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______________________________________________________________________________________ 
Abstract 

Access to genotyping assays enables the identification of informative markers that discriminate 
between cattle breeds. Identification of these markers can assist in breed assignment, improvement and 
conservation. The objective of this study was to identify breed informative markers to discriminate between 
three South African indigenous cattle breeds. Data from BovineSNP50 and GeneSeek Genomic Profiler 
(GGP-80K) assays were generated for Afrikaner, Drakensberger and Nguni, and were analysed for their 
genetic differentiation. Hereford and Angus were included as outgroups. Breeds were differentiated using 
principal component analysis (PCA). Single-nucleotide polymorphisms (SNPs) within the breeds were 
determined when minor allele frequency (MAF) was ≥ 0.05. Breed-specific SNPs were identified using 
Reynolds Fst and extended Lewontin and Krakauer's (FLK) statistics. These SNPs were validated using three 
African breeds, namely N’Dama, Kuri and Zebu from Madagascar. PCA discriminated among the breeds. A 
larger number of polymorphic SNPs was detected in Drakensberger (73%) than in Afrikaner (56%) and 
Nguni (65%). No substantial numbers of informative SNPs (Fst ≥ 0.6) were identified among indigenous 
breeds. Eleven SNPs were validated as discriminating the indigenous breeds from other African breeds. This 
is because the SNPs on BovineSNP50 and GGP-80K assays were ascertained as being common in 
European taurine breeds. Lower MAF and SNP informativeness observed in this study limits the application 
of these assays in breed assignment, and could have other implications for genome-wide studies in South 
African indigenous breeds. Sequencing should therefore be considered to discover new SNPs that are 
common among indigenous South African breeds and also SNPs that discriminate among these indigenous 
breeds. 
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Introduction 

In southern Africa, livestock has always played a vital role in the agricultural economies of countries 
such as South Africa, Namibia and Botswana, where commercial livestock enterprises, smallholder and 
communal farming contribute to food production, social needs and the general wellbeing of rural households 
(Bettencourt et al., 2013). The demand for animal protein is increasing. Meeting this demand will require 
more efficient production to ensure long-term sustainability of production and environmental conservation 
(Otten & Van den Weghe, 2011). Developing countries are often richly endowed with indigenous livestock 
resources that are well adapted to environmental challenges, but lack productivity (Mwai et al., 2015) in milk 
and meat production compared with imported commercial breeds (Renaudeau et al., 2012).  

South African indigenous cattle have unique morphological features that distinguish them from other 
cattle breeds (Makina et al., 2014). These breeds include Nguni, Afrikaner and Drakensberger, known as 
Sanga cattle, which belong to the subspecies Bos taurus africanus. Sanga cattle breeds originated from 
eastern and northern Africa, the home of Sanga and Zenga cattle. Sanga are possibly crossbreds between 
the indigenous humpless cattle (Bos taurus) and Zebu (Bos indicus), whereas Zenga are crossbreds 
between Zebu and Sanga (Rege, 1999). These breeds inhabit eastern and southern Africa and are known to 
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be well adapted to harsh environmental conditions (Okello & Sabiiti, 2006). Nguni cattle are recognized for 
their ability to survive when exposed to high temperatures and low-quality grass and for their resistance to 
parasites and tick-borne diseases (Scholtz, 1988; Mapholi et al., 2014). The Afrikaner is a hardy beef cattle 
breed, known for its adaptation to harsh conditions. It was used in the development of the Bonsmara, a 
South African composite breed (Van Marle, 1974; Mason, 1996; Strydom, 2008). The Drakensberger is 
known for its adaptability, especially to Sourveld regions and is regarded as one of the local indigenous 
breeds of South Africa. Its origin and history have not been well documented (Scholtz, 2010). Other 
commercial breeds such as Angus and Hereford have been continuously selected for production traits 
including beef yield (Scholtz, 2010; Kugonza et al., 2011). Hereford and Angus are common European 
taurine breeds that were introduced to South Africa in 1892 and 1895, respectively (Hanotte et al., 2002; 
Scholtz, 2010). These breeds are well known internationally, and possess good mothering ability, good 
growth rate, early marketability, grazing performance and good temperament (Vasconcellos et al., 2003). 
The Hereford has contributed to the development of the South African beef industry through its role in the 
development of the Bonsmara breed (Scholtz, 2010). 

