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Microsatellite variation was surveyed to determine the genetic diversity, population struc-
ture and admixture of seven North Ethiopian cattle breeds by combining multiple micro-
satellite data sets of Indian and West African zebu, and European, African and Near-Eastern
taurine in genetic analyses. Based on allelic distribution, we identified four diagnostic alleles
(HEL1-123 bp, CSSM66-201 bp, BM2113-150 bp and ILSTS6-285 bp) specific to the
Near-Eastern taurine. Results of genetic relationship and population structure analyses
confirmed the previously established marked genetic distinction between taurine and zebu,
and indicated further divergence among the bio-geographical groupings of breeds such as
North Ethiopian, Indian and West African zebu, and African, European and Near-Eastern

Summary

taurine. Using the diagnostic alleles for bio-geographical groupings and a Bayesian method
for population structure inference, we estimated the genetic influences of major historical
introgressions in North Ethiopian cattle. The breeds have been heavily (>90%) influenced
by zebu, followed by African, European and the Near-Eastern taurine. Overall, North
Ethiopian cattle show a high level of within-population genetic variation (e.g. observed
heterozygosity = 0.659-0.687), which is in the upper range of that reported for domestic
cattle and indicates their potential for future breeding applications, even in a global context.
Rather low but significant population differentiation (Fsy = 1.1%, P < 0.05) was recorded
as a result of multiple introgression events and strong genetic exchanges among the North
Ethiopian breeds.
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Due to its geographical proximity to the entry points of

Introduction
Arabian and Indian zebu, and of European and the Near-

The Ethiopian highlands and adjacent areas in the Horn of
Africa have the highest concentration of domesticated cattle
(Bos indicus and Bos taurus) in the continent (Rege 1999).
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Eastern taurine (e.g. Loftus et al. 1994, 1999; MacHugh
et al. 1997; Hanotte et al. 2002), Ethiopia is believed to have
been a gateway for cattle immigrations into Africa. Modern
Ethiopian breeds were also introgressed with West African
taurine during the spread of pastoralism (e.g. Hanotte et al.
2002). For these reasons, as well as because of the diverse
agro-ecology and farming systems in the country, Ethiopia is
a centre of secondary diversification for livestock in the
continent (e.g. IBCR, 2001; Li et al. 2007b). For example,
Ethiopia is the origin of the Sanga cattle, one of the
major bovine groups in Africa (Albero & Haile-Mariam
1982; Rege 1999). Historically, Sanga cattle resulted from
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cross-breeding of Arabian zebus with local long-horned ta-
urines (Rege 1999). A second introduction of Indian zebu
led to the emergence of Zenga (Zebu x Sanga) breeds, and
their various strains adapted to the diverse ecological envi-
ronments of the East African highlands (e.g. Li et al. 2007b).

Indigenous breeds constitute the bulk of the cattle genetic
resources in Ethiopia, and they belong to four of the 10 major
groups in Africa: Sanga, Zenga, Small East African Zebu and
Large East African Zebu (Rege & Tawah 1999). African
cattle, and particularly the zebu breeds, are characterized by
high allelic diversity, and high levels of heterozygosity and
genetic diversity compared with some European and Indian
breeds (e.g. MacHugh et al. 1997). Due to lack of resources
and political instability during most of the last century in
Ethiopia, there is very little existing genetic knowledge about
the indigenous cattle resources, besides the molecular char-
acterization based on paternal lineages (Li et al. 2007b).
However, there is a growing interest in this subject among
local and international researchers involved in the study of
palaeontology, phylogeography and the genetic origin of
African cattle breeds (e.g. Albero & Haile-Mariam 1982;
Alemseged & Geraads 2000). A more objective and reliable
assessment and characterization of indigenous FEthiopian
breeds at the molecular level will shed light on the current
status of within-population genetic diversity and the genetic
differentiation among breeds. In addition, molecular char-
acterization will contribute to the understanding of the his-
tory and origins of breeds and to the establishment of
strategies for their sustainable utilization in the future.
Moreover, although African cattle (B. indicus and B. taurus)
pastoralism has been clarified at the continent level (Hanotte
et al. 2002), our study will help to understand the origins
and migrations of African cattle at a fine scale, close to the
gateway of zebu and Near-Eastern and European taurine
expansions in the continent.

The main aim of the present study was to clarify the
genetic admixture and genetic relationships of Ethiopian
cattle relative to Near-Eastern, European and African tau-

rine, and Indian and West African zebu, by combining
multiple microsatellite data sets. The study also attempted to
characterize intra-breed genetic diversity, gene flow and the
genetic structure and differentiation of the seven north
Ethiopian breeds, to provide basic information for designing
conservation and genetic improvement programmes. In this
study, the results were compared with previous results
based on paternal lineage (Y-chromosomal microsatellite)
analysis and are discussed in the larger geographic context
of African cattle (B. indicus and B. taurus) pastoralism.

