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Simple Summary: Indigenous cattle breeds are important to their native environment as they confer
significant and often unique adaptability traits. The Nguni is one such breeds that is indigenous to the
Southern African region. This breed confers resistance to thermal stress and diseases, amongst other
factors. The bovine major histocompatibility complex is an important region, which codes for alleles
that have been associated with a plethora of diseases. In the current study, the genetic diversity within
this region was assessed in Nguni crossbred cattle. This was done to detect the gene pool of the Nguni
breed, and to identify genes that might be important within this breed. The populations displayed a
high degree of genetic diversity, and some alleles were common throughout the populations and
accounted for a significant portion of the total alleles. This high genetic diversity could account for
the great adaptability of the Nguni breed to Southern Africa.

Abstract: The bovine lymphocyte antigen (BoLA-DRB3) gene is an important region that codes for
glycoproteins responsible for the initiation of an immune response. BoLA-DRB3 alleles have been
demonstrated to be associated with disease resistance/tolerance. Therefore, great genetic diversity is
correlated with better adaptation, fitness, and robustness. The current study was conducted to assess
the population genetic structure of the BoLA-DRB3 gene in Nguni crossbred cattle using polymerase
chain reaction-sequence based typing (PCR-SBT). High genetic diversity was detected, with 30 alleles,
11 of which are novel to the study. Alleles DRB3*0201, DRB3*0701, DRB*0901, and DRB*1601 were
present in all populations and accounted for nearly around 50% of all observed alleles. A mean
genetic diversity (Hg) of 0.93 was detected. The high overall genetic diversity is possibly associated
with pathogen-assisted selection and heterozygote advantage. Such high diversity might explain
the hardiness of the Nguni crossbred cattle to the Southern African region. Low population genetic
structure was identified (Fst = 0.01), suggesting possible gene flow between populations and retention
of similar alleles. The study was undertaken to bridge the dearth of such studies in South African
breeds and it is imperative for effective sustainability of indigenous breeds and the implementation
of effective breeding strategies.
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1. Introduction

The major histocompatibility complex (MHC) is one of the most important genetic
regions in living organisms as it is ultimately responsible for the resistance or susceptibility
to diseases [1]. Generally, the function of MHC molecules is to recognize and attach to
pathogens/viruses and expose them to immune cells such as T-cells [2—4]. Defining the ge-
netic variation in the MHC in different organisms indicates the degree to which populations
can recognize foreign polypeptides. Hence, given this there is an induced propensity for in-
dividuals and populations to sustain genetic diversity, given that populations with greater
genetic diversity at this region can recognize and bind a wider spectrum of pathogens [2].
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Delineating the genetic architecture of the MHC is therefore of paramount importance in
defining disease resistance and susceptibility.

In cattle this component is termed the bovine lymphocyte antigen (BoLA) and is located
on chromosome 23 [5]. Within the BoLA region three DRB loci have been identified, namely,
DRB1, DRB2, and DRB3, these genes encode the (3-chain of the DR molecule [6]. The DRB1
gene is a pseudogene comprised of multiple stops codons and low genetic diversity [6-8].
DRB?2 is a monomorphic region with very low expression levels [9,10] similar to DRB1,
the DRB2 gene is yet to be elucidated further. The most functional and highly expressed is
the DRB3 gene [11,12]. The second exon in the BoLA-DRB3 is characterized with increased
genetic variation and an even distribution of alleles [13]. This variation has been postulated
to be maintained through different selective mechanisms [13,14]. A plethora of alleles have
been uncovered and their association with various important livestock diseases such as
ticks and tick-borne diseases [15,16], mastitis [17-20], and bovine leukemia virus [21-23],
amongst others, have been studied. All the above studies revealed a high degree of
genetic polymorphism in the BoOLA-DRB3 region. It is therefore ideal for populations to
encompass significant variation in the MHC given that the greater the genetic diversity
the greater the spectrum of pathogens that can be identified. Furthermore, this diversity is
retained in populations due to various selective mechanisms such as pathogen-mediated
selection. As a host’s immune system develops defensive mechanisms against a pathogen,
the pathogen in turn develops defense systems and it is this arms race that will require the
host to accumulate and retain genetic diversity [24].

