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SUMMARY

African cattle’s genetic heritage reflects millennia of relationships between African and Asian human soci

eties and civilizations. By analyzing genome-wide SNP data from 1,043 individuals representing 38 breeds, 

including 36 from Africa, in an approximate Bayesian computation framework, coupled with random forest 

classification, we show that this history is characterized by at least two independent arrivals of zebu (indicine) 

cattle from the Indian subcontinent. Time estimates coincide with major cultural transitions across Africa, 

including state formation, iron technology spread, and pastoral intensification, exemplified by developments 

such as the Aksumite Empire and Swahili civilization. Moreover, we show that sanga cattle are the result of 

admixture between native African taurine and zebu cattle from the first arrival. These findings provide a 

refined chronology of cattle movements and pastoralism into Africa, reveal how human cultural transitions 

structured livestock genomes, and highlight Africa’s central role in shaping global cattle diversity.

INTRODUCTION

Following the domestication of cattle from aurochs (Bos primige

nius primigenius) around 10,000 years ago in the Fertile Crescent 

and from Asian aurochs (B. p. namadicus) around 8,000 years 

ago in the Indus Valley, two lineages emerged—humpless 

taurine (Bos taurus taurus) and humped indicine or zebu (B. t. in

dicus) cattle.

The earliest cattle in Africa were most likely humpless (B. t. 

taurus). Among the oldest lines of evidence of domestic cattle 

on the continent are zooarchaeological findings from the Letti 

Desert 2 site in North Sudan (mid-8th millennium BCE/∼10,000 

years before present [YBP]),1 skeletal remains dated to 7,750– 

6,550 YBP from Nabta Playa and Bir Kiseiba in Southern Egypt, 

and evidence from the Kerma civilization, Sudan (4,500-3,500 

YBP).2–5 These animals entered Africa through Egypt and the Si

nai Peninsula as fully domesticated stock and subsequently 

dispersed through the Sudano-Sahel zone and along the Medi

terranean coast.6,7 Genomic data support this ancient presence, 

and, in fact, a distinctive taurine genetic lineage is currently pre

sent in North and West Africa.8,9 While West African taurine prob

ably remained isolated to tsetse-infested sub-humid and humid 

agro-ecologies in West Africa,10 North African cattle underwent a 

more complex interaction with both European taurine and local 

auroch populations.11

The timing and history of indicine cattle arrival on the continent 

remain disputed. Genetic data support the Horn of Africa as their 

main entry point.6 Today, all African cattle carry taurine mito

chondrial DNA, suggesting a male-mediated indicine cattle intro

gression.12,13 Both taurine and indicine Y chromosome haplo

types occur on the continent, with two phylogeographic 

lineages for the latter.14,15 Also, two distinct patterns for the 

spread of indicine ancestry across Africa have been suggested, 

a slow diffusion of indicine genome background and a more 

rapid one.6 Cattle depictions on Egyptian tombs and pottery 

do not allow an unequivocal interpretation of the presence of 

zebu,16 suggesting that, if present, they were probably not in 

large numbers and, possibly, limited to Northeast Africa.17,18

The increased occurrence of humped cattle might have coin

cided with the onset of the Swahili civilization and associated In

dian Ocean maritime trading network around the mid-1st millen

nium AD,19,20 which led to the movement of other animals of 
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Asian origin into Africa.21,22 Humped cattle might also have 

reached Africa following a terrestrial route traveling across the 

Southern Arabian Peninsula.19 The pre-Aksumite D’MT kingdom 

(c. 1,000-400 BCE) and later Aksumite Empire (c. 100–9CE 60) 

maintained extensive trade connections with South Arabia, as 

evidenced by Sabaean script usage, monumental architecture, 

and cultural exchanges that could have facilitated livestock in

troductions alongside other traded goods.23,24 These Red Sea 

trade networks linking the Horn of Africa with the Arabian Penin

sula provided established routes for the movement of cattle and 

other domesticated animals between regions starting from the 

pre-Aksumite kingdom.25,26 Indeed, a large proportion of mod

ern Omani cattle is indicine.27 Still, the dating of indicine genetics 

in Southern Arabia is unknown. It might have been relatively 

early, considering its geographic proximity to the center(s) of in

dicine domestication in the North of the Indian subcontinent. 

Once in Africa, indicine cattle crossed with local taurine cattle. 

The sanga cattle of Central and Southern Africa are the legacy 

of these early hybridization events, with the Bantu-speaking 

communities thought to be responsible, at least in part, for their 

dispersal and divergence into different ecotypes.28–31 The cradle 

and timing of the initial dispersion of sanga cattle remain 

unknown.

Despite increasing efforts to reconstruct the demographic his

tory of African cattle using genomic tools, a model-based cali

bration of indicine cattle entry and admixing with native African 

taurine cattle on the continent remains elusive. Previous studies, 

while insightful, often relied on analytical models, tools, and data 

with limited power to resolve the frequency, timing, and demo

graphic impact of indicine introductions. Furthermore, 

competing hypotheses postulating multiple indicine entry routes 

are yet to be tested using genome-wide SNP data within a robust 

statistical framework. The combination of machine learning and 

approximate Bayesian computation (ABC) algorithms returns 

robust predictions, even under computing time constraints.32–34

This approach has been used to unveil or confirm complex 

evolutionary models in plants and animals,35,36 including live

stock37 and humans.38,39

Here, we used genome-wide SNP data analyzed in an 

ABC framework to model and test competing hypotheses 

(single vs. multiple introductions) relating to the entry, 

dispersal, and admixing of indicine African cattle on the 

continent. We used the best-predicted scenario to estimate 

effective population sizes, divergence, and admixture times, 

giving further insights into the complex history of African 

cattle pastoralism.

