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As one of the earliest livestock, sheep (Ovis aries) were domesticated in the Fertile Crescent about 12,000-10,000 years ago and have a
nearly worldwide distribution today. Most of our knowledge about the timing of their expansions stems from archaeological data but it is
unclear how the genetic diversity of modern sheep fits with these dates. We used whole-genome sequencing data of 63 domestic breeds
and their wild relatives, the Asiatic mouflon (O. gmelini, previously known as O. orientalis), to explore the demographic history of sheep.
On the global scale, our analysis revealed geographic structuring among breeds with unidirectional recent gene flow from domestics
into Asiatic mouflons. We then selected 4 representative breeds from Spain, Morocco, the United Kingdom, and Iran to build a compre-
hensive demographic model of the Western sheep expansion. We inferred a single domestication event around 11,000 years ago. The
subsequent westward expansion is dated to approximately 7,000 years ago, later than the original Neolithic expansion of sheep and
slightly predating the Secondary Product Revolution associated with wooly sheep. We see some signals of recent gene flow from an
ancestral population into Southern European breeds which could reflect admixture with feral European mouflon. Furthermore, our re-
sults indicate that many breeds experienced a reduction of their effective population size during the last centuries, probably associated
with modern breed development. Our study provides insights into the complex demographic history of Western Eurasian sheep, high-
lighting interactions between breeds and their wild counterparts.
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Introduction geographic clines that match the expansions into the different re-
gions following the Neolithic transition (Kijas et al. 2012; Barbato
et al. 2017; Ciani et al. 2020). Contributions from diverse wild stock
are also supported by the higher genetic diversity and haplotype
sharing compared with other domesticates observed in modern
breeds (Kijas et al. 2012). At the same time, population structure
and demographic history on a more regional scale are consistent
with a scenario in which admixture with other sheep breeds and
wild ovids is more common than previously thought (Barbato
et al. 2017; Hu et al. 2019; Ciani et al. 2020; Rochus et al. 2020) and
may even have been encouraged in some cases to acquire desired
traits from local wild ovids (Cao et al. 2021; Lv et al. 2022; Cheng
et al. 2023). More recently, whole-genome sequencing has been
employed for understanding global population structure and his-
tory (Deng et al. 2020; Chen et al. 2021; Lv et al. 2022), introgression
from wild relatives (Chen et al. 2021; Lv et al. 2022; Cheng et al.

Sheep (Ovis aries) represent one of the earliest known livestock
species to be domesticated in the Fertile Crescent about 12,000-
10,000 years ago (ya) (Arbuckle et al. 2009; Stiner et al. 2014; Abell
et al. 2019; Larsen et al. 2019) and they have been a key resource
for pastoral and agricultural communities ever since. Several
studies have revealed aspects of sheep history and evolution
that point to a complex demographic history with an uncertain
origin and multiple waves of expansion from the Middle East/
Central Asia into Europe. The presence of multiple distinct mito-
chondrial DNA haplogroups in modern sheep that were already
present before domestication (Pedrosa et al. 2005) has been sug-
gested as evidence of multiple domestication events. However, a
large and heterogeneous wild population, major gene flow from
wild sheep into domestic flocks, or a combination of both could
also explain this pattern. Studies on Y chromosomes (Deng et al.

2020) and polymorphic endogenous retroviruses (Chessa et al. 2023), how early artificial selection shaped domestic groups
2009) have suggested the possibility of important gene flow events ~ (Naval-Sanchez et al. 2018; Li et al. 2020), and patterns shared be-
after the initial expansion related to the development of wool tween sheep and other domesticated species (Alberto et al. 2018).
industries. While these studies highlighted the power of whole-genome

Analyses of genome-wide datasets have been successfulinpro- ~ sequencing data for insights into the past of this important
viding important insights into the evolutionary history of sheep ~ livestock species, they were mostly focused on global patterns
breeds across the globe. Studies using single nucleotide poly- without addressing intra-continental patterns, aggregating to-
morphisms (SNP) arrays showed that the species exhibits general gether different breeds at the continental scale or by phenotypic

Received on 09 June 2023; accepted on 21 August 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of The Genetics Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

€202 1990J20 /| U0 Jasn yajolqigsiaysioniun efesddn Aq G95292.2/66 L Pexl/euInoleB/e60 1 01/10p/a[oile-aoueApe/feuinofef/woo dno-oiwepese/:sdpy woly papeojumoq


mailto:torsten.gunther@ebc.uu.se
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/g3journal/jkad199

2 | P.Morell Miranda et al.

characteristics (e.g. the presence of a fat or thin tail), which can
lead to the miss-representation of continental or regional demo-
graphic patterns.

Today, sheep are a very popular livestock species along the
Atlantic coast from North-Western Africa to the European
Islands of the North Atlantic with hundreds of recognized breeds
ranging from local landraces to popular industrial breeds. After
their initial westward introduction into Europe, sheep have ex-
perienced at least one additional expansion from Western Asia,
possibly associated with the development of wool industries
(Chessa et al. 2009; Deng et al. 2020). In contrast to other parts of
Eurasia, the absence of wild ovids in Europe facilitated feralization
which later enabled back-admixture from long-term feral
European mouflon into managed breeds (Barbato et al. 2017;
Chen et al. 2021; Cheng et al. 2023). Europe was also the place
where selective breeding as scientific practice started during the
British Agricultural Revolution in the 18th century (Wood 1973).
More recently, popular industrial breeds, such as Merino originat-
ing from Iberia, have been exported to other continents and were
used for cross-breeding with many other breeds (Ciani et al. 2015;
Ceccobelli et al. 2023), and some authors have hypothesized this
process has been recurrent during the last millennia (Ryder
1987; Kandoussi et al. 2022). Altogether, this paints a picture of a
complex demographic history of European sheep with a lot of un-
certainties about the exact timing of particular events such as the
separation of different streams of ancestry or the presence and ex-
tent of gene flow post separation of populations and breeds.
Whole-genome resequencing data together with state-of-the-art
statistical modeling approaches, however, should have the power
to investigate these open questions.

The aim of this study is to infer the demographic history of
Western Eurasian sheep from an extensive dataset of whole-
genome sequences, including both landraces and improved
breeds as well as wild Asiatic mouflons (O. gmelini). We first per-
formed an exploratory analysis on a global panel of sheep and
mouflon in order to select five representative sheep populations
and propose different demographic models for the history of
Western sheep. These models differ in their general topology
and some of them include admixture events. We estimate split
dates as well as the extent of gene flow using the site frequency
spectrum (SFS) (Kamm et al. 2020) and investigate how their ef-
fective population sizes changed over the last millennia and cen-
turies. This approach allows us to describe the relationship
between sheep breeds in Western Europe and how they were
shaped by the demographic events of the past.

Materials and methods
Data collection and processing

This study uses publicly available whole genomes from commer-
cial and traditional domestic sheep breeds from the International
Sheep Genome Consortium (ISGC) (Daetwyler et al. 2019; Kijas et al.
2013) and a set of wild Asiatic mouflons (O. gmelini) from the
NEXTGEN project (Alberto et al. 2018). These datasets include 63
domestic sheep breeds from 21 countries and 935 individuals,
and 18 wild mouflons from Iran (Supplementary Table 1). In add-
ition to whole-genome data, we gathered a set of 79 mitochondrial
genomes from domestic sheep, urial (O. vignei), argali (O. ammon),
snow sheep (O. nivicola), and bighorn sheep (O. canadensis), publicly
available in GeneBank, which were then combined with the mito-
chondrial genomes from the wild Asiatic mouflons and 2 ancient
samples (Supplementary Table 4) from the Anatolian Neolithic,

dated to 7031-6687 cal BCE and 6469-6361 cal BCE (Yurtman
et al. 2021).

The 18 Asiatic mouflon genomes in FASTQ format were pro-
cessed following the ISGC pipeline (Kijas et al. 2013) to keep con-
sistency with the already processed ISCG v2 dataset. FASTQ files
were mapped to the Oar3.1 reference genome using BWA mem
(v0.7.12) (Li 2013) with default parameters, and duplicates were
removed with SAMtools (v1.3) rmdup (Li et al. 2009). Local
indel realignment was performed using GATK (v3.4.46)
RealignerTargetCreator (Van der Auwera et al. 2013). Variant calling
was performed independently using SAMtools mpileup and GATK
UnifiedGenotyper with default parameters, and the resulting VCF
files were filtered to remove multiallelic variants, variants never
observed on one of the strands, low quality (PHRED score <20)
and low mapping quality variants (PHRED score <30), variants
where coverage was <10x across all samples and in cases where
there were 2 variants closer than 3 bp apart, the one with the low-
est quality was removed. Similarly, in the case of indels that were
closer than 10 bps, the lowest quality one was removed, and var-
iants within 5bp of an indel were filtered. Then, an intersect of
both files was created to produce the final VCF file using GATK
CombineVariants and SelectVariants.