South African beef cattle are genetically diverse. However, certain populations have been identified as 
critically endangered, namely Pedi and Shangaan cattle (both South African Sanga) (Rege, 1999; Mwai  
et al., 2015). Indigenous breeds are often subjected to indiscriminate crossbreeding with exotic breeds to 
improve production, especially in rural areas. However, this practice leads to the loss of genetic diversity. 
The future utilization of indigenous genetic resources depends on their conservation, promotion and 
improvement (Frese et al., 2014). There is an urgent need to characterize South African indigenous cattle 
populations using genomic information to enhance their productivity and to inform on their utilization in 
breeding programmes (Hanotte et al., 2010; Mwai et al., 2015). However, there is limited knowledge of their 
genetic composition (e.g., Makina et al., 2014).  

Knowledge of breed composition may enable better understanding of the basis of adaptive traits of 
cattle in their own production environments, which is critical for genome-wide association studies (Kuehn  
et al., 2011) and for assigning individuals to their population of origin (Sanz et al., 2014). Furthermore, 
understanding the breed composition of these cattle populations could be useful in predicting heterosis 
(Kuehn et al., 2011), and assisting with the proper management of genetic resources for long-term 
sustainability (Gorbach et al., 2010).  

Several studies have shown the utility of single-nucleotide polymorphisms (SNP) markers for breed 
differentiation and individual assignment (Yoon et al., 2008; Negrini et al., 2009; Pariset et al., 2010; Kuehn 
et al., 2011; Lewis et al., 2011; Wilkinson et al., 2011; Dimauro et al., 2013; Hulsegge et al., 2013). Individual 
assignment uses genetic information to allocate an individual to a population and to determine the origin of 
unknown individuals (Negrini et al., 2008). Methods of selecting informative markers to discriminate among 
breeds and assign individuals to their population of origin have been described (Negrini et al., 2009; Ramos 
et al., 2011; Wilkinson et al., 2011; Opara et al., 2012). A relatively small number of SNPs can be used to 
elucidate the genetic structure among breeds (Wilkinson et al., 2011), and only a small set of informative 
SNPs, if chosen appropriately, may be needed for accurate breed assignment (Mackay et al., 2008; 
Hulsegge et al., 2013; Martinez-Camblor et al., 2014). High-density SNP assays, such as the BovineSNP50 
and bovine high-density (BovineHD) are now available with large numbers of SNPs from which the most 
informative SNPs can be selected for breed assignment (Matukumalli et al., 2009). The objective of this 
study was to identify breed informative SNPs for differentiating among three South African cattle breeds 
using genotype data generated with the BovineSNP50 and GGP-80K assays.  
 
Materials and Methods 

Genotype data generated from previous projects were available for this study (Makina et al., 2014). 
Data from five breeds were studied, including three indigenous South African breeds (20 Afrikaner, 48 
Drakensberger and 47 Nguni) and two exotic British breeds (31 Angus and 33 Hereford), genotyped with the 
Illumina BovineSNP50 (Illumina, San Diego, Calif, USA) and GGP-80K assay (Neogen, Lincoln, Nebr., 
USA). Angus and Hereford were considered outgroups in this study because these breeds were included in 
the development of the BovineSNP50 chip. Afrikaner and Hereford, genotyped with the GGP-80K assay, 
were provided by the Department of Animal & Wildlife Sciences at the University of Pretoria, South Africa 
while Angus, Drakensberger and Nguni, genotyped with the BovineSNP50 assay, were provided by the 
Agricultural Research Council (ARC), South Africa. 

BovineSNP50 BeadChip genotypes for 54 609 SNPs and GGP-80K assay genotypes for 88 683 
SNPs were available, respectively. These chips contain highly informative SNPs that are evenly distributed 
throughout the autosomal genome of the major European cattle breeds (Michelizzi et al., 2011). The GGP-
80K assay consists of SNPs common to taurine cattle that were derived from the BovineSNP50 and 
BovineHD assays, but includes variants derived from these assays that are common in Bos indicus (Edea  
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et al., 2015). Genotypes from the two genotyping platforms were merged and SNPs that were common to 
both BeadChips (i.e., 28 261 SNPs) were used for the analysis. The markers were next filtered within breeds 
to remove those with call rates of less than 98% and samples with more than 10% missing genotypes. After 
applying these filters, 26 472 SNPs remained for further analysis. To evaluate that the genotypes had been 
called with the same Illumina format for both assays, sets of Afrikaner (‘afr’, n = 48), Hereford (‘hfd’, n = 20) 
and Angus (‘ang’, n = 20) animals genotyped with the Illumina BovineSNP50 chip and called with the 
Illumina A/B format were included in the analysis (Makina et al., 2014; Decker et al., 2014). Furthermore, 
three breeds originating from Africa (N’Dama (Bos taurus taurus), Kuri (Bos taurus taurus) and Zebu from 
Madagascar (Bos taurus indicus)) were used to compare the indigenous South African breeds with these 
other African breeds. These breeds were among the several African breeds in the dataset, but were selected 
based on their demographic location since no breeds originate from neighbouring countries to South Africa.  

