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The past population dynamics of four domestic
and one wild species of bovine were estimated
using Bayesian skyline plots, a coalescent Markov
chain Monte Carlo method that does not require
an assumed parametric model of demographic
history. Four domestic species share a recent
rapid population expansion not visible in the wild
African buffalo (Syncerus caffer). The estimated
timings of the expansions are consistent with the
archaeological records of domestication.
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1. INTRODUCTION
The change from a hunter–gatherer lifestyle to an
agricultural one had great implications for both humans
and partner species. Genetic evidence suggests that the
histories of many species involved several domestication
events, separated by both time and space (Bruford et al.
2003), but each incorporating a limited number of
progenitors. As most domestic species now number
millions worldwide, their population histories must
involve rapid expansions since domestication.

Mitochondrial DNA (mtDNA) is widely used in the
study of domestication; its rapid mutation rate allows
the accumulation of variation within the relevant time
frame, and its maternal inheritance and lack of recom-
bination mean that sequences can enter the population
only by the domestication of a female animal.

Genetic signatures of domestication are read within
mtDNA phylogenies by the identification of star-like
patterns, suggesting expansion since the time of
domestication (MacHugh & Bradley 2001). However,
identification of such patterns is subjective and
Electronic supplementary material is available at http://dx.doi.org/
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unclear for some species. While population expansion
may also be inferred from mismatch histograms and
such statistics as Tajima’s D and Fu’s Fs (Tajima
1989; Fu 1997), these may be difficult to relate to a
particular time depth. Clear expansion signals are
difficult to discern in complex phylogenies. While
population expansions could have many causes, a
large expansion since the time of domestication is
presumed to be related to its effects.

Bayesian skylines are a recently developed method-
ology to infer past changes in population size from
current genetic diversity within the population. Under
coalescent theory, the probability of two lineages coales-
cing during a generation is inversely proportional to
population size at that time. Skyline plots (Pybus et al.
2000) estimate effective population sizes during the
intervals between coalescence events based on interval
lengths. Bayesian skylines (Drummond et al. 2005) use
Markov chain Monte Carlo sampling to create many
thousands of genealogies and estimate the posterior
distribution of population size at various time points.
The mean, median and 95% highest posterior density
(HPD) of the posterior distributions can be plotted
over time; displaying a measure of uncertainty compris-
ing both coalescent and phylogenetic errors. In contrast
to many methods of estimating demographic history,
no prior assumptions about population history or what
constitutes a domestication cluster are required. Here,
we analyse five mtDNA sequence data collections from
within the tribe Bovini and show evidence for recent
population expansion in four domestic species, but not
in wild African buffalo.
2. MATERIAL AND METHODS
All species were studied using mtDNA D-loop sequences: 71 yak (Bos
grunniens) sequences of 284 bp in length; 110 water buffalo (Bubalus
bubalis) of 842 bp; 24 mithan (Bos frontalis) of 414 bp; 195 African
buffalo (Syncerus caffer) of 342 bp; and 84 cattle (Bos taurus) of
894 bp. Forty-one of the yak sequences, 34 of the water buffalo and
all of the mithan were newly sequenced, all other data were publicly
available. Neighbour-joining trees were drawn using the program
CLUSTALX v. 1.81 (Thompson et al. 1997). Bayesian skyline plots
were drawn using BEAST v. 1.2 (Drummond & Rambaut 2003).
Accession numbers, sequencing details and details of the model used
in BEASTare included in the electronic supplementary material.

As accurate mutation rates are not known for all the species in
this study, a uniform rate of 32% MyrK1 has been applied.
Although mutation rates can vary widely between species, all Bovini
belong to the same tribe and diverged very recently. Shapiro et al.
(2004) used Bayesian coalescent analysis of radiocarbon-dated
bison D-loop sequences to estimate this rate. It agrees moderately
well with the rates of 38 and 30.1% MyrK1 estimated from the
hypervariable region and the complete D-loops of cattle (Bradley
et al. 1996; Troy et al. 2001).
3. RESULTS
Mitochondrial sequence neighbour-joining phyloge-
nies generated from each sample are shown in figure 1.
Previously described, phylogenetically distinct, clusters
of sequences separated by long internal branches are
visible in cattle and water buffalo (Bradley et al. 1996;
Kierstein et al. 2004). These clusters represent separ-
ate domestication events, but it is difficult to draw
conclusions from the diversity within clusters; phylo-
geographic structure may point towards further com-
plexity in the domestication process (Troy et al. 2001).
The yak and mithan phylogenies also contain long
internal branches, suggesting multiple incorporations
of divergent haplotypes into the domestic pool.
This journal is q 2007 The Royal Society
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Figure 1. Neighbour-joining trees drawn using (a) 110
water buffalo, (b) 24 mithan, (c) 71 yak; (d ) 84 cattle and
(e) 195 African buffalo sequences. The scale bar indicates
units of genetic distance. The cattle and water buffalo
phylogenies show phylogenetically distinct clusters indica-
tive of population expansions. The phylogenies of the yak,
mithan and African buffalo samples are more complex and
difficult to interpret.
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However, in these species, it is more difficult to discern
domestication expansion signals within the separated
clusters and to define the limits of clusters. Indeed,
these domestic phylogenies are not dramatically
different from the wild African buffalo phylogeny.

