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Abstract

Domestic cattle have a key economic role in African societies, providing an important
source of mobile wealth through supply of meat, milk, cowhide, fuel, transport, and traction.
The phenotypic diversity of African cattle reflects adaptation to a wide range of agroecological
conditions and complex patterns of admixture between the humpless Bos taurus (taurine) and
humped Bos indicus (zebu) subspecies, which share a common ancestor 150-500 thousand
years ago. Human migration and trade from Asia have left a peak of zebu nuclear ancestry in
East Africa and most cattle populations across the continent have a hybrid genetic composition.
Notwithstanding this, all African cattle possess taurine mitochondrial haplotypes, even
populations with significant zebu nuclear ancestry. In this regard, the efficient functioning of
the mitochondrion relies on a network of biochemical interactions between the products of 37
mitochondrial genes and more than one thousand nuclear genes; therefore, admixed African
cattle represent ideal populations for evaluating mitonuclear interactions and mismatch between
the nuclear and mitochondrial genomes. Using high-density SNP array data from 18 different
cattle populations, including ten African admixed breeds, we find strong evidence for
mitonuclear coevolution in hybrid African cattle with significant retention of Bos taurus alleles
at mitochondrially-targeted nuclear genes, particularly those genes with products that directly
interact with mtDNA-encoded protein subunits in OXPHOS and ribosomal complexes, or that
have functions in mtDNA replication. We also show that subspecific local ancestry varies
substantially across the genomes of admixed populations, with a marked signal of taurine
ancestry at the major histocompatibility (MHC) gene cluster, which likely reflects adaptation
to infectious disease challenges facing African livestock. Our results demonstrate that African

admixed cattle represent an excellent comparative model for studying the phenotypic
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47  consequences of mitonuclear mismatch and genomic introgression in humans and other large

48 mammals.
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1| INTRODUCTION

The mitochondrion is an endosymbiotic double membrane-bound eukaryotic organelle
that evolved from an a-proteobacterial ancestor as consequence of the transition to an oxygen-
rich atmosphere that began more than two billion years ago (Dyall et al. 2004; Lyons et al.
2014; Archibald 2015; Martin et al. 2015). Mitochondria harness energy from compounds such
as sugars to produce, via oxidative phosphorylation (OXPHOS), adenosine triphosphate (ATP),
the principal molecule used to store and transfer energy in the cell. Mitochondria are directly
involved in a myriad of cellular and physiological processes, including, for example, calcium
homeostasis, cell growth, cell differentiation, cell death, cellular waste management, neuronal
function, and aging (McBride et al. 2006; Kasahara & Scorrano 2014; Spinelli & Haigis 2018).
In addition, the key role of mitochondria in regulation of innate and adaptive immune responses

has become more widely appreciated (Weinberg ef al. 2015; Mills et al. 2017; Tiku et al. 2020).

Mitochondria have retained their own genome and in vertebrates this is a circular DNA
molecule (mtDNA) of approximately 16 kb that encodes 37 genes and is exclusively transmitted
by females to their offspring (Boore 1999; Zardoya 2020). Despite this, mitochondria also rely
on more than one thousand co-adapted nuclear genes that encode proteins and protein subunits
essential to mitochondrial function (Blier et al. 2001; Rand et al. 2004; Woodson & Chory
2008; Sloan et al. 2018). This intracellular mutualism is exemplified by the vertebrate
OXPHOS system, which consists of five protein complexes, the four larger of which are
chimeric—assembled using subunits encoded by the both the nuclear and mitochondrial
genomes (Rand ef al. 2004; Allen 2015; Isaac et al. 2018). The fundamental nature of these
interactions and the importance of mitonuclear coevolution have been proposed to profoundly
shape the evolution and ecology of eukaryotes (Burton et al. 2013; Wolff ef al. 2014; Hill 2015;

Sunnucks et al. 2017). Co-adapted sets of mitochondrial and nuclear genes have also been
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proposed to underpin eukaryotic speciation and demarcation of species boundaries—the
mitonuclear compatibility species concept (MCSC)—thereby providing an explanatory
framework for using the mitochondrial cytochrome c oxidase I gene (M7-CO1) as an objective

and effective molecular barcode for taxonomic species delineation (Hill 2016; Hill 2017).

Functional mismatch between the mtDNA and nuclear genomes can be observed, for
example, in natural and human-generated hybrid populations, or in cybrids—cytoplasmic
hybrids—generated as cell lines, through somatic cell nuclear transfer (SCNT), or via hybrid
backcrosses (Burton ez al. 2013; Chou & Leu 2015; Hill 2015; Sloan et al. 2017; Sunnucks et
al. 2017; Lechuga-Vieco et al. 2021). In these systems, mitonuclear incompatibilities between
distinct inter- and intraspecific evolutionary lineages can give rise to deleterious biochemical
effects associated with reduced efficacy of OXPHOS protein complexes (Blier et al. 2001;
Ellison & Burton 2006; Ellison et al. 2008; Ballard & Melvin 2010), which lead to lower ATP
production (McKenzie et al. 2003; McKenzie et al. 2004; Ellison & Burton 2008; Ellison et al.
2008) and increased levels of oxidative damage (Barreto & Burton 2013; Latorre-Pellicer et al.
2016; Du et al. 2017; Pichaud et al. 2019). At the organismal level, the physiological
consequences may be reduced fitness across a range of biological traits in vertebrates and
invertebrates, including those related to fecundity and reproductive success (Barreto & Burton
2013; Tourmente et al. 2017; Rank et al. 2020), developmental mortality and longevity (Ellison
et al. 2008; Latorre-Pellicer et al. 2016; Pichaud ef al. 2019), metabolism and nutrition (Derr et
al. 2012; Latorre-Pellicer et al. 2016; Wang et al. 2017; Kong et al. 2020), endurance exercise
(Sujkowski et al. 2019; Spierer et al. 2021), and behaviour and neurobiology (Yu et al. 2009;
Gonzalez 2021). In F3 hybrids of the marine copepod Tigriopus californicus, it was also

demonstrated that wild-type fitness could be restored through maternal backcrosses that
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96 reunited intact nuclear genomes with co-evolved mitochondrial genomes (Ellison & Burton

97  2008)

98 Evidence for mitonuclear mismatches that affect biological fitness in natural vertebrate

99  populations has accumulated during the last decade and includes observations in the Iberian
100  hare (Lepus granatensis) subject to extensive mtDNA introgression from the mountain hare, L.
101  timidus, a northern boreal species (Seixas et al. 2018); the Italian sparrow (Passer italiae), a
102 hybrid between P. domesticus and P. hispaniolensis (Trier et al. 2014); hybrids of two diverged
103  Australian eastern yellow robin (Eopsaltria australis) populations (Morales et al. 2018);
104  Mediterranean chameleons (Chamaeleo chamaeleon) inhabiting an ancient Levantine marine
105  barrier (Bar-Yaacov et al. 2015); hybrids of two distinct lineages of long-toed salamander
106  (Ambystoma macrodactylum) in western Canada (Lee-Yaw ef al. 2014); a hybrid population of
107  Atlantic killifish (Fundulus heteroclitus) with two divergent mtDNA haplotypes (Baris et al.
108  2017); and a hybrid fork-tongued goby (Chaenogobius annularis) population on the east coast

109  of Japan (Hirase ef al. 2021).