Allele frequency estimates for each SNP marker were used to determine its utility for breed 
differentiation. To examine the basic indices of genetic variability between the breeds, allele frequency 
distributions and the proportion of SNPs were estimated within a breed using PLINK version 1.09 (Purcell  
et al., 2007). SNP proportions by minor allele frequency (MAF) ≥ 0.05 were determined for each breed (Edea 
et al., 2012; Grasso et al., 2014; Edea et al., 2015). Within-population genetic diversity was estimated by 
calculating observed heterozygosity (Ho), expected heterozygosity (He) and mean inbreeding for each 
population using GoldenHelix SNP & Variation Suite (SVS) software (GoldenHelix Inc., Bozeman, Mont, 
USA) (Grasso et al., 2014). 

For genetic structure analysis with PCA, 26 472 SNPs were further filtered across breeds to remove 
SNPs with call rates ≤ 98%, MAF ≤ 0.01 or with P-value for a chi-square test for Hardy-Weinberg equilibrium 
(HWE) ≤ 0.0001 (Lee et al., 2013). SNPs were filtered to avoid the effects of ascertainment bias on diversity 
indexes and genetic distances (Edea et al., 2015). The average proportion of alleles shared between 
animals was calculated using PLINK using the commands - - cluster and - - distance-matrix and the resulting 
matrix was used to generate the PCA plots (Kijas et al., 2012). The genotypes from ‘afr’, ‘hfd’ and ‘ang’ were 
used to check for the possibility of assay or genotyping call effects between the two datasets (BovineSNP50 
and GGP-80K), using principal component analysis (PCA) analysis (Gurdasani et al., 2015).  

Breed-specific markers were determined by identifying markers with MAF ≥ 0 (Grasso et al., 2014). A 
SNP was declared to be breed specific when it possessed an allele that was present in only one breed 
(Ramos et al., 2011). To find the SNPs that distinguished between the breeds, pairwise Fst (Weir & 
Cockerham, 1984; Weir, 1996) and Lewontin and Krakauer's (FLK) statistics (Lewontin & Krakauer, 1973) 
were calculated between each pair of breeds (Wilkinson et al., 2011; Fariello et al., 2013). Pairwise Fst was 
calculated using SVS software and the FLK statistics were calculated with the haplotype-based method in 
hapFLK (Bonhomme et al., 2010). The method uses the genetic distance of Reynolds et al. (1983), and 
builds the population relationship tree using the neighbour-joining algorithm applied to the matrix of Reynolds 
distances for a specified outgroup (e.g., Angus in this study). SNP pairs with high FLK values (P <0.001) and 
Fst values of 0.60 or greater were selected for each breed comparison (Nishimura et al., 2012).  
 
Results 

The average MAF observed for Afrikaner, Drakensberger, Nguni, Hereford and Angus is shown in 
Table 1. There were no differences between the indigenous and the exotic breeds for the proportion of SNP 
with MAF ≥ 0.01. A small difference was observed between the Afrikaner and Nguni populations for the 
proportion of SNP with MAF ≥ 0 and MAF ≥ 0.01. However, for both MAF criteria, the Drakensberger and 
Angus (a taurine breed) were similar. Less than 1% of the SNPs were fixed within the South African 
indigenous cattle (data not shown). 

As shown in Figure 1, approximately 80% of the markers had MAF ≥ 0.01, while 65% of markers were 
highly polymorphic with MAF ≥ 0.05 across the South African indigenous breeds. In the Drakensberger, 73% 
of the markers were highly polymorphic, which was greater than in Angus (68%). The Afrikaner had the 
lowest proportion of polymorphic SNPs compared with the other breeds. Angus and Hereford generally had 
high levels of polymorphism. Table 2 presents the measure of Ho, He and average inbreeding coefficients. 
There was low observed heterozygosity (Ho) in Hereford compared with the other breeds (Table 2). 

