014). Molecular markers
and their applications in cattle genetics research: A review. Biomarkers and genomic Medicine, 6, 49-58. doi:
10.1016/j.bgm.2014.03.001

Smith, A. B. (2000). The origins of the domestic animals of southern Africa. London, UK: UCL Press.



Welwitschia International Journal of Agricultural Sciences Vol. 2. 2020

Sparagano, O. A., & Giangaspero, A. (2011). Improving the Safety and Quality of Eggs and Egg Products. Cambridge
CB22 3HJ, UK: Woodhead Publishing. doi:10.1533/9780857093912.frontmatter.

Spickett, A. M., De Klerk, D., Enslin, C. B., & Scholtz, M. M. (1989). Resistance of Nguni, Bonsmara and Hereford
cattle to ticks in a Bushveld region of South Africa. Onderstepoort Journal of Veterinary Research, 56(1989), 245-
250.

Spooner, R.L., Oliver, R.A., Sales, D.I. .... Vaiman, M. (1979) Analysis of alloantisera against bovine lymphocytes.
Joint report of the 1st international bovine lymphocyte antigen (BoLA) workshop. Animal Blood Groups and
Biochemical Genetics,10, 63-86 doi.org/10.1111/j.1365-2052.1979.tb01009.x.

Stear, M. J., Newman, M. J., Nicholas, F. W., Brown, S. C., & Holroyd, R. G. (1984). Tick resistance and the major
histocompatibility system. The Australian journal of experimental biology and medical science, 62, 47-52.
doi:10.1038/ich.1984.4

Taberlet, P., Valentini, A., Rezaei, H. R., Naderi, S., Pompanon, F., Negrini, R., & Ajmone-Marsan, P. (2008). Are
cattle, sheep, and goats endangered species? Molecular ecology, 17, 275-284. doi: 10.1111/j.1365-
294X.2007.03475.x

Takeshima, S., Corbi-Botto, C., Giovambattista, G. et al. (2018). Genetic diversity of BoLA-DRB3 in South
American Zebu cattle populations. BMC Genet 19, 33. doi.org/10.1186/s12863-018-0618-7

Untalan, P., Pruett, J. H., & Steelman, C. D. (2007). Association of the bovine leukocyte antigen major
histocompatibility complex class Il DRB3*4401 allele with host resistance to the Lone Star tick, Amblyomma
ammericanum. Veterinary Parasitology, 145, 190-195. doi.org/10.1016/j.vetpar.2006.12.003

Utech, K. B., Wharton, R. H., & Kerr, J. D. (1978). Resistance to Boophilus microplus (Canestrini) in different breeds
of cattle. Australian Journal of Agricultural Research, 29, 885-895. doi: 10.1071/AR9780885

Walker, J. (1991). A review of the ixodid ticks (Acari, Ixodidae) occurring in southern Africa. Onderstepoort Journal
of Veterinary Research, 58, 81-105.

Walker, A. R., Bouattour, A., Camicas, J. L., Estrada-Pena, A., Horak, I. G., Latif, A. A,, . .. Preston, P. M. (2003).
Ticks of domestic animals in Afrika: a guide to identification. Edinburgh, U.K: Edinburgh University Press.

Wambura, P. N., Gwakisa, P. S., Silayo, R. S., & Rugaimukamu, E. A. (1998). Breed-associated resistance to tick
infestation in Bos indicus and their crosses with Bos taurus. Veterinary Parasitology, 77, 63-70.
d0i:10.1016/s0304-4017(97)00229-x

Yessinou, R. E., Adoligbe, C., Akpo, Y., Adinci, J., Youssao, I., Karim, A., & Farougou, S. (2018). Sensitivity of
Different Cattle Breeds to the Infestation of Cattle Ticks Amblyomma variegatum, Rhipicephalus microplus, and
Hyalomma spp. on the Natural Pastures of Opkara Farm, Benin. Journal of Parasitology Research, 2018.
doi:https://doi.org/10.1155/2018/2570940


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Vaiman%2C+M