RESULTS AND DISCUSSION

Current diversity and genetic background for 

demographic inference

We uncovered substantial genetic variation within and between 

the breeds, as indicated by Ho, He, and Ne (Table 1). This may 

reflect several factors that have sculptured African cattle ge

nomes,40–42 such as diverse historical breeding practices in het

erogeneous environments, spatiotemporal demographic events, 

and admixture.

The first two axes of the principal-component analysis (PCA) 

identified several genetic clusters including West African taurine, 

Northern Africa taurine, and African zebu, with sanga cattle at an 

intermediate position (Figures 1A and S1).

Admixture at K = 2 separated taurine (African and European) 

breeds from Asian (GIR) and African zebu breeds, delineating 

the two domestic cattle lineages. It also showed a diverse 

gradient of taurine and indicine ancestries in African-admixed 

cattle, suggesting a complex history of hybridizations. At K = 3, 

a distinct genome background is present in West African taurine 

(LAG, MT, N’Dama (NDAM), Baoule [BAO], and Somba [SOM]), 

as reported by previous studies as an example.43,44 At K = 6, 

the main African cattle population groups (North African taurine 

[NAFT], West African taurine [WAFT], West African zebu 

[WAFZ], East African zebu [EAFZ], and African sanga [AFSA]) 

are evident (Figure 1B). African taurine cattle are separated 

into NAFT and WAFT, while African zebu are separated from 

Asian indicine. Low admixture was also observed between 

EAFZ and WAFZ (Figures 1B and S2A), indicating minimal/ 

restricted interactions.

The lowest cross-validation error, which reflects the optimal 

number of genetic clusters in the global dataset, was at K = 22 

(Figure S2B). This number is lower than 36 for African cattle 

breeds analyzed, suggesting that a mosaic of admixed genomes 

likely formed following distinct historical events, socio-cultural 

and husbandry practices, and environmental constraints.

Maximum likelihood tree on the entire dataset shows that 

while African zebu are separated from Asian indicine, two migra

tion events can be observed from the latter in the direction of 

WAFZ (Figure 2A). In addition, considering the reduced dataset, 

two migration events are highlighted, the first from Asian indicine 

to EAFZ and a second from European taurine to NAFT 

(Figure 2B). The outlined historical gene exchanges conform 

with the significant footprint that non-African cattle have left in 

generating a complex genomic architecture.12,45

These preliminary analyses lay a solid foundation to address 

some unresolved questions. How and when did indicine cattle 

enter Africa? Did it happen in a single wave or in two waves? 

To disentangle these queries, nine different demographic his

tories were tested in a coalescent-based Approximate Bayesian 

Computation using Random Forest (ABC-RF) analysis, as dis

cussed below.

Early African taurine cattle

Using a calibration point that constrained prior information con

cerning the taurine/indicine admixture time based on whole- 

genome sequencing (WGS) estimates, the divergence between 

these two lineages was placed at about 150,726 generations 

ago (ca. 750,000 years ago). This scenario (Figure 3) augurs 

well with previous time estimates based on complete 

mitogenomes.46–48

The modeled early introduction of African taurine is corrobo

rated by osteological evidence from North Sudan and Egypt 

dating to approximately 10,000–7,750 YBP,1–4 with more 

conclusive evidence of established pastoral societies by the 

middle Neolithic in Sudan.49 Direct dating on bones of sheep/ 

goat and cattle from the Central Saharan site of Takarkori, Libya, 

provides evidence for the punctuated integration of small groups 
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of herders who crossed Africa’s northeastern quadrant around 