To avoid issues with over-representation of some breeds, the
dataset was subsampled to, at most, 5 randomly selected samples
per breed, and only SNPs with a minor allele frequency (MAF) of
0.05 and a genotyping rate of 0.9. These filters resulted in a dataset
of 176 samples (Supplementary Table 2) and 16932388 SNPs.

Mitochondrial consensus sequences were called from FASTQ
sequences with MIA (Green et al. 2009), a reference-based iterative
assembler, using the reference sequence for the Asiatic mouflon
(NCBI Reference Sequence NC_026063). To ensure reliability on
the bases called, a minimum of 10 unique molecules (10x cover-
age) was necessary for a consensus to be called for each position,
plus a minimum map quality of 40 and two-thirds base agreement
on each position. Any site that did not meet any of these quality
parameters was called “N.” All sequences were then manually as-
sessed and aligned using MAFFT (v7.407) (Katoh and Standley
2013).

Exploratory population genetic analysis

In order to explore the relationship between the different breeds,
we performed a principal component analysis (PCA) using
SmartPCA, from the EigenSoft (v7.2.1) package (Patterson et al.
2006; Price et al. 2006). To avoid the effect of linkage disequilibrium
(LD), data was pruned using Plink (v1.90b4.9)’s parameter --indep
option (50011.066) (Purcell et al. 2007). Further population struc-
ture analysis was performed using ADMIXTURE (v1.3) (Alexander
and Lange 2011). The number of assumed clusters ranged from
2 to 10, and each cluster was run with different random seeds
20 times. The results were compared and plotted using Pong
(v1.4.9) (Behr et al. 2016).

Data was then subsampled to a set of 5 representative popula-
tions: Border Leicester and Merino as proxy for North-Western
and South-Western European sheep, respectively, D'Man for
North African sheep, and a group of Iranian sheep of no formally
described breed, in the original data labeled as “Unknown,” for
Middle Eastern sheep (Fig. 1b, Supplementary Table 3). To explore
the splits and admixture events between our groups, we created
admixture graphs with OrientAGraph (v1.0) (Molloy et al. 2021)
using the LD pruned dataset and the -mlno -allmigs parameters.
To assess the robustness of the results and avoid local optima,
OrientAGraph was run using the -bootstrap -k 500 option to create
10 replicates. All trees were visually inspected using the Treemix

€202 1990J20 /| U0 Jasn yajolqigsiaysioniun efesddn Aq G95292.2/66 L Pexl/euInoleB/e60 1 01/10p/a[oile-aoueApe/feuinofef/woo dno-oiwepese/:sdpy woly papeojumoq


http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data

Western sheep expansion demography | 3

(a)
03 Region

NW Europe

Africa

EastAsia

America

0.2 &

0.15 Middle East

PC1(7.42%)
o

o
o
@

A Merino

I ¢
o ;*J‘L A Iranian unknown
%

A D'Man
A o. gmelini

'.;5,"&%

—0.05 4‘
Al

-0.1

-0.15 -0.1 -0.05 0 0.05 0.1 0.15

PC2(4.815%)

© A A

Avg. pairwise similarity: 0.999

K=7

17/20 runs

E Europe NW Europe

(b)

Mediterranean
Eastern Europe

Selected Groups
A Border Leicester

America

Mediterranean

Africa EastAsia Middle East O. gmelini

Fig. 1. a) Graphic representation of the first 2 principal components (PCs) of a principal component analysis (PCA) calculated using 63 domestic breeds
and Asiatic mouflons. PC1 describes the variation within wild mouflons, with some individuals showing signs of admixture with domestics sheep. PC2
captures the variation within domestic sheep and presents a geographical pattern, with European breeds on the negative extreme, and East Asian breeds
on the positive. b) Geographical origin of the 5 breeds used for demographic inference. Map created using pyGTM (Tian et al. 2023). c) Proportion of each
sample’s genome assigned to K =7 genetic clusters using ADMIXTURE. Wild mouflon ancestry is almost exclusively observed in wild samples, while
Eastern Eurasian samples present mostly a single ancestry cluster. Middle Eastern and African samples show variable levels of ancestry from Eastern and
Mediterranean ancestry, and Mediterranean and North-Western breeds show high levels of admixture from each other and Eastern European.

(Pickrell and Pritchard 2012) plotting functions on R (v4.2.2)
(R Core Team 2022) and the one with the highest likelihood was
then selected.

Demographic modeling

Informed by the results of the exploratory analysis, we defined 5
models for the demographic history of Western sheep to be tested
with Momi2 (v2.1.16) (Kamm et al. 2020). The models were defined
as follows:

e Model A: Single domestication event without admixture, as-
suming Iranian and Moroccan sheep form a monophyletic
group.

e Model B: Single domestication event assuming Moroccan
sheep are a sister group to European sheep. A variant of
this model with admixture from wild mouflons into Merino,
as suggested by OrientAGraph with 1 migration edge, was
also considered.

* Model C: Single domestication event assuming Moroccan
sheep are a sister group to European sheep with an admix-
ture event into the Merino sheep, as suggested by
OrientAGraph with 1 migration edge. In contrast to the gene
flow variant of Model B, the source of the gene flow originates
from an ancestral domestic ghost population and not the
wild mouflon branch.

e Model D: Twoindependent domestication events from differ-
ent regions inside of the Fertile Crescent for Eastern and
European Sheep. A variant of this model with admixture
from wild mouflons into Merino, as suggested by
OrientAGraph with 1 migration edge, was also considered.

e Model E: Two independent domestication events from differ-
ent regions inside of the Fertile Crescent for Eastern and
European Sheep with admixture into Merino sheep, as sug-
gested by OrientAGraph with 1 migration edge. In contrast to
the gene flow variant of Model D, the source of the gene
flow originates from an ancestral domestic ghost population
and not the wild mouflon branch.

A schematic representation of all model topologies is shown
in Fig. 2. All branches in the models were allowed to have a
different population size and all domestic breeds were allowed
to grow freely, split times were only constrained by the order
of splits defined by the model topology and with a starting va-
lue based on prior information (e.g. for the domestication
time, all models were set to start at 12,000ya, see
Supplementary Table 7 for a detailed description). As the cu-
rated dataset with MAF filters and subsampling of individuals
likely removed most novel mutations in the time since domes-
tication, Momi2 was set to internally estimate mutation rate
from the data while a generation time of 3 years, i.e. the aver-
age parental age at reproduction, was assumed (Young and
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dmixture pulse (if admixture was considered). a) Single domestication event

with Moroccan and Iranian sheep as a monophyletic group. b) Single domestication event assuming Moroccan sheep are a sister group to European

breeds with an admixture event from wild relatives. c) Single domestication

event assuming Moroccan sheep are a sister group to European breeds with

an admixture event from a domestic ghost population. d) Independent domestication of Eastern and Western sheep with gene flow from wild mouflons
into Merino. e) Independent domestication of Eastern and Western with admixture from a domestic ghost population. The dashed lines represent an

admixture pulse.

Purser 1962; Rafter et al. 2022). Allele frequencies and the SFS
were calculated for 5 individuals of each of the 5 selected popula-
tions using Momi2 (Kamm et al. 2020), the optimization of the
model was done using the L-BFGS-B algorithm and model fit was
evaluated both with logLikelihood and the Kullback-Leibler diver-
gence parameter (Kullback and Leibler 1951), and each model’s
parameters were estimated from 20 independent runs and the
best-fitting model (based on their likelihood) was then chosen.
Confidence intervals (CI) were calculated using the results of
Momi2 bootstrapping runs (n= 100) for each parameter from the
empirical extremes by using numpy.percentile (Harris et al. 2020)
with a confidence of 95%.