In contrast, the skyline diagrams, which summarize
instantaneous estimates of effective population size,
show recent rapid population expansions for each of the
domestic species within the last 10 000 years, the period
since domestication (figure 2). However, the skyline
plot for African buffalo implies a contrasting gradual
population expansion, followed by a sharp decline.
4. DISCUSSION
All the domesticated bovid samples examined here
suggest a domestication signal: a recent, steep,
continuous population expansion, post-dating the
postulated time of domestication and attributable to
the growth in domestic animal numbers linked to the
spread and progression of agricultural practices.

Archaeological and genetic data suggest that cattle
were domesticated in the Fertile Crescent, Southern
Asia and Africa 10 000 years before present ( YBP); yak
in the Himalayas and Qinghai–Tibetan plateau 4500
YBP; water buffalo in the Indus valley 5000 YBP
and/or in China as early as 7000 YBP; and mithan in
the Indus valley 4500 YBP (Simoons 1968; Qian 1979;
Cockrill 1981; Loftus et al. 1994; Troy et al. 2001;
Hanotte et al. 2002; Wiener et al. 2003). Although the
Biol. Lett. (2007)
dating of events must be approached with caution, all
expansions appear to have started at or after the time of
domestication suggested by archaeological evidence.

While the order of expansion of the median values of
the population size estimates appears to reflect the order
in which the species were domesticated, the Bayesian
95% HPDs (figure 2b) of the different populations
overlap, and inference of expansion event order is
insecure. The application of a single mutation rate to all
species facilitates the direct comparison of skyline
diagrams and the relative timings of expansion events.
The 95% HPD is influenced by several factors, includ-
ing biases in rates, difficulty of calibration and violations
of the assumptions of the coalescent. Several populations
were combined in all analyses to maximize sample size.
This also has unknown effects on the accuracy of
estimation, but a skyline drawn only using European Bos
taurus does not differ significantly in the shape or timing
of the expansion from the skyline drawn using all cattle
(results not shown). Uncertainty about the population
size increases as time approaches the present. Jeffrey’s
prior was used to prevent artificial inflation of population
sizes at the present. The expansion visible in the mithan
median values may simply be due to the widening of the
HPD towards the present. The mithan sample was the
smallest and may not contain enough information to
identify a significant population expansion signal. Such a
signal is present in the other domestic datasets, in which
both the upper and lower limits of the 95% HPD
increase towards the present.

The shape of the African buffalo skyline diagram
conforms to its known history. Epidemics and habitat
destruction since the late 1800s have caused a decline
in buffalo population size (Simonsen et al. 1998). It is
possible that the population also declined for several
1000 years before this or that the reduction in genetic
variety caused by the extreme bottleneck gave similar
results to a more gradual population decline over a
longer period. Previous genetic indications of a popu-
lation expansion starting between 37 000 and 270 000
YBP agree with fossil record indications of a late
Pleistocene origin and expansion of buffalo (Van Hooft
et al. 2002) The buffalo skyline was drawn under the
same model and using a dataset comparable to the
domesticated animals. Its very different skyline shape,
conforming to its known history, indicates that the
expansions seen in the domesticated populations are
not an artefact of the model or method. The buffalo
skyline is different from that of another wild bovid,
American bison. Bison bison showed a complex history
of growth and decline, the population reached a
maximum 30 000–45 000 YBP, declined until a severe
bottleneck approximately 10 000 YBP, showed a popu-
lation recovery and recently underwent another decline
(Shapiro et al. 2004; Drummond et al. 2005). The
bison bottleneck could be due to several causes,
including climate change and human activity. The
buffalo do not appear to have undergone a similar crisis,
possibly due to differences in geographical location or
pattern of distribution. Pre-bottleneck demographic
history was visible in the bison skyline because ancient
sequences were used. As skylines can reveal only the
demographic history of the sequences included in
the analysis, a dataset with a most recent common
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Figure 2. A comparison of (a) the median values and (b) 95% HPDs of the posterior distribution of Ne estimates for four
domesticated and one wild bovine species. Note that only the HPDs should be considered for robust inference of change in
population size. Time is plotted linearly; Ne is presented on a logarithmic scale. The HPDs of the domestic species show
rapid recent population expansions since the time of domestication, while the African buffalo show a gradual population
expansion followed by a decline.