8,300 years cal BP, suggesting that pastoralism emergence fol

lowed a punctuated, rather than gradual, dispersal model.50 This 

punctuated dispersal pattern overcame epidemiological bar

riers, including trypanosomiasis and other vector-borne dis

eases endemic to regions with wild ungulate reservoirs, and 

was facilitated by the pre-existing organizational infrastructure 

of complex foraging societies (characterized by delayed-return 

economies involving food storage and seasonal resource sched

uling) that enabled selective integration of domestic animals.18,50

The fragmentary and taphonomically compromised nature of 

faunal assemblages from early African pastoral sites precludes 

robust morphometric analyses necessary to differentiate 

autochthonous domestication events from the introduction of 

livestock already domesticated elsewhere.1 The ancestral 

taurine cattle subsequently dispersed alongside the Neolithiza

tion process following different routes, southwards across the 

Nile Valley corridor and westwards along the Mediterranean 

Table 1. Sample information and summary statistics

Breed name Group Code Sample Ho He Ne13 Origin

Afrikaner AFSA AFR 4 0.217 0.192 14 South Africa

Adamawa Gudali WAFZ AG 24 0.259 0.251 110 Nigeria

Ankole-Watusi AFSA ANKW 5 0.251 0.215 17 Uganda

Ankole AFSA AO 25 0.262 0.258 138 Uganda

Baladi – BAL 30 0.297 0.301 146 Egypt

Baoule WAFT BAO 20 0.230 0.220 90 Burkina Faso

Biskra – BIS 30 0.340 0.342 151 Algeria

Bunaji WAFZ BJ 22 0.253 0.255 130 Nigeria

Blonde du Cap Bon NAFT BLCAP 19 0.316 0.305 87 Tunisia

Boran – BOR1 20 0.278 0.273 100 Ethiopia

Boran – BOR2 20 0.245 0.236 69 Kenya

Borgou – BORG 158 0.278 0.279 386 Benin

Brune de l’Atlas Fauve NAFT BRATF 9 0.319 0.308 44 Tunisia

Brune de l’Atlas Grise NAFT BRATG 20 0.316 0.314 67 Tunisia

Cheurfa NAFT CHE 31 0.318 0.319 178 Algeria

Chélifienne – CHF 30 0.333 0.336 172 Algeria

East African Shorthorn Zebu EAFZ EASZ 112 0.247 0.254 698 Kenya

Gir IND GIR 28 0.171 0.169 103 India

Guelmoise NAFT GUEL 24 0.300 0.313 136 Algeria

Holstein ETAU HOL 59 0.335 0.328 92 Europe

Karamojong Zebu EAFZ KR 16 0.250 0.243 85 Uganda

Kuri – KUR 20 0.276 0.270 105 Chad

Lagune – LAG 20 0.196 0.192 82 Benin

Muturu – MT 8 0.204 0.188 35 Nigeria

N’Dama WAFT NDAM 51 0.243 0.244 170 Côte d’Ivoire

Nganda – NG 23 0.279 0.268 74 Uganda

Red Bororo WAFZ OR 21 0.251 0.251 122 Nigeria

Oulmès Zaer – OUL 19 0.305 0.290 55 Morocco

Sheko AFSA SHK 17 0.266 0.259 93 Ethiopia

Sokoto Gudali WAFZ SO 19 0.259 0.253 104 Nigeria

Somba WAFT SOM 20 0.229 0.235 105 Togo

Tidili NAFT TID 31 0.298 0.299 160 Morocco

Tuli AFSA TULI 4 0.302 0.260 15 Botswana

Yakanaji WAFZ YK 12 0.259 0.242 49 Nigeria

Zebu Bororo WAFZ ZBO 20 0.255 0.255 114 Chad

Zebu Fulani WAFZ ZFU 20 0.257 0.249 96 Benin

Madagascar Zebu EAFZ ZMA 20 0.207 0.205 105 Madagascar

Serere Zebu EAFZ ZS 12 0.253 0.237 51 Uganda

List of African cattle breeds used in this study with their codes, group for the ABC-RF analysis, sample sizes, observed and expected heterozygosity, 

effective population size at the earliest 13 generations, and geographic origin.
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coastline, with more conclusive evidence of established pastoral 

societies by the middle Neolithic period (5,000–4,000 YBP) in the 

Kerma region, Sudan.51

Modern North African cattle are characterized by mixed ge

netic components, including a marked fraction of European 

taurine (Figure 1B). Several explanations may be advanced. It 

could be the retention of ancestry-shared polymorphisms. If 

this was the case, we should have found European taurine signa

tures in the ancestral genomic components of other African 

taurine cattle. This was, however, not observed, making this 

postulation less plausible. A second explanation could be linked 

to the 19th-century introductions through European colonization 

of the Maghreb region.52,53 Yet, a recent hybridization event 

should have left more marked evidence, as revealed in the two Al

gerian breeds (CHF and BIS) in which considerable Holstein 

admixture is evident across the K values tested (Figures 1B and 

S2), underlining their known recent crossbred history.52,53 A 

further hypothesis11,45 is the possible role of the African auroch 

in shaping North African cattle genomes, which cannot be ruled 

out. Despite the recent increase in the availability of auroch ar

chaeogenomes,49 gaps still remain, especially in North Africa 

and the Mediterranean areas, making it difficult to unveil the 

extent and direction of aurochs post-domestication introgres

sion. Iron Age genomic data of cattle from Althiburos (Tunisia) 

dated 2,800–2,000 YBP, including the Epipaleolithic Moroccan 

aurochs, fall between European and African taurine cattle, sug
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Figure 1. PCA and population structure of 

African cattle 

(A) PCA showing the genetic relations of 38 African 

indigenous cattle breeds using 34,699 SNPs. 

(B) Circular bar plot representation of ADMIXTURE 

ancestry (K = 2–7) of 38 cattle breeds, using 

34,699 SNPs. 

(C) PCA of the selected population groups used 

for ABC-RF (13,160 SNPs). 

(D) Circular bar plot representing the proportion of 

ADMIXTURE ancestry (K = 2–7) among the pop

ulation groups used for ABC-RF (13,160 SNPs). 

Both PCA and ADMIXTURE showed a clear sep

aration between lineages (taurine, indicine, and 

sanga at intermediate position) and among the 

groups of breeds according to their geographical 

origin: yellow, ETAU; red, IND; orange, NAFT; 

green, AFSA; dark purple, WAFZ; light purple, 

EAFZ; blue, WAFT; black, breeds not included in 

the ABC analysis.

gesting that a degree of gene flow was 

already present at the time. Moreover, 

the presence of the mitochondrial R line

age, restricted to a few modern Italian 

breeds (i.e., Chianina, Marchigiana, 

and Romagnola), to Iron Age domestic 

cattle from Althiburos and to the Epi

paleolithic aurochs of Taghit Haddouch 

(Morocco)54–56 indicates that the genetic 

exchange between the Italian Peninsula 

and North Africa was not uncommon. 

Early livestock gene flow across the Mediterranean Basin, dating 

at least from the Bronze Age is supported by the distribution and 

frequency of the African T1 haplotypes in Southern Europe.14,57

This genetic connection is also evident in our estimated effective 

migration surface (EEMS) method based on a stepping-stone 

model, which showed corridors of higher migration rates span

ning Western Mediterranean Basin to African Western coastal re

gion (Figure 4). Increasing studies on modern and ancient human 

genomes in North Africa are also highlighting human movements 

prior to historical Mediterranean conquests and commerce.58,59

According to our demographic reconstruction, a secondary 

admixture event between African and European taurine (taN) 

occurred around 4,415 YBP (95% CI: 6,135–2,350 YBP). This in

terval spans the late Neolithic through the early Iron Age, with the 

point estimate coinciding with the Bronze Age. Taking into ac

count the large confidence intervals in our estimates, a resolute 

time window remains uncertain, although several arguments can 

be advanced. The Bronze Age was a period of significant cultural 

and economic exchange across the Mediterranean. In particular, 

the late Bronze Age was a time of pronounced growth and pros

perity, culminating with a major collapse during the Iron Age tran

sition.60–64 This transition also coincided with the rise of the 

Phoenician, so that a multi-phase process driven by the Phoeni

cian ‘‘globalization’’ across the Southern Mediterranean basin 

cannot be ruled out in explaining the genetic proximity between 

North African and Southern European cattle.65,66
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Two waves of indicine cattle introduction into Africa