Materials and methods

Cattle breeds

A total of 315 animals, representing seven breeds belonging
to three major cattle groups in Ethiopia, were included in
this study: Sanga [Afar (ETAF) and Raya (ETRA)]|, Zenga
[Abergelle (ETAB), Arado (ETAR), Irob (ETIR) and Fogera
(ETFO)] and Large East African Zebu [Begait (ETBA)].
Sample size for each breed is detailed in Table 1. The sam-
pling locations are provided by Li et al. (2007b). Hair
samples were plucked from the tails of unrelated animals
(according to farmers’ information, as pedigree records were
unavailable), placed in paper envelopes and stored at room
temperature until further processing. Ten to 15 hair roots
per animal were used to extract DNA using the Qiagen
DNeasy 96 Tissue kit (Qiagen) according to the manufac-
turer’s protocol.

The seven North Ethiopian breeds were reported to have
adaptive advantages in their respective production
environment, such as resistance of the Abergelle to tick
infestation, adaptation of the Afar and Begait to arid and
semi-arid environments, suitability (draught power and
temperament) of Raya bulls for ploughing, the ability of the
Arado to cope with seasonal feed and water shortages, and
the adaptation of the Irob to graze succulents on
extremely mountainous terrain. Detailed information on the

Table 1 Breed group, sample size (n), mean observed (Ho) and expected (Hg) heterozygosity, mean number of observed alleles (Ao), sample size
corrected mean allelic richness (Ar) per breed based on minimum sample size of 17 diploid individuals, number of private alleles (Ap), inbreeding
coefficient (Fis), significance for Hardy-Weinberg equilibrium (HWE) test and the number of pairwise loci deviating from linkage equilibrium (LE)

for the seven north Ethiopian cattle breeds.

Cattle breeds Breed group' He Ho Ao AR Ap Fis? HWE? LE
Afar Sanga 42 0.720 0.680 7.1 6.250 1 0.050** n.s. 12
Raya Sanga 41 0.709 0.674 6.7 6.073 5 0.041* n.s. 8
Arado Zenga 49 0.718 0.686 7.5 6.254 8 0.045** n.s. 10
Abergelle Zenga 47 0.709 0.672 7.2 6.272 4 0.054** ** 7
Fogera Zenga 42 0.721 0.673 6.6 5.974 3 0.052* ** 5
Irob Zenga 47 0.713 0.687 7.1 6.040 4 0.036* n.s. 5
Begait Large E.A. zebu 47 0.670 0.659 6.3 5.677 1 0.025 n.s. 4
Overall. - 315 0.708 0.676 9.5 6.230 26 0.054 n.s. 51

E.A., East Africa.

2xSignificant at P < 0.05 and **Significant at P < 0.01 after sequential Bonferroni corrections (Rice 1989).

3n.s., not significant.
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characteristics of these breeds has been previously reported
by Rege & Tawah (1999), Zerabruk & Vangen (2005) and
Zerabruk et al. 2007.

Data on additional breeds (see Table S1) representing the
Indian [Nellore (INNEL), n = 27] and African Zebu [Red
Bororo (REBO, Nigeria), n = 47 and Sokoto Gudali (SOGU,
Nigeria), n = 62], and European [Finnish Holstein-Friesian
(FIHFR), n = 43; German Simmental (DESIM), n = 50],
African [N'Dama (AFNDFN), n = 44; Muturu (MUTURU),
n = 18], and the Near-Eastern taurine [Turkish Grey Steppe
(TUTGY), n = 42, East Anatolian Red (TUEAR), n = 43 and
South Anatolian Red (TUSAR), n = 43] were also included
in admixture and comparative analyses.

Microsatellite markers and genotyping

Twenty microsatellites (BM1818, BM1824, BM2113,
CSSM66, ETH3, ETH10, ETH152, ETH225, HEL1, HELS,
HEL9, HEL13, ILSTSO05, ILSTSO06, INRAOOS5, INRAO23,
INRAO32, INRAO35, INRAO37 and INRAOG63) out of the 30
markers recommended by the International Society for
Animal Genetics and the Food and Agriculture Organization
of the United Nations (FAO) for cattle genetic diversity
studies were used for genotyping. Primer sequences, detailed
information of PCR protocols and references for the micro-
satellites can be found on the CadBase website (http://
www.projects.roslin.ac.uk/cdiv/markers.html). The mark-
ers were amplified using one unlabelled primer combined
with either a primer labelled with 3?P or a primer labelled
with fluorescent dye. The allele sizes were determined
manually on autoradiograms with a sequence ladder or
scored according to the TAMRA 500 size standard on an
ABI PRISM 377 sequencer (Applied Biosystems) respec-
tively. Two Norwegian and one international reference
animal were included in all gel-runs, allowing adjustment of
allele sizes to those agreeing with international reference
samples.

