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Abstract
The golden wildebeest, a colour variant of the blue wildebeest (Connochaetes taurinus taurinus), is one of the most common 
colour variant animals that South African game ranchers breed for. Based on pedigree records, the prevailing hypothesis is 
that the golden coat colour is an autosomal recessive trait. However, the genetic basis of the golden coat colour phenotype 
has not been investigated. A genome-wide association study (GWAS) was performed with 14 624 single nucleotide polymor-
phisms (SNPs) to identify putative candidate genes involved in blue wildebeest pigmentation. A total of 374 SNPs were sig-
nificantly associated with coat colour (P value ≤ 0.001). Five of these SNPs mapped to four different Bos taurus orthologous 
genes that could be involved in pigmentation based on previous literature reports. An additional three SNPs with an associa-
tion P value ≤ 0.05 mapped to well-known pigmentation genes and were also considered. Based on the reported biological 
function of the genes, the myosin VC (MYO5C), myosin VIIA (MYO7A), solute carrier family 6 member 3 (SLC6A3), solute 
carrier family 28 member 2 (SLC28A2), dopamine receptor D2 (DRD2), frizzled class receptor 4 (FZD4) and tyrosinase 
(TYR ) genes are promising candidate genes that could contribute to coat colour determination in blue wildebeest. Based on 
the number of identified candidate genes, gene–gene interaction analysis, and their determined mode of inheritance, coat 
colour in blue wildebeest could rather be a quantitative threshold trait. This study provides a basis for further investigation 
on the genetic mechanisms of pigmentation in blue wildebeest.

Keywords Genome-wide association study · Single nucleotide polymorphism · Functional annotation · Inheritance model

Introduction

The South African wildlife industry is a multi-billion Rand 
(ZAR) enterprise centred on wildlife ranching activities that 
include the stocking, breeding, trading, and hunting of game 
animals (Cloete and Rosouw 2014). During the past decade, 
the industry has shifted from mainly focusing on hunting 
and ecotourism to the selective breeding of sought-after 
atypical colour variants, such as black impala (Aepyceros 
melampus) and golden wildebeest (Connochaetes taurinus 
taurinus; Miller et al. 2016). Although colour variant breed-
ing has attracted the attention of both local and international 

investors, it has also received criticism from key stakehold-
ers and role players in the industry. Some have questioned 
the conservation consequences of selecting for colour vari-
ations that are infrequently seen in the wild (Russo et al. 
2019). Specific concerns regarding the intensive breeding 
of wildlife have been raised, which include the distortion of 
the natural process of evolution, the loss of genetic diversity 
due to isolation and inbreeding, the fixation of deleterious 
alleles, weakened resilience to environmental changes and 
reduced reproductive fitness of captive stock (Miller et al. 
2016; Russo et al. 2019). Consequently, the colour variant 
market has declined considerably in recent years. Neverthe-
less, a large number of colour variant game animals still 
remain on wildlife ranches across South Africa (Coetzer and 
Grobler 2019).

A study by Taylor et al. (2016) identified the golden wil-
debeest, a colour variant of the blue wildebeest (C. t. tauri-
nus), as one of the most common colour variant animals that 
game ranchers breed for in South Africa.

Unlike the silvery-blue coat colour of the wild-type 
blue wildebeest, the coat of the golden wildebeest is light 
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golden-brown to yellow–brown in colour (Adetunji et al. 
2018). In 2016, during the peak of the colour variant mar-
ket, a blue wildebeest sold for an average auction price of 
ZAR 3 137 while a golden wildebeest sold for an aver-
age price of ZAR 418 090 (Cloete 2017). Nevertheless, 
despite the collapse of the colour variant market in recent 
years, golden wildebeest still had a higher average auction 
price (ZAR 8 394) than that of wild type blue wildebeest 
(ZAR 3 795) during the 2019 auction season (Vleissen-
traal 2019). Therefore, elucidation of the genetic mecha-
nisms underlying this golden coat colour phenotype is of 
great interest. Based on pedigree analysis, the golden coat 
colour phenotype is believed to be the result of a simple 
autosomal recessive mutation (Taylor et al. 2016). How-
ever, the gene mutation and the molecular genetic basis of 
the golden coat colour phenotype, in general, has not been 
studied previously. Consequently, this mode of inheritance 
has not been confirmed. In addition, it is also not known 
if the causal variant of the golden coat colour is linked to 
other pleiotropic effects (Olivier 2015). Mutations influ-
encing coat colour often have other phenotypic effects 
including susceptibility for skin diseases, disorders of the 
immune system, reproductive tract, and sensory organs. 
If the casual variant is linked to genes that are associated 
with pathological developments, it may pose significant 
economic drawbacks in terms of mortality, aesthetics and 
management costs (Adetunji et al. 2018).