Based on our random forest classification, the most voted hy

pothesis is that of at least two mutually exclusive introductions 

(305 votes; posterior probability = 1.00, with an error rate of 

0.015 and concurrent overlap between the observed and simu

lated datasets, Figure S3A). Genetic evidence for two waves of 

arrival and dispersion of indicine cattle has been reported previ

ously based on microsatellite data.6 Moreover, Pérez-Pardal 

et al.15 reported the presence of a Y chromosome haplotype 

(Y3B) in WAFZ cattle and the almost exclusive presence of a 

different one (Y3A) in East Africa.

When we tested our nine scenarios separately, the most plau

sible was scenario 7 (posterior probability = 0.59, with an error 

rate of 0.002 and high overlap between the observed and simu

lated datasets; Figures S3B and S4). This scenario predicts a first 

entrance of early EAFZ to have occurred before the second 

arrival, which gave rise to the WAFZ. Moreover, AFSA are the 

outcome of hybridization of ancestral indicine from the first 

B
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Figure 2. Maximum likelihood trees based 

on TreeMix 

(A) Maximum likelihood tree inferred from 38 Afri

can cattle breeds, using 34,699 SNPs. 

(B) Maximum likelihood tree from the six cattle 

metapopulations selected for ABC-RF analysis 

using 13,160 SNPs. 

All migration events are depicted with arrows and 

colored according to their migration weight. Node 

robustness was estimated with 1,000 bootstrap 

replicates and is reported for each node. Migration 

bars indicate inferred gene flow between pop

ulations; darker bars correspond to higher migra

tion weight (greater ancestry contribution). In both 

maximum likelihood trees, breeds clustered ac

cording to lineages (taurine, indicine and sanga at 

intermediate position) and their geographical 

origin: yellow, ETAU; red, IND; orange, NAFT; 

green, AFSA; dark purple, WAFZ; light purple, 

EAFZ; blue, WAFT; black, breeds not included in 

the ABC analysis. 

ETAU, European taurine; IND, Asian indicine; 

NAFT, North African taurine; AFSA, African sanga cattle; WAFZ, West African zebu; EAFZ, East African zebu; WAFT, West African taurine; ABC, approximate 

Bayesian computation.
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Figure 3. Schematic of the main entrances 

and subsequent dispersals and admixture 

of African cattle 

Pie chart representing the genomic components 

at K = 7 of the main geographic clusters with 

relative possible migrations and admixture events 

according to the most voted scenario (scenario 7) 

in the ABC-RF analysis. The inferred admixture 

and diverging times are reported in years before 

present (YBP) with their relative confidence in

tervals. The location of key archaeological sites is 

also reported in the map. Breed groups are 

colored according to their geographic origin: yel

low, ETAU; red, IND; orange, NAFT; green, AFSA; 

dark purple, WAFZ; light purple, EAFZ; blue, 

WAFT. 

ETAU, European taurine; IND, Asian indicine; 

NAFT, North African taurine; AFSA, African sanga 

cattle; WAFZ, West African zebu; EAFZ, East Af

rican zebu; WAFT, West African taurine.
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arrival with local African taurine. This scenario contrasts with the 

hypothesis of Pérez-Pardal et al.15 which suggested that the 

West African haplotype (Y3B) represents the oldest indicine line

age introduced on the continent ca. 3,000 YBP, with the East Af

rican one (Y3A) being the consequence of a more recent intro

duction. This scenario, although tested in our simulations 

(scenario 6), showed a smaller number of votes than scenario 

7 (84 vs. 213 votes, respectively). Regarding possible entry 

modes, it is difficult to elucidate whether the two waves followed 

mainly maritime or terrestrial routes; however, the reconstruction 

of the EEMSs showed several possible corridors encompassing 

both terrestrial dispersals connecting sub-Saharan Africa re

gions and Arabian Peninsula and possible maritime and coastal 

routes from Arabian Peninsula to East African coastal regions 

(Figures 3 and 4).

Timing of entrances and archaeological evidence

The first entry approximating 2,190 YBP (95% confidence inter

val: 1,365–2,680 YBP, Table 2) coincides with the pre-Aksumite 

(1,600–400 BCE) and Aksumite (400 BCE–8CE 00) periods char

acterized by complex multi-species livestock-keeping strategies 

and extensive trade networks that facilitated the movement of 

diverse domestic species.25,26,67,68 Archaeological evidence 

demonstrates that these trade connections, including the critical 

Aksumite salt trade networks, linked the Horn of Africa with the 

Arabian Peninsula, Red Sea regions, and beyond, creating path

ways for both elite goods and everyday commodities including 

livestock.26 Zooarchaeological evidence from highland Ethio

pian sites demonstrates that cattle were indeed a dominant 

component of pre-Aksumite and Aksumite pastoralism, with as

semblages showing high frequencies of cattle remains alongside 

sheep and goats, and, notably, some of the earliest lines of evi

dence for domestic chickens in the Horn of Africa dating to the 

pre-Aksumite period.25,68 This diverse livestock portfolio indi

cates complex animal management systems that could have 

readily incorporated new bovine varieties through the estab

lished trade connections. However, morphological identification 

of zebu cattle from osteological findings remains challenging, as 

Figure 4. Estimated EEMSs of the main Af

rican cattle population groups 

The posterior mean of effective migration rate 

(m) interpolated between grid points. Geographic 

locations with significantly higher migration rates, 

which correspond to possible corridors to gene 

flow, are shown in blue, while geographic areas 

with significantly lower migration rates, which may 

act as barriers, are depicted in orange. 