Genetic diversity within the BoLA-DRB3 region has been studied in many cattle breeds
across the world. However, there is a paucity of studies that uncover the genetic basis of
regions of immunological importance in African breeds. It is therefore imperative to define
the genetic structure of indigenous breeds to improve their sustainability, as their adapt-
ability to local environments has been created by long environmental selection. The Nguni
is reared across most of Southern Africa, especially by smallholders [25]. Breeding systems
in the smallholder sector are not usually amply defined and as such breeds like the Nguni
risk losing their genetic structure due to crossing with exotic breeds [26]. Breed genetic
diversity and its maintenance is crucial for adaptation trait selection. The main objective of
the study was to detect the allele frequency distribution and overall genetic structure in
South African Nguni crossbreds at the second exon of the BoLA-DRB3 region. The Nguni
were chosen due to their high numbers in the country and their adaptation to the natural
environment of southern Africa. Against this background, the current study was conducted
to fill the dearth in genetic information in the BoLA-DRB3 region of South African Nguni
crossbred cattle.

2. Materials and Methods
2.1. Studied Populations and DNA Extraction

The study was approved by the Animal Research Ethics Committee of the Univer-
sity of Kwa-Zulu Natal (Reference numbers AREC/051/017M, AREC 071/017, AREC
014/018). The field sampling protocols, samples collected from animals, and the research
were conducted in full compliance with Section 20 of the Animal Diseases Act of 1984
(Act No 35 of 1984) and were approved by the South African Department of Agricul-
ture, Forestry and Fisheries DAFF (Section 20 approval reference number 12/11/1/5).
Blood samples of 139 Nguni crossbreds were collected from six different populations.
The different populations were defined based on their common shared geographical area,
therefore, all individuals from the same population shared the same communal grazing area
and they were allowed to interbreed. Furthermore, these populations were collected in two
different districts, which are connected by a common road (R56). The sampled populations
were Bhongweni = 22; Kromhoek = 24; Mbotho = 21; Shayamoya = 24; Thembeni = 24;
and Weza = 24, which are within the province of KwaZulu-Natal, South Africa (Figure 1).
Of the total studied animals, 87 were cows and 52 were either bulls or steers.
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Figure 1. Map of areas where Nguni crossbred cattle were sampled (denoted by black circles) in the
KwaZulu-Natal province of South Africa.

Animals shared communal grazing land and were devoid of defined breeding systems.
Some animals were herded on a daily basis due to high levels of theft in certain areas,
however the majority were allowed to graze without any herdsmen. The majority of the
animals in the sampled populations were Nguni crossbreds, and some were non-descript
crossbreds. However, most people preferred the Nguni crossbred, and this was evident
from the number of these crossbreds. The majority of breeds that were crossed with the
Nguni were Angus, Brahman, and Bonsmara. However, due to lack of animal recording
and defined breeding strategies, the exact contributing breeds resulting in the sampled
composite could not be ascertained.

Blood samples were collected from the tail of individuals at dipping facilities un-
der the supervision of representatives of the Department of Agriculture in KwaZulu-
Natal. Approximately 3 mL of blood was collected from the tail vein of each individual.
The blood samples were stored in VACUETTE tubes coated with EDTA (Greiner Bio-One,
Kremsmuenster, Austria) with immediate storage on ice. Genomic DNA was extracted
from each sample using the Quick-gDNA Blood Miniprep (Zymo Research, Orange, CA,
USA) following the manufacturer’s instructions. Sampling was done with the aid of local
herdsmen to avoid sampling related individuals within the same herd; hence all study
individuals were presumed to be unrelated.