Through the study of model organisms, great insights 
have been gained into the molecular mechanisms underly-
ing melanin-based pigmentation. These studies have dem-
onstrated that pigmentation biology and genetics are highly 
conserved across mammals (Hubbard et al. 2010). Melano-
cytes express a limited number of specific proteins that act 
in the melanogenesis cascade, with tyrosinase (TYR) as the 
rate-limiting enzyme, to produce the melanin biopolymer in 
mammals (D’Mello et al. 2016). Melanin pigments are syn-
thesised and stored in melanosomes, which are lysosome-
related organelles, before distribution to the surrounding 
keratinocytes (Cieslak et al. 2011; D’Mello et al. 2016). 
Mammalian melanocytes can produce two distinct types 
of melanin: the brownish-black eumelanin and the reddish-
yellow pheomelanin. Coat colour variability is mainly deter-
mined by the ratio of eumelanin to pheomelanin, which is 
regulated by the melanocortin 1 receptor (MC1R) ligand 
system (D’Mello et al. 2016). Coat colour can, however, 
be modified by several other genes involved in the develop-
ment and survival of pigment producing melanocytes, the 
regulation of pigment synthesis or in pigment transport and 
transfer (Cieslak et al. 2011). Currently, more than 150 genes 
are known to regulate pigmentation in mammals, either 
directly or indirectly, with updated lists of these genes being 
actively maintained by the European Society for Pigment 
Cell Research (ESPCR; http:// www. espcr. org/).

Genetic research concerning the golden wildebeest will 
be able to facilitate breeding management and will also 
enable game ranchers to make informed decisions regard-
ing the viability of golden wildebeest ranching (Russo 
et al. 2019). This study, therefore, aimed to (i) identify 
single nucleotide polymorphisms (SNPs) that are signifi-
cantly associated with coat colour in blue wildebeest by 
performing a genome-wide association study (GWAS), (ii) 
identify whether any of the marker sequences that flank the 
significant SNPs mapped to genes with known functional 
roles in pigmentation, (iii) identify gene combinations that 
could play a role in determining coat colour in blue wil-
debeest, and (iv) elucidate the mode of inheritance of the 
golden coat colour variation.

Materials and methods

Study population: pedigree relations and genetic 
resources

Ninety-four blue wildebeest (C. t. taurinus) originating from 
a private game ranch (S24° 45.429′ E28° 27.162′) located in 
Limpopo Province, South Africa were selected for this asso-
ciation study after written informed consent was obtained 
from the rancher. The selected blue wildebeest included 24 
wild-type blue wildebeest, 35 golden wildebeest and 35 so-
called split wildebeest, which are phenotypically normal 
blue wildebeest that are presumed carriers of the golden 
causal variant based on parentage records. Individuals with 
the golden coat colour phenotype represented cases (affected 
individuals), whereas phenotypically normal blue wildebeest 
represented controls (unaffected individuals). The majority 
of the selected blue wildebeest could be grouped into one of 
15 families based on shared sires and, therefore, some of the 
individuals in the population were half-sibs. Furthermore, 
five of the selected blue wildebeest were also the dams of 
offspring in other families in the study population.

DNA extraction

Samples consisted of either hair follicles (56 samples) or 
whole blood stored in EDTA (38 samples), which were 
originally submitted to Unistel Medical Laboratories (Pty) 
Ltd (Cape Town, South Africa) for routine microsatellite 
genotyping and parentage verification. Genomic DNA was 
isolated from each sample using the DNeasy Blood & Tis-
sue Kit (Qiagen) following the manufacturer’s protocol. The 
extracted DNA was quantified using a Nanodrop 1000 spec-
trophotometer and adjusted to 50 ng/µl in a final volume of 
20 µl.

http://www.espcr.org/
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Genotyping and in silico mapping