EEMSs, effective migration surfaces.

traditional diagnostic criteria such as bifid 

vertebrae and orbital rim characteristics 

have proven unreliable.5,69 While a 

bronze figurine depicting humped cattle 

from the Aksumite site of Zeban Kutur, 

Eritrea, suggests awareness of indicine 

morphology in the Horn of Africa during 

the early 1st millennium CE,18,70 definitive 

archaeological evidence for zebu presence during this period 

should be confirmed using ancient DNA as it provides the 

most unambiguous evidence. The first indicine entrance facili

tated the formation of sanga cattle through admixture with local 

taurine populations. Archaeological evidence from Southern Af

rica, including sites like K2 and Mapungubwe in South Africa and 

Bosutswe in Botswana, documents the subsequent expansion 

and diversification of these admixed sanga populations during 

the first and early second millennium CE, with increasing herd 

sizes and the development of complex societies in which live

stock wealth became central to social stratification and political 

power.71,72 The introduction of zebu genetics enhanced drought 

resistance and heat tolerance, facilitating pastoral expansion 

into more arid environments and contributing to the develop

ment of the distinctive sanga cattle breeds adapted to diverse 

Southern African ecologies.

The second indicine entrance occurred around 770 YBP (95% 

confidence interval: 315–1,280 YBP; Table 2), which coincides 

with intensified Indian Ocean trade networks and the expansion 

of Swahili civilization along the East African coast. This period 

saw the development of powerful city states and increased con

nectivity across the western Indian Ocean, building on earlier 

trade routes that had facilitated the movement of diverse domes

ticated species, as evidenced by the presence of Asian-origin 

chickens in the Horn of Africa over a millennium earlier.68 Archae

ological evidence from Swahili sites indicates dynamic livestock 

economies that thrived without massive livestock importation, 

with cattle frequencies relative to caprines varying considerably 

over time and space according to local environmental conditions 

and economic strategies.73–75 At coastal sites, marine resources 

remained important alongside livestock, while cattle became 

increasingly significant at islands with suitable grazing condi

tions such as Pemba, Tanzania, suggesting that zebu introduc

tions occurred selectively rather than on a massive scale despite 

increased connectivity with regions where indicine cattle were 

prevalent.74 Archaeological evidence from Madagascar, particu

larly the coastal trading site of Mahilaka in Northwestern 

Madagascar (11th–14th century CE), documents the presence 
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of zebu cattle associated with intensified Indian Ocean trade dur

ing this period, though osteological identification relies primarily 

on archaeological contexts rather than definitive morphological 

criteria.76 The genetic evidence for continued zebu dispersal to 

Madagascar by the 14th century CE77,78 aligns with this archae

ological evidence of increased Indian Ocean connectivity, 

though the specific mechanisms and scale of livestock introduc

tions remain to be fully understood through combined archaeo

logical and genetic approaches.

Conclusions

The tangled history of human migrations, trading routes, and 

eco-socio-cultural diversity as well as pastoralism gave rise 

to the novel and complex mosaic of African cattle genomes 

that have been the cornerstone of the success of African pasto

ralism. After identifying the main genetic groups, nine models of 

diffusion were tested. Our analysis provided support for two in

dependent waves of indicine cattle dispersal into the continent. 

Time parameter estimates and the overall diffusion process re

vealed by the most voted scenario align well with known histor

ical epochs and archaeological findings, underscoring the cen

tral role of human-livestock interrelationships in sculpturing the 

genetic diversity in African livestock. Northern African cattle 

were the result of ancient, at least Bronze Age, intermix with 

European taurine introduced via maritime routes. With regard 

to the arrival of the indicines, the rise of the Aksumite Empire 

seems to have provided a major boost to the initial diffusion 

of ancestral zebu cattle into Africa. However, the cattle expan

sion appears to have occurred gradually, probably alongside 

the expansion of Bantu-speaking communities, which facili

tated hybridization processes among African cattle. A second

ary entry was also highlighted to have occurred more recently, 

coinciding with the emergence of Swahili civilization and mari

time trade between Africa, the Arabian Peninsula, and the In

dian subcontinent.

These findings not only improve our understanding of histori

cal processes that shaped the genetic makeup of contemporary 

African cattle but also provide genomic resources and analytical 

approaches that can be used in the future to accurately charac

terize the ancestry and the evolution of African cattle.

Table 2. Parameter estimation of the most voted scenario

Parameters Demographic event Median Q0.05 Q0.95

Na ancestral population size 7718.47 3319.32 9763.22

N1 ETAU population size 8168.96 4996.26 9906.20

N2 IND population size 7785.13 4352.32 9819.78

N3 WAFT population size 7502.80 3940.20 9381.51

N3b bottleneck event for WAFT 5582.38 1328.95 9651.54

N4 EAFZ population size 6099.02 1921.88 9476.64

N4b bottleneck event for EAFZ 7061.54 2051.90 9719.33

N5 NAFT population size 6102.26 2263.61 9211.50

N6 AFSA population size 4274.35 620.893 9595.92

N7 WAFZ population size 2419.62 298.596 8055.79

N7b bottleneck event for WAFZ 5865.89 613.889 9509.78

N8 ancestral unsampled population of NAFT 6187.35 811.257 9738.45

N8b bottleneck event for the secondary 

entrance of ETAU

6118.15 529.778 9368.48

tbi2 time of the bottleneck of the second indicine 

entrance

109.00 20.00 234.61

tdi2 time of the entrance of the second indicine 

ancestors

154.00 63.00 256.00

taS time of admixture giving rise to AFSA 210.00 119.00 289.00

tbi1 time of the bottleneck of the first indicine 

entrance

374.98 269.00 486.79

tdi1 time of the entrance of the first indicine 

ancestors

438.00 273.00 536.31

taN time of admixture giving rise to NAFT 883.4 470.89 1227.48

tbn time of the bottleneck of NAFT ancestors 1050.51 595.00 1375.45

tdn time of entrance of NAFT ancestors 1115.29 779.66 1347.45

tbt time of the bottleneck of WAFT ancestors 1224.00 948.35 1506.89

tdt time of entrance of WAFT ancestors 1325.00 1207.25 1561.77

tsp time of the split between indicine and 

taurine

150726.00 84622.70 195130.00

The parameters estimated and their corresponding 95% confidence intervals were determined using the 0.05 and 0.95 quantiles (Q) of the posterior 