Bayesian inference of population expansions E. K. Finlay et al. 451

 rsbl.royalsocietypublishing.orgDownloaded from 
ancestor that post-dates a population bottleneck will
not contain any information about population size or
diversity before that bottleneck. Examination of ancient
sequences in the domestic species might reveal a more
complex pre-domestication bottleneck demographic
history than the apparent constant population size
shown here.

The presence of a consistent signal of recent popu-
lation expansion in four domesticates and its absence in
a related wild species are strongly suggestive that it is an
effect of domestication. However, it could also be the
signature of an older population expansion, such as the
effects of postglacial population recovery, subsequently
incorporated into the domestic population. Such pre-
domestic expansion may be visible in wild boars
(Sus scrofa) (Fang & Andersson 2006) and extinct
European wild oxen (Edwards et al. 2007). The
similarity of signal within the four domestic populations
and its absence in African buffalo challenge a hypothesis
of expansion through natural causes. The wild progeni-
tors of these species inhabited very different biomes
throughout Eurasia rendering it unlikely that the emer-
gence from glaciation could have had such similar effects
in each. However, because bison have also experienced
a population expansion within the last 10 000 years,
Biol. Lett. (2007)
without being domesticated, it is not possible to
attribute the expansions visible in the domestic species
solely to the effects of domestication. Rather, they are
probably a combination of the effects of Holocene
postglacial recovery followed within a short period by
the remarkable success of animal husbandry.

We wish to thank Andrew Rambaut and Alexei Drummond
for assistance with BEAST and Beth Shapiro for comments
on the analysis in progress. The work was funded by
Enterprise Ireland Project SC/2001/425 and Science Foun-
dation Ireland 02-IN.1-B256.

Bradley, D. G., MacHugh, D. E., Cunningham, P. & Loftus,
R. T. 1996 Mitochondrial diversity and the origins of
African and European cattle. Proc. Natl Acad. Sci. USA 93,
5131–5135. (doi:10.1073/pnas.93.10.5131)

Bruford, M. W., Bradley, D. G. & Luikart, G. 2003 DNA
markers reveal the complexity of livestock domestication.
Nat. Rev. Genet. 4, 900–910. (doi:10.1038/nrg1203)

Cockrill, W. R. 1981 The water buffalo: a review. Br. Vet.
J. 137, 8–16.

Drummond, A. J. & Rambaut, A. 2003 BEAST, v1.0. See
http://evolve.zoo.ox.ac.uk/beast.

Drummond, A. J., Rambaut, A., Shapiro, B. & Pybus,
O. G. 2005 Bayesian coalescent inference of past

http://dx.doi.org/doi:10.1073/pnas.93.10.5131
http://dx.doi.org/doi:10.1038/nrg1203
http://evolve.zoo.ox.ac.uk/beast
http://rsbl.royalsocietypublishing.org/


452 E. K. Finlay et al. Bayesian inference of population expansions

 rsbl.royalsocietypublishing.orgDownloaded from 
population dynamics from molecular sequences. Mol.
Biol. Evol. 22, 1185–1192. (doi:10.1093/molbev/msi103)

Edwards, C. J. et al. 2007 Mitochondrial DNA analysis
shows a Near Eastern Neolithic origin for domestic cattle
and no indication of European aurochs. Proc. R. Soc. B
274, 1377–1385. (doi:10.1098/rspb.2007.0020)

Fang, M. & Andersson, L. 2006 Mitochondrial diversity in
European and Chinese pigs is consistent with population
expansions that occurred prior to domestication. Proc. R.
Soc. B 273, 1803–1810. (doi:10.1098/rspb.2006.3514)

Fu, Y. X. 1997 Statistical tests of neutrality of mutations
against population growth, hitchhiking and background
selection. Genetics 147, 915–925.