All DNA samples were sent to Diversity Arrays Technol-
ogy (Pty) Ltd in Canberra, Australia for genotyping using 
the DArTseq platform. The DArTseq approach, a variant 
of genotyping-by-sequencing (GBS), implements com-
plexity reduction methods that effectively targets low-copy 
sequences of the genome (Melville et al. 2017). For detailed 
descriptions of the DArTseq protocol, refer to Kilian et al. 
(2012), Lal et al. (2017) and Melville et al. (2017). A set of 
20 563 genome-wide SNPs, each located in a 69 bp marker/
flanking sequence, were generated for this study population 
using the DArTseq platform. Genomic regions flanking 
these SNPs were aligned to the Bos taurus genome sequence 
assembly [UMD_3.1.1; Bovine Genome Database (http:// 
bovin egeno me. org/)] using blastn with default parameter set-
tings (Van Deventer et al. 2020). Shorter alignments inher-
ently have higher E-values and, therefore, a less stringent 
E-value threshold is usually required. Since the SNP marker 
sequences are only 69 bp in length, an E-value cut-off of 
E ≤ 1.0E-01 was used for mapping. Of the marker sequences, 
3 907 mapped to putative bovine orthologues genes.

Association analysis

The 20 563 SNPs were assessed for quality before the asso-
ciation analysis was conducted and SNPs were removed if 
they had a minor allele frequency (MAF) less than 0.05 and 
a call rate less than 0.80. For the remaining SNPs (14 624), 
Hardy–Weinberg equilibrium (HWE), allele frequencies and 
genotype frequencies were calculated for the total sample 
population, as well as for the case and control groups sepa-
rately, using the software GenALEx version 6.503 (Peakall 
and Smouse 2006, 2012). Association between the SNPs and 
coat colour was assessed using the software UNPHASED 
version 3.1.7 (Dudbridge 2008). Since coat colour in blue 
wildebeest is a binary trait, a case–control design was imple-
mented for the association study. To prevent confounding 
and to strengthen the power of the analysis, all known family 
relationships were taken into account. The default “Full” 
analysis model for genotypic tests was used for the asso-
ciation analysis. Statistical significance was evaluated by 
performing 1000 random permutations. Single nucleotide 
polymorphisms were considered to be significantly associ-
ated with coat colour in blue wildebeest for P value ≤ 0.001. 
In addition, SNPs that mapped to B. taurus genes with a 
known role in pigmentation (i.e., occurs in the ESPCR pig-
ment gene database) were considered statistically signifi-
cant for P value ≤ 0.05. To estimate the genetic effect size 
of the statistically significant SNPs, the odds ratio (OR) for 
each genotype and upper and lower bound 95% confidence 
intervals (95% CI) were also calculated by the UNPHASED 
software.

The statistically significant SNPs were also analysed 
using the software SNPstats (Solé et al. 2006; https:// www. 
snpst ats. net/ start. htm), to confirm the association. In addi-
tion, SNPstats assessed multiple inheritance models (domi-
nant, over-dominant, co-dominant, recessive and additive) to 
evaluate the associations between the statistically significant 
SNPs and coat colour in blue wildebeest. Each inheritance 
model was assessed by performing an unconditional logistic 
regression analysis, and the best-fitting inheritance model 
for each polymorphism was identified based on the lowest 
Akaike Information Criterion (AIC) and/or Bayesian Infor-
mation Criterion (BIC).

Assessment of linkage disequilibrium

The extent of linkage disequilibrium (LD) was assessed 
between the SNPs found to be significantly associated with 
coat colour. The standard descriptive LD parameters, D′ 
and r2, were estimated for all pairwise SNP combinations 
using the LD plot function in the software Haploview ver-
sion 4.2 (Barrett et al. 2005). Using LD categories defined 
by Espigolan et al. (2013), pairwise SNP combinations were 
classified as exhibiting low LD (r2 ≤ 0.16), moderate LD 
(0.16 < r2 ≤ 0.70) or high LD (r2 > 0.70). In addition, LD for 
all possible pairs of loci were also tested with probability 
tests in Genepop version 4.2 using default Markov chain 
parameters (Raymond and Rousset 1995; Rousset 2008). 
Linkage disequilibrium was considered to be significant for 
P values ≤ 0.05.

Functional annotation and identification 
of candidate loci

The marker sequences of the statistically significant SNPs 
were functionally annotated using the Blast2GO pipeline 
(Blast2GO version 5.5.1; Götz et al. 2008). The SNP flank-
ing sequences were used to conduct a blastx search against 
the non-redundant (nr) National Center for Biotechnology 
Information (NCBI) sequence database prior to mapping for 
Gene Ontology (GO) terms. Default blastx parameters were 
used, however, a mammalian taxonomic filter was applied 
to make the blast search more time-efficient. Furthermore, 
similar as for the in silico mapping, blast matches were con-
sidered statistically significant for E values ≤ 1.0E-1. Map-
ping and annotation of GO terms at level 2 were performed 
with default Blast2GO settings.