2.2. Polymerase Chain Reaction-Sequence Based Typing (PCR-SBT) of BoOLA-DRB3

The second exon of the BoLA-DRB3 locus was amplified as described by van Eijk et al. [27],
with some modifications. The first PCR reaction was conducted in a total volume of 25 uL
containing 1x DreamTaq Green PCR Mastermix (Thermo Scientific, Waltham, MA, USA),
0.5 uM of each of the two primers; HLO30 5'-ATCCTCTCTCTGCAGCACATTTCC-3’ and
HLO31 5'-TTTAAATTCGCGCTCACCTCGCCGCT-3, and 20 ng of template DNA. Thermal
cycling was conducted in a T100™ Thermal Cycler (BIO RAD, Richmond, CA, USA) employing
the following conditions; 94 °C for 4 min, 15 repeats (94 °C for 1 min, 60 °C for 2 min, 72 °C
for 90 s), and a final extension step of 72 °C for 5 min.
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The second amplification round was also conducted in total volume of 25 puL contain-
ing 1x DreamTaq Green PCR Mastermix (Thermo Scientific, Waltham, MA, USA), 0.5 uM
of each of the two primers; HLO30 5'-ATCCTCTCTCTGCAGCACATTTCC-3' and HLO32
5'-TCGCCGCTGCACAGTGAAACTCTC-3, and 2 pL of the PCR products of the first
round. Thermal cycling was employed using the following conditions; 40 repeats of 94 °C
for 1 min and 65 °C for 30 s and a final extension step of 72 °C for 5 min. The PCR am-
plicons were then separated by gel electrophoresis in a 1% agarose gel and viewed under
ultraviolet illumination after staining with ethidium bromide. Thereafter, the PCR products
were cleaned by mixing 10 pL of the PCR product with 2.5 uL of Exo/SAP mix; exonuclease
1 (NEB M0293) 20 U/ uL; Shrimp alkaline phosphatase (NEB M0371) 1 U/pL. The mixture
was incubated at 37 °C for 30 min then the reaction was stopped by heating the mixture
at 95 °C for 5 min. DNA sequencing was then conducted using the ABI V3.1 Big dye
kit (Applied Biosystems, Foster City, CA, USA) in accordance with the manufacturer’s
instructions on an ABI 377 automated sequencer (Applied Biosystems, Foster City, CA,
USA). The Zymo Seq clean-up kit (Zymo Research, Orange, CA, USA) was used to clean
the labelled products thereafter, the products were injected in the ABI 3500XL Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) using POP7. A representation of the
sequences that emanated from the South African crossbred Nguni cattle from our study
were deposited in GenBank with accession numbers MN721876 to MN721885.

2.3. Population Genetic Diversity

Number of alleles (NA) and allele frequencies were obtained through direct counting,
the formula employed by Das et al. [11] was utilized for determining the allele frequencies.
Furthermore, POPGENE 1.3 [28] was used to validate the number of alleles, allele frequen-
cies and to estimate the number of effective alleles (NE) per population [29]. Observed (HO)
and expected heterozygosity (HE) was assessed following Nei [30], using ARLEQUIN
3.5 [31]. Genotypic departure from Hardy-Weinberg equilibrium (HWE) across all popula-
tions was determined by the FIS [32] statistic using an exact test in GENEPOP 4.0 [33] and
significance was tested at 0.05 using the Markov chain algorithm [34].

2.4. Population Genetic Structure and Differentiation

Genetic partitioning among and within populations was detected by means of analy-
sis of molecular variance (AMOVA) utilizing 1000 permutations in ARLEQUIN 3.5. Ge-
netic differentiation was evaluated using exact tests [35] employing 100,000 Markov chains.
Pairwise FST and Slatkins linearized FST indices were evaluated using ARLEQUIN 3.5.
The functions pairFstMatrix.r and slatkinFstFunction.r in R were used to generate a graphi-
cal representation of the FST estimates.

3. Results
3.1. Allelic Diversity and Frequency

A total of 30 alleles were identified in the studied population (Table 1). Of those alleles,
19 have already been previously identified and 11 are unreported. These new alleles were
present in at least two populations each with overall frequency per allele ranging from 0.0072
(DRB3*10) to 0.0288 (DRB*8) and contributing 18% of the total alleles in the overall studied
population. Alleles DRB3*0201, DRB3*0701, DRB*0901, and DRB*1601 were present in all
populations and accounted for nearly around 50% of all observed alleles in the populations.
DRB3*0901 was the most frequent in the study with a frequency of 0.144, and DRB3*03021
was only detected in the Shayamoya population with moderate frequency (>0.5).
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Table 1. Gene frequencies of BoLA-DRB3 gene in Nguni crossbred cattle populations from KwaZulu-
Natal, South Africa.

Allele Bhongweni  Kromhoek  Mbotho Shayamoya Thembeni Weza Overall
DRB3*0101 0.0208 0.0476 0.0625 0.0208 0.0208 0.0288
DRB3*0201 0.0455 0.1042 0.2143 0.2083 0.1458 0.0833 0.1331
DRB3*03021 0.0625 0.0108
DRB3*0501 0.0909 0.0417 0.0208 0.0417 0.0417 0.0396
DRB3*0701 0.1591 0.1042 0.1429 0.0417 0.0208 0.0833 0.0899
DRB3*0901 0.1364 0.1875 0.2143 0.1042 0.1042 0.1250 0.1439
DRB3*1001 0.0227 0.1042 0.0417 0.0417 0.0360
DRB3*1002 0.0682 0.0208 0.0144
DRB3*1103 0.0476 0.0417 0.0417 0.0216
DRB3*1201 0.0417 0.0208 0.0208 0.0144
DRB3*1501 0.0455 0.0208 0.0208 0.0417 0.0216
DRB3*1601 0.0227 0.0625 0.1190 0.1667 0.2083 0.1875 0.1295
DRB3*1801 0.0227 0.0208 0.0476 0.0417 0.0216
DRB3*20012 0.0417 0.0238 0.0208 0.0417 0.0216
DRB3*2801 0.0625 0.0238 0.0417 0.0625 0.0324
DRB3*3001 0.0227 0.0417 0.0108
DRB3*3101 0.0625 0.0208 0.0625 0.0252
DRB3*3202 0.0227 0.0208 0.0208 0.0108
DRB3*4201 0.0682 0.0208 0.0144