A principal component analysis was performed to evaluate the genetic structure and affinities among 
the five populations included in this study. Figure 2 illustrates the clustering of the five breeds, showing the 
separation of indigenous South African breeds and exotic breeds (Angus and Hereford). The cluster also 
shows the relationship between the Drakensberger and exotic breeds. The cluster of the five breeds with 
‘afr’, ‘hfd’ and ‘ang’ showed that the observed pattern of clustering separated these populations based on 
their relatedness rather than on their genotyping platforms (BovineSNP50 versus GGP-80K) or sample 
batches, as shown in Figure 3. These PCA results, as expected, show that the indigenous populations 
cluster closer to each other in comparison with the exotic breeds.  
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Table 1 Average minor allele frequency (MAF) and standard deviations (SD) in Afrikaner (AFR), 
Drakensberger (DRA), Nguni (NGI), Angus (ANG) and Hereford (HFD) cattle breeds 
 

Population Breed No. of animals Mean ± SD 
(MAF ≥ 0) 

Mean ± SD 
(MAF ≥ 0.01) 

Mean ± SD 
(MAF ≥ 0.05) 

      
Indigenous breeds 

Afrikaner AFR 20 0.20 ± 0.159 0.24 ± 0.146 0.25 ± 0.138 

Drakensberger DRA 48 0.26 ± 0.145 0.26 ± 0.142 0.28 ± 0.130 

Nguni  NGI 47 0.21 ± 0.158 0.23 ± 0.151 0.27 ± 0.133 

Outgroup taurine breeds 

Hereford HFD 33 0.28 ± 0.142 0.29 ± 0.136 0.30 ± 0.126 

Angus ANG 31 0.26 ± 0.147 0.27 ± 0.139 0.29 ± 0.126 
      

 
 

 
Figure 1 Single-nucleotide polymorphism and monomorphism as determined by minor allele frequency = 0, 
MAF ≥ 0.01 and MAF ≥ 0.05 thresholds for each breed. (AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: 
Angus; HFD: Hereford).  
 
 

Table 2 Indexes of genetic diversity in South African cattle breeds 
 

Breed  Breed 
group 

Observed heterozygosity 
(Ho) 

Expected heterozygosity 
(He) 

Mean inbreeding 
coefficient (fi) 

     

AFR Sanga 0.22 0.22 0.00 

ANG Taurine 0.25 0.24 0.03 

DRA Sanga 0.26 0.25 0.01 

HFD Taurine 0.20 0.20 −0.02 

NGI Sanga 0.24 0.23 −0.01 
     

AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford. 
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Figure 2 Principal component analysis for population structure in South African cattle populations showing 
first two principal components for all the breeds. (AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: Angus; 
HFD: Hereford).  
 
 

 
Figure 3 First two principal components for the eight breeds (five breeds including second Afrikaner (afr), 
Hereford (hfd) and Angus (ang) group genotyped with BovineSNP50K). (AFR: Afrikaner; DRA: Drakensberger; 
NGI: Nguni; ANG: Angus; HFD: Hereford).  
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To examine the influence of indicine introgression in the indigenous South African breeds, PCA of 
allele sharing was performed between South African and the other African populations (N’Dama (NDAM), 
Kuri (KUR) and Zebu from Madagascar (ZMA) breeds) (Figure 4). This analysis showed a clear separation 
between the South African and other African breeds. The clustering still placed Drakensberger on the 
diagonal axis between European and African taurine breeds. Regardless of the analytical method or subset 
of breeds analysed, these three groups were consistently observed to be highly differentiated. SNPs with 
highly differentiated allele frequencies were identified using pairwise Reynolds Fst and hapFLK analyses. 
From this analysis, 325 informative loci, for example SNPs with Fst ≥ 0.6, were identified between South 
African breeds, but the hapFLK analysis provided little evidence of the existence of highly breed informative 
SNPs in these data (P >0.001). 
 