The marker sequences of the statistically significant SNPs 
with P ≤ 0.001 were then matched, where possible, to the 
B. taurus orthologous genes identified in blue wildebeest. 
Each of these genes were further investigated to determine 
if they could be involved in pigmentation. Genes that could 
possibly play a role in pigmentation, based on previous lit-
erature reports, represented putative candidate genes for the 
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determination of coat colour in blue wildebeest. In addition, 
B. taurus orthologous genes that occurred in the ESPCR 
database were also considered as putative candidate genes 
for coat colour determination if the corresponding SNP had 
a P value ≤ 0.05 for the association study. The orthologous 
genes that were identified as putative candidate genes for 
coat colour determination were then assigned GO terms 
using the PANTHER Classification System (Mi et al. 2019). 
The analyses were conducted using the Gene List Analysis 
tools available on the PANTHER website (http:// www. panth 
erdb. org) and the GO-slim component terms for molecular 
function, biological processes and cellular components were 
retrieved for each of these putative candidate genes.

Gene–gene interaction analysis of candidate loci

All possible combinations of the candidate genes were 
assessed to determine if an interaction exists between any 
of these genes. The software UNPHASED version 3.1.7 
(Dudbridge 2008) was used to test these combinations by 
performing gene–gene interaction analyses using the geno-
type tests option. A total of 1000 random permutations were 
performed to allow for multiple testing. Gene interactions 
were considered to be significant for P value ≤ 0.05.

Results

Association analysis

A total of 374 SNPs were significantly associated (P ≤ 0.001) 
with coat colour in blue wildebeest. These SNPs are listed in 
Online Resource 1. In addition, three SNPs with an associa-
tion P value ≤ 0.05 mapped to genes occurring in the ESPCR 
pigment gene database and were, therefore, also considered 
to be significantly associated with coat colour. The descrip-
tive statistics for the 377 statistically significant SNP are 
summarised in Online Resource 2, while the descriptive 
statistics for the SNPs located in the individually identified 
putative candidate genes are presented in Table 1.

Assessment of linkage disequilibrium

Based on the LD categories defined by Espigolan et al. 
(2013), 69 219 (97.66%) pairwise SNP combinations were 
classified as exhibiting low LD, 1 642 (2.32%) were classi-
fied as exhibiting moderate LD and 15 (0.02%) were classi-
fied as exhibiting high LD. The average Dˈ estimated for all 
pairwise SNP combinations was 0.39 [standard deviation 
(SD) = 0.27)], while the average r2 was 0.04 (SD = 0.05). 
Based on the results of the probability tests, 34.16% of the 
70 876 possible SNP combinations showed significant LD 
(P ≤ 0.05).

Functional annotation and identification 
of candidate loci

Only 37 SNP sequences of the 377 statistically significant 
SNPs could be annotated and grouped into one or more of 
the three main Blast2GO Gene Ontology categories (Fig. 1). 
Among molecular functions, “binding” represented the most 
abundant category (22 sequences, 39%), followed by “cata-
lytic activity” (16 sequences, 28%) and “transporter activity” 
(ten sequences, 18%). Among the biological processes, 19% 
(23 sequences) were annotated in both the “cellular process” 
and “metabolic process” categories and 15% (18 sequences) 
in the “regulation of biological process” and “biological 
regulation” categories. Single nucleotide polymorphism 
sequences associated with the “membrane” (22 sequences, 
26%) and “membrane part” (17 sequences, 20%) represented 
the most dominant groups of the cellular component terms.