110 The evidence for selection acting to conserve co-adapted mitonuclear interactions in
111 human populations is equivocal. Analysis of nuclear and mtDNA SNP data from the Human
112 Genome Diversity Project (HGDP) detected low levels of mitonuclear linkage disequilibria
113 (LD), even for nuclear genes encoding protein subunits that translocate to the mitochondrion
114  and form OXPHOS complexes with mtDNA-encoded proteins or that directly interact with
115  mitochondrial DNA or RNAs (Sloan ef al. 2015). Contrary to this, however, a more recent study
116  of six distinct American admixed populations, demonstrated that mtDNA copy number is
117  inversely correlated with the level of discordance between nuclear and mtDNA ancestry (Zaidi

118 & Makova 2019). This observation was proposed to be a consequence of suboptimal regulation
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119  of mtDNA replication in individuals with mismatched nuclear and mitochondrial genes. In
120  addition, there was evidence, at least in some populations, for a signature of mitonuclear
121  compatible ancestry enrichment at nuclear genes functionally associated with the
122  mitochondrion, particularly those encoding proteins that translocate to the organelle and
123 interact with mtDNA-encoded proteins in multi-subunit OXPHOS and ribosomal complexes.
124 A third study examined potential mitonuclear incompatibilities arising due to admixture with
125  Neanderthals (Homo neanderthalensis) and Denisovans (Homo denisova), which has left
126  signatures in modern human genomes of archaic hominin nuclear ancestry without mtDNA
127  introgression (Sharbrough ef al. 2017). This analysis showed that Neandertal haplotypes for
128  nuclear gene loci associated with the mitochondrion have, as hypothesised, introgressed less
129  readily into both Asian and European human populations. This pattern, however, was not
130  observed for nuclear genomic introgression from Denisovans, likely a consequence of reduced
131  power to detect Denisovan haplotypes in populations exhibiting admixture with both archaic

132  hominins.

133 After humans, from a population genetics perspective, the most well-studied large
134 mammals are domestic cattle, which are derived from two morphologically distinct wild
135  subspecies, Bos primigenius taurus and Bos primigenius indicus, informally shortened to B.
136  taurus and B. indicus and colloquially referred to as “taurine” and “zebu” (or “indicine”) cattle,
137  respectively (Zhang et al. 2020). Comprehensive genetic and archaeological evidence has
138  shown that taurine and zebu cattle were most likely domesticated separately: humpless taurine
139  cattle from the B. p. primigenius subspecies in the Fertile Crescent region of the Middle East
140  approximately 10 thousand years ago (kya), and humped zebu from the B. p. namadicus
141  subspecies two millennia later by the early Neolithic cultures located in present-day

142 Baluchistan, Pakistan (Bradley et al. 1998; Fuller 2006; Zeder 2011; Utsunomiya et al. 2019).
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143 Recent estimates, based on genome-wide sequence data, place the evolutionary divergence time
144  between the two cattle subspecies at 150 to 500 kya (Chen et al. 2018; Wang et al. 2018; Wu
145 et al. 2018), although some analyses of complete mitogenomes have suggested a deeper split

146  (Hiendleder et al. 2008; Bibi 2013; Pramod et al. 2019).

147 The B. taurus and B. indicus lineages are interfertile and since domestication, and likely
148  before, there has been significant gene flow and admixture between humpless and humped
149  cattle across time and traversing multiple locations and environments in Eurasia and beyond
150  (Decker et al. 2014; Ginja et al. 2019; Verdugo et al. 2019; Gebrehiwot et al. 2020; Senczuk
151 et al. 2021). The largest and most well studied hybrid zone encompasses most of the African
152  continent and represents a complex mosaic of taurine and zebu ancestry that has been influenced
153 by a wide range of factors, including climate, physical geography, human migrations, and
154  infectious disease challenges (MacHugh et al. 1997; Hanotte et al. 2002; Kim et al. 2017; Kim
155 et al. 2020). However, even in the face of substantial zebu admixture, it has long been
156  understood that African cattle populations exclusively retain taurine mtDNA haplotypes, the
157  majority of which (within the T1 haplogroup) differ from T, T2, T3, and T4 haplotypes
158  observed in other taurine cattle populations (Loftus ef al. 1994a; Loftus et al. 1994b; Bradley
159 et al. 1996; Troy et al. 2001). Therefore, as summarised in Figure 1, hybrid African cattle
160  represent excellent models for testing hypotheses concerning mitonuclear coevolution in large
161 mammals. In the present study, we leverage high-density SNP data and established
162  computational methods to characterise genome-wide local ancestry and systematically evaluate
163  mitonuclear interactions, coadaptation, and functional mismatch in ten genetically distinct

164  admixed African cattle populations.
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165 2| MATERIALS AND METHODS

166  Animal sampling and genotyping

167 High-density genome-wide SNP array data sets (Illumina® BovineHD 777K BeadChip)
168  corresponding to a total of 605 animals were obtained from published studies (Bahbahani et al.
169  2015; Verdugo et al. 2019) and the Acceligen cattle genotyping database. For the present study,
170  new BovineHD 777K BeadChip SNP data were generated for 73 additional animals (50 Borgou
171  and 23 N’Dama) that were previously published by our group as part of microsatellite-based
172 surveys of cattle genetic diversity (MacHugh et al. 1997; Freeman et al. 2004). These new SNP
173  genotype data sets were generated by Weatherbys Scientific (Co. Kildare, Ireland) using
174  standard procedures for Illumina SNP array genotyping. In total, 18 different
175  breeds/populations were represented (Table 1), including two West African taurine breeds
176  (Muturu and N’Dama); two European taurine breeds (Holstein-Friesian and Jersey); ten West
177 and East African admixed zebu-taurine (Adamawa Gudali, Ankole, Borgou, Bunaji, East
178  African Shorthorn Zebu, Karamojong, Keteku, Nganda, Red Bororo, and Sokoto Gudali); and
179  four zebu breeds of South Asian origin (Gir, Hariana, Nelore, and Sahiwal). Table 1 also shows

180 the three- or four-letter codes used to designate each breed from this point onwards in this study.

181  SNP genotype data pre-processing, quality control, and filtering

182 BovineHD 777K SNP locations were remapped to the current bovine genome assembly
183  ARS-UCDI1.2 (Rosen et al. 2020) and SNP genotype data were merged using PLINK v1.9
184  (Chang et al. 2015). Quality control (QC) of the combined SNP genotype data set was also
185  performed using PLINK v1.9 and autosomal SNPs with a call rate < 95% and a minor allele

186  frequency (MAF) of < 0.05 were filtered from the data.