Hanotte, O., Bradley, D. G., Ochieng, J. W., Verjee, Y.,
Hill, E. W. & Rege, J. E. 2002 African pastoralism:
genetic imprints of origins and migrations. Science 296,
336–339. (doi:10.1126/science.1069878)

Kierstein, G., Vallinoto, M., Silva, A., Schneider, M. P.,
Iannuzzi, L. & Brenig, B. 2004 Analysis of mitochondrial
D-loop region casts new light on domestic water buffalo
(Bubalus bubalis) phylogeny. Mol. Phylogenet. Evol. 30,
308–324. (doi:10.1016/S1055-7903(03)00221-5)

Loftus, R. T., MacHugh, D. E., Bradley, D. G., Sharp,
P. M. & Cunningham, P. 1994 Evidence for two
independent domestications of cattle. Proc. Natl Acad.
Sci. USA 91, 2757–2761. (doi:10.1073/pnas.91.7.2757)

MacHugh, D. E. & Bradley, D. G. 2001 Livestock genetic
origins: goats buck the trend. Proc. Natl Acad. Sci. USA
98, 5382–5384. (doi:10.1073/pnas.111163198)

Pybus, O. G., Rambaut, A. & Harvey, P. H. 2000 An
integrated framework for the inference of viral population
history from reconstructed genealogies. Genetics 155,
1429–1437.
Biol. Lett. (2007)
Qian, Y. 1979 The origin of domesticated animals: biohistory.
Beijing, China: China Science Press.

Shapiro, B. et al. 2004 Rise and fall of the Beringian steppe
bison. Science 306, 1561–1565. (doi:10.1126/science.
1101074)

Simonsen, B. T., Siegismund, H. R. & Arctander, P. 1998
Population structure of African buffalo inferred from
mtDNA sequences and microsatellite loci: high variation
but low differentiation. Mol. Ecol. 7, 225–237. (doi:10.
1046/j.1365-294x.1998.00343.x)

Simoons, J. 1968 A ceremonial ox of India: the mithan in nature,
culture and history. Madison, WI: University of Wisconsin.

Tajima, F. 1989 The effect of change in population size on
DNA polymorphism. Genetics 123, 597–601.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F.
& Higgins, D. G. 1997 The CLUSTAL_X windows interface:
flexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Res. 25, 4876–4882.
(doi:10.1093/nar/25.24.4876)

Troy, C. S., MacHugh, D. E., Bailey, J. F., Magee, D. A.,
Loftus, R. T., Cunningham, P., Chamberlain, A. T.,
Sykes, B. C. & Bradley, D. G. 2001 Genetic evidence for
Near-Eastern origins of European cattle. Nature 410,
1088–1091. (doi:10.1038/35074088)

Van Hooft, W. F., Groen, A. F. & Prins, H. H. 2002
Phylogeography of the African buffalo based on mito-
chondrial and Y-chromosomal loci: Pleistocene origin
and population expansion of the Cape buffalo subspe-
cies. Mol. Ecol. 11, 267–279. (doi:10.1046/j.1365-294X.
2002.01429.x)

Wiener, G., Jianlin, H. & Ruijun, L. 2003 The yak, 2nd
edn. Bangkok, Thailand: FAO Regional Office for Asia
and the Pacific.

http://dx.doi.org/doi:10.1093/molbev/msi103
http://dx.doi.org/doi:10.1098/rspb.2007.0020
http://dx.doi.org/doi:10.1098/rspb.2006.3514
http://dx.doi.org/doi:10.1126/science.1069878
http://dx.doi.org/doi:10.1016/S1055-7903(03)00221-5
http://dx.doi.org/doi:10.1073/pnas.91.7.2757
http://dx.doi.org/doi:10.1073/pnas.111163198
http://dx.doi.org/doi:10.1126/science.1101074
http://dx.doi.org/doi:10.1126/science.1101074
http://dx.doi.org/doi:10.1046/j.1365-294x.1998.00343.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1998.00343.x
http://dx.doi.org/doi:10.1093/nar/25.24.4876
http://dx.doi.org/doi:10.1038/35074088
http://dx.doi.org/doi:10.1046/j.1365-294X.2002.01429.x
http://dx.doi.org/doi:10.1046/j.1365-294X.2002.01429.x
http://rsbl.royalsocietypublishing.org/

	Bayesian inference of population expansions in domestic bovines
	Introduction
	Material and methods
	Results
	Discussion
	We wish to thank Andrew Rambaut and Alexei Drummond for assistance with BEAST and Beth Shapiro for comments on the analysis in progress. The work was funded by Enterprise Ireland Project SC/2001/425 and Science Foundation Ireland 02-IN.1-B256.
	head7