The marker sequences of the 374 significant SNPs 
(P ≤ 0.001) were then matched, where possible, to the B. 
taurus orthologous genes previously identified in blue wil-
debeest. Of these significantly associated SNPs, 150 could 
be mapped to the bovine genome (Fig. 2). The bovine chro-
mosomes with the highest number of mapped SNPs were 
chromosome 4, 5 and X. Of the 150 SNPs that mapped 
to the bovine genome, only 101 mapped to genes with 
known protein products. Each of these orthologous genes 
were further investigated to determine if they could be 
involved in pigmentation. A total of four genes [myosin VC 
(MYO5C), myosin VIIA (MYO7A), solute carrier family 6 
member 3 (SLC6A3) and solute carrier family 28 member 
2 (SLC28A2)] were identified as putative candidate loci 
for coat colour determination. The GO component terms, 
retrieved using the PANTHER classification system, for the 
putative candidate genes are presented in Online Resource 
3. These candidate genes are mainly involved in myosin-
dependent transport and the transmembrane transport of 
ions. Furthermore, an additional three orthologous genes 
[dopamine receptor D2 (DRD2), frizzled class receptor 
4 (FZD4) and tyrosinase (TYR )] occurred in the ESPCR 
database of pigmentation genes and were also considered 
as putative candidate genes, because their corresponding 
SNPs had an association P value ≤ 0.05. Online Resource 4 
presents the GO terms retrieved for these putative candidate 
genes. In total, seven genes were, thus, identified as putative 
candidate genes that could determine coat colour in blue wil-
debeest. The eight SNPs located in these genes are presented 
in Table 1. All SNPs located in the putative coat colour 
candidate loci fitted an additive model of inheritance best, 
except for two. These were SNP 100071798|F|0–48:A > G 
which has a dominant mode of inheritance according to the 
AIC and BIC values, and SNP 100025667|F|0–39:T > C and 
100076096|F|0–31:A > G, which could either have a domi-
nant or additive mode of inheritance.

http://www.pantherdb.org
http://www.pantherdb.org
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Fig. 1  Gene ontology distribution of all single nucleotide polymorphisms (SNPs) significantly associated with coat colour in blue wildebeest. 
The results are summarised as follows: a molecular functions, b biological processes, c cellular components
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Gene–gene interaction analysis of candidate loci

Coat colour is a polygenic trait and many of the coat colour-
associated genes and their alleles often have epistatic inter-
actions (Cieslak et al. 2011). However, none of the inter-
actions between SNPs located in the identified coat colour 
candidate loci were found to be statistically significant (P 
values > 0.05).

Discussion

Despite golden wildebeest being one of the most common 
colour variant animals that game ranchers breed with in 
South Africa, the genetic basis of the golden coat colour 
phenotype has not been studied previously. Therefore, to 
elucidate the genetic underpinnings of coat colour in blue 
wildebeest, a GWAS was conducted with 14 624 SNPs. Of 
these SNPs, 377 were found to be significantly associated 
with coat colour.

Only 37 of the 377 significant SNP marker sequences 
could be functionally annotated. The SNP sequences that 
could not be functionally annotated could be located in genes 
that have not been fully annotated yet or could be located 
in non-coding regions. Studies have shown that SNPs 
located in non-coding regions could also have functional 
consequences by altering the binding site of transcriptional 
machinery (Spielmann and Mundlos 2016). Therefore, some 
of the SNPs that were not annotated could still influence 
coat colour in blue wildebeest by affecting the regulation of 
pigment gene expression. Moreover, tag SNPs in high LD 
with the causal variant could also show statistical associa-
tion with coat colour if the actual functional variant has not 
been directly genotyped (Bush and Moore 2012). The natural 
decay of LD occurs at a much slower rate in inbreeding sys-
tems because there is a severe decrease in effective recombi-
nation and, consequently, genetic variants remain correlated 
over larger physical distances (Caldwell et al. 2006). The 
observed heterozygosity in the study population was lower 

than the expected heterozygosity, which indicates that there 
could indeed be inbreeding in the population which, in turn, 
could result in a higher level of LD (Online Resource 2). 
The level of LD was estimated between all significant SNP 
combinations to determine if a large number of the unanno-
tated SNPs could indeed be tag SNPs of the causal variant. 
Generally, the pattern of LD between neighbouring markers 
are high and decreases with an increase in marker distance 
(Berihulay et al. 2019). However, because the positions of 
the significant SNPs relative to each other were not known 
in the current study, the LD between these markers could 
not be measured as a function of distance. As a result, the 
average Dˈ and r2 were estimated over all possible pairwise 
SNP combinations. Therefore, although the average Dˈ and 
r2 values seem low, it should be compared to the average 
LD observed across all chromosomes in other species. The 
LD observed in the current study was higher than the aver-
age LD generally observed in farmed domestic sheep (Al-
Mamun et al. 2015; Alvarenga et al. 2018), but lower than 
that observed in cattle (Espigolan et al. 2013; Mustafa et al. 
2018). Based on these comparisons, the number of tag SNPs 
in the current study is expected to be slightly higher than the 
number of tag SNPs in sheep association studies, but less 
than the number in cattle association studies. The percentage 
pairwise SNP found to be in significant LD (34.16%), based 
on the probability test P values, was also significantly more 
than the 14.58% reported in water buffalo (Bubalus bubalis; 
Nagarajan et al. 2009). In addition, although the significant 
SNPs were distributed throughout the B. taurus genome, 
more than a third (37.25%) of the mapped SNPs mapped to 
bovine chromosome 4, 5 and X, suggesting that these SNPs 
could possibly be physically linked.