distribution, focusing on the most voted scenario (scenario 7). Diverging times (t) are expressed in the number of generations.
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Limitations of the study

The demographic picture highlighted the testing of different 

schemes of cattle introduction and diffusion into Africa, confirm

ing and illustrating the complex evolutionary history of African 

cattle characterized by a secondary introduction of European 

taurine in North Africa and at least two independent indicine 

entrances.

It is important to note that time estimates should always be 

taken with caution considering the associated uncertainties 

with mutation rates and possible issues related to ascertainment 

bias when using SNP chip genotype data.79 To minimize the ef

fect of the latter, several precautions have been used. First, link

age disequilibrium (LD)-based pruning was used as a strategy to 

mitigate ascertainment, as it has been proven to produce results 

comparable to those obtained with WGS.80 Second, compared 

with SNPs derived from WGS, pre-ascertained SNPs have 

been shown to produce overestimated divergence times 

because of retaining older SNPs.81,82 Therefore, to overcome 

this issue, information on priors was calibrated using WGS to 

reduce possible biased estimates. In spite of these precautions, 

time estimates from SNP arrays should be interpreted with 

caution, and future studies with WGS data and new archaeoge

nomes will be needed for precise dating.
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Dataset composition and filtering

Genotype data were obtained from public sources and collaborative research efforts. It included 607 individuals genotyped with the 

Illumina BovineSNP50 chip8,93,94 and 436 individuals genotyped with the BovineHD chip.95

All genotypes’ positions were updated to the ARS-UCD 2.0 reference genome assembly map96 and then merged. SNPs with minor 

allele frequencies (MAF) below 0.01 and genotypic call rates under 90% were removed using PLINK 1.9,83,84 leaving 34,699 auto

somal SNPs for analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Genetic diversity and population structure

A total of 1043 individuals of 38 cattle breeds were analyzed at 34,699 autosomal polymorphic SNPs (Table S1). Three population 

genetic parameters, observed heterozygosity (Ho), expected heterozygosity (He) and effective population size (Ne), were used to 

assess genetic diversity. For each breed, Ho and He were estimated using the R package dartR.85 Ne was estimated using SNeP 

v1.11 software86 at 13 generations back (Ne13), equivalent to 65 years ago, assuming a generation interval of 5 years for indigenous 

African cattle.20,97–99

The genetic diversity among breeds was visualized using Principal Component Analysis (PCA) performed with the bite.biostat func

tion of BITEV2 R package.89 The most significant patterns of genetic variation were visualized by plotting the first two principal com

ponents (PC1 and PC2) of the PCA, which illustrate the global level of indicine/taurine (PC1) and European taurine/African taurine 

(PC2) genome backgrounds in the analyzed populations.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

PLINK 1.9 Purcell et al.83 and Chang et al.84 https://doi.org/10.1086/519795

https://doi.org/10.1186/ 

s13742-015-0047-8

dartR Gruber et al.85 https://doi.org/10.1111/1755-0998.12745

SneP V1.11 Barbato et al.86 https://doi.org/10.3389/fgene.2015.00109

Admixture V1.3.0 Alexander et al.87 https://doi.org/10.1101/gr.094052.109

OptM Fitak.88 https://doi.org/10.1093/biomethods/ 

bpab017

BITEV2 Milanesi et al.89 https://doi.org/10.1101/181610

TreeMix-1.13 Pickrell and Pritchard.90 https://doi.org/10.1371/journal.pgen. 

1002967

Estimating Effective migration surface 

(EEMS)

Petkova et al.91 https://doi.org/10.1038/ng.3464

https://github.com/dipetkov/eems/tree/ 

master

DIYABC-RF framework (diyabc-rf-linux- 

v1.1.51;abcranger-linux-v1.16.67)

Pudlo et al.32; Collin et al.34 and Raynal 

et al.92

https://doi.org/10.1111/1755-0998.13413

https://doi.org/10.1093/bioinformatics/ 

btv684

https://doi.org/10.1093/bioinformatics/ 

bty867

https://diyabc.github.io/cli/

Other

Filtered whole dataset for the genetic 

structure analysis

This Paper –

Filtered reduced dataset for ABC-RF This paper –
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ADMIXTURE V1.3.0 software87 was used to investigate admixture patterns among African cattle. The analysis assumed 2 ≤K ≤ 38 

hypothetical ancestral populations. The co-ancestry coefficients were used to determine and visualize individual genome partitions 

at each K using BITEV2 R package while the membercoeff.cv function of the same package was used to determine the most optimal 

K based on the lowest cross-validation (CV) error value.

To infer gene flow among African cattle, the maximum likelihood (ML) algorithm implemented in TreeMix-1.1390 was used. The 

stratified allele frequencies from PLINK were converted into TreeMix format using the plink2treemix.py script. An initial trial run 

was conducted with 10 repetitions, assuming 1 to 10 migration edges. The plot_optM function of OptM package88 was used to calcu

late the ideal number of migration edges (Figure S5). These two procedures were performed following 1000 bootstrap replications. 