Effective population size estimation

To investigate the effective population size (N.), we combined the
results of 2 methods of N, inference that complement each other

in the time-span covered (Nadachowska-Brzyska et al. 2022):
SMC++ (Terhorst et al. 2016) for deep-time N, estimations and
GONE (Santiago et al. 2020) for more recent changes. Data from
all available samples from each population was used. SMC++
input data was prepared using the vcf2smc function with default
settings on all unphased autosomal chromosomes, and run with
estimate with generation time set to 3 years and mutation rates
of 2.5x 1078, 1x 1078, and 5.87 x 10~° were tested. GONE input
data was prepared using Plink (v1.90b4.9) to produce ped and
map files on unphased autosomal chromosomes and was run
with standard settings except for a MAF filter of 0.1 and a gener-
ation time of 3 years. To validate the observed patterns in
GONE, we detected runs of homozygosity (ROHs) using Plink
(v1.90b4.9)’'s —homozyg function (Purcell et al. 2007) with a max-
imum inverse density of 50, a maximum gap of 1,000, a window
threshold of 0.02, a window size of 100 SNPs, max missingness
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of 10, allowing for only 1 heterozygous SNP per hit and with a min-
imum length of 50kb.

Mitochondrial phylogeny

A phylogenetic analysis using mitochondrial data was performed.
All sequences were aligned using MAFFT (v7.407) (Katoh and
Standley 2013). We then created phylogenetic trees using both a
maximum likelihood (ML) and a Bayesian approach (Bayesian in-
ference, BI). For the ML tree, we used IQ-TREE (v2.1.3) (Chernomor
et al. 2016), and allowed the algorithm to infer the best substitu-
tion model using Model Finder Plus. We estimated the phylogeny
and divergence time of the alignment using the Bayesian genea-
logical inference package BEAST (v2.5) (Bouckaert et al. 2014). We
assumed the GTR +I' nucleotide substitution model under an un-
correlated lognormal relaxed clock with a Yule process tree prior
and 2 calibration points (Drummond et al. 2006). We used as cali-
bration points the separation of O. dalli and O. canadensis from the
Eurasian species (normal prior centered at 1.57 Mya, according to
Rezaei et al. 2010), and the group containing O. gmelini, O. ammon,
and O. vignel (normal prior centered at 1.72Mya (Rezaei et al.
2010]). We also used tip dating calibration for both Anatolian
Neolithic samples (tps062 and tps083) according to radiocarbon
dates reported in Yurtman et al. (2021). We combined 3 independ-
ent Markov chain Monte Carlo (MCMC) runs to ensure proper mix-
ing of the chain. Each chain ran for 100 million iterations,
discarding the first 20% as burn-in. We visualized convergence
of the MCMC chains by eye using Tracer (v1.6) (Rambaut et al.
2018) and calculated the maximum clade credibility tree using
TreeAnnotator (v2.5) (Suchard et al. 2018). The final tree was edited
with FigTree (v1.4.3) (Rambaut 2016).

Results

The main goal of this study was to reconstruct the demographic
history of the Western sheep expansion. The enormous number
of possible models does not allow us to perform explicit demo-
graphic modeling for all possible breeds together and we need to
restrict the model space by reducing the number of populations.
Therefore, we initially performed an exploratory analysis of pub-
licly available genome data from a worldwide dataset of sheep
breeds and wild Asiatic mouflon (Alberto et al. 2018; Daetwyler
et al. 2019). Based on the results of this analysis, we selected rep-
resentative breeds for a model-based reconstruction of their
demographic history from whole-genome sequences which is
complemented by a phylogenetic reconstruction of the maternal-
ly inherited mitochondrial genome.

Global population structure

To obtain a general overview of the relationship between sheep
breeds of different regions of the world, we performed a PCA of
the genome-wide variation. The first major axis of variation
(PC1) separates wild mouflon from domestic sheep breeds
(Fig. 1a). Mouflons are spread along this axis, which may suggest
some heterogeneity within this group with regard to the relation-
ship to sheep breeds and/or gene flow between domesticated
sheep and wild mouflon (Ciani et al. 2020; Deng et al. 2020;
Luigi-Sierra et al. 2020). PC2 shows a clear distinction between dif-
ferent domestic sheep groups, which exhibit a geographic pattern
across Eurasia with North-Western European sheep showing
more positive values while Eastern Eurasian breeds tend to have
negative values, and Mediterranean, Middle Eastern and African
breeds are distributed along this East-West gradient. Breeds
with a known history of admixture such as Romanov and

Dorper sheep fall between the 2 big continental groups. These 2
modern breeds are known to carry mixed Eastern and Western an-
cestry and were bred to adapt to the harsh climate conditions in
Russia and South Africa, respectively (Milne 2000; Deniskova
et al. 2018).

The genomic clustering analysis with ADMIXTURE (Alexander and
Lange 2011) presented a similar pattern (Supplementary Fig. 1) as
the PCA, with K = 2 discriminating between Asiatic mouflon and do-
mestic sheep while some mouflons show signals of domestic sheep
admixture and a small proportion of mouflon ancestryis seen in sev-
eral domestic sheep. The latter signal, however, disappears for K = 3
and above (Supplementary Fig. 1) where we observe a split between
Eastern and Western sheep clusters with most commercial Western
breeds heavily admixed. At K =7 (Fig. 1c), we see a complex pattern
of regional ancestries, with Eastern Asian breeds showing low levels
of cluster diversity, while Middle Eastern and African breeds show a
higher component in common with Mediterranean sheep, and
European breeds seem to be a mix of 3 clusters: 1 more common in
Mediterranean and North African breeds and 2 mostly present
in North-Western European breeds, plus some gene flow from
Eastern Europe and Eastern Asia. Higher values of K produce various
different modes according to the pong (Behr et al. 2016) analysis, indi-
cating multiple local optima (Supplementary Fig. 1). Across all Ks,
some Asiatic mouflons show admixture from domestic sheep, while
gene flow from wild mouflons into domestic sheep (including the
sympatric Iranian sheep) appears to be minor or nonexistent.

Gene flow from domestic species into mouflons is also supported
by the mitochondrial phylogeny inference (Supplementary Figs. 5
and 6). Both trees show 1 mouflon clustering within the A hap-
logroup, with the most recent split being the Anatolian Neolithic
sheep tps083. All other mouflons except one which seems to have
been admixed with urials (O. vignei), belong to the CE haplogroup
complex, but 3 mouflons also fall within a domestic branch, sup-
porting the idea of domestic introgression from different sources
into this wild population.

Based on this exploratory analysis, we selected the wild mou-
flons as an outgroup and 4 domestic sheep populations covering
different extremes of the Western sheep expansion for subse-
quent analysis (Fig. 1b). The selected domestic populations were
Border Leicester (United Kingdom), Horned Merino (Spain),
D’'Man (Morocco) and a set of traditional Iranian sheep that have
not been properly defined into a breed, which are labeled as
“Unknown” in the original data. These breeds were selected to
serve as proxies for the origin and the extremes of the Western ex-
pansion of sheep from the Fertile Crescent, they had a sufficient
number of samples for further analysis (>19), and since both
PCA and ADMIXTURE show them as independent populations
from each other. More comprehensive analyses of the global
population structure of sheep have been previously published
(Kijas et al. 2012; Naval-Sanchez et al. 2018; Ciani et al. 2020; Li
et al. 2020; Lv et al. 2022).

Structure and gene flow in Western Eurasian
sheep

Using the representative subset of breeds as outlined above, we
moved towards a more comprehensive analysis of their relation-
ship. We used OrientAGraph (Molloy et al. 2021) to explore possible
topologies of models to test. The initial tree (without migration
edges) follows a pectinate topology with Asiatic mouflon as an
outgroup to domestic sheep then Iranian “Unknown” splitting
off followed by D'man and finally Border Leicester and Merino
as sister groups (Fig. 3a). The residual covariance suggests some
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Fig. 3. Maximum Likelihood Network Orientation reconstruction for the relationship between 4 domestic breeds and the Asiatic mouflon using

OrientAGraph. a) The tree without migration edges displays a pectinate topology with the Iranian sheep splitting first, and D’Man being a sister group to
both European breeds. The residual plot show high values for the intersection between wild mouflons and Merinos and between Iranian sheep and Border
Leicester. These are resolved adding b) 1 migration edge from the base of the tree into Merino. The columns of the residual matrices follows the same

order as the rows.
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Fig. 4. Maximum likelihood inference of the demographic history of Western sheep using Momi2. a) Model B without admixture shows the same topology
as OrientAGraph without migration pulses, with narrow confidence intervals around the expected time of domestication. b) Model B with admixture,
which displays the same topology as Model B, but adds admixture from a wild population. The model shows similarly narrow split times close to the
expected domestication period. Time is in years assuming a generation time of 3 years. The width of the branches indicates effective population sizes.

shared, unexplained ancestry between Asiatic mouflon and
Merino which is resolved by a migration edge from the root of
the tree into Merino (migration weight 0.0379) once 1 migration
event is allowed (Fig. 3b). At this point, most of the allele fre-
quency covariance matrix is explained by the model with resi-
duals only around +0.1 standard errors (SE). Therefore, we

decided to restrict our models for the more explicit demographic
reconstruction to models with a maximum of 1 gene flow event.