Despite the large number of SNP sequences that could not 
be functionally annotated, the Blast2GO functional analy-
sis is able to give an overview of the molecular functions, 
biological processes and cellular components involved in 
blue wildebeest pigmentation. Interestingly, the most prev-
alent cellular component was “membrane”, while binding 
and transporter activities also seem to play an important 

Fig. 2  Distribution of the single 
nucleotide polymorphisms 
(SNPs), significantly associated 
with coat colour in blue wilde-
beest (P value ≤ 0.001), across 
the Bos taurus chromosomes
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role in blue wildebeest pigmentation. Many previous stud-
ies have also identified genes coding for ion transport pro-
teins as key regulators of melanin synthesis (e.g., Bellono 
et al. 2016; Chao et al. 2017). These studies suggest that 
ion exchange might play a pivotal role in the regulation of 
pigmentation through the regulation of melanosomal pH. A 
study by Ancans et al. (2001) has shown that the activity of 
tyrosinase, the rate limiting enzyme in melanin synthesis, is 
optimal at a neutral pH. However, melanosomes, which are 
lysosome-related organelles, have an acidic pH. Therefore, 
melanogenesis is generally stimulated by an increase in mel-
anosomal pH, while the activity of tyrosinase is gradually 
lost with decreasing pH (Cheli et al. 2009). Furthermore, 
studies by Ito et al. (2013) and Wakamatsu et al. (2017) 
have also found that an slightly acidic pH chemically shifts 
mixed melanogenesis to more pheomelanic states by sup-
pressing the late stages of eumelanogenesis, that occur after 
the stages catalysed by tyrosinase.

A number of studies have specifically found mutations in 
solute carrier (SLC) genes to affect pigmentation by regulat-
ing pH (e.g., Cook et al. 2008; Cieslak et al. 2011). Members 
of this gene family encode membrane-bound transporters 
that facilitate the movement of specific substrates, either 
against or with its concentration gradient (He et al. 2009). In 
the current study, three significantly associated SNPs were 
located in SLC genes, and were thus considered as putative 
candidate genes. The SNP in one of these SLC candidate 
genes could possibly result in a change in melanosomal pH, 
which in turn could result in a change in tyrosinase activ-
ity. Although, the gene–gene interaction analysis did not 
identify a significant interaction between the SNPs located 
in the SLC genes and the SNP that mapped to TYR  (SNP 
100070025|F|0–27:C > T), it does not undoubtedly prove 
that a SLC gene is not involved in the regulation of tyrosi-
nase in blue wildebeest. Previous studies have shown that 
melanin synthesis does not always correlate with the level 
of TYR  expression, and that TYR is also regulated post-tran-
scriptionally. The subsequent processing of TYR to produce 
a mature, functional enzyme has been found to depend on 
the neutralisation of pH in the Golgi (Watabe et al. 2004). A 
change in pH caused by a SLC protein could, thus, possibly 
affect the maturation or functionality of TYR after transla-
tion, which in turn, could affect the rate of melanogenesis.

For SNP 100048574|F|0–35:G > A located in SLC28A2, 
each addition of the G-allele increased the odds of the result-
ing coat colour phenotype being golden (A/G genotype: OR 
1.71E + 08; CI 9.86E + 07–2.97E + 08; G/G genotype: OR 
8.21E + 08; CI 4.73E + 08–1.42E + 09). Furthermore, for 
SNP 100025667|F|0–39:T > C, located in SLC6A3, none of 
the golden wildebeest case individuals were carriers of the 
C-allele, and each addition of the T-allele also increased the 
odds of the coat colour being golden (C/T genotype: OR 
2.62E + 07; 95% CI 2.62E + 07–2.62E + 07; T/T genotype: 