187
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188  Principal component and population structure analyses

189 Principal component analysis (PCA) of individual animal SNP genotype data for the
190  African taurine (MUTU and NDAG), the East African admixed (ADAG, ANKO, BORG,
191  BUNA, EASZ, KARA, KETE, NGAN, REDB, and SOKG) and two Asian indicine (GIR and
192  NELO) populations was performed using PLINK v1.9 and the results were plotted using
193  GGPLOT2 v3.3.3 (Wickham 2016) in the R v3.6.2 environment for statistical computation and
194  graphics (R Core Team 2019). The genetic structure of each population was also estimated
195  using FASTSTRUCTURE v1.0 with K = 3 modelled ancestries to determine mean African and

196  European B. taurus and Asian B. indicus contributions (Raj et al. 2014).

197  Mitochondrial DNA haplogroup determination

198 The BovineHD 777K BeadChip includes 346 SNPs located in the mitochondrial genome,
199  which can be used to construct haplotypes and catalogue and distinguish the mitochondrial
200  haplogroups characteristic of B. taurus and B. indicus cattle lineages. For this analysis, the
201 European JRSY and HOLS taurine breeds and the Indo-Pakistan HARI and SAHI Asian
202  indicine breeds were also included to ensure good representation of the B. taurus and B. indicus
203  mtDNA haplogroups—the ‘T’ and ‘I’ groups, respectively (Troy et al. 2001; Chen et al. 2010).
204  The mtDNA SNPs were filtered using PLINK v1.9 (Chang et al. 2015) such that SNPs with a
205 MAF of < 0.10, and a call rate of < 95% were removed. Individual animals with a genotype
206  missingness of > 95% were also removed. Following this, the most ancestry informative
207  mtDNA SNPs were identified using INFOCALC (Rosenberg et al. 2003; Rosenberg 2005), which
208  provides In, a general measure of the informativeness of a SNP for ancestry assignment. The 50
209 top ranked SNPs, based on /n, were then used to generate mtDNA haplotypes with the
210  FASTPHASE v1.4 program (Scheet & Stephens 2006). Haplotype networks were constructed

211 using the POPART v1.7 package (Leigh & Bryant 2015).

10
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212 Local ancestry analysis of admixed populations

213 Local ancestry across the bovine genome for each African admixed breed (ADAG,
214  ANKO, BORG, BUNA, EASZ, KARA, KETE, NGAN, REDB, and SOKG) was inferred using
215 MOSAIC v1.3.7 (Salter-Townshend & Myers 2019). The MOSAIC algorithm, unlike other
216  methods, does not require donor reference populations to be direct surrogates for the mixing
217  ancestral populations; it fits a two-layer Hidden Markov Model (HMM) that determines how
218  closely related each segment of chromosome in each admixed individual genome is to the
219  segments of chromosomes in individual genomes from potential donor populations and infers
220 a stochastic relationship between donor reference panels and mixing populations. While
221 determining local ancestry along each chromosome, MOSAIC also infers the number of
222 generations since the admixture process started for a particular population. The potential donor
223 populations used for the MOSAIC local ancestry analysis were the two West African B. taurus
224  breeds (MUTU and NDAG) and two of the Asian B. indicus breeds (GIR and NELO). The
225  MOSAIC algorithm requires phased haplotypes and a recombination rate map; therefore,
226 SHAPEIT v2 (r900) (Delaneau et al. 2012) was used to generate phased haplotypes and a
227  published cattle recombination map was employed (Ma et al. 2015). Functional enrichment
228  analysis of genes proximal to African taurine and Asian zebu local ancestry peaks was
229  performed using Ingenuity® Pathway Analysis—IPA® (version 1.1, summer 2021 release;

230  Qiagen, Redwood City, CA, USA) (Kramer ef al. 2014).

231  Detection of subchromosomal deviations in taurine and indicine genomic ancestry

232 To determine if there was significant retention of B. faurus nuclear genes that encode
233 mitochondrially targeted proteins (N-mito genes) in African admixed cattle, we used an
234 approach modified from previously published surveys of mitonuclear incompatibilities in

235  modern admixed human populations (Sloan et al. 2015; Zaidi & Makova 2019) and because of

11
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236  ancient gene flow from archaic hominins (H. neanderthalensis and H. denisova) (Sharbrough
237 et al. 2017). Firstly, the MITOCARTA 2.0 database resource (Calvo et al. 2016) was used to
238  obtain an inventory of genes that produce the nuclear-encoded component of the mammalian
239  mitochondrial proteome, i.e., proteins with experimental evidence for localisation in the
240  mitochondrion. Following this, the ENSEMBL BIOMART tool (Yates et al. 2020) was used to
241 generate a list of 1158 bovine N-mito genes, which was classified into two functional subsets
242 as defined by Sloan et al. (2015) and also used by Sharbrough et al. (2017) and Zaidi and
243  Makova (2019). These subsets were denoted as 1) high-confidence “high-mito” genes (HMG)
244  encoding proteins that directly interact with mtDNA-encoded protein subunits in OXPHOS and
245  ribosomal complexes, or that have functions in mtDNA replication (138 genes); and 2) lower
246  confidence “low-mito” genes (LMG), which encode proteins that localise to the mitochondrion,
247  but are not classified as part of the high-mito subset (701 genes). Finally, a third group of “non-
248  mito” genes (NMGQG) was generated, which includes the bulk of the mammalian proteome that
249  does not localise to the mitochondrion (17,834 genes). Table S1 provides further detail for the
250 functional gene subsets used to detect evidence for mitonuclear incompatibilities in African

251  admixed cattle populations.

252 The local ancestry estimates generated using MOSAIC for each SNP across the genome
253  were catalogued and the BEDTOOLS v2.18 software suite (Quinlan & Hall 2010) was then used
254  to intersect these SNPs with windows spanning 2.5 Mb upstream and downstream of genes
255  within each of the three functional gene subsets. Following this, and as described by Zaidi and
256  Makova (2019), for each of the three subsets an unweighted block bootstrap approach was used
257  to generate distributions of local ancestry deviation towards more or less B. faurus ancestry.
258  The first step in this methodology is subtraction of the mean ancestry fraction across the local

259  ancestry estimate for each SNP (the expectation), which produces the deviation in local ancestry

12
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260 at each SNP locus. For each functional gene subset, the number of windows sampled with
261  replacement was the same as the number of HMG subset genes (n = 138). In each case, the
262 mean ancestry deviation was estimated and then averaged across all windows. Bootstrap
263 resampling (1000 replicates) was used to generate a distribution of mean deviations in local
264  ancestry for each of the three functional gene subsets. The overall statistical significance of
265  deviations from expected local ancestry (using the background NMG subset) was then assessed

266  using Welch’s #-test in R v3.6.2 (R Core Team 2019).

267 Transcriptomics and Cattle Gene Atlas analysis

268 Following the methodology described by Sharbrough et al. (2017), under the assumption
269 that highly expressed genes are more functionally constrained, we evaluated if the local ancestry
270  estimates for HMG, LMG or NMG subsets were correlated with gene expression across a wide
271 range of bovine tissues. RNA-seq transcriptomics data in the form of fragments per kilobase
272 per million mapped reads (FPKM) was obtained from the Cattle Gene Atlas database
273 (http://cattlegeneatlas.roslin.ed.ac.uk; Fang et al. 2020), which consists of 723 RNA-seq data
274 sets across 84 bovine tissues. For each tissue, the expression values were averaged, resulting in
275 84 mean FPKM values for all known bovine genes. Following this, a Ki; matrix was generated
276  such that each cell contained mean FPKM values organised into columns (i) representing each
277  tissue and rows (j) corresponding to the 130 HMG, 638 LMG, and 14,758 NMG genes that
278  could be mapped to the Cattle Gene Atlas. An expression threshold was created such that each
279  gene was classified as detectably expressed for a particular tissue if its mean FPKM value for
280 that tissue was >7.8 (corresponds to 50% of the global mean FPKM value of 15.6) across the
281 complete data set (all genes and all tissues). A tissue expression metric (TEM) for
282  systematically examining correlated expression for the HMG, LMG and NMG gene subsets

283  was then created as follows: the mean expression of a gene across all 84 tissues was multiplied
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284 by the number of cases where mean expression of a gene was greater than the global FKKM
285 mean (15.6) in any tissue. For example, if a gene exhibited a mean expression value of 10.0
286  across all 84 samples and its expression was greater than 15.6 in five of these tissues, then the
287  TEM for that gene would be 50.0. The TEM values for each gene in the HMG, LMG, and NMG
288  subsets were then plotted against the mean African taurine local ancestry scores for each gene
289  locus across the 10 African admixed breeds and Pearson correlation coefficients were estimated
290 for the LMG, HMG, and NMG subsets. The statistical analyses and data graphing for the TEM
291  and African taurine local ancestry analysis were performed using R v3.6.2 (R Core Team 2019)

292 and GGPLOT2 v3.3.3 (Wickham 2016).