Demographic reconstruction

Following these results and scenarios based on the literature
(Pedrosa et al. 2005; Barbato et al. 2017; Cianiet al. 2020), we defined
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Table 1. Performance of the different models tested by Momi2.

Model LogLikelihood KL divergence ~ Parameters
A —144268904.28 0.3199343 13
B —144272730.31 0.3200644 13
B with gene flow —144162790.65 0.3163268 15
C —-144286373.27 0.3205282 16
D —150986849.27 0.5483216 13
D with gene flow  —149644568.67 0.5026886 15
E —149612640.95 0.5016032 16

5 demographic models in order to reconstruct the demographic
history of Western sheep (Fig. 4). We used the SFS inferred from
the whole-genome sequences of the 5 populations to test these
models using Momi2 (Fig. 4, Supplementary Fig. 2 and Table 1,
Supplementary Tables 5 and 6) (Kamm et al. 2020). The best-fitting
model was model B with gene flow (logLikelihood: —144162790.65,
Kullback-Leibler divergence, or KLdiv, between the predicted and
observed SFS: 0.3163268), which assumes a single domestication
event and that North African sheep are a sister group to
European sheep and admixture from wild mouflons into Merino.
Closely behind was Model B (loglikelihood: —144272730.31,
KLdiv: 0.3200644), which describes the same topology, but with
no admixture. As the difference is quite marginal and Model B
has less parameters (Table 1) and a denser distribution of boot-
strapping estimations around the best model values, we display
both variants in Supplementary Fig. 2. Model C, which describes
the same demography but with gene flow from a basal domestic
ghost population, fits the data slightly less well (logLikelihood:
—144286373.27, KLdiv: 0.3205282). Models that assumed a double
domestication were the ones that performed worst (Table 1).
Lastly, model A, which describes African sheep as a sister group
to Iranian sheep, performs at a similar level to models B
and B with admixture in 1 of the 20 runs (logLikelihood:
—144268904.28, KLdiv: 0.3199343), but the bootstrapping values
show quite wide distributions on all events and several local min-
ima, while the other models are quite less spread (Supplementary
Fig. 2). Model A is also an outlier in that time estimates are far
more recent than any other model (Supplementary Table 6), so re-
cent that they are unrealistic with the wild-domestic split sub-
stantially postdating archaeological dates for domestication.

Estimated values for split times in the 2 best models roughly
agree with archaeological evidence for the date of domestication
(Zeder 2008; Stiner et al. 2022). Model B estimates that the split be-
tween wild mouflons and domestic sheep happened 10,114 ya
(95% CI [7,785, 14,500]). For Model B with admixture a very similar
split time is estimated at 11, 007 years in the past (95% CI [6,769,
14,459]). The two models show that the split between Iranian
and Western sheep and North African and European sheep hap-
pened in quick succession (6,114 and 6,112, respectively, for
Model B, and 7,007 and 6,996 for Model B with admixture) (95%
CIs [3,785, 10,500]; [2,948, 10,493]; [2,769, 10,459] and [2,768,
10,163]) (Supplementary Table 6) but after the initial expansion
of this species westwards during the Neolithic. Both models, how-
ever, disagree on the timing of the European split, with Model B es-
timating it at 3, 613 ya (95% CI [448, 7, 993]) and Model B with
admixture at 4, 497 ya (95% CI [269, 7, 664]). This final split is
also where both models’ bootstrapping values show an extreme
spread (Fig. 4), which seems to be in connection with the admix-
ture pulse in Model B with admixture, estimated to have hap-
pened at 1,802 ya with a weight of 0.025 (Fig. 4). These
estimates also have quite wide CIs, ranging from 32 to 6, 757 ya
and a weight between 0.000045 and 0.9431.

In terms of effective population size of our 4 domestic breeds,
both Momi2 models show a steep bottleneck in the population an-
cestral to all domestic breeds (10, 114 and 11, 007 ya, respectively),
as expected for this kind of process (Fig. 4). The Iranian branch,
however, quickly starts to grow in both models. Both models
also agree that the ancestral population of the two European
breeds started shrinking shortly after the split from D'Man. The
effective population size in Border Leicester continues to decrease
while the size of the Merino branch is small but relatively steady.
They also agree on the Moroccan population, displaying a bigger
N, after the split, that slowly decreases and stabilizes before
1,000 ya.

Effective population size over time

The Momi2 results indicate a reduction of population size in each
individual breed after they split from the other populations. To ob-
tain a more detailed picture on this development with temporal
resolution, we employed a combination of SMC++ for the last mil-
lennia (Terhorst et al. 2016) and GONE for the last centuries
(Santiago et al. 2020) (Fig. 5) to try to cover both deep and recent
N, changes (Nadachowska-Brzyska et al. 2022). Due to the lack of
direct estimates of the nuclear mutation rate of sheep, we used
3 different values, 2 used in previous studies (1x 1078 and
2.5x 1078, Alberto et al. 2018; Hu et al. 2019; Li et al. 2020; Chen
et al. 2021; Cheng et al. 2023; Zhu et al. 2023) and 1 direct estimate
for goats (5.87 x 10~%, Bergeron et al. 2023) (Supplementary Fig. 3).
All 3 runs of SMC++ display similar curve shapes, with an ancient
bottleneck and a more recent, severe one, but differ substantially
on the time scale. Using the empirical mutation rate for goat,
5.87 x 1072, the recent bottleneck for all domestic sheep begins be-
fore 50,000 ya, while the highest mutation rate, 2.5 x 1078, places
the start of the bottleneck at slightly before the 20,000 ya mark.
Using 1x 1078, SMC++ shows the recent bottleneck beginning
around 40,000 ya. After this supposed domestication bottleneck,
each population increases in size at different times and rates.
We display the results for the intermediate mutation rate,
1x 1078, in Fig. 5 and the other mutation rates in Supplementary
Fig. 3.

GONE estimates are considered most reliable in more recent
periods (Santiago et al. 2020). Indeed, we see that the GONE’s N, es-
timates for about 300-500 ya are similar to the most recent esti-
mates from SMC++ from about 1, 500ya for all breeds except
Border Leicester, which has a much lower population size accord-
ing to GONE compared to SMC++. The other breeds show a reduc-
tion of their effective population size during the last centuries
which could be associated with the appearance of modern breed-
ing practices (Ryder 1964) and, in the case of Merino, the fact that
the sequenced samples had been introduced to Australia. Border
Leicester show an almost mirrored trajectory with extremely
low effective population sizes up to the last century followed by
an increase to similar levels as the other breeds. This is validated
by a different length distribution of Runs of Homozygosity be-
tween the 4 breeds (Supplementary Fig. 4). Border Leicester has
the most shortest homozygous segments, while the other breeds
tend to have fewer but longer segments. This suggests more his-
torical inbreeding in Border Leicester, while the other breeds
have seen an increase of inbreeding in recent times, consistent
with the GONE results (Fig. 5). Border Leicester derives from
Dishley Leicester, one of the first breeds subjected to selective
breeding as a scientific practice (Young and Purser 1962) making
it possible that the bottleneck associated with modern breeding
practices started earlier and/or was more aggressive for these
sheep. The recent recovery of effective population size could
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Fig. 5. Effective population size inference of the 4 domestic sheep populations used in the demographic history reconstruction using SMC++ and GONE.
SMC++ describes an ancient bottleneck around 150,000-400,000 ya, followed by a more recent, stronger bottleneck starting around 40,000 ya with most
breeds reaching a minimum around 20,000 ya (i.e. slightly before the expected domestication period) and a subsequent increase in N, that is independent
for each population. GONE describes more recent changes in N,. D'Man and the Iranian unknown sheep seem to have experienced an increase of N,

around 700 and 500ya, respectively, and then a bottleneck, while Merinos show a strong bottleneck 150 ya. Border Leicester seems to have undergone
several strong bottlenecks recently with a fairly recent rise in N,. Time is in years assuming a generation time of 3 years and a mutation rate of 1 x 1078,

reflect the current popularity of the breed in Great Britain and
other regions of the world or could correspond to cross-breeding
with other stocks, although it is disputed whether Border
Leicester were kept purebred during the last centuries (Young
and Purser 1962). In both methods, the recent as well as most of
the historical effective population size is similar or lower in the
two commercial European breeds compared to D'man and the
Iranian sheep. Our estimates of the current effective population
size quantitatively differ from some other breed-specific esti-
mates in the literature (e.g. Kijas et al. 2012) which likely reflects
different methodologies and their sensitivity to recent N, changes
as our GONE results suggest strong differences between N, trajec-
tories in the last century.