Microsatellite data for the Near-Eastern breeds (Turkish
Grey Steppe, East Anatolian Red, South Anatolian Red)
were from the EU ResGen Project, while data for other
additional cattle breeds were previously reported by Loftus
et al. (1999), Ibeagha-Awemu et al. (2004) and Li et al.
(2005, 2007a). Genotypes for the additional breeds have
12-19 loci in common with the markers genotyped in
North Ethiopian cattle and 11 loci are shared among all the
breeds included in this study. All breed information is de-
tailed in Table S1. At least one international reference
sample genotyped in all the additional breeds was used to
standardize the allele sizes.

Data analysis

Allele frequencies, number of observed alleles (Ap), observed
(Hp) and expected (Hg) heterozygosity as a measure of
population genetic diversity, tests for deviations from

Cattle introgressions in the gateway region to Africa

genotypic linkage equilibrium (LE) for each locus pair
within population and for each pair of loci across popula-
tions, and tests for deviation from Hardy—Weinberg equi-
librium (HWE) were analysed as implemented in cenepopr
version 3.4 (Raymond & Rousset 1995). Results of the tests
were corrected for multiple comparisons by applying
sequential Bonferroni corrections (Rice 1989). The presence
of non-amplifying null alleles was tested using MICRO-CHECKER
version 2.2.3 (Oosterhout et al. 2004). Allelic richness (Ag)
and Weir & Cockerham (1984) fixation indexes (Fyp, Fgr
and Fig) were calculated using rstaT version 2.9.3.2 (Gou-
det 2002). Markov chain analyses were applied to estimate
significance (10 000 dememorization steps, 500 batches
and 5000 iterations per batch).

Nei’s D, genetic distance (Nei et al. 1983), which is
suitable for reconstruction of phylogeny irrespective of the
mutation model and is efficient in obtaining the correct
topology (e.g. Takezaki & Nei 1996), was computed with
pisPAN (Ota 1993). The individual distances based on the
proportion of shared alleles Dpg = -In(PS) (Bowcock et al.
1994) were calculated using the MICROSAT version 1.4
computer program (Minch et al. 1995). A Dx-based topo-
logical tree was constructed using the neighbour-joining
(NJ) algorithm (Saitou & Nei 1987) as implemented in
paYLIP version 3.6 (Felsenstein 1993) with 1000 boot-
strapping values. The 10 additional cattle breeds were also
included in the genetic relationship analysis on the basis of
11 common loci. The pattern of population differentiation
among North Ethiopian breeds was further described by a
factorial correspondence analysis of the individual multilo-
cus scores, computed using Generix version 4.05 (Belkhir
et al. 2004). The factorial correspondence analysis deals
with data collected on more than one variable and can
condense the information from a large number of alleles and
loci into fewer synthetic variables. In this approach, allele
frequencies of the breeds at all loci were used as variables,
and the population clusters were identified graphically. The
first three major components were plotted on a three-
dimensional scatter diagram for the seven breeds.

We first made an estimation of introgressions of the dif-
ferent groups of breeds, such as Indian zebu and European,
Near-Eastern and African taurine, using the grouping-
diagnostic/specific-allele method as described in MacHugh
et al. (1997) and Loftus et al. (1999). In summary, the
frequencies of such alleles, or groups of alleles at a partic-
ular locus (see MacHugh et al. 1997; Ibeagha-Awemu et al.
2004; Li et al. 2007a) were averaged to give an estimate of
proportion of introgression from the cattle groupings for
each of the North Ethiopian breeds.

A Bayesian clustering method was then employed to
assess population structure using the program STRUCTURE
version 2.2 (Pritchard et al. 2000). This method uses
multilocus genotypes to infer the fraction of population/
individual genetic ancestry that belongs to a cluster, for a
given number of clusters (K). The program assumes HWE in
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the ancestral populations and complete LE between markers
used, and the criteria for grouping individuals are to
minimize the HWE and the gametic phase disequilibrium
between loci within groups. We performed 10 runs for each
K value at 1-17 and ran the program assuming a model of
admixture and correlated allele frequencies. We did not use
any prior information about the population origin of the
animals. A burn-in period of 200 000 generations and
Markov chain Monte Carlo (MCMC) simulations of 500 000
iterations were used in all the above runs. The values of
LnP(D) (the log probability of data) were estimated assigning
priors from 2 to 17, and the optimal K was chosen based on
the delta K (AK) value. This criterion was originally
described in Evanno et al. (2005) and was shown to be
effective in later studies (Medugorac et al 2009; Li &
Kantanen 2010). We then evaluated the average mem-
bership coefficients of predefined (sampled) cattle popula-
tions for the K inferred clusters. Genotypes of all the
populations at the 11 common loci (see Table S1) were
included in this analysis.