 

 
 
Figure 4 Clustering of five South African cattle breeds and three African breeds showing separation among 
the breeds. (AFR: Afrikaner; DRA: Drakensberger; NGI: Nguni; ANG: Angus; HFD: Hereford; NDAM: N’Dama; KUR: 
Kuri; ZMA: Zebu from Madagascar).  
 
 

Analyses of South African breeds with African breeds (N’Dama, Kuri and Zebu from Madagascar) 
revealed a set of informative SNPs that differentiate the South African indigenous and other African (taurine 
× indicine) breeds. Differentiated regions were identified on nine chromosomes (Table 3), containing SNPs 
with high FLK values. Furthermore, these SNPs were checked against a SNP allele frequency database at 
the University of Missouri to determine whether they were fixed only in the African breeds. This revealed that 
both alleles at each SNP segregated in at least 30 other cattle breeds for all SNPs (data not shown). 
Consequently, the SNPs producing high FLK values did not possess alleles that were specific to the African 
breeds, but are sufficiently skewed in frequency to differentiate South African cattle breeds from other African 
breeds. 
 
Discussion 

The analyses performed in this study were conducted to identify breed informative markers for use in 
discriminating among indigenous South African cattle breeds using the BovineSNP50 and GGP-80K data. A 
number of studies have shown the usefulness of SNP data for identifying breed informative SNPs for 
discrimination among breeds (Negrini et al., 2009; Wilkinson et al., 2011; Edea et al., 2012; Nishimura et al., 
2012). Although the BovineSNP50 and GGP-80K assays were designed to contain variants that were 
common to taurine breeds, the authors decided to test their usefulness in identifying informative SNPs to 
discriminate between South African indigenous cattle breeds. The differences between cattle breeds for the 
mean MAFs ranged from 0.20 to 0.29 with an average of 0.24 (SD = 0.143) and were similar to those 
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Table 3 Informative single-nucleotide polymorphisms that discriminate between South African and African 
breeds 
 

SNP                                                                                                        Chromosome 
No Position MAF 

    
BTB-00187975                                                                                          4 57553315 0.13 
BTB-00432889                                                                                         10 62653672 0.11 
BTB-01642403                                                                                         24 6512738 0.48 
BTB-00363099                                                                                            8 84738093 0.11 
ARS-BFGL-NGS-14285                                                                             1 30024945 0.40 
BFGL-NGS-109801                                                                                  17 55713369 0.37 
ARS-BFGL-NGS-34121                                                                          21 32113699 0.18 
BTA-70284-no-rs                                                                                       4 41895490 0.46 
Hapmap48127-BTA-93939                                                                        1 142370512 0.14 
ARS-BFGL-BAC-27254                                                                           20 44861949 0.42 
BTA-118486-no-rs                                                                                  19 21716537 0.32 
    

  SNP: Single nucleotide polymorphism; MAF: Minor allele frequency. 
 
 
observed in previous studies (Chan et al., 2008; Edea et al., 2012). Studies have shown that MAF limits the 
utility of markers in association studies owing to the effects of rare alleles that are difficult to estimate (Gurgul 
et al., 2013). Although rare and fixed alleles could be used to explain the distinct loci in a particular 
population, they may account for the reduced percentage of informative markers within the breeds (Dadi et 
al., 2011). SNPs with low MAF have a frequency imbalance between the two allelic groups, which may 
reflect functional importance (Cargill et al., 1999). 

The differences in allele frequencies among the breeds may be caused by genetic drift, selection to 
adaptation to the local South African environment or ancient divergence among founder populations 
(MacEachern et al., 2009, Dadi et al., 2012). The lowest average MAF was observed in Afrikaner (0.20). 
Drakensberger had a higher average MAF compared with the Afrikaner and Nguni. This agrees with the 
study by Makina et al. (2014), which revealed the closer relationship of Drakensberger to the European 
taurine breeds. The overall MAF in South African indigenous breeds was lower compared with the European 
taurine breeds, which may be due to ascertainment bias in the design of the BovineSNP50 assay. McKay  
et al. (2008) also found a lower average MAF for Bos indicus than for Bos taurus breeds. The lower MAF in 
Bos indicus could again reflect the lower representation of indicine populations in the design of these assays 
such that common loci identified in taurines are generally not the most common in indicines (Chan et al., 
2008; Edea et al., 2012; Espigolan et al., 2013). Therefore, it is possible that the SNPs that have been 
identified as being useful in one population may not necessarily be as useful in another (Allen et al., 2010). 
The differences in observed allele frequencies among breeds show the genetic diversity that exists within 
and between the breeds (Allen et al., 2010). 