Linkage disequilibrium (LD) was accounted for within 500 SNP blocks, and B. javanicus (OBJ) was used as the out-group. We 

selected the trees with the highest likelihood, eliminated duplicates, and retained those with a unique topology to construct the 

consensus tree from 10 independent runs using the optimal number of predicted migrations. The ultimate consensus tree was visu

alized using the treemix.bootstrap function of BITEV2 R package.

Breed choice and dataset preparation for the ABC-RF analysis

For the analysis, we grouped breeds based on converging evidence from ADMIXTURE, PCA, TreeMix, and the breed’s geographic 

origin. Thus, seven population groups were defined: North African taurine (NAFT) (Blonde du Cap Bon (BLCAP), Brune de I’Atlas 

Fauve (BRATF), Brune de l’Atlas Grise (BRATG), Cheurfa (CHE), Guelmoise (GUEL) and Tidili (TID)); West African taurine (WAFT) 

(Baoule (BAO), Somba (SOM) and N’Dama (NDAM)); West African zebu (WAFZ) (Bunaji (BJ), Red bororo (OR), Sokoto gudali (SO), 

Yakanaji (YK), Zebu Bororo (ZBO), Zebu Fulani (ZFU) and Adamawa gudali (AG)); African Sanga (AFSA) (Africander (AFR), Ankole- 

Watusi (ANKW), Ankole (AO), Sheko (SHK) and Tuli (TULI)); East African zebu (EAFZ) (East African Shorthorn Zebu (EASZ), Serere 

Zebu (ZS), Karamojong Zebu (KR) and Madagascar Zebu (ZMA)); European taurine (ETAU; Holstein) and Asian indicine (IND; Gir).

Some African breeds were excluded for the following reasons. The Egyptian Baladi (BAL) shows an admixed heterogeneous 

pattern. It occurs close to the Sanga breeds in Treemix (Figure 2A). A recent study using microsatellite data from 160 individuals 

also showed the uniqueness and unexpected genetic diversity of this breed despite massive recent introductions in Egypt’s Nile Val

ley basin of exotic breeds.100 However, due to the small sample size and the complex genomic architecture of Baladi we excluded it 

from the ABC-RF analysis. Also, a considerable proportion of common ancestry with European taurine (HOL) is present in two Alger

ian breeds (CHF and BIS), as reported in previous studies.52,53 It may have followed crossbreeding for higher dairy performance, re

sulting in their genetic dilution. Thus, we decided not to include these two Algerian breeds in the ABC-RF analysis. All African taurine 

breeds showed close genetic affinities among them (Figures 1A, 1C, and 2A). However, two breeds (LAG and MT) displayed a similar 

pattern and low genetic variability and were thus not included in the ABC-RF analysis. They showed a long branch length in the 

TreeMix cladogram, suggesting genetic drift could be driving their divergence. Interestingly, our results parallel those of Vanvanhos

sou et al.,101 who found high genomic inbreeding probably arising from the small number of contiguous populations scattered across 

the West African savanna and forest regions.

To visualize spatially heterogeneous isolation-by-distance patterns of the selected breeds in a geographic map, we adopted the 

method called Estimating Effective Migration Surfaces (EEMS) developed by Petkova et al.91 Under the stepping-stone model, the 

approach allows to detect geographic areas either of genetic permeability characterized by high effective migration or possible bar

riers exemplified by low gene flow. For this analysis, we run 10 million Markov Chain Monte Carlo (MCMC) iterations, discarding the 

initial 3 million iterations as burn-in, keeping samples every 10,000 iterations and setting a grid of 1,800 demes. All samples (665 

georeferenced individuals) for the retained breeds of the aforementioned seven population groups were analyzed using 34,699 auto

somal SNPs.

For the ABC-RF analysis, 28 individuals were selected from each group using the bite.kmeans.subsampling function implemented 

in BITEV2 R package, to minimize computational burden while retaining the overall genetic structure of the original dataset. After 

merging, the resulting dataset, which consisted of 196 individuals and 35,107 SNPs, was pruned for SNPs in LD, to strictly exclude 

all SNPs under selection and deviating from neutrality. In doing this, we adopted hard filtering by removing SNPs with a variance infla

tion factor of 1.2 (almost independent) within 50 SNPs and shifting the windows every 10 SNPs (–indep 50 10 1.2) thus retaining a final 

dataset of 12,699 informative SNPs.

To assess the representativeness of the dataset, we once again performed PCA, ADMIXTURE and TreeMix analyses invoking the 

same parameters used for the entire dataset. For each group, trends in Ne across generations were estimated with SNeP v1.11 

(Figure S6).

Demographic simulations using ABC-RF

The genetic structure highlighted by PCA, ADMIXTURE and TreeMix using the 12,699 SNPs did not differ from the one obtained using 

34,699 SNPs (Figures 1C, 1D, and 2B), suggesting that the overall structure is recovered. Again, all the analyses discriminate well 

among the seven population groups, with only a moderate overlap between WAFZ and EAFZ.

Based on prior published genomics information on African cattle,6,11,20 nine competing scenarios, which include one or two waves 

of introduction of indicine cattle and their subsequent admixture with taurine cattle, were modeled (Figure S7).