DRB3*1 0.0682 0.0238 0.0144
DRB3*2 0.0227 0.0208 0.0208 0.0108
DRB3*3 0.0455 0.0417 0.0476 0.0208 0.0252
DRB3*4 0.0227 0.0208 0.0417 0.0144
DRB3*5 0.0208 0.0417 0.0417 0.0417 0.0252
DRB3*6 0.0208 0.0417 0.0108
DRB3*7 0.0208 0.0417 0.0108
DRB3*8 0.0455 0.0833 0.0417 0.0288
DRB3*9 0.0455 0.0417 0.0144
DRB3*10 0.0227 0.0208 0.0072
DRB3*11 0.0208 0.0417 0.0180

New alleles are underlined; alleles with greatest frequencies per population are in bold.

3.2. Population Genetic Diversity

Genetic diversity estimates among the populations depicted that the number of alleles
ranged from 12 (Mbotho) to 19 (Bhongweni; Table 2). The Mbotho population also con-
tained the least number of new alleles, whereas the Bhongweni and Kromhoek populations
contained 7 new alleles each, which were more than other populations. Of the new alleles
only two, DRB3*1 and DRB3*8, were identified with a frequency greater than 0.5 in the
Bhongweni and Thembeni populations, respectively. Expected heterozygosity ranged
from 0.882 for Mbotho to 0.941 for Bhongweni (Table 2). The observed heterozygosity
ranged from 0.833 (Shayamoya and Weza) to 0.961 (Thembeni). Interestingly, the Mbotho
population contained the least number of alleles however it displayed the great genetic
distribution. Moreover, even though the Bhongweni population contained the greatest
number of alleles, it lacked genetic distribution and was the third lowest population in
terms of observed heterozygosity. Three populations, Bhongweni, Shayamoya, and Weza,
displayed partial excess of homozygotes, however they did not deviate from HWE. Fur-
thermore, Kromhoek, Mbotho, and Thembeni displayed minor heterozygote excess and all
but Mbotho did not deviate from HWE.
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Table 2. Descriptive genetic parameters in BoLA-DRB3 gene of six Nguni crossbred populations from
KwaZulu-Natal, South Africa.

Population N Na Ng NNA NNA > 0.5 Ho Hg FIS
Bhongweni 22 19 1241 7 1 0.864  0.941 0.0607 NS
Kromhoek 24 20 1152 7 0 0.958 0.933 —0.0494 NS
Mbotho 21 12 717 2 0 0.947  0.882 —0.0737 N8
Shayamoya 24 16 944 4 0 0.833  0.913 0.0680 NS
Thembeni 24 18 10.11 4 1 0.961  0.920 —0.0636 NS
Weza 24 18 1152 5 0 0.833 0933 0.0875 NS
Overall 139 30 1335 11 0 0.899  0.928 0.0049

N, number of individuals per population; N, number of alleles; Ng, number of effective alleles; Nya, number
of newly identified alleles; Nya > 0.5, number of newly identified alleles with frequency greater than 5%. Hop,
observed heterozygosity; Hg, expected heterozygosity; Fig, inbreeding coefficient; NS, non-significant (p > 0.05).

3.3. Genetic Structure and Differentiation

The genetic diversity was partitioned into two sources of variation, viz. variation
among populations and variation within populations, in an AMOVA. It was revealed
that the majority (99%) of the genetic variation can be explained by genetic diversity
within individuals in the populations and only 1% of the variation can be explained by
genetic differences amongst populations (Table 3). Limited genetic sub-structuring between
populations revealed in the AMOVA can be further validated by the average pairwise Fgr
value of 0.011 (Table 4 and Figure 2A) and Slatkins linearized Fsr of 0.014 (Table 4 and
Figure 2B). Of all the 15 population pairwise Fgr values, estimates ranged from 0 (between
Kromhoek and Mbotho; Shayamoya and Thembeni; Thembeni and Weza) to 3.3% (between
Bhongweni and Shayamoya), and Slatkins Fgt indices ranged from 0 to 4.7% for the same
population pairs.