The likelihoods calculated by strucTuRE are often inter-
preted as indicating admixture ratios, but can be con-
founded by the fixation of alleles from one of the parental
populations (see Freeman et al. 2004). Therefore, a recently
developed implementation of a MCMC method, likelihood-
based estimation of admixture (LEA) (Chikhi et al. 2001),
was employed in estimating the relative contributions of
zebu and taurine in each of the North Ethiopian breeds. This
method estimates admixture proportions at the population
level, taking into account drift since the admixture event,
variation due to sampling and uncertainty in the estimation
of the ancestral allele frequencies (e.g. Chikhi et al. 2001; Li
et al. 2005). It estimates admixture proportions P; and
P, =1 — P, from parental (source) populations 1 and 2,
respectively. Each analysis was based on 100 000 MCMC
steps, and the pdf (probability density function) values of
parental population 1 in parallel with 95% probability
intervals of its posterior distribution obtained using the
rocirit package for R. As there are multiple introgression
events in North Ethiopian cattle, we pooled the taurine
(Finnish Holstein-Friesian, German Simmental, N’Dama,
Muturu, Turkish Grey Steppe, East Anatolian Red and
South Anatolian Red) to represent parental population 1
and the zebu (Nellore, REBO and Sokoto Gudali) to represent
parental population 2.

Results

Allelic distribution and locus variability

A total of 198 alleles were detected. The observed number of
alleles at a single locus across populations ranged from 6
(INRAO63 and INRAOOS) to 16 (INRAO32), and the overall
mean number of alleles per locus was 9.9 (Table S2). The
statistics on the basis of 11 common loci detected only 3

(2.26%, 3/133) breed-specific (private) alleles in North
Ethiopian cattle. A total of 16 (12.03%, 16/133) alleles
were shared between the taurine and at least one North
Ethiopian breed, but not with the zebu. In contrast, 2
(1.50%, 2/133) alleles were present in the zebu and North
Ethiopian cattle, but not in the taurine breeds (data not
shown). A further examination of the previously identified
diagnostic/specific alleles for bio-geographical groupings
(MacHugh et al. 1997; Ibeagha-Awemu et al. 2004; Li et al.
2007a; see also Table S3) in the present sample suggests
definite introgression of the three groups into North Ethio-
pian cattle, with a smaller proportion of European taurine
alleles. In addition, four loci (HEL1, CSSM66, BM2113 and
ILSTS6) displayed alleles that were present at higher fre-
quency in the Near-Eastern taurine, were absent in the
European taurine and the Indian zebu and were either
absent or at low frequencies or in the African groupings
(Fig. S1). Following the definition of MacHugh et al. (1997),
the alleles (HELI-123 bp, CSSM66-201 bp, BM2113-
150 bp and ILSTS6-285 bp) were thus considered
diagnostic or specific for the Near-Eastern B. taurus. These
Near-Eastern taurine diagnostic alleles are further
confirmed by the allelic frequency comparison with that in
more than 40 breeds from Europe and Asia (Li & Kantanen
2010). They were used to evaluate gene flow and genetic
admixture in the North Ethiopian cattle as described below.

Within-population diversity and tests for HWE and LE

Genetic diversity estimates within populations across all 20
loci showed that the variability was comparable among
them: 0.670-0.721 for Hy, 0.659-0.687 for Hp, 6.300—
7.500 for Apg and 5.677—6.272 for Ag (Table 1). The Arado
had the highest number of private alleles (Ap = 8), while
the lowest number of private alleles was detected in the Afar
and Begait (Ap = 1). The Begait showed the lowest degree of
within-breed genetic variation (Table 1). In terms of basic
statistics (e.g. Ap, Hy and Hp) for within-population genetic
diversity, on average North Ethiopian cattle had values
lower than those for the Near-Eastern taurine and West
African zebu, but higher than those for Indian zebu and
European and African taurines (Table S4).

Of the 140 locus/population combinations (20 loci X 7
North Ethiopian cattle breeds), 19 (13.6%, 19/140) showed
significant (P < 0.05) deviation from HWE (data not
shown). Abergelle and Fogera showed significant deviation
from HWE after the Bonferroni corrections (Table 1). Nev-
ertheless, no significant deviation from HWE was detected
when the test was applied to all loci across populations.
Significant (Fisher’s method: approximate value of 3> > 24,
d.f. = 14, P < 0.05) deviations from genotypic LE within
each population were found in 51 (3.8%) of 1330 [pn
(n—1)/2, for n loci and p populations; p = 7, n = 20] com-
parisons and in 8 (4.2%) of 190 for the tests across popu-
lations (data not shown; both deviations <5%, which is
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significant). Thus, the two loci (HEL5 and ILSTS006)
showing significant evidence of deviation from HWE were
not excluded in the strucTure analysis.