The one wave hypothesis considered three scenarios (1, 2 and 3). We assumed that following the split of indicine and taurine cattle 

(tsp), ancestral taurine cattle dispersed first into Africa (tdt) as suggested by archaeological evidence.19 After their arrival, a secondary 
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introduction of European taurine (tdn) with subsequent admixture (TaN) with resident North African taurine cattle was modeled. The 

need to model this introduction arises both from observing the current genetic diversity of North African cattle and from archaeoge

nomic evidence that indicates the presence of mixed genomes during the Iron Age.11 A single introduction of ancestral Asian indicine 

cattle was then modeled (tdi1). From this point, three scenarios assuming different hybridization hypotheses were considered. In sce

narios 1 and 2, we modeled an admixture event (taS) between West African taurine (WAFT) and East African ancestral zebu (EAFZ) 

cattle, an event that gave rise to African sanga cattle (AFSA). We used the WAFT to model these scenarios, assuming that they repre

sent the ancient remnants of the original taurine cattle that arrived in Africa via Northeast Africa which later hybridized with the zebu 

cattle. The center of early taurine – zebu hybridization, potentially involving now-extinct indigenous taurine populations, remains 

speculative, but it may have occurred around the Lake Victoria region and East Africa.6,102 The resulting AFSA subsequently 

dispersed to central and Southern Africa.

In scenario 1, the divergence time between East and West African zebu (tdW) is constrained to occur after the formation of AFSA, 

whereas in scenario 2, divergence is set to precede the admixture.

Scenario 3 presents an intentionally contrasting hypothesis, wherein AFSA is modeled as the outcome of hybridization between 

West and East African zebu. Although this model is unlikely given the phenotypic characteristics of the sanga and their known indicine 

x taurine genome background, it was included to serve as a contrasting scenario, aiding model discrimination within the ABC-RF 

framework. Including such edge-case scenarios enhances the capacity of the model to identify the most likely historical pathway 

by improving resolution across the full spectrum of demographic alternatives.

The two waves hypothesis postulated two introductions with six scenarios (4, 5, 6, 7, 8 and 9). Under these scenarios, the splitting 

(tsp, tdt, tdn) and admixture (taN) times leading to the formation of NAFT and WAFT, were retained in the same setting as modeled in 

the one wave hypothesis. From this point, the underlying assumption was that the ancestral Asian indicine cattle arrived twice on the 

African continent at different times (tdi1 and tdi2). Similarly, different combinations of admixture and time of entry were modeled 

(Figure S6). Scenario 4 assumes that all indicine entered in the first wave (tdi1), massively hybridized with resident taurine until their 

genomic component was completely diluted. Successively, a second indicine wave entered Africa (tdi2) and diversified into West and 

East African zebu (tdw). Scenario 5 assumes a similar context but in this case the indicine genome of the first entry (tdi1) persisted 

after admixture with the resident African taurine (taS) giving rise to sanga cattle (AFSA) and West African zebu (WAFZ). Scenario 6 

instead predicts a first entry (tdi1) that gave rise to the West African indicine (WAFZ) and a second entry (tdi2) that, following hybrid

ization with resident African taurine (WAFT), led to the formation of sanga (AFSA) and East African zebu (EAFZ). In scenario 7 we 

modeled a first indicine entrance (tdi1) that after hybridization with local African taurine (WAFT) gave rise to sanga (AFSA) and 

East African zebu (EAFZ). A secondary introduction (tdi2) was then intended to justify the differentiation of West African zebu 

(WAFZ). Scenario 8 is similar to scenario 4, but in this case the first entry (tdi1) gave rise to West and East African zebu while a second 

introduction (tdi2) dispersed, hybridized with resident taurine (taS), until it was completely diluted in sanga cattle. Finally, scenario 9 

assumes an early entrance of indicine (tdi1) which gave rise to East African zebu (EAFZ) and a subsequent introduction (tdi2) that 

following hybridization with resident taurine (WAFT), gave rise to sanga (AFSA) and West African zebu (WAFZ).

For all nine scenarios, four time points of bottleneck events (tbt, tbn, tbi1 and tbi2), as is expected when an introduction event oc

curs, were modeled. The modeling also made provision for unsampled ancestral populations that may have been present on the 

continent but are now extinct. A detailed description of the used priors and summary statistics is reported in Figure S8 and Table S3.

All nine scenarios were drawn and simulated with the DIYABC-RF software.32 The demographic and historical parameters included 

seven effective population sizes: N1 (ETAU), N2 (IND), N3 (WAFT), N4 (EAFZ), N5 (NAFT), N6 (AFSA) and N7 (WAFZ); five bottleneck 

events (N3b, N4b, N7b, N8b and N9b) at four time points (tbt, tbn, tbi1 and tbi2); two ancestral unsampled populations (N8 and N9); 

six divergence times (tdi1, tdi2, tdW, tdn, tdt and tsp) and two admixture time events (taN and taS) (Table 2 and Figure S6). A pilot run 

was performed with permissive priors to optimize prior distribution boundary conditions. To evaluate the optimal number of datasets 

to simulate, we followed the recommendation by Pudlo et al.32 by checking global prior error rates from both the entire reference table 

and subsets of the reference table. Based on this, the trends of prior error rates were checked every 10,000 simulations, running be

tween 20,000 and 70,000 simulations, including 1024 summaries and using 100 threads. In the absence of reliable alternative cali

bration points based on either fossil record or previous molecular estimates, an internal calibration point, the indicine/taurine admix

ture time (taS) has been incorporated. Here we constrained the lower and upper bounds of the uniform distribution at 100 and 500, as 

suggested by WGS estimates based on LD-based admixture time (ALDER)20 while all the other priors were set by default (Table S3).

The goodness of fit of the proposed models with relative priors to the observed dataset was assessed using the projection on the 

first two axes of the Linear Discriminant Analysis (LDA).

After evaluating the convergence of the out-of-bag error (OOB) to the number of trees in the forest, 500 trees were used to select 

the optimal model and estimate parameters. To convert the number of generations to historical time, a generation interval of 5 

years20,97,99,103 was used. Simulations and random forest (model and parameter choice) were performed using DIYABC-RF frame

work based on diyabc-RF-linux-v1.1.51 and abcranger-linux-v1.16.67.34,92
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