The proportion of SNP polymorphisms that was common to South African indigenous cattle breeds 
was generally lower than for the two British breeds, except for Drakensberger. This result was expected 
because these breeds were included in the design of the bovine SNP assays. The higher level of 
polymorphisms in Drakensberger is likely related to the admixture that occurred in the development of the 
breed, which was observed by Makina et al. (2014). The higher degree of SNP polymorphisms observed in 
indigenous breeds could have contributed to the inability to find SNPs with alleles that are specific to South 
African indigenous breeds, and could have other significant impacts on the design and application of marker 
association studies in South African populations. Studies have indicated that the majority of the SNP markers 
on the BovineSNP50 BeadChip were discovered in Angus, Holstein and Hereford (Van Tassell et al., 2008) 
and could have influenced the level of SNP informativeness in such a way that the breeds used in the 
discovery process show higher MAFs and SNP variability, manifested in this study in Angus and Hereford 
compared with the South African indigenous breeds.  

The separation of indigenous South African breeds from Angus and Hereford populations was 
consistent with the current understanding of ancestry and population structure in South African populations 
(Makina et al., 2014). It was also in agreement with insights from previous studies that included partially 
overlapping populations (Decker et al., 2014). Since subsets of animals from the same breed that were 
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genotyped on assays clustered closely (Figure 3), this indicates that there were no assay or genotyping 
effects from differences in ascertainment bias, genotyping accuracy, allele calling or other technical variables 
between the genotyping platforms (Gurdasani et al., 2015).  

The Fst measure for genetic differentiation (Willing et al., 2015) and the FLK test, which accounts for 
unequal population size and the hierarchical structure of relationships among the populations (Bonhomme, 
2010), provided little evidence of the existence of breed informative SNPs from these genotyping platforms in 
indigenous South African breeds. This could be because of lower MAF and high SNP polymorphisms 
observed between these breeds (Tabangin et al., 2009). It is generally considered that uninformative 
markers (i.e. low MAF loci) add variability and noise to the results and compromise the power of population 
genetic studies (Liu et al., 2005). However, effective exploration of other SNP identification methods, such as 
genome resequencing, could help to identify the most informative markers, and produce an optimal minimum 
set of markers that could accurately and efficiently differentiate among populations (Ding et al., 2011). 

The cluster of South African indigenous breeds and other African breeds sampled from Decker et al. 
(2014) enabled the identification of the regions in the genome that discriminate between the populations. 
Eleven identified SNPs with higher Fst values (>0.6) and higher FLK best described the distinctiveness of the 
breeds. These SNPs were useful in segregating the South African breeds from the other African breeds. The 
numbers of SNPs, however, were lower than the 18 informative SNPs found between Japanese Black and 
Holstein by Nishimura et al. (2012) using BovineSNP50 data. This is consistent with the development of the 
assay in which SNPs with a high MAF across taurine breeds were preferentially selected in the assay 
design. Consequently, sets of randomly chosen SNP markers in taurine breeds may have sufficient genetic 
information to produce moderate levels of power to assign individuals to other taurine breeds (Wilkinson  
et al., 2011). Therefore, the allele frequency distribution within other breeds reveals that the 11 identified 
SNPs do not possess breed-specific alleles. This suggests that the sequencing of indigenous South African 
breeds should be considered to identify a large number of informative SNPs specific to discriminating among 
South African breeds. 
 
Conclusion 

The levels of genetic variation for SNPs on the BovineSNP50 and GGP-80K assays identified in this 
study indicate that these assays have utility for genetic studies in South African populations. The lower 
average MAF in the indigenous South African breeds reduced the effectiveness of the assays for the 
selection of breed-informative markers. This may affect their utility in downstream genomic applications. The 
assays were not adequate for identifying breed informative markers allowing for a small subset of markers to 
be used to differentiate between the South African indigenous breeds and African breeds. Therefore, 
identification of SNPs with breed-specific fixation of alternate alleles appears to require the whole genome 
sequencing of pools of DNA from individuals from the local cattle breeds to avoid the biases inherent to SNP 
assays. This would help to overcome the challenge of ascertainment bias, and would improve the MAF 
distribution of variants available for genotyping South African indigenous breeds.  
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