Matrix of pairwise FST Slatkins linearized FST
A 1 B
0.04
0.04
2
0.03
3 ! 0.03
FsT| B 0.02 t/N=FST/(1-FST)
4 0.02
0.01
5 0.01
0.00
6

3

0.00
1

4 5 6 2 3 4 5 6

Figure 2. Graphical representation of (A) pairwise Fgr and (B) Slatkins linearized Fgt estimates between 6 Nguni crossbred

populations based on the BoLA-DRB3 gene. 1 = Bhongweni, 2 = Kromhoek, 3 = Mbotho, 4 = Shayamoya, 5 = Thembeni,

6 = Weza.

Table 3. Genetic partitioning of genetic diversity in BoLA-DRB3 gene among six Nguni crossbred
populations of KwaZulu-Natal, South Africa.

Source of Variation Sum of Squares Variance Components Percentage Variation
Among Populations 3.371 0.00462 0.96315
Within Populations 125.215 0.46035 99.03685

Total 128.586 0.46497
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Table 4. Pairwise Fgt estimates (below diagonal) and Slatkins linearized Fgt estimates (above diago-
nal) in BoLA-DRB3 gene between six Nguni crossbred populations of KwaZulu-Natal, South Africa.

Sampling Area  Bhongweni  Kromhoek Mbotho Shayamoya  Thembeni Weza
Bhongweni - 0.00143 0.01534 0.04728 0.03171 0.02449
Kromhoek 0.00437 - 0.00100 0.02352 0.01056 0.00779
Mbotho 0.02097 0.00064 - 0.00087 0.01339 0.01214
Shayamoya 0.03278 0.01332 0.00324 - 0.00174 0.01379
Thembeni 0.02907 0.01045 0.01448 0.00161 - 0
Weza 0.01625 0.00150 0.00821 0.00454 0 -

4. Discussion

Exon 2 of the BoOLA-DRB3 gene is highly important and plays a crucial role in the
response of T-cells to pathogens [36]. To date there has been 303 defined alleles in this region
(https:/ /www.ebi.ac.uk/ipd/mhc/group/BoLA/, accessed on 3 March 2021). Hence,
substantial genetic variation in this region could account for the association between
efficient immune response and disease resistance [37,38]. The current study reveals that
South African crossbred Nguni cattle exhibits high genetic polymorphism in the BoLA-
DRB3 region.

The Nguni is a breed that is very common in South Africa. It was introduced into
southern Africa by way of three migrations by pastoralists [39]. It is widespread and
possesses superior qualities such as tick resistance [40,41], and has the ability to survive
in remote rural areas of low input systems where the quality of forages is poor [41,42].
Nguni cattle have also been revealed to produce ample milk [43]. A significant number
of communal farmers in South Africa keep the Nguni crossbreed, given this the genetic
diversity of such a breed and others needs to be unpacked. The studied population revealed
30 alleles which is consistent with 21 alleles detected in Japanese Shorthorn cattle [44],
38 in Hanwoo cattle [45], 35 in Yacumeno cattle [46], and 33 in Nellore cross Brahman
cattle [47]. Alleles DRB3*0201, DRB3*0701, DRB*0901, and DRB*1601 were found to be
present in all the studied populations. Several studies have been conducted to assess
possible associations between DRB3 alleles and disease resistance, they have been shown to
be significantly correlated with CD4, CD8, and CD12 cells [1]. Mastitis resistance has been
found to be associated with alleles *0201, *0901 [48,49]. Furthermore, the *0901 allele has
demonstrated an association with resistance to bovine leukemia virus (BLV) in different
regions [21,50]. The alleviation of foot-and-mouth disease (FMD) was associated with
allele *0201 amongst others in Hereford steers [38] and allele *1601 has shown a response to
FMD vaccines [51]. The two alleles *0201 and *0901 have been illustrated to be associated
with several diseases in different species of cattle. This suggests that these alleles play
an important role in disease resistance. All populations in the current study possessed
high frequencies of both alleles. Further validation studies across the spectrum of African
cattle breeds across different countries need to be conducted and possible marker assisted
selection to improve disease resistance in cattle.