293 3| RESULTS

294  Genomic structure of African admixed cattle

295 Following filtering and QC there were 562,635 SNPs and 605 individual animals retained
296  for subsequent analyses. Figure 2 shows a PCA plot generated from SNP genotype data for
297  individual African taurine and admixed animals and with the GIR and NELO breeds
298  representing Asian B. indicus cattle and the HOLS and JERS representing the European B.
299  taurus group. The first principal component (PC1), which accounts for 58.4% of the variation,
300 represents the primary split between the B. taurus and B. indicus lineages and PC2 (17.9% of
301 the variation) differentiates the African and European taurine populations. The position of
302  individual admixed animals is determined by the relative proportions of African taurine and
303  zebu ancestry, with additional European gene flow evident for some East African cattle—
304  particularly within the EASZ and NGAN breeds. The results of the genetic structure analysis
305  with FASTSTRUCTURE and an inferred number of clusters of K =3 are shown in Figure 3 and
306 illustrates the varying patterns of taurine and zebu ancestry across the different East and West

307  African admixed cattle populations. For the most part, the levels of admixture are relatively
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308 uniform for animals within each breed; however, there are some cattle that deviate noticeably
309  from the pattern, particularly in the EASZ and NGAN where recent European taurine gene flow
310 is most evident. Table 2 provides additional detail on the taurine/zebu admixture results
311  generated using the FASTSTRUCTURE program. As generally observed in previous studies of
312 B. taurus/B. indicus admixture (MacHugh et al. 1997; Hanotte et al. 2002; Kim et al. 2017,
313  Gebrehiwot et al. 2020; Kim et al. 2020), the four East African admixed populations exhibit a
314  greater level of average zebu ancestry (mean = 0.653) than the six West African admixed

315  populations (mean = 0.612).

316  Bos taurus and Bos indicus mitochondrial DNA haplotype network analysis: admixed
317  African cattle possess taurine mitochondrial genomes

318 After filtering of the 346 mtDNA SNPs on the BovineHD 777K BeadChip and
319 identification of the most ancestry-informative SNPs, a phylogenetic haplotype network was
320  generated using 39 mtDNA SNPs and a total of 491 cattle (47 African taurine, 82 European
321  taurine, 156 East African admixed, 136 West African admixed, and 70 Asian zebu). Figure 4
322 shows this network and demonstrates that all 339 African taurine and admixed cattle surveyed
323 here possess the taurine mitochondrial genome. This observation, which uses, to the best of our
324  knowledge, the largest sample of African mtDNA genotypes, agrees with previous studies of
325 mtDNA diversity in African cattle (Loftus et al. 1994a; Loftus et al. 1994b; Bradley et al. 1996;
326  Troy et al. 2001; Dadi et al. 2009; Bonfiglio et al. 2012). It has been hypothesised that male-
327  mediated gene flow accounts for this pattern of mitonuclear discordance, which resulted due to
328  the geographical barriers between Asia and Africa and historical preferences for trade and
329  transport of B. indicus bulls to disseminate desirable traits (Bradley et al. 1994; Loftus ef al.
330 1994a). Importantly, from the perspective of the present study, these results unambiguously

331 demonstrate that East and West admixed African cattle breeds retain taurine mitochondrial
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332 genomes, making them ideal populations to investigate mitonuclear interactions and co-

333  adaptation.

334 We also observed taurine mtDNA haplotypes in animals from the morphologically Asian
335  zebu GIR and NELO breeds; this mitochondrial discontinuity reflects their early origins as
336  hybrid taurine-indicine founder populations that were backcrossed to B. indicus bulls to recover
337  South Asian zebu traits advantageous for the tropical production environments of Brazil (Dani
338 et al. 2008). In this regard, present-day GIR and NELO cattle exhibit very low levels of
339  autosomal taurine admixture, less than 1% when estimated using genome-wide high-density

340  SNP data (O'Brien et al. 2015).

341 Genome-wide local ancestry analysis and deviations in African taurine local ancestry
342  for functional mitochondrial gene subsets

343 Three coancestry curves (two-way African taurine and Asian zebu admixture) generated
344  using MOSAIC are shown in Figure 5 for each of the East and West African cattle populations.
345  The ancestry labels on top of each subplot correspond to the closest African taurine and Asian
346 zebu donor breed as measured by the Weir and Cockerham Fy, estimator of population
347  differentiation (Weir & Cockerham 1984). In each case, this was the NDAG B. taurus and GIR
348  B. indicus breeds and the full set of Fy, values for each of the admixed African breeds is
349  provided in Table S2. In addition, the coancestry curve analyses provides estimates of the time
350 in generations since admixture commenced and these were converted to years before present
351  (BP) using the NDAG:GIR coancestry curve values (middle subplots) and a generation interval
352  range of between 4 and 7 years for managed domestic cattle populations (Mészaros ef al. 2015;
353  Abin et al. 2016). The estimated historical calendar range (common era — CE) for the start of
354  the admixture process in each of the African admixed breeds is shown in Table 2. A recent

355  study using whole-genome sequence (WGS) data, albeit with lower samples sizes, also
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356  estimated the time in generations since the beginning of admixture for one of the East African
357  breeds used for the present study (ANKO). Kim et al. (2020) used WGS data from 10 ANKO
358 cattle to obtain linkage disequilibrium (LD) and haplotype-sharing coancestry based estimates
359  of 147.3 and 113.6 generations, respectively—more than twice the result obtained here with
360  SNP array data (54.1 generations; 1641 — 1804 CE) and pushing back the historical calendar

361  range for the start of admixture in the ANKO population to between 989 and 1566 CE.

362 For each of the East and West African admixed populations, Asian zebu, and African
363  taurine SNP-by-SNP local ancestry values were estimated for each of the 29 bovine autosomes
364  using MOSAIC. As an example of this process and the resulting output, Figure 6 shows Asian
365  zebu and African taurine local ancestry values plotted for all SNPs across bovine chromosome
366 23 (BTA23). Individual SNP local ancestry values were then averaged on a gene-by-gene basis
367  to determine African taurine local ancestry values for individual genes. These can be used to
368  systematically evaluate deviations in local ancestry for functional mitochondrial gene subsets
369 (HMG and LMG) that could indicate mitonuclear incompatibilities and coadaptation in
370  admixed African cattle. African taurine local ancestry deviations for the three different
371  functional gene subsets (HMG, LMG and NMGQG) are displayed as violin plots in Figure 7a. A
372 positive deviation for a breed/subset indicates that a particular functional gene subset exhibits
373  retention of taurine gene haplotypes. The HMG, LMG, and NMG African taurine local ancestry
374  deviation distributions for each breed were evaluated for normality using the Shapiro-Wilk test.
375  Following this, comparative statistical analysis of the local ancestry deviation distributions was
376  performed, and the results are shown in Table 3. This analysis demonstrated that all 10 African
377 admixed cattle breeds exhibited statistically significant and consistently increased African
378  taurine local ancestry deviation distributions for the HMG subset compared to the background

379  NMG subset. In addition, three out of four of the East African (ANKO, KARA, and NGAN)
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380 and two out of six of the West African (ADAG and KETE) admixed breeds showed a
381  statistically significant increase in African taurine local ancestry deviation distributions for the
382 LMG subset compared to the background NMG subset. Finally, except for the ADAG breed,
383  all populations showed significantly increased African taurine local ancestry in the HMG subset

384  compared to the LMG subset.