Genetic differentiation and genetic distances

Low but statistically significant (P < 0.05) global genetic
differentiation among North Ethiopian breeds
(Fsr = 0.011 £ 0.002; 95% CI, 0.006-0.015) was re-
corded. A pairwise population differentiation test carried out
after sequential Bonferroni corrections revealed that there
was significant differentiation (P < 0.05) in six of the 21
pairwise multiple comparisons among North Ethiopian
breeds (Table S5). On average, the Begait had the largest
genetic distances and were most differentiated from the
other breeds. However, the NJ tree constructed from the D,
distance matrix revealed a slight genetic division between
the group comprising the Irob, Arado and Begiat and the
remaining group (Fig. S2). Genetic differentiation among
the breeds was further explored using three-dimensional
factorial correspondence analysis (FCA) at the individual
level, based on allele frequencies of 20 microsatellites
(Fig. S3). Close genetic relationships among the populations
are evident. Nevertheless, the first factor, which accounted
for approximately 29% of the total variation, coincided with
the levels of zebu introgression in the populations. It
roughly separated the populations with relatively greater
zebu influence, such as the Begait, Irob and Arado, from the
remaining populations.

Pairwise Fgr estimates (above the diagonal) and the Dpg
genetic distances (below the diagonal) for the 17 breeds
were estimated based on 11 common microsatellites
(Table S6). Typically, low Fgr and Dpg estimates were
recorded among North Ethiopian breeds, followed by those
between North Ethiopian and West African zebu breeds,
while larger estimates were generated between the zebu
(including North Ethiopian cattle, and West African and
Indian zebu) and taurine (including African, European,
Near-Eastern taurine) pairs. Compared with the Near-East-
ern taurine, European and African taurine showed greater
genetic differentiation than from the zebu.

Figure 1 is a topological tree for all 17 breeds based on
Nei’s D, distances. It illustrates the large divergence
between B. taurus and B. indicus cattle, which is consistent
with earlier results from mtDNA (Loftus et al. 1994) and
autosomal (MacHugh et al. 1997; Loftus et al. 1999) anal-
ysis of European, African and Indian cattle, as well as from
Y-chromosomal microsatellite characterization of European
and African cattle (Li et al. 2007b). As reported by Loftus
et al. (1999), breeds from the Near-East (TUEAR, TUSAR
and TUTGY) were positioned proximal to the B. taurus
radiation, with high bootstrap values (Fig. 1). The tree also
exhibits a compact cluster of European taurine (FIHFR and
DESIM), African taurine (AFNDFN and MUTURU) and
West African zebu breeds (SOGU and REBO), respectively.

Cattle introgressions in the gateway region to Africa

FIHFR

MUTURU

AFNDFN

TUSAR

TUEAR

ETIR

ETRA
ETAB

INNEL ETFO

Figure 1 Genetic relationships among all the 17 cattle breeds con-
structed using NJ (Saitou & Nei 1987) with 1000 bootstraps based on
11 common microsatellites.

However, there is no compact clustering of the North
Ethiopian (ETBA, ETAR, ETFO, ETAF, ETAB, ETRA and
ETIR) or Near-Eastern breeds. The seven North Ethiopian
cattle in general have shorter branches with lower boot-
strap values, possibly owing to the multiple introgression
events and strong gene flow among them.

Genetic admixture

It was possible to estimate the proportions of admixture in
North Ethiopian cattle from different bio-geographical
groupings by assigning diagnostic alleles for Indian zebu,
and African, European and the Near-Eastern taurine
ancestry, identified previously and in this study (Table S3).
The Indian zebu influence is considerable (55.16-63.78%),
and in terms of magnitude is followed by African (9.20—
14.02%) and European taurine (1.51-4.44%), while the
least introgression was from the Near-Eastern taurine
(0.37-1.88%). The Begait, Arado and Irob breeds received
most Indian zebu genes, but relatively few from Near-East-
ern taurine introgression.
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Table 2 Admixture in North Ethiopian cattle breeds estimated by different methods, i.e. sTRucTure program (Pritchard et al. 2000) at K = 2 and 6, and
the LEA program (Chikhi et al. 2001), and the distribution of private alleles.