OR 2.10E + 17; CI 2.10E + 17–2.10E + 17). Both of these 
SNPs had large genetic size effects and are thus expected to 
greatly influence coat colour in blue wildebeest. It is, how-
ever, important to note that the size effects of these SNPs 
could possibly be overestimated due to the small study 
population. Furthermore, the other SNPs that mapped to 
SLC6A3, 100071798|F|0–48:A > G, also significantly devi-
ated from HWE in the control group, but not for the case 
group. This deviation in the control group is likely the result 
of the lower frequency of the minor G-allele in the control 
group (0.28) compared to the total cohort (0.36) and the 
case group (0.50). The major A-allele of this SNP could 
thus possibly have a “protective” effect against the golden 
coat colour phenotype. If this SNP results in an increase in 
melanosomal pH, it could shift melanogenesis towards the 
synthesis of eumelanin, thereby reducing the odds of the 
coat colour phenotype being golden.

One of the significant SNPs also mapped to TYR  and 
was thus also considered as a candidate gene for coat col-
our determination. Previous studies have reported that the 
required level of TYR activity is higher for the synthesis 
of eumelanin than for pheomelanin (Burchill et al. 1993). 
The golden coat colour phenotype is likely the result of 
increased red-yellow pheomelanin synthesis. If the SNP 
in the TYR  gene results in reduced TYR activity, it might 
shift melanogenesis towards pheomelanin synthesis. The 
SNP that mapped to TYR  deviated from HWE in the golden 
wildebeest case group, as well as in the control group. This 
deviation is likely due to the selection of case and control 
individuals based on phenotype, because the minor T-allele 
of the SNP was significantly increased in the case group 
(0.35) compared to the control group (0.13). Furthermore, 
the genotype distribution of the SNP fitted an additive 
model of inheritance best, with each addition of the minor 
T-allele increasing the probability of the resulting coat col-
our phenotype being golden (C/T genotype: OR 2.45; 95% 
CI 0.76–7.92; T/T genotype: OR 7.47; 95% CI 1.75–31.90). 
In addition, mutations in the TYR  gene has been associated 
with a paler coat colour, due to reduced melanin production, 
and pleiotropic effects such as retinal functional abnormali-
ties and behavioural changes (Reissmann and Ludwig 2013). 
Such pleiotropic effects have not been reported thus far in 
golden wildebeest. However, further investigation is needed 
to ensure that such negative effects do not occur.

Numerous proteins are involved in the sorting and traf-
ficking of enzymes and structural proteins to melanosomes 
during melanin synthesis. Some actin-based myosin motors 
have been involved in this process. In the current study, two 
significantly associated SNPs (100028101|F|0–43:C > A; 
100076096|F|0–31:G > A) mapped to genes coding for 
myosin motors, namely myosin VC and myosin VIIA, and 
were thus also considered as candidate genes for coat colour 
determination. The frequency of the C/C genotype for the 
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myosin VC SNP (100028101|F|0–43:C > A) was significantly 
increased in the case group (0.53) compared to the control 
group (0.16). Carriers of the C-allele were also found to be 
significantly associated with a higher probability to result 
in the golden coat colour phenotype compared to the A/A 
homozygotes (OR 2.48; 95% CI 0.62–10.02). The Myosin 
Vs are well known for their role in the pigmentation of skin 
and hair. Myosin VC, specifically, has been found to function 
in the trafficking of integral proteins, such as tyrosinase-
related protein (TRP) 1 and TRP2, to melanosomes (Bultema 
et al. 2014). Tyrosinase-related protein 1 and TRP2 play 
crucial roles in catalysing eumelanin-producing reactions. 
Therefore, if the C-allele of the SNP associated with MYO5C 
results in a transport protein with reduced functional activ-
ity compared to the wild-type protein, it may disrupt the 
synthesis of eumelanin in blue wildebeest. Furthermore, the 
SNP that mapped to myosin VII (100076096|F|0–31:A > G) 
significantly deviated from HWE in the case group, but not 
in the control group. The deviation observed in the case 
group is likely the result of the increased frequency of the 
minor G-allele (0.41) compared to the control group, which 
is homozygous for the major A-allele. The G-allele of this 
SNP could thus also possibly disrupt the synthesis or dis-
tribution of eumelanin. Studies have found myosin VII to 
be involved in the transport of retinal melanosomes and, 
therefore, also in the determination of eye pigmentation 
(Williams and Lopes 2011). Although the role of myosin 
VII has not been directly established in the determination 
of coat colour, the possibility of myosin VII playing a role 
in coat colour determination cannot be rejected. Additional 
studies are needed to determine the functional role of myosin 
VII in determining coat colour.