385 A direct statistical comparison of the HMG African taurine local ancestry distributions
386  for the combined East and West African admixed cattle groups (Figure 7b) demonstrated that
387  the East African admixed group exhibit a significantly higher local ancestry deviation for the
388  HMG subset of nuclear genes that encode mitochondrially targeted proteins. We also tested the
389  hypothesis that mean African taurine ancestry deviation is influenced by the number of
390 generations since the start of admixture, assuming a single pulse of admixture as modelled by
391  the MOSAIC software (Salter-Townshend & Myers 2019). The results of this analysis are
392  shown in Figure 7c where a statistically significant negative correlation (R =—0.678; P=0.031)
393  was observed between the mean African taurine local ancestry deviation values for the HMG
394  subset and the generations since the start of admixture. This result is somewhat counterintuitive
395  because it might be expected that African taurine local ancestry deviations for the HMG subset
396  would increase with time as selection acts to purge mitonuclear incompatibilities and maintain
397  co-adaption of the mitochondrial and nuclear genomes. However, several cofounding factors
398  may contribute to this result, including varying levels of genome-wide taurine-zebu ancestry
399  and the presence of European taurine ancestry in certain populations (see Figure 3 and Table
400  3). In addition, the temporal pattern and mode of admixture may not correspond to a simple
401  scenario of a single admixture event or pulse, as modelled by MOSAIC. However, the most
402  persuasive biological explanation is provided by genetic recombination acting across multiple

403  generations, which over time would erode and break down contiguous taurine haplotypes at the
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404  HMG subset gene loci. Consequently, as HMG gene loci in admixed populations recombine,
405 the mean African taurine local ancestry scores averaged across multiple SNPs would decrease
406  and this would lead to dissipation of apparent positive African taurine local ancestry deviation
407  for the HMG subset compared to the background NMG subset. The gene-by-gene local ancestry
408  approach that we employ here to detect mitonuclear incompatibilities may only function
409  accurately for relatively recently admixed populations, such as the human populations with
410  African, European and Native America ancestry examined by Zaidi and Makova (2019). In
411  other words, the underlying signal of mitonuclear compatibility and co-adaption is likely
412  stronger in long established admixed African cattle breeds (i.e., ADAG, BUNA, and SOKG)
413  compared to more recently admixed populations; however, it is masked by recombination and
414  may require higher-resolution local ancestry methods to detect it; for example, using larger

415  sample sizes with WGS data, and an exon-by-exon, rather than a gene-by-gene approach.

416 Taken together and bearing in mind that ten different independent admixed cattle
417  populations were examined, the results presented here provide compelling evidence supporting
418  the hypothesis that bovine nuclear genes encoding proteins directly (the HMG subset), or
419  indirectly (the LMG subset) involved with the mitochondrion have been influenced by selective
420  processes favouring mitonuclear compatibility and co-adaptation in admixed African cattle
421  populations. This is particularly evident for the HMG subset where all ten breeds exhibited
422  strong signals of African taurine local ancestry enrichment at nuclear genes that encode

423 mitochondrially targeted proteins.

424 Genome- and chromosome-wide patterns of ancestry across all African admixed
425 cattle populations

426 To illustrate genome-wide patterns of taurine and zebu admixture across all ten African

427  admixed cattle populations, Figure 8a shows mean African taurine local ancestry for each of
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428  the bovine autosomes (BTA1-BTA29) across all ten African admixed breeds. The three highest
429  taurine ancestry peaks were observed on BTA7, BTA12, and BTA23 and the three lowest
430  taurine ancestry troughs (zebu peaks) were observed on BTA3, BTAS, and BTAG6. Figure 8b
431  shows mean African taurine local ancestry plotted across three of these chromosomes (BTAS,
432 BTA12, and BTA23). The highest genome-wide signal of mean African taurine ancestry across
433  the ten admixed breeds was observed as a broad plateau encompassing the bovine major
434  histocompatibility complex (MHC) gene cluster on BTA23 (indicated as a purple rectangle on
435  Figure 8b), likely reflecting the key role of the MHC gene cluster in innate and adaptive

436  immunity and responses to pathogens and parasites (Behl ez al. 2012; Ellis & Hammond 2014).

437 To further examine patterns of introgression across the genome, the top 1% of the mean
438  African taurine and Asian zebu local ancestry peaks across the 10 admixed breeds were
439  identified separately. Following this, genes 2.5 Mb up- and downstream of each peak were
440  catalogued and used for functional enrichment analysis with the IPA software tool, using the
441  default settings. Table S3 shows these input gene sets, which contained 858 and 317 genes for
442  the top 1% of African taurine and Asian zebu local ancestry peaks, respectively. A false
443  discovery rate (FDR) method Benjamini and Hochberg (1995) was used to set a Pagj. threshold
444 of 0.05 for statistical significance of enrichment for the canonical pathways and physiological
445  system development and function categories in IPA. The top five enriched canonical pathways
446  for genes with high African taurine ancestry were Differential Regulation of Cytokine
447  Production in Macrophages and T Helper Cells by IL-17A4 and IL-17F, Differential Regulation
448  of Cytokine Production in Intestinal Epithelial Cells by IL-174 and IL-17F, Glutathione-
449  mediated Detoxification, GABA Receptor Signalling, and Gustation Pathway. The top five
450  enriched physiological system development and function categories genes with high African

451  taurine ancestry were Organismal Survival, Immune Cell Trafficking, Cardiovascular System
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452  Development and Function, Haematological System Development and Function, and Tissue
453  Morphology. The top five enriched canonical pathways for genes with high Asian zebu ancestry
454  were NRF2-mediated Oxidative Stress Response, Mitotic Roles of Polo-Like Kinase, -
455  tocopherol Degradation, Methylglyoxal Degradation III, and Role of Osteoblasts, Osteoclasts
456  and Chondrocytes in Rheumatoid Arthritis. The top five enriched physiological system
457  development and function categories for genes with high Asian zebu ancestry were Connective
458  Tissue Development and Function, Skeletal and Muscular System Development and Function,
459  Nervous System Development and Function, Organ Morphology, and Organismal

460  Development.

461  Gene expression analysis of functional HMG, LMG, and NMG subsets

462 Figure S1 show tissue expression metric (TEM) values obtained from the Cattle Gene
463  Atlas (Fang et al. 2020) plotted against mean gene locus taurine local ancestry values in 10
464  African admixed breeds for the HMG (130 genes), LMG (638 genes), and NMG (14,758 genes)
465  functional subsets (see Table S4 for the data used to generate these plots). Correlation analysis
466  demonstrated that no significant association was observed for the HMG subset TEM values and
467  African taurine local ancestry (Figure Sla; P = 0.730). Conversely, as shown in Figures S1b
468 and Slc, very weak but significant negative correlations between TEM and African taurine
469  local ancestry was observed for both the LMG subset (R = -0.090; P = 0.024) and the much
470  larger NMG subset (R = -0.021; P = 0.010). In other words, more highly expressed genes in
471  African admixed breeds tend to exhibit greater levels of B. indicus ancestry. If we assume that
472  zebu cattle correspond to the introgressive source population then this is the opposite pattern to
473  that observed for archaic human gene flow, where human genes with higher levels of
474  Neanderthal ancestry tend to exhibit lower average multi-tissue expression levels (Sharbrough

475 et al 2017). It is important to keep in mind, however, that as was the case for Neanderthal gene
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476  flow, these effects account for a trivial proportion of the variance (R? < 0.01 for both the LMG
477 and NMG data sets). In addition, direct comparison of the human and cattle results is
478  confounded by the much lower levels of Neanderthal ancestry in modern human populations
479  compared to zebu admixture in African cattle and the much longer time depth in generations

480  since H. neanderthalensis and H. sapiens interbred (Bergstrom et al. 2021).