Two main genetic groups

Multiple genetic groups

STRUCTURE LEA Private alleles STRUCTURE

Bos Bos Bos Bos Indian  AF EU NE Indian ~ WF AF EU NE NEt
Breed taurus indicus  taurus  indicus  zebu taurine  taurine  taurine  zebu zebu taurine  taurine  taurine  cattle
ETAB  0.095 0.905 0.109  0.991 0.588 0.140 0.021 0.019 0.077 0.288 0.046 0.038 0.028 0.523
ETAF  0.085 0.915 0.094  0.906 0.552 0.137 0.045 0.006 0.045 0.161 0.042 0.027 0.024 0.701
ETAR  0.051 0.949 0.087 0913 0.615 0.133 0.019 0.009 0.070 0364 0.032 0.023 0.014 0.497
ETBA 0.086 0.914 0.072  0.928 0.638  0.092 0.035 0.004 0.174 0305 0.060 0.030 0.024 0.408
ETFO 0.103 0.897 0.112  0.888 0.588 0.137 0.015 0.013 0.111 0.307 0.056 0.043 0.024 0.458
ETIR 0.041 0.959 0.091 0.909 0.611 0.094 0.029 0.010 0.068 0.286 0.017 0.016 0.014 0.600
ETRA  0.102 0.898 0.125 0.875 0.586 0.138 0.022 0.005 0.088 0.241 0.048 0.038 0.031 0.554

LEA, likelihood-based estimation of admixture; ETAB, Abergelle; ETAF, Afar; ETAR, Arado; ETBA, Begait; ETFO, Fogera; ETIR, Irob; ETRA, Raya;
AF, African; EU, European; NE, Near-Eastern; WF, West African; NEt, North Ethiopian.

Using the LEA program, the analysis produced estimates
of admixture proportions, suggesting that the contemporary
gene pool of North Ethiopian cattle is heavily influenced by
zebu. The genetic contribution from the taurine populations
(P1) was estimated to be low, ranging from 0.72% (95% CI:
0.12-18.4%) in the Begait to 12.34 (95% CI: 1.4-27.3%) in
the Raya (MCMC method, Table 2). The remainder
(P, = 87.66-99.28%) was contributed by the zebu.

The model-based clustering analysis provided in the
STRUCTURE program complemented the two aforementioned
methods by allowing the genetic contribution from the two
known major source populations to be estimated. Figure 2
presents the most frequent pattern of the results of admix-
ture analysis. The mean likelihood function values for L (K)
were an increasing function of K for all the examined values
of 1-17 (10 runs for each). However, the distribution of AK
had two peaks, one at K = 2 and the other at K = 6, sug-
gesting an uppermost level of hierarchy at these two K
values (Fig. S4). Results of the clustering analysis strongly
support previous findings and suggest that the contempo-

rary North Ethiopian cattle are highly introgressed by the
zebu (Fig. 2 and Table 2). The 10 runs at K = 2 all indi-
cated a uniform division into two main genetic clusters,
B. taurus and B. indicus. A high level of zebu genetic intro-
gression was indicated in the seven breeds, although there
were slight differences among the breeds. The contribution
from the B. taurus lineage was very low and ranged from
1% in the Irob to 5% in the Abergelle (Table 2). A further
analysis at K > 3 revealed the presence of a population
structure within the two main clusters. At K = 3, most of
the runs (7/10) resulted in differentiation of the African
taurine (N'Dama and Muturu) and the other taurine breeds.
At K = 4, the most frequent pattern (7/10) cluster placed
the Indian and West African zebu in separate clusters, but
they, in turn, split into separate clusters at K = 5. The
subdivision at K = 6 identified the clusters corresponding to
the six bio-geographical groupings of populations: North
Ethiopian, Indian and West African zebu, African, European
and the Near-Eastern taurine (Fig. 2). Table 2 summarizes
the mean proportions of shared ancestry among the six

& v v W

Figure 2 Population structure of 17 cattle
populations using the model-based sTRucTUrE
program (Pritchard et al. 2000). Each animal is
represented by a single vertical line divided into
K colours, where K is the number of clusters
assumed and the coloured segment shows the
individual’s estimated proportion of member-
ship (averaged across 10 runs at each K = 2-6)
in that cluster. Black lines separate the popu-
lations labelled above the figure. The labels
above the figure indicate the number of
animals analysed in each breed.
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genetically differentiated bio-geographical clusters across 10
runs at K = 6. We found the highest proportion of West
African zebu ancestry (0.161-0.364) in North Ethiopian
cattle, followed by Indian zebu (0.045-0.174). All seven
North Ethiopian breeds are characterized by low taurine
ancestry, with consistently more African taurine (0.017—
0.060), less European taurine (0.016-0.043) and least
Near-Eastern taurine (0.014—0.031) ancestry.

Discussion

Genetic admixture

Our microsatellite allelic distribution indicates multiple
introgressions, particularly highlighting the previously
non-quantified influence of Arabian zebu and Near-Eastern
taurine. Our results support the use of diagnostic alleles for
Indian zebu, and African and European taurine that have
been identified previously (MacHugh et al. 1997; Loftus
et al. 1999; Magee et al. 2002; Ibeagha-Awemu et al.
2004). However, the Near-Eastern taurine diagnostic alleles
(HEL1-123 bp, CSSM66-201 bp, BM2113-150 bp and
ILSTS6-285 bp) in this study are reported for the first time.
These alleles will be useful in future investigations on the
immigration and admixture of cattle from the Near-Eastern
centre of domestication, especially for clarifying the migra-
tion routes from the Near-East to central and north-eastern
Asia, where cattle genetic resources have been less well
characterized (but see Li et al. 2007a).