Discussion

Structure of modern sheep populations and gene
flow

Our analysis corroborated the known geographical structure of
domestic sheep populations (Kijas et al. 2012; Ciani et al. 2020;
Taylor et al. 2021; Yurtman et al. 2021). This geographical pattern
is consistent with all current hypotheses about the origin and fol-
lowing expansion of sheep. ADMIXTURE results (see Fig. 1c) sug-
gest that admixture between domestic sheep breeds has been
common, especially in Europe but also in Africa and the Middle
East, where both commercial and traditional breeds display a var-
iety of ancestry components both from Europe and other regions
of Eurasia. In traditional breeds, these seem to mainly receive ad-
mixture from geographically linked regions (e.g. Northern African
populations being a mix of Mediterranean and Middle Eastern an-
cestries), with only minor contributions of really distant popula-
tions (e.g. small components of Northern European and Eastern
European components in Eastern Asian breeds). In Europe, how-
ever, admixture between European breeds has been common,
and Mediterranean breeds also show a significant amount of ad-
mixture with Eastern breeds. This pattern may be explained by
constant trade and population movements during historic times,
plus the advent of modern breeding practices in Europe and their
expansion in later colonial times.

While we see this widespread gene flow between domestic
groups, there is little evidence to support the hypothesis of major
admixture of domestic sheep breeds with Asiatic mouflons. The
only populations that show some level of wild mouflon ancestry
are some European breeds, matching previously published results
(Alberto et al. 2018) (Fig. 1). An alternative source for this signal is
admixture with a population related to ancestral domestic sheep,
as suggested by OrientAGraph (Fig. 3). We propose that this archaic
population is the European mouflon, assumed to represent a feral
Neolithic sheep lineage from the islands of Sardinia and Corsica.
Previous studies using low-density SNP genotyping suggested
low levels of European mouflon admixture into Iberian sheep
breeds (Barbato et al. 2017; Ciani et al. 2020). Our best-fitting model
in Momi2 is consistent with this interpretation as the timing of the
admixture event into Merino ancestors would be extremely un-
likely from an Asiatic mouflon. In contrast, gene flow in the oppos-
ite direction, from domestic sheep into wild Asiatic mouflon,
appears to have taken place more frequently (Fig. 1la and c,
Supplementary Figs. 5 and 6).

Demographic modeling and split dates

Our demographic reconstruction shows little to no support for the
multiple domestication hypothesis. OrientAGraph and Momi2 sup-
port a single domestication event with a pectinate topology (Figs. 3
and 4). In fact, when we fitted the double domestication models to
our data, the estimated dates for both domestication events over-
lapped temporally at ~12,000-13,000 ya (best performing model’s
95% CI [11,593, 13,900]) (Supplementary Table 6). Thus, they re-
semble a trifurcation soon after a single domestication event,
but not necessarily 2 independent domestication events from dif-
ferent wild populations. We need to highlight, however, that our
focus was the Western expansion of sheep and we only had se-
quences from an Eastern Asiatic mouflon population available
(see also discussion below), which leaves possibilities for different
contributions from other mouflon populations and a different his-
tory for Eastern Eurasian breeds.

While the exploratory analysis of the global dataset highlighted
the abundance of recent admixture events between individual
breeds, the motivation for the selection of the 5 populations
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used was to study deep demographic changes. Consequently, our
demographic analysis points to little to no admixture between
these 5 populations. Our 2 best-fitting models’ split dates between
wild mouflon and domestic sheep are just slightly over ~11,000 ya
but with CIs ranging from 6,769 to 14,459 and from 7,786 to 14,500,
respectively. The point estimates fall within the expected range
for the domestication according with archaeological evidence
(12,000-10,000 ya, Zeder 2008; Stiner et al. 2022). However, the se-
quenced modern wild mouflon population is not likely to re-
present the direct descendants of the wild ancestors of domestic
sheep which should push the estimated split times further back
in time. While the historical range of this species completely cov-
ered the putative domestication regions, its current range only
marginally overlaps with it (Zeder 2008; Michel and Ghoddousi
2020) suggesting that the original source population may no long-
er exist in the wild. Wild mouflon populations seem stable in their
total range (Michel and Ghoddousi 2020; Chen et al. 2021) but their
populations at a local scale have decreased in the last millennia
(Michel and Ghoddousi 2020; Ouhrouch et al. 2021), which
matches with their disappearance from regions of the Fertile
Crescent (Yeomans et al. 2017). Furthermore, the genetic variation
found in domestic sheep also does not appear to be a subset of the
sequenced mouflon population. This is exemplified by the mito-
chondrial haplogroups, Asiatic mouflons clustered with the CE
haplogroup, while most Western breeds fall into haplogroups A
and B. The maternal split between CE and (A, B) is even dated to
about 1 million ya predating the domestication by 2 orders of mag-
nitude consistent with other studies (Pedrosa et al. 2005; Meadows
et al. 2011; Lv et al. 2015; Sanna et al. 2015; Deng et al. 2020).

The relatively recent estimates for the autosomal split may be
explained by early gene flow from different wild populations after
the initial domestication or by uncertainty regarding the appropri-
ate generation time used to obtain these estimates. Generation
time in wild sheep is estimated at around 6 years (Pacifici et al.
2013) due to males gaining dominance late during their life
span. Domestication and herding practices have reduced this
time with estimates ranging from 2 years to ~4 years in different
breeds (Young and Purser 1962; Joakimsen 2009; Tahmoorespur
and Sheikhloo 2011; Stachowicz et al. 2018; McManus et al. 2019;
Rafter et al. 2022). Therefore, the assumption of a constant gener-
ation time used in demographic reconstructions is likely violated
for the comparison between wild and domestic populations where
each branch might have its own generation time. A recent study
used simulations and a maximum likelihood approach to infer
the split time for the onset of the domestication bottleneck, which
was dated to 13,609 using a generation time of 3 years (Lv et al.
2022). Using also a generation time of 3 years, another recent
study employed approximate-Bayesian computation to date the
sheep/mouflon split to about 10,500 ya (Deng et al. 2020), similar
to our estimates and closer to the estimated domestication period
based on archaeological remains. The 95% highest posterior dens-
ity interval (HPDI), however, included the maximum of the prior
distribution used in that analysis (12,000 years) suggesting that
the point estimate of 10, 500 may be an underestimation. In sum-
mary, the slightly recent estimate for the split time is likely due to
a combination of the uncertainties of the different estimates and a
complex domestication process that is not well modeled by a sim-
ple split event.

Another important parameter for demographic reconstruc-
tions is the mutation rate. This uncertainty manifests in the un-
certainty of N, estimates in the SMC++ analysis, where the time
axis varies substantially depending on the mutation rate used.
The only variant where the timings of the supposed domestication

bottleneck matches our demographic reconstruction and expec-
tations from archaeology uses a mutation rate of 2.5 x 10~ muta-
tions per generation (Supplementary Fig. 3). This value has been
quite popular for demographic reconstructions in the sheep litera-
ture (Albertoetal. 2018; Liet al. 2020; Chen et al. 2021), but itis high-
er than any direct estimation on any mammal (Bergeron et al.
2023). Using a mutation rate of 1 x 1078, a value falling into the
range of many mammalian species (Bergeron et al. 2023), pushes
the domestication bottleneck around 20,000-40,000ya, while
using the goat mutation rate which is the closest relative for
which we have a direct estimate (Bergeron et al. 2023), this bottle-
neck ends before the Last Glacial Maximum. Therefore, biological-
ly realistic mutation rates result in N, curves with timings that do
not fit archaeology which can only be met using relatively high
mutation rates. This highlights the need for accurate estimates
of the mutation rate for each species when scaling the results of
demographic reconstructions. As we do not have a direct estimate
for sheep, it is advantageous that our Momi2 modeling and the
split date estimates do not depend on a priori inputs for the muta-
tion rate, as it is estimated directly from the data.