481 4| DISCUSSION

482 During the last three decades, increasingly sophisticated molecular tools and statistical
483  methods have been used to systematically survey genomic variation in African cattle
484  populations (Loftus et al. 1994a; MacHugh et al. 1997; Hanotte et al. 2002; Decker et al. 2014;
485  Kim et al. 2017; Pitt et al. 2019; Gebrehiwot et al. 2020; Kim et al. 2020). These studies have
486  revealed a complex demographic and evolutionary history fundamentally shaped by gene flow
487  and admixture between the original substrate of locally adapted humpless taurine animals (5.
488  taurus) and exogenous humped Asian zebu (B. indicus) introduced through human migration
489  and trade (Epstein & Mason 1971; Gifford-Gonzalez & Hanotte 2011). Intriguingly, unlike
490  other regions of the world such as Southwest Asia and East Asia where taurine and zebu cattle
491  populations also overlap and interbreed (Edwards ef al. 2007; Chen et al. 2018; Xia et al. 2019),
492  all African cattle examined to-date retain B. taurus mitochondrial haplotypes (Figure 4; Loftus
493 et al. 1994a; Bradley et al. 1996; Troy et al. 2001; Alvarez et al. 2017; Mauki et al. 2021). In
494  this respect, admixed cattle, and animals with predominantly zebu morphology in Africa
495  represent an example of “massively discordant mitochondrial introgression (MDMI)”, a term
496  introduced by Bonnet et al. (2017). This mitochondrial discordance is likely a result of male-
497  mediated gene flow and genetic drift through preferential dissemination of B. indicus genetic
498  material by a relatively small number of Asian zebu cattle, most of which were bulls (Bradley

499 et al. 1994; Loftus ef al. 1994a). The marked evolutionary divergence between the B. taurus
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500 and B. indicus nuclear genomes and the MDMI observed in admixed African cattle therefore
501  provide a unique testbed for exploring genomic introgression and mitonuclear interactions in a
502 numerous large mammalian species spanning diverse physical geographies and agroecological
503  zones. In addition, the presence of many discrete admixed cattle breeds across the continent
504  with varying levels of B. indicus ancestry (Figure 2a and Figure 3) means that incompatibilities
505 and coevolution between nuclear and mitochondrial genes can be detected and evaluated in

506  multiple independent populations.

507 Evidence for mitonuclear incompatibilities in admixed African cattle breeds

508 Although previous studies have examined subchromosomal admixture and local ancestry
509 in hybrid B. taurus/B. indicus animals (McTavish & Hillis 2014; Chen et al. 2018; Koufariotis
510 et al. 2018; Barbato et al. 2020), we present here the first evidence for mitonuclear
511 incompatibilities in admixed cattle populations. Using a high-density SNP genotyping array,
512  ten different breeds were examined with genome-wide zebu ancestries ranging between 0.370
513  (BORG) and 0.740 (KARA), and estimated dates for the start of admixture in each population
514  extending from the 14" to the 20" century (Table 2). A consistent pattern of mitonuclear
515  disequilibria was observed for the functional HMG subset in admixed African cattle (Figure 7a
516 and Table 3): African taurine local ancestry was uniformly higher for nuclear genes encoding
517  proteins that directly engage with mitochondrial-encoded gene products to form multi-subunit
518  complexes, or that directly interact with mitochondrial DNA or RNAs; this subset encompasses
519  genes that encode OXPHOS subunits, ribosomal proteins, tRNA synthetases, and DNA and
520 RNA polymerases. Although the source population divergence is substantially less in admixed
521  humans, these results are comparable to those obtained by Zaidi and Makova (2019) that
522 support the hypothesis that selection in admixed human populations has acted against

523  mitonuclear incompatibility. They observed significant enrichment of sub-Saharan African
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524  ancestry for HMG subset genes in an African American population with sub-Saharan African
525  and European nuclear ancestry and predominantly sub-Saharan African mtDNA haplotypes.
526  They also observed significant enrichment of Native American ancestry at HMG subset genes
527 in a Puerto Rican population with Native American and European nuclear ancestry and
528 predominantly Native American mtDNA haplotypes. It is also noteworthy that the mean
529  ancestry deviation observed for the HMG gene subset in admixed African cattle populations
530  was approximately 2- to 4-fold larger than that observed in the African American and Puerto
531 Rican populations by Zaidi and Makova (2019). This result may reflect stronger selection
532  against mitonuclear incompatibility in admixed cattle that exhibit substantial B. indicus nuclear

533  ancestry in parallel with exclusive retention of B. taurus mtDNA haplotypes.

534 For certain admixed African cattle populations (ANKO, KARA, NGAN, ADAG, and
535 KETE) we also observed statistically significant elevated African taurine local ancestry for the
536 LMG gene subset, and except for the ADAG breed, African taurine local ancestry was
537  consistently higher in the HMG subset compared to the LMG subset (Figure 7a and Table 3).
538 A geographic and temporal aspect to potential mitonuclear incompatibility in admixed African
539  cattle populations was also observed. The East African admixed cattle group exhibit a
540  statistically significant larger mean African taurine local ancestry deviation compared to the
541 West African admixed cattle group (P = 2.2 x 107'%; Figure 7b). In addition, somewhat
542  counterintuitively, we observed a decline in African taurine local ancestry deviation for the
543  HMG subset in conjunction with increasing time depth to the onset of population admixture
544  (Figure 7c¢). The most parsimonious explanation for this pattern is breakdown of African taurine

545  haplotypes at HMG loci through genetic recombination acting across multiple generations.
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546 The functional HMG and LMG subsets containing 138 and 701 genes, respectively were
547  identified, and catalogued in the present study for the purpose of evaluating mitonuclear
548  incompatibilities in admixed African cattle populations. It is also instructive, however, to
549  examine these genes in the context of recently published high-resolution surveys of African
550 cattle genomic diversity and signatures of selection. For example, the aspartyl-tRNA synthetase
551 2, mitochondrial gene (DARS2), an HMG subset gene on BTA16, is in the region encompassed
552 by selective sweeps detected separately in the EASZ breed and a composite sample of East
553  African zebu cattle (Bahbahani et al. 2017; Taye et al. 2018). In addition, the mitochondrial
554  ribosomal protein S33 gene (MRPS33), another HMG subset gene, was detected within a
555  positively selected region on BTA4 when African cattle were compared to commercial
556  European and Asian breeds (Kim et al. 2017) and in analyses of selective sweeps focused on
557  the evolution of thermotolerance in African cattle populations (Taye et al. 2017). Table S5
558  provides further information on HMG and LMG subset genes that have been detected in studies

559  of genomic selective sweeps in African cattle populations.