There was favorable genetic distribution within populations as this was evident
from the high levels of observed heterozygosity. Three of the six populations (Kromhoek,
Mbotho, and Thembeni) display an excess of heterozygotes and partial outbreeding. How-
ever, no population displayed significant heterozygote excess or deficiency and did not
violate HWE. Heterozygote advantage (overdominance) or recent bottleneck events that
results in reduced effective population sizes [52] could be plausible explanations for this
high heterozygosity. When heterozygotes confer greater fitness at a locus, selection will
tend to favor heterozygote genotypes and this will result in reduction of homozygotes
and subsequent increase in heterozygotes [53]. Pathogen-mediated selection could also
contribute to heterozygote retention and advantage because pathogens gradually confer
resistance to the defense mechanisms of hosts, subsequently the host will oppose this by
accumulation and retention of genetic variation [24]. The MHC is a region that is highly
endowed in genetic diversity in natural populations [54-56]. This region is involved in
production of glycoproteins that bind to foreign bodies and divert them to crucial compo-
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nents of the immune system [57]. Thus, in theory a greater array of alleles would allow
individuals to produce different glycoproteins, enabling them to identify a plethora of
pathogens. Furthermore, support of this has been illustrated in a study in mice whereby
mice heterozygous at the MHC displayed greater resistance to multiple-strain infections of
Salmonella [14]. Parallel results were reported by Worley et al. [58] in junglefow] where it
was revealed that individuals with heterozygous genotypes for the MHC survived coccid-
iosis infection longer than individuals with homozygous genotypes. Therefore, the Nguni
populations in this study could be resistant to several diseases given the high genetic
diversity revealed.

The BoLA-DRB3.2 locus is defined by a low population structure in South African
Nguni cattle. Pairwise Fgt indices depicted very limited genetic difference between popu-
lations, these estimates ranged from 0 (between Thembeni and Weza) to 3.3% (between
Bhongweni and Shayamoya). They were comparable to genetic differentiation (Fst = 0.009)
identified in Holstein cattle [59], albeit the Holstein study covered samples from four dif-
ferent South American countries. This, therefore, depicts the retention of important alleles
in cattle, or the high degree of inbreeding in the Holstein breed [60,61]. The population
differentiation estimates in the current study were, however, lower than those reported
for Mexican creole breeds [4]. Furthermore, Zebu cattle from South America revealed an
FST range between 2.2% and 13.3% [47], which is much greater than that of our studied
populations. This could be due to the diverse breeds used in the South American study [42],
which studied this diversity in three different breeds.

The use of adaptive/non-neutral markers, such as the BoLA-DRB3 gene in this study,
is vital in studying the population genetics and the extent of local adaptations in species [62].
Nonetheless, neutral genetic markers have been the most widely used tools due to their ease
of availability and because they are unbiased in assessing some genetic parameters [63].
On the contrary, given the ever-changing environment and plasticity of species, non-
neutral markers are optimal as populations adapt to environmental stressors due to these
non-neutral markers [64]. The use of neutral markers in the current study would have
possibly revealed similar results in terms of population differentiation. This is because
neutral genetic markers are ideal for inferring spatial genetic structure and gene flow [65],
and given the cultural practices and proximity of the studied areas, there should be an
ample amount of gene flow among populations. Neutral genetic markers would, however,
show an increase in genetic diversity indicis, compared to the non-neutral marker used in
the current study. This is because neutral markers are not subjected to natural selection [62],
and therefore should evolve more rapidly than non-neutral markers.

An analysis of molecular variance depicted that the majority of genetic variance (99%)
was partitioned within populations and only 1% of the genetic variance was between pop-
ulations. This depicts an even allele distribution between populations. The low population
genetic differentiation returned can be explained by environmental and pathogen-mediated
selection (as already explained above), whereby similar alleles will be maintained in popu-
lations due to their relative fitness, and since these populations belong to the same province
environmental conditions and other stressors are expected to be somewhat constant across
populations hence possibly enabling the retention of similar alleles. Gene flow may also
be shaping the genetic structure of the current populations, it is common for farmers to
exchange cattle between different regions given the accessibility of the study areas.

5. Conclusions

Great genetic diversity was detected with 11 novel alleles identified. This high genetic
diversity could possibly be maintained by a heterozygote advantage (overdominance).
Low population differentiation was returned, which points to the retention of similar alleles
between populations. Such information is crucial for defining the gene pool of indigenous
breeds and outlining the genetic basis of their adaptation to local environments. When the
genetic architecture of the BoLA is amply illuminated association studies of immunological
traits can be assessed and sustainable breeding systems can be put into place.
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