The second split (~7,000ya) in our best-supported model de-
scribes almost a trifurcation between the Iranian, North African,
and European branches, with only a few years of difference be-
tween population splits. This is over a thousand years after the
initial Neolithic Expansion, which suggests that this part of the
tree does not reflect the initial expansion of sheep after their do-
mestication. These split times, nonetheless, predate the appear-
ance of the Secondary Product Revolution and the presumed
expansion of wooly sheep from Central Asia into the Fertile
Crescent, Europe, and Northern Africa (Sherratt 1981; Marciniak
2011). As atleast all the Western breeds display the wooly pheno-
type, this may be interpreted as most parts of the modern gene
pool reflecting a secondary expansion westwards.

Conclusions

Our results add to a mounting body of evidence on the complexity
of the demographic history of sheep as well as the limitations of
using genomic data from present-day populations to reconstruct
it. Even for a restricted sample of five populations and a restricted
geographic focus, it remains difficult to narrow down certain
demographic events. Recent demographic changes in both com-
mercial breeds and wild relatives make inferring ancient events
particularly difficult, as the near-extinction of the Asiatic mouflon
in a significant part of its original range or modern breeding prac-
tices could complicate demographic analysis. We were able to dis-
criminate between several demographic models in favor of a
single domestication event with domestic sheep radiating from
the Fertile Crescent both eastwards and westwards. Dating these
events, however, proved quite tricky. Our results point to the do-
mestication happening from a highly diverse stock of Asiatic
mouflon. This high diversity could be interpreted as evidence for
multiple domestication events or, as our modeling suggests, a sin-
gle domestication event in combination with introgression from
diverse and significantly structured Asiatic mouflon populations,
which we have not sampled or are not even present today. It is dif-
ficult to study such ancient events from the distribution of mod-
ern diversity alone and genomic ancient DNA from the
domestication region could illuminate the demographic history
of sheep as archaeogenomic studies have led to an enormous im-
provement in our understanding of domestication and subse-
quent gene flow in goats (Daly et al. 2018, 2021), pigs (Frantz
et al. 2019), and cattle (Verdugo et al. 2019) already.
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Data availability

Data from the Sheep Genome Consortium v2 dataset can be ac-
cessed through the CSIRO data portal (https:/doi.org/10.25919/
5d39e494936c6), while the wild mouflons from the NextGen
Project can be accessed via the project’s webpage in Ensembl
(https://projects.ensembl.org/nextgen/). All mitogenomes were
accessed via GeneBank and a list of accessions can be found in
Supplementary Table 4. The dataset used for the demographic in-
ference and Momi2 models are available in Zenodo (https:/doi.
0rg/10.5281/zeno0do.8017082). No new data was generated for
this project.
Supplementary Material is available at G3 online.

Acknowledgments

We thank two anonymous reviewers for their time and construct-
ive comments which greatly improved the manuscript and the ro-
bustness of our findings. We thank the International Sheep
Genomics Consortium as well as the NextGen and Sheep
Genomes Database projects for making the sequenced genome
data available to the research community.

Funding

This work was supported by a grant from the Swedish Research
Council Vetenskapsradet (2017-05267) to TG. AERS was supported
by a postdoctoral stipend from Carl Tryggers Stiftelse for
Vetenskaplig Forskning (CTS 18:129). The computations and
data handling were enabled by resources provided by the
National Academic Infrastructure for Supercomputing in
Sweden (NAISS) and the Swedish National Infrastructure for
Computing (SNIC) at UPPMAX partially funded by the Swedish
Research Council through grant agreements nos. 2022-06725
and 2018-05973.

Conflicts of interest

The author(s) declare no conflict of interest.

Literature cited

Abell JT, Quade J, Duru G, Mentzer SM, Stiner MC, Uzdurum M,
Ozbasaran M. Urine salts elucidate Early Neolithic animal man-
agement at Asikli Hoytik, Turkey. Sci Adv. 2019;5:eaaw0038.

Alberto FJ, Boyer F, Orozco-Terwengel P, Streeter I, Servin B, De
Villemereuil P, Benjelloun B, Librado P, Biscarini F, Colli L, et al.
Convergent genomic signatures of domestication in sheep and
goats. Nat Commun. 2018;9:1-9.

Alexander DH, Lange K. Enhancements to the ADMIXTURE algo-
rithm for individual ancestry estimation. BMC Bioinformatics.
2011;12:246.

Arbuckle BS, Oztan A, Giilcur S. The evolution of sheep and goat hus-
bandry in central Anatolia. Anthropozoologica. 2009;44:129-157.

Barbato M, Hailer F, Orozco-Terwengel P, Kijas J, Mereu P, Cabras P,
Mazza R, Pirastru M, Bruford MW. Genomic signatures of adap-
tive introgression from European mouflon into domestic sheep.
Sci Rep. 2017;7:1-13.

Behr AA, Liu KZ, Liu-Fang G, Nakka P, Ramachandran S. pong: fast
analysis and visualization of latent clusters in population genetic
data. Bioinformatics. 2016;32:2817-2823.

Bergeron LA, Besenbacher S, Zheng]J, Li P, Bertelsen MF, Quintard B,
Hoffman JI, Li Z, Leger JS, Shao C, et al. Evolution of the germline

mutation rate across vertebrates. Nature. 2023;615(7951):
285-291.

Bouckaert R, Heled J, Kiihnert D, Vaughan T, Wu CH, Xie D, Suchard
MA, Rambaut A, Drummond AJ. BEAST 2: a software platform for
Bayesian evolutionary analysis. PLoS Comput Biol. 2014;10:
€1003537.

Cao YH, Xu SS, Shen M, Chen ZH, Gao L, Lv FH, Xie XL, Wang XH,
Yang H, Liu CB, et al. Historical introgression from wild relatives
enhanced climatic adaptation and resistance to pneumonia in
sheep. Mol Biol Evol. 2021;38:838-855.

Ceccobelli S, Landi V, Senczuk G, Mastrangelo S, Sardina MT,
Ben-Jemaa S, Persichilli C, Karsli T, Balteanu VA, Raschia MA,
et al. A comprehensive analysis of the genetic diversity and envir-
onmental adaptability in worldwide merino and merino-derived
sheep breeds. Genet Sel Evol. 2023;55:1-18.

Chen ZH, Xu YX, Xie XL, Wang DF, Aguilar-Gémez D, Liu GJ, Li X,
Esmailizadeh A, Rezaei V, Kantanen J, et al. Whole-genome se-
quence analysis unveils different origins of European and
Asiatic mouflon and domestication-related genes in sheep.
Commun Biol. 2021;4(1):1-15.

Cheng H, Zhang Z, Wen J, Lenstra JA, Heller R, CaiY, Guo Y, Li M, Li
R, Li W, et al. Long divergent haplotypes introgressed from wild
sheep are associated with distinct morphological and adaptive
characteristics in domestic sheep. PLoS Genet. 2023;19:
e1010615.

Chernomor O, von Haeseler A, Minh BQ. Terrace aware data struc-
ture for phylogenomic inference from supermatrices. Syst Biol.
2016;65:997-1008.

Chessa B, Pereira F, Arnaud F, Amorim A, Goyache F, Mainland I, Kao
RR, Pemberton JM, Beraldi D, Stear MJ, et al. Revealing the history
of sheep domestication using retrovirus integrations. Science.
2009;324:532-536.

Ciani E, Lasagna E, D’andrea M, Alloggio I, Marroni F, Ceccobelli S,
Delgado Bermejo JV, Sarti FM, Kijas ], Lenstra JA, et al. Merino
and merino-derived sheep breeds: a genome-wide intercontinen-
tal study. Genet Sel Evol. 2015;47:1-12.

Ciani E, Mastrangelo S, Da Silva A, Marroni F, Ferencakovi¢ M,
Ajmone-Marsan P, Baird H, Barbato M, Colli L, Delvento C, et al.
On the origin of European sheep as revealed by the diversity of
the Balkan breeds and by optimizing population-genetic analysis
tools. Genet Sel Evol. 2020;52:25.