560 Patterns of local ancestry across African cattle genomes

561 The patterns of mean African taurine and Asian zebu local ancestry varied across the
562  genome for the 10 African admixed cattle populations, with notable taurine and zebu peaks on
563 BTA7, BTA12, and BTA23, and BTA3, BTAS, and BTAG6, respectively. Analysis of genes
564  proximal to the top 1% of taurine and zebu local ancestry peaks demonstrated that genes with
565  high African taurine ancestry were substantial enriched for pathways and physiological systems
566  associated with immunobiology and antimicrobial host defence. Conversely, the genes with
567 high Asian zebu ancestry were overrepresented in pathways and physiological systems
568  associated with organismal growth and development. These functional differences may reflect

569 natural and human-mediated selection for retention of infectious disease resistance or resilience
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570 traits and incorporation of desirable production traits in hybrid African B. taurus/B. indicus

571  populations (Mwai et al. 2015; Marshall et al. 2019).

572 A particularly notable outcome of the genome-wide analyses of local ancestry was the
573  observation of the highest signal of African taurine ancestry encompassing the bovine MHC
574  gene cluster region on BTA23 (Figure 8b). In this regard, a comparable admixture signal has
575  been observed in a composite North African and Middle Eastern human sample, which
576  exhibited elevated sub-Saharan ancestry around the MHC gene cluster on HSA6 (Salter-
577  Townshend & Myers 2019). Enrichment of sub-Saharan African MHC haplotypes has also been
578  detected in a range of admixed Latin American populations (Norris et al. 2020). It is also
579  noteworthy that previous analyses of genomic microevolution in African cattle populations
580 have detected selective sweeps at the MHC gene cluster (Kim et al. 2017; Taye et al. 2018;
581  Tijjani ef al. 2019). The bovine MHC region, in common with humans and other mammals,
582  contains multiple individual genes and gene clusters associated with innate and adaptive
583  immune responses to pathogens and parasites, including the tumour necrosis factor (7NF),
584  lymphotoxin alpha (L7A4), and lymphotoxin beta (L7B) cytokine genes; the highly polymorphic
585  genes encoding MHC class I and II molecules responsible for intracellular and extracellular
586  antigen presentation, respectively (e.g., BOLA, BOLA-NCI1, BOLA-DMA, BOLA-DOA, BOLA-
587 DQAI, BOLA-DQB, and BOLA-DRA); and the MHC class I related protein genes (MIC1, MIC2,
588 and MIC3) (Behl et al. 2012; Ellis & Hammond 2014; Maccari et al. 2017). A key process
589  driving evolution of the vertebrate MHC gene cluster region is pathogen- and parasite-mediated
590 selection caused by infectious disease, particularly balancing selection to maintain allelic
591  diversity at MHC class I and class II genes (Ebert & Fields 2020; Radwan et al. 2020).
592  Consequently, a marked signal of retention of taurine MHC haplotypes in admixed breeds may

593 reflect adaptation to significant local disease challenges such as African animal trypanosomiasis
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594  (AAT) caused by a range of Trypanosoma species, theileriosis (East Coast fever) caused by
595  Theileria parva, cowdriosis caused by Ehrlichia ruminantium, and Rift Valley fever (RVF)
596  caused by the RVF virus (Ristic & Mclntyre 1981; Seifert 1996). It is also important to note
597 that patterns of genomic diversity derived from SNP array data for the bovine MHC gene cluster
598 region could be confounded by ascertainment bias or inaccurate or incomplete genome
599 annotation. However, ascertainment bias is unlikely to influence our results because the
600 Illumina® BovineHD 777K BeadChip was designed using a diverse panel representative of
601  multiple B. taurus, B. indicus and admixed B. taurus/indicus populations (Rincon et al. 2011;
602  Ventura et al. 2020). In addition, the 28 SNPs on the array that capture variation at the bovine
603  MHC gene cluster are located in the relatively stable and well-annotated MHC Class Ib region

604  (J.A. Hammond, pers. comm.).

605  Conclusions and outlook

606 Cattle breeding programmes in Africa are currently poised to leverage genomic selection
607 as a leapfrog technology to bypass conventional genetic evaluation and improvement of
608  production, health, and welfare traits (Ibeagha-Awemu et al. 2019; Marshall et al. 2019; Mrode
609  etal 2019). Genome-enabled breeding of livestock can also contribute to mitigation of methane
610  emissions and adaptation to the consequences of climate change (Hayes et al. 2013; McManus
611 et al. 2020); in this regard, the genomic composition of African cattle populations may be
612  further impacted by the superior thermotolerance of zebu cattle (Hansen 2004; Dikmen ef al.
613  2018). The fundamental role of the mitochondrion in the biochemistry and physiology of all
614  these traits, implies that the mitonuclear ecology framework (Hill 2015) will become
615 increasingly important for dissecting human-mediated and natural microevolution of livestock.
616  This will be particularly relevant for African admixed cattle, which as we demonstrate here,

617  exhibit strong signatures of mitonuclear coevolution. Finally, these populations can serve as
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618  comparative model systems for understanding the phenotypic consequences of mitonuclear
619 interactions and adaptive and maladaptive genomic introgression in other mammals, including

620  humans.
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1053

TABLE 1 Cattle breeds/populations, geographical origins, and sources of BovineHD 777K SNP data.

Cattle breed/population | Code | Type/morphology Country of origin So::ce So;:ce So::ce So::ce T?:)a\ I
Muturu MUTU | West African taurine Nigeria 8 - 20 - 28
N’Dama NDAG | West African taurine | Guinea 24 9 - 23 56
Holstein-Friesian HOLS | European taurine Netherlands 59 --- --- --- 59
Jersey JRSY | European taurine United Kingdom 32 - - -—- 32
Ankole ANKO | East African admixed | Uganda 25 - - --- 25
E(aeztuAfrican Shorthorn EASZ | East African admixed | Kenya 92 - 19 --- 111
Karamojong KARA | East African admixed | Uganda 16 - - --- 16
Nganda NGAN | East African admixed | Uganda 23 - 4 -—- 27
Adamawa Gudali ADAG | West African admixed | Nigeria 23 - 2 --- 25
Borgou BORG | West African admixed | Benin --- --- --- 50 50
Bunaji BUNA | West African admixed | Nigeria 22 - 5 --- 27
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1055

Keteku KETE | West African admixed | Nigeria - - 22 --- 22
Red Bororo REDB | West African admixed | Nigeria 22 - 4 --- 26
Sokoto Gudali SOKG | West African admixed | Nigeria 19 - - -—- 19
Gir GIR Asian zebu India 28 --- --- - 28
Hariana HARI | Asian zebu India - 10 - -—- 10
Nelore NELO | Asian zebu Brazil 34 - - -—- 34
Sahiwal SAHI | Asian zebu India --- 10 - --- 10

2 Bahbahani et al. (2015); ® Verdugo et al. (2019); ¢ Acceligen cattle genotyping database; ¢ genotyped for the present study.
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1057

TABLE 2 Ancestry components estimated using FASTSTRUCTURE with estimated times for the start of the admixture process in African admixed
cattle populations generated using MOSAIC.