The model-based Bayesian method (Pritchard et al. 2000)
differentiated the two Bovidae subspecies, B. taurus and
B. indicus, and the six bio-geographical groups of cattle
breeds, Indian, West African and East African zebu, African,
European and Near-Eastern taurine, at K = 2 and K = 6,
respectively (Fig. 2). The B. indicus admixture level of the
breeds inferred in this study, using the structure and LEA
methods, is in a similar range as that earlier reported for East
African and Madagascan breeds (>90%, Freeman et al.
2006), but is a higher level than that calculated previously
for West and Central African breeds (59.8-83.2%, MacHugh
et al. 1997; 58; 1-74.0%, Ibeagha-Awemu et al. 2004). This
fits in well with earlier results of a gradient of zebu influence
that peaked in East Africa (Hanotte et al. 2002). However,
we noted differences between the estimates for total zebu
ancestry generated by the structure and LEA methods, and
the proportions of Indian zebu by the private-allele method
(Table 2) in North Ethiopian cattle. These differences may be
due to two components of zebu influence in North Ethiopian
cattle, one from Indian zebu and the other probably from
Arabian zebu, thus reflecting the two models of zebu intro-
gression suggested by archaeological and genetic evidence
(Clutton-Brock 1989; Hanotte et al. 2002).

The breeds showed high levels of zebu introgression, with
a cline of B. indicus influence from the north-western part of
Ethiopia, where the Begait is dominant, to the north-eastern

Cattle introgressions in the gateway region to Africa

Afar region of Ethiopia, where the Afar is dominant. This
conforms with the ongoing process of replacement of the
Sanga by Zebu and the formation of intermediate breeds of
Zenga, for example Arado, as a result of the last wave of
Zebu introduction to Ethiopia through North Africa (Albero
& Haile-Mariam 1982). Our previous study on the Y-chro-
mosome haplotype diversity of these breeds also revealed the
predominance of indicine alleles and a single taurine hap-
lotype in these breeds (Li et al. 2007b). We also noted the
lack of alleles shared solely between indicine and North
Ethiopian cattle (n = 2) vs. those shared by taurine and
North Ethiopian cattle (n = 16). However, one might expect
more alleles shared between indicine and North Ethiopian
cattle, as the North Ethiopian cattle are mainly indicine.
This discrepancy is due to the strong Indian zebu intro-
gression into the Near-Eastern taurine breeds (Loftus et al.
1999), which results in fewer alleles shared only between
indicine and North Ethiopian cattle.

We also detected three sources of B. taurus influence on
North Ethiopian cattle: West African taurine ranked the
highest, European cattle were intermediate and the Near-
Eastern cattle ranked lowest. The highest portion of the ge-
netic source from West African taurine lends support to an
indigenous origin for the earliest African domestic cattle (see
Hanotte et al. 2002). The detection of non-African B. taurus
genetic influence from Europe and the Near East is probably
due to a more recent colonial legacy, suggesting that it must
have been secondary to the origin of African cattle pasto-
ralism (Hanotte et al. 2002). However, we noted a difference
in the estimates of different introgressions in North Ethiopian
cattle using the various methods, especially the considerably
higher level of Indian zebu ancestry estimated using the
private-allele method than was indicated by the sTRucCTURE
method. One caveat is that we definitely cannot establish all
the diagnostic alleles for the bio-geographical groupings and,
therefore, the diagnostic-allele method cannot provide an
exact value for admixture proportions, instead providing
approximations. Another caveat stems from the STRUCTURE
program, the results of which are sensitive to the number of
populations sampled, the number of individuals typed in
each population and the number of loci scored (e.g. Pritchard
et al. 2000; Evanno et al. 2005; Li and Kantanen 2010).
Therefore, we ascribe the difference in the estimates of Indian
zebu ancestry mostly to the small number of Nellore samples
that represent the Indian zebu. The discrepancy between the
two methods can also arise from the stochasticity of markers
included in the analysis, but we assume this effect to have
been minimal because this set of markers has proved useful
and efficient in cattle genetic diversity studies across popu-
lations with global geographic origins (e.g. Li and Kantanen
2010). However, the estimation using the diagnostic-allele
method seems more reasonable in terms of the results of Y-
chromosomal microsatellite analysis (e.g. European Cattle
Genetic Diversity Consortium 2006; Li et al. 2007b) and
knowledge of cattle pastoralism in Africa (e.g. Hanotte et al.
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2002). Inclusion of additional population samples, especially
the samples of Indian zebu genotyped using additional mi-
crosatellites, may enable better estimates of membership and
introgressions to be made, especially from the sTRUCTURE
program. Our data also suggest a relatively higher proportion
of zebu ancestry in the Near-Eastern taurine than in African
and European taurine (see K = 2 in Fig. 2). This is consistent
with the conclusion regarding zebu introgression into the
Near-Eastern region from the East (Loftus et al. 1999).