Daetwyler H, Kijas J, McWilliam S, Clarke S, Brauning R. Sheep gen-
ome variants V2. v1. CSIRO. Data Collection. 2019. doi:10.25919/
5d39e494936c6

Daly KG, Delser PM, Mullin VE, Scheu A, Mattiangeli V, Teasdale MD,
Hare AJ, Burger J, Verdugo MP, Collins MJ, et al. Ancient goat gen-
omes reveal mosaic domestication in the Fertile Crescent.
Science. 2018;361:85-88.

Daly KG, Mattiangeli V, Hare AJ, Davoudi H, Fathi H, Doost SB, Amiri S,
Khazaeli R, Decruyenaere D, Nokandeh J, et al. Herded and hunted
goat genomes from the dawn of domestication in the Zagros
Mountains. Proc Natl Acad Sci USA. 2021;118:€2100901118.

DengJ, Xie XL, Wang DF, Zhao C, Lv FH, Li X, YangJ, YuJL, Shen M,
Gao L, et al. Paternal origins and migratory episodes of domestic
sheep. Curr Biol. 2020;30:4085-4095.€6.

Deniskova TE, Dotsev AV, Selionova MI, Kunz E, Medugorac I, Reyer
H, Wimmers K, Barbato M, Traspov AA, Brem G, et al. Population
structure and genetic diversity of 25 Russian sheep breeds based
on whole-genome genotyping. Genet Sel Evol. 2018;50:29.

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phyloge-
netics and dating with confidence. PLoS Biol. 2006;4:e88.

Frantz LA, Haile ], Lin AT, Scheu A, Gedrg C, Benecke N, Alexander M,
Linderholm A, Mullin VE, Daly KG, et al. Ancient pigs reveal a

€202 1990J20 /| U0 Jasn yajolqigsiaysioniun efesddn Aq G95292.2/66 L Pexl/euInoleB/e60 1 01/10p/a[oile-aoueApe/feuinofef/woo dno-oiwepese/:sdpy woly papeojumoq


https://doi.org/10.25919/5d39e494936c6
https://doi.org/10.25919/5d39e494936c6
https://projects.ensembl.org/nextgen/
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data
https://doi.org/10.5281/zenodo.8017082
https://doi.org/10.5281/zenodo.8017082
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad199#supplementary-data
https://doi.org/10.25919/5d39e494936c6
https://doi.org/10.25919/5d39e494936c6

Western sheep expansion demography | 11

near-complete genomic turnover following their introduction to
Europe. Proc Natl Acad Sci USA. 2019;116:17231-17238.

Green RE, Briggs AW, Krause ], Priifer K, Burbano HA, Siebauer M,
Lachmann M, Padbo S. The Neandertal genome and ancient
DNA authenticity. EMBO J. 2009;28:2494-2502.

Harris CR, Millman K], van der Walt SJ, Gommers R, Virtanen P,
Cournapeau D, Wieser E, Taylor J, Berg S, Smith NJ, et al. Array
programming with NumPy. Nature. 2020;585:357-362.

Hu XJ, Yang], Xie XL, Lv FH, Cao YH, LiWR, Liu MJ, Wang YT, Li]JQ, Liu
YG, et al. The genome landscape of tibetan sheep reveals adaptive
introgression from argali and the history of early human settle-
ments on the Qinghai-Tibetan plateau. Mol Biol Evol. 2019;36:
283-303.

Joakimsen @. Generation interval in Norwegian sheep. Acta Agric
Scand. 2009;19:175-177.

Kamm]J, Terhorst], Durbin R, Song YS. Efficiently inferring the demo-
graphic history of many populations with allele count data. ] Am
Stat Assoc. 2020;115:1472-1487.

Kandoussi A, Boujenane I, Piro M, Petit DP. Genetic diversity and
population structure of Moroccan Beni Ahsen: is this endangered
ovine breed one of the ancestors of Merino? Ruminants. 2022:2:
201-211.

Katoh K, Standley DM. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability.
Mol Biol Evol. 2013;30:772-780.

Kijas JW, Lenstra JA, Hayes B, Boitard S, Porto Neto LR, San Cristobal
M, Servin B, McCulloch R, Whan V, Gietzen K, et al. Genome-wide
analysis of the world’s sheep breeds reveals high levels of historic
mixture and strong recent selection. PLoS Biol. 2012;10:e1001258.

Kijas J, Worley K, Daetwyler H, Brauning R, Jiang Y, Dalrymple B,
Jeffrey R, YuF, Lee S, Wu Y, et al. ISGC sheep genome sequences.
2013. doi:10.4225/08/51E66EC9696C6

Kullback S, Leibler RA. On information and sufficiency. Ann Math
Stat. 1951;22:79-86.

Larsen CS, Knusel CJ, Haddow SD, Pilloud MA, Milella M, Sadvari Jw,
Pearson]J, Ruff CB, Garofalo EM, Bocaege E, et al. Bioarchaeology of
Neolithic Catalhdyik reveals fundamental transitions in health,
mobility, and lifestyle in early farmers. Proc Natl Acad Sci USA.
2019;116:12615-12623.

LiH. Aligning sequence reads, clone sequences and assembly contigs
with BWA-MEM. 2013. http://arxiv.org/abs/1303.3997

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. The sequence alignment/map format and
SAMtools. Bioinformatics. 2009;25:2078-2079.

LiX, Yang]J, Shen M, Xie XL, Liu GJ, Xu YX, LvFH, YangH, Yang YL, Liu
CB, et al. Whole-genome resequencing of wild and domestic
sheep identifies genes associated with morphological and agro-
nomic traits. Nat Commun. 2020;11:1-16.

Luigi-Sierra M, Marmol-Sanchez E, Amills M. Comparing the diver-
sity of the casein genes in the Asian mouflon and domestic sheep.
Anim Genet. 2020;51(3):470-475.

Lv FH, Cao YH, Liu GJ, Luo LY, Lu R, Liu MJ, Li WR, Zhou P, Wang XH,
Shen M, et al. Whole-genome resequencing of worldwide wild and
domestic sheep elucidates genetic diversity, introgression, and
agronomically important loci. Mol Biol Evol. 2022;39:msab353.

Lv FH, Peng WF, Yang]J, Zhao YX, Li WR, Liu MJ, Ma YH, Zhao QJ, Yang
GL, Wang F, et al. Mitogenomic meta-analysis identifies two
phases of migration in the history of eastern Eurasian sheep.
Mol Biol Evol. 2015;32:2515-2533.

Marciniak A. The secondary products revolution: empirical evidence
and its current zooarchaeological critique. ] World Prehist. 2011;
24:117-130.

McManus C, Facé O, Shiotsuki L, de Paula Rolo JLJ, Peripolli V.
Pedigree analysis of Brazilian Morada Nova hair sheep. Small
Rumin Res. 2019;170:37-42.

Meadows JR, Hiendleder S, Kijas JW. Haplogroup relationships be-
tween domestic and wild sheep resolved using a mitogenome pa-
nel. Heredity. 2011;106:700-706.

Michel S, Ghoddousi A. IUCN red list assessment of Ovis gmelini. 2020.
doi:10.2305/ITUCN.UK.2020

Milne C. The history of the Dorper sheep. Small Rumin Res. 2000;36:
99-102.

Molloy EK, Durvasula A, Sankararaman S. Advancing admixture
graph estimation via maximum likelihood network orientation.
Bioinformatics. 2021;37:1142-1150.

Nadachowska-Brzyska K, Konczal M, Babik W. Navigating the tem-
poral continuum of effective population size. Methods Ecol
Evol. 2022;13:22-41.

Naval-Sanchez M, Nguyen Q, McWilliam S, Porto-Neto LR, Tellam R,
Vuocolo T, Reverter A, Perez-Enciso M, Brauning R, Clarke S, et al.
Sheep genome functional annotation reveals proximal regula-
tory elements contributed to the evolution of modern breeds.
Nat Commun. 2018;9:1-13.

Ouhrouch A, Boitard S, Boyer F, Servin B, Silva AD, Pompanon F,
Haddioui A, Benjelloun B. Genomic uniqueness of local sheep
breeds from Morocco. Front Genet. 2021;12:2417.

Pacifici M, Santini L, Marco MD, Baisero D, Francucci L, Marasini GG,
Visconti P, Rondinini C. Generation length for mammals. Nat
Conserv. 2013;5:89-94.

Patterson N, Price AL, Reich D. Population structure and eigenanaly-
sis. PLoS Genet. 2006;2:2074-2093.