. . European . Generations

Country of African taurine . Asian zebu . Start of
Code | Type/morphology .. taurine since start of .

origin ancestry ancestry . admixture

ancestry admixture

MUTU | West African taurine Nigeria 0.990 + 0.019 0.010£0.018 0.000 + 0.003
NDAG | West African taurine Guinea 1.000 + 0.000 0.000 = 0.000 0.000 = 0.000 ----
HOLS | European taurine Netherlands 0.010 £ 0.025 0.990 + 0.025 0.000 + 0.000 -
JRSY European taurine United Kingdom 0.010 £ 0.022 0.990 £ 0.022 0.000 £ 0.000 -
ANKO | East African admixed | Uganda 0.420+£0.010 0.020 £ 0.016 0.550+0.013 54.1 1641 - 1804 CE
EASZ | East African admixed | Kenya 0.250 £ 0.015 0.020 £ 0.065 0.730 £ 0.055 46.2 1697 — 1835 CE
KARA | East African admixed | Uganda 0.260 £ 0.008 0.000 £ 0.001 0.740 £ 0.008 65.1 1564 - 1760 CE
NGAN | East African admixed | Uganda 0.310+0.024 0.100 + 0.052 0.590 £ 0.039 15.9 1909 — 1956 CE
ADAG | West African admixed | Nigeria 0.320+0.010 0.000 £ 0.001 0.680 £ 0.010 79.6 1463 - 1702 CE
BORG | West African admixed | Benin 0.610 £ 0.047 0.010 £ 0.027 0.370 £ 0.055 20.5 1877 — 1938 CE
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BUNA | West African admixed | Nigeria 0.340 £ 0.076 0.000 + 0.007 0.660 + 0.083 87.9 1405 - 1668 CE
KETE | West African admixed | Nigeria 0.400 + 0.093 0.000 £ 0.001 0.600 + 0.093 26.6 1834 -1914 CE

REDB | West African admixed | Nigeria 0.320 + 0.009 0.000 + 0.001 0.680 + 0.009 70 1530-1740 CE

SOKG | West African admixed | Nigeria 0.320 + 0.008 0.000 + 0.000 0.680 + 0.008 95.9 1349 -1636 CE
GIR Asian zebu India 0.000 + 0.000 0.000 + 0.000 1.000 + 0.000

HARI | Asian zebu India 0.000 + 0.000 0.000 + 0.000 1.000 + 0.000

NELO | Asian zebu Brazil 0.000 + 0.000 0.000 + 0.001 1.000 £ 0.001

SAHI | Asian zebu India 0.000 + 0.000 0.000 + 0.000 1.000 £ 0.000

Note. For each admixed population, the generations since admixture started were obtained from the NDAG:GIR coancestry plots (Figure 4). A
generation interval range of 4-7 years for managed domestic cattle was used. CE = Common Era.
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TABLE 3 Statistical test results for comparisons of HMG, LMG, and NMG distributions of

African taurine local ancestry deviations for East and West African admixed cattle.
Code Type/morphology i vi';in(g;w G|P v: I;:n(él)wG i vilt:n(:)MG
ANKO East African admixed 5.69 x 107® 2.73x10%° 4.88 x 102
EASZ East African admixed 3.09 x 10206 0.9567 7.51x10%%
KARA East African admixed 1.52 x 108 5.10x 10°® 2.30x10°%!
NGAN East African admixed 6.41 x 1031 1.87 x 1010 4.13 x 102%°
ADAG West African admixed 2.02x 10 1.46 x 10 1.0000
BORG West African admixed 8.74 x 104 0.6345 1.98 x 10
BUNA West African admixed 2.56 x 10% 0.9998 3.35x 108!
KETE West African admixed 2.41 x 10208 1.6 x 1020 3.54 x 107110
REDB West African admixed 1.08 x 101 1.0000 6.00 x 1094
SOKG West African admixed 8.13 x 1022 1.0000 1.61 x 10
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FIGURE 1 Geographical patterns of African Bos taurus and Asian Bos indicus admixture and a schematic illustrating mitonuclear interactions for hybrid African cattle that retain the
taurine mitochondrial genome. (a) Map of Africa showing an interpolated synthetic map illustrating spatial distribution of African B. taurus and Asian B. indicus admixture. Admixture
data was generated from the first principal component (PC1) of a principal component analysis (PCA) of microsatellite genetic variation across African cattle populations (Hanotte
et al. 2002). Modified from (McHugo et al. 2019) under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0). (b)
Mitonuclear interactions that can give rise to mitonuclear incompatibilities in crossbred and hybrid African cattle populations. All African cattle surveyed to-date retain the taurine
mitochondrial genome (some figure components created with a BioRender.com licence).
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FIGURE 2 Results of the principal component analysis (PCA) for 605 animals from 18 different cattle breeds genotyped for 562,635 SNPs. (a) PCA plot showing the coordinates for
each animal based on the first two principal components. Principal component 1 (PC1) differentiates the Bos taurus and Bos indicus evolutionary lineages, while PC2 separates the
African and European taurine groups. (b) Histogram plot showing the relative variance contributions for the first 10 PCs with PC1 and PC2 accounting for 58.4% and 17.9% of the
total variation for PC1-10, respectively.
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FIGURE 3 Unsupervised genetic structure plot for Asian zebu, East and West African admixed cattle, and West African and European taurine breeds. Results for an inferred number
of ancestry clusters of K = 3 is shown, which corresponds to Asian Bos indicus (red), European Bos taurus (green), and African B. taurus (blue) ancestral components, respectively.
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FIGURE 5 Coancestry curve plots generated using MOSAIC for 10 East and West African admixed cattle populations.
These curves show the exponential decay of the ratio of probabilities of pairs of local ancestries (y-axis) as a function of
genetic distance (x-axis). The pair of ancestries used for each curve is shown on the top of each plot with the estimated
number of generations since the start of admixture in brackets. For each plot, the green line represents the fitted curve,
the black line shows the across targets ratio, and the grey lines indicate the per target ratio (further information in
Salter-Townshend & Myers 2019).
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FIGURE 7 African taurine local ancestry deviations for three different functional gene sets. (a) Violin plots of African taurine local ancestry deviations for the HMG, LMG, and NMG
subsets with positive deviations indicating retention of African taurine gene haplotypes. Black data points indicate the median values and horizontal lines represent the 95%
confidence interval. (b) Box plot of African taurine local ancestry deviations for the HMG subset in the East African and the West African admixed groups. White lines indicate the
median values and yellow and purple boxes indicate the interquartile ranges. (c) Linear regression plot of mean taurine local ancestry deviation for the HMG subset against
generations since the start of admixture for four East (yellow) and six West African (purple) admixed cattle breeds. A significant negative Pearson correlation coefficient was observed
for these data (R = -0.678; P =0.031) and the grey shaded area shows the 95% confidence interval for the regression line.
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FIGURE 8 Mean African taurine local ancestry across all ten African admixed breeds shown genome-wide and
individually for bovine chromosomes 5, 12 and 23 (BTA5, BTA12 and BTA23). (a) Genome-wide mean African taurine
local ancestry with a solid black line indicating the global mean, dotted black lines bounding the global 95% confidence
interval (Cl), and orange lines indicating the global minimum and maximum. The three chromosomes shown in panel
(b) are indicated with black rectangles. (b) Chromosome-wide plots for BTA5, BTA12, BTA23 with dark blue lines
indicating mean African taurine local ancestry for the ten breeds, blue shading indicating the 95% ClI, solid black lines
indicating the global mean and dashed blue lines indicating the chromosomal means. The location of the major
histocompatibility complex (MHC) gene cluster is shown on BTA23.
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