Within-population genetic diversity and
genetic differentiation

There was a high level of genetic variation, in terms of basic
population diversity indices, among the seven North Ethi-
opian breeds. The results are within the upper range of
those reported for African zebu (MacHugh et al. 1997; Rege
et al. 2001; Ibeagha-Awemu et al. 2004; Freeman et al.
2006) and are only exceeded by results for taurines from
the Near East and for West African zebu. Increased genetic
diversity in African cattle is believed to be a result of high
levels of introgression of B. indicus and B. taurus (MacHugh
et al. 1997; Freeman et al. 2004). The overall high level of
genetic diversity within North Ethiopian cattle (Table S5)
could also be because the supposed breeds might actually be
cross-bred animals of no particular refinement (Fig. S3)
relative to traditional breeding practices for type. Thus, a
much finer resolution analysis based on dense markers is
needed to accurately identify those animals that still contain
portions of the genome unique to native breeds.

The level of genetic differentiation (Fgr = 1.1%) observed
among North Ethiopian cattle is comparable to previous re-
sults of Y-chromosomal lineage analysis among the same set
of populations (Fgr = 2.1%, Li et al. 2007b), but is much
lower than the range reported for other breeds based on
autosomal microsatellite analysis, such as the 3.5% for Bel-
gian breeds (Mommens et al. 1999), 6% for West African
cattle (Ibeagha-Awemu & Erhardt 2005), 10.7% for North
European breeds (Kantanen et al. 2000) and 8.5% for North
Eurasian breeds (Li et al. 2007a). In addition, some Asian
cattle breeds maintained using similar management prac-
tices also showed low Fgr values (Fgy = 0.76% based on
mtDNA sequence analysis; Berthouly et al. 2010) and a
similar range of high levels of observed heterozygosity (e.g.
Berthouly et al. 2010) to that observed in this study. The
rather low genetic differentiation reported here could be due
to the high level of genetic exchange or strong male-mediated
gene flow (Li et al. 2007b) among the breeds, resulting from
geographical proximity, uncontrolled breeding and recent
divergence.

Genetic relationships and conservation implications

Our analyses that included all the breeds confirmed the
genetic relationships among breeds form different bio-geo-

graphical groupings established previously (e.g. MacHugh
et al. 1997; Loftus et al. 1999; Ibeagha-Awemu et al. 2004;
Ibeagha-Awemu & Erhardt 2005), that is, the large genetic
divergence between cattle of B. indicus and B. taurus origin
and the breeds from the Near East proximal to the B. taurus
populations. Among the zebu populations, the North Ethi-
opian cattle showed closer genetic relationships to the
Indian zebu (i.e. Nellore) than to the West African zebu,
which have geographical origins similar to the North Ethi-
opian cattle. This finding is in line with African cattle pas-
toralism, for which substantial Indian zebu immigration
was identified in East Africa, and the genetic influence of
B. taurus was found to be most important in West Africa
(Hanotte et al. 2002).

A recent on-farm characterization of North Ethiopian
cattle indicated differences in some phenotypic characteris-
tics and adaptive advantages of some of the breeds with
respect to their production environments. An increasing
number of farmers preferred intermediate (cross-bred) to
indigenous animals (Zerabruk & Vangen 2005). As phe-
notypes including tick resistance and cactus eating are
important for the cattle breeds in the region, it is necessary
to conserve the germplasm until a fine analysis of the cause
of phenotypic diversity can be identified. From a genetic
perspective, North Ethiopian cattle seem to represent a
unique gene pool. Their generally hybridized status and
allele combinations may well represent crucial contribu-
tions to future sustainable animal production systems. The
high levels of genetic diversity in North Ethiopian cattle
located at the gateway to Africa serve as a basis for future
exploitation of cattle genetic resources.

In conclusion, we have made for the first time, an esti-
mation of the genetic influence of all possible bio-geo-
graphical groupings of cattle in North Ethiopia, which
represents the gateway to Africa. The cattle breeds were
characterized as having a high level of zebu genetic back-
ground that have resulted from major immigrations from
the Arabian region and a secondary influx from India, with
less influence from West African and European taurines,
and the least contribution coming from the Near-Eastern
taurines. Our results show a high level of within-breed ge-
netic diversity and a low level of population differentiation
among the breeds, probably due to multiple cross-breeding
events in East Africa. The unique adaptive traits of these
breeds make them a conservation priority.
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