In addition, two of the SNPs located in candidate 
genes are not expected to have a large effect on coat col-
our determination because the genetic effect size of the 
genotypes were relatively small. These SNPs are SNP 
100028737|F|0–18:G > A located in FZD4 (A/G genotype: 
OR 0.28; 95% CI 0.06–1.24; G/G genotype: OR 0.10; 95% 
CI 0.02–0.47), and SNP 100075122|F|0–28:G > A located 
in DRD2 (A/G genotype: OR 0.24; 95% CI 0.04–1.45; G/G 
genotype: OR 0.14; 95% CI 0.02–0.75). The FZD4 candidate 
gene identified in the current study can possibly contribute 
to melanocyte development and/or the regulation of TYR 
activity by acting in Wnt signalling, while the D2 dopamine 
receptor could be indirectly involved in TYR regulation by 
regulating the synthesis of α-melanocyte stimulating hor-
mone (αMSH), an agonist of MC1R (Yamaguchi et al. 1996; 
D’Mello et al. 2016).

As mentioned previously, the prevailing hypothesis is 
that the golden coat colour phenotype in blue wildebeest 
is a simple autosomal recessive Mendelian trait. However, 
based on the results of the current study, coat colour in 
blue wildebeest has a complex mode of inheritance with 

multiple genes, with different size effects, influencing the 
coat colour phenotype. The quantitative threshold model is 
commonly used to explain how multiple genes can influ-
ence the expression of binary traits (Moorad and Promislow 
2011). Under the threshold model, the expressed phenotype 
for a dichotomous trait is wholly determined by an underly-
ing, unobserved continuous trait referred to as “liability”. 
Each of the loci involved in the phenotypic expression of 
the trait act additively on the scale of liability. Individu-
als with liability that exceeds a fixed threshold will express 
one phenotypic character state (affected), while individuals 
with liability below the threshold will express the alternate 
state (unaffected). Based on the results of the current study, 
coat colour in blue wildebeest could thus be a quantitative 
threshold trait mainly determined by SLC6A3, SLC28A2 and 
MYO7A, because the SNPs located in these genes had the 
largest genetic size effects. In addition, a few minor genes 
with smaller size effects (MYO5C, DRD2, FZD4, TYR ) are 
also expected to contribute to the trait. This particular inher-
itance model for coat colour in blue wildebeest is also sup-
ported by the gene–gene interaction analysis results which 
indicated that the trait is more likely to be additive across 
loci, with limited epistatic gene interactions. In addition, 
the majority of the SNPs located in the putative candidate 
loci fitted an additive mode of inheritance best, providing 
further support for the threshold inheritance model. This 
particular mode of inheritance for coat colour in a mamma-
lian species has not been previously reported in published 
literature. It is possible that previous studies regarding coat 
colour inheritance in mammals may have overlooked this 
specific inheritance model due to study design or the use of 
a limited number of molecular markers. Nevertheless, due to 
the novelty of the findings in this preliminary study of coat 
colour in blue wildebeest, additional studies are required to 
confirm the mode of inheritance.

Conclusion

The current study represented the first genetic study to 
identify genes and SNPs associated with coat colour in blue 
wildebeest. Eight DArTseq SNP markers were identified as 
putative candidate loci for coat colour determination in blue 
wildebeest. These SNPs mapped to seven different candidate 
genes: TYR , SLC6A3, SLC28A2 MYO5C, MYO7A, DRD2 
and FZD4. Of these identified candidate genes, the TYR  gene 
is the only gene, known from literature, to be associated 
with pleiotropic effects. However, none the negative effects 
associated with mutations in the TYR  gene have thus far been 
reported in golden wildebeest. Furthermore, based on the 
results of the current study, coat colour in blue wildebeest 
could possibly be a quantitative threshold trait rather than 
a simple autosomal recessive trait as originally suspected.
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Due to the short flanking sequences of the DArTseq 
SNPs, it was not possible to accurately determine whether 
any of the putative candidate SNPs for coat colour determi-
nation in blue wildebeest results in an amino acid change. 
Consequently, it will be important for future studies to assess 
the functional significance of the SNPs located in the puta-
tive candidate genes by determining if any of these SNPs 
result in amino acid changes or truncated proteins. Neverthe-
less, the findings of this preliminary study provide a valuable 
theoretical basis for further research regarding the genetic 
mechanisms of pigmentation in blue wildebeest.
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tary material available at https:// doi. org/ 10. 1007/ s42991- 021- 00126-1.
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