Pedrosa S, Uzun M, Arranz JJ, Gutiérrez-Gil B, San Primitivo F, Bayén
Y. Evidence of three maternal lineages in near eastern sheep sup-
porting multiple domestication events. Proc R Soc B: Biol Sci.
2005;272:2211-2217.

Pickrell JK, Pritchard JK. Inference of population splits and mixtures
from genome-wide allele frequency data. PLoS Genet. 2012;8:
€1002967.

Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich
D. Principal components analysis corrects for stratification in
genome-wide association studies. Nat Genet. 2006;38:904-909.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D,
Maller J, Sklar P, De Bakker PI, Daly MJ, et al. PLINK: a tool set for
whole-genome association and population-based linkage ana-
lyses. Am J Hum Genet. 2007;81:559-575.

Rafter P, McHugh N, Pabiou T, Berry DP. Inbreeding trends and gen-
etic diversity in purebred sheep populations. Animal. 2022;16:
100604.

Rambaut A. FigTree. 2016. http://tree.bio.ed.ac.uk/software/figtree/

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior
summarization in Bayesian phylogenetics using Tracer 1.7. Syst
Biol. 2018;67:901-904.

R Core Team. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2022.

Rezaei HR, Naderi S, Chintauan-Marquier IC, Taberlet P, Virk AT,
Naghash HR, Rioux D, Kaboli M, Pompanon F. Evolution and tax-
onomy of the wild species of the genus Ovis (Mammalia,
Artiodactyla, Bovidae). Mol Phylogenet Evol. 2010;54:315-326.

Rochus CM, Jonas E, Johansson AM. Population structure of five na-
tive sheep breeds of Sweden estimated with high density SNP
genotypes. BMC Genet. 2020;21:27.

Ryder ML. The history of sheep breeds in Britain. Agric Hist Rev. 1964;
12:1-12.

€202 1990J20 /| U0 Jasn yajolqigsiaysioniun efesddn Aq G95292.2/66 L Pexl/euInoleB/e60 1 01/10p/a[oile-aoueApe/feuinofef/woo dno-oiwepese/:sdpy woly papeojumoq


https://doi.org/10.4225/08/51E66EC9696C6
http://arxiv.org/abs/1303.3997
https://doi.org/10.2305/IUCN.UK.2020
http://tree.bio.ed.ac.uk/software/figtree/

12 | P. Morell Miranda et al.

Ryder ML. Merino history in old wool: the use of wool remains in an-
cient skin and cloth to study the origin and history of the fine-
woolled sheep that became the Spanish Merino. Textile History.
1987;18:117-132. d0i:10.1179/004049687793700691

Sanna D, Barbato M, Hadjisterkotis E, Cossu P, Decandia L, Trova S,
Pirastru M, Leoni GG, Naitana S, Francalacci P, et al. The first mito-
genome of the cyprus mouflon (Ovis gmelini ophion): new insights
into the phylogeny of the genus Ovis. PLoS ONE. 2015;10:e0144257.

Santiago E, Novo [, Pardifias AF, Saura M, Wang], Caballero A. Recent
demographic history inferred by high-resolution analysis of link-
age disequilibrium. Mol Biol Evol. 2020;37:3642-3653.

Sherratt A. 1981. Plough and pastoralism: aspects of the secondary
products revolution. In: Hodder I, Isaac G, Hammond N, editors.
Pattern of the Past: Studies in Honour of David Clarke.
Cambridge: Cambridge University Press. p. 261-305.

Stachowicz K, Brito LF, Oliveira HR, Miller SP, Schenkel FS. Assessing
genetic diversity of various Canadian sheep breeds through pedi-
gree analyses. Can J Anim Sci. 2018;98:741-749.

Stiner MC, Buitenhuis H, Duru G, Kuhn SL, Mentzer SM, Munro ND,
Péllath N, Quade J, Tsartsidou G, Ozbasaran M. A forager-herder
trade-off, from broad-spectrum hunting to sheep management
at Asikli Hoyuk, Turkey. Proc Natl Acad Sci USA. 2014;111:
8404-8409.

Stiner MC, Munro ND, Buitenhuis H, Duru G, Ozbasaran M. An en-
demic pathway to sheep and goat domestication at Asikli
Hoylk (Central Anatolia, Turkey). Proc Natl Acad Sci USA. 2022;
119:2110930119.

Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A.
Bayesian phylogenetic and phylodynamic data integration using
BEAST 1.10. Virus Evol. 2018;4:vey016.

Tahmoorespur M, Sheikhloo M. Pedigree analysis of the closed
nucleus of Iranian Baluchi sheep. Small Rumin Res. 2011;99:
1-6.

Taylor WT, Pruvost M, Posth C, Rendu W, Krajcarz MT, Abdykanova
A, Brancaleoni G, Spengler R, Hermes T, Schiavinato S, et al.
Evidence for early dispersal of domestic sheep into Central
Asia. Nat Hum Behav. 2021;5:1169-1179.

Terhorst J, Kamm JA, Song YS. Robust and scalable inference of
population history from hundreds of unphased whole genomes.
Nat Genet. 2016;49(2):303-309.

Tian D, Uieda L, Leong WJ, Schlitzer W, Frohlich Y, Grund M, Jones M,
Toney L, Yao ], Magen Y, et al. PyGMT: A Python interface for the
Generic Mapping Tools. 2023. https://doi.org/10.5281/ZENODO.
8303186

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Levy-Moonshine A,
Jordan T, ShakirK, Roazen D, Thibault], etal. From FastQ data to high-
confidence variant calls: the Genome Analysis Toolkit best practices
pipeline. Curr Protoc Bioinformatics. 2013;43:11.10.1-11.10.33.

Verdugo MP, Mullin VE, Scheu A, Mattiangeli V, Daly KG, Delser PM,
Hare AJ, BurgerJ, Collins MJ, Kehati R, et al. Ancient cattle genom-
ics, origins, and rapid turnover in the Fertile Crescent. Science.
2019;365:173-176.

Wood RJ]. Robert Bakewell (1725-1795), pioneer animal breeder, and his
influence on Charles Darwin. Folia Mendeliana. 1973;58:231-242.

Yeomans L, Martin L, Richter T. Expansion of the known distribution
of Asiatic mouflon (Ovis orientalis) in the Late Pleistocene of the
Southern Levant. R Soc Open Sci. 2017;4:170409.

Young GB, Purser AF. Breed structure and genetic analysis of Border
Leicester sheep. Anim Prod. 1962;4:379-389.

Yurtman E, Ozer O, Yuinci E, Dagtas ND, Koptekin D, Gakan YG, Ozkan
M, Akbaba A, Kaptan D, Atag G, et al. Archaeogenetic analysis of
neolithic sheep from anatolia suggests a complex demographic
history since domestication. Commun Biol. 2021;4(1):1-11.

Zeder MA. Domestication and early agriculture in the Mediterranean
Basin: origins, diffusion, and impact. Proc Natl Acad Sci USA.
2008;105(33):11597-11604. doi:10.1073/pnas.0801317105

Zhu M, Yang Y, Yang H, Zhao Z, Zhang H, Blair HT, Zheng W, Wang
M, Fang C, Yu Q, et al. Whole-genome resequencing of the native
sheep provides insights into the microevolution and identifies
genes associated with reproduction traits. BMC Genomics. 2023;
24:392.

Editor: D.-J. de Koning

€202 1990J20 /| U0 Jasn yajolqigsiaysioniun efesddn Aq G95292.2/66 L Pexl/euInoleB/e60 1 01/10p/a[oile-aoueApe/feuinofef/woo dno-oiwepese/:sdpy woly papeojumoq


https://doi.org/10.1179/004049687793700691
https://doi.org/10.5281/ZENODO.8303186
https://doi.org/10.5281/ZENODO.8303186
https://doi.org/10.1073/pnas.0801317105

	Demographic reconstruction of the Western sheep expansion from whole-genome sequences
	Introduction
	Materials and methods
	Data collection and processing
	Exploratory population genetic analysis
	Demographic modeling
	Effective population size estimation
	Mitochondrial phylogeny

	Results
	Global population structure
	Structure and gene flow in Western Eurasian sheep
	Demographic reconstruction
	Effective population size over time

	Discussion
	Structure of modern sheep populations and gene flow
	Demographic modeling and split dates

	Conclusions
	Data availability
	Acknowledgments
	Funding
	Conflicts of interest
	Literature cited
	secjkad199-s8


