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Abstract

Sheep was one of the first domesticated animals in Neolithic West Eurasia. The zooarchaeological record suggests
that domestication first took place in Southwest Asia, although much remains unresolved about the precise loca-
tion(s) and timing(s) of earliest domestication, or the post-domestication history of sheep. Here, we present 24
new partial sheep paleogenomes, including a 13,000-year-old Epipaleolithic Central Anatolian wild sheep, as well
as 14 domestic sheep from Neolithic Anatolia, two from Neolithic Iran, two from Neolithic Iberia, three from
Neolithic France, and one each from Late Neolithic/Bronze Age Baltic and South Russia, in addition to five pre-
sent-day Central Anatolian Mouflons and two present-day Cyprian Mouflons. We find that Neolithic European, as
well as domestic sheep breeds, are genetically closer to the Anatolian Epipaleolithic sheep and the present-day
Anatolian and Cyprian Mouflon than to the Iranian Mouflon. This supports a Central Anatolian source for domes-
tication, presenting strong evidence for a domestication event in SW Asia outside the Fertile Crescent, although we
cannot rule out multiple domestication events also within the Neolithic Fertile Crescent. We further find evidence
for multiple admixture and replacement events, including one that parallels the Pontic Steppe-related ancestry ex-
pansion in Europe, as well as a post-Bronze Age event that appears to have further spread Asia-related alleles across
global sheep breeds. Our findings mark the dynamism of past domestic sheep populations in their potential for dis-
persal and admixture, sometimes being paralleled by their shepherds and in other cases not.

Key words: domestication, paleogenetics, sheep, ancient DNA, Mouflon, whole-genome sequencing, introgression.

Introduction

The early Holocene witnessed gradual yet dramatic shifts
in human lifeways, as early Neolithic human groups started
to cultivate plants and domesticate animals (Harris 1996;
Zeder 2008, 2017; Chessa et al. 2009, Arbuckle et al.
2014). Sheep, among the first such herded livestock spe-
cies, were domesticated in southwest Asia c. 10,000 to
8,000 Before the Common Era (BCE) (Zeder 2008; Vigne
2011). Domestic sheep were eventually transported across
the globe by humans, some becoming feral as in the case of
the European Mouflon (Poplin 1979; Vigne et al. 2011;
Barbato et al. 2017). Today, there exist hundreds of com-
mercial domestic sheep breeds, multiple Mouflon lineages
(i.e. wild relatives of domesticates, including feral sheep),
and five other species of wild sheep (Ovis) worldwide.
Despite intense work using genome data from modern-
day sheep lineages (Lv et al. 2015, 2022; Barbato et al.
2017; Ciani et al. 2020; Deng et al. 2020; Li et al. 2020;
Chen et al. 2021; Her et al. 2022; Wang et al. 2023), neither
the location of, nor the wild progenitors involved in, the
first domestication process, nor the post-Neolithic demo-
graphic histories of domestic sheep or Mouflon popula-
tions are well-understood.

One open question is the source of the domestic sheep
gene pool. Earlier studies pointed out multiple Asiatic sheep
species (Ovis ammon, Ovis gmelini, Ovis vignei) as the prob-
able ancestor of domestic sheep (Nadler et al. 1973;
Hiendleder et al. 1998; reviewed in Pedrosa et al. 2005).
However, subsequent evidence has eliminated O. ammon
and O. vignei as potential ancestors (Clutton-Brock 1981;
Uerpmann 1987, Hiendleder et al. 1998). Some recent stud-
ies have considered the Iranian/Asiatic Mouflon (O. gmelini)
from western Iran and easternmost Turkey as the wild
population genetically closest to the ancestor of domestic
sheep (reviewed in Pedrosa et al. 2005; Chen et al. 2021;
Her et al. 2022; Cheng et al. 2023). However, this has not
yet been fully established. The O. gmelini group has five
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subspecies: the Armenian Mouflon (Ovis gmelini gmelini),
the Isfahan Mouflon (Ovis gmelini isphananica), the
Laristan Mouflon (O. gmelini laristanica), the Cyprian
Mouflon (O. gmelini ophion), and the Anatolian Mouflon
(O. gmelini anatolica) (Blyth 1841). These groups are as-
sumed to represent local wild populations since the early
Holocene, except for the Cyprian Mouflon that dates
back to the ~12th millennium BCE and was presumably
brought from mainland Anatolia/Levant (Zeder 2008;
Vigne et al. 2011; Demirci et al. 2013; Sanna et al. 2015).
Some genetic studies have also suggested that Anatolian
and Cyprian Mouflons were subjected to proto/semi-
domestication practices in the past (Hadjisterkotis 1992;
Vigne 2003, 2011, 2014; Demirci et al. 2013; Sanna et al.
2015; Barbato et al. 2017). However, this is still a speculation,
and the genetic relationships between these Mouflons and
the ancient and present-day domestic sheep remain
unclear.

Another largely unresolved question is the history of do-
mestic sheep breeds (Chessa et al. 2009; Larson et al. 2014).
Present-day domestic sheep cluster in two main geographic
groups, Europe vs. Asia/Africa, based on genome-wide poly-
morphism data (Kijas et al. 2012; Naval-Sanchez et al. 2018;
Li et al. 2020). This split is also observed in modern sheep
mitochondrial haplotype groups, with European sheep
mostly carrying haplotype B and Asian sheep dominantly
carrying haplotype A (Bruford and Townsend 2006; Tapio
et al. 2006; Meadows et al. 2007; Kijas et al. 2009; Demirci
etal.2013; Lv et al. 2015; Machova et al. 2022). The presence
of an east—west genetic structure in modern breeds has
previously been dated back to 7,000 to 6,000 BCE using mo-
lecular clock approaches (Niemi et al. 2013; Cai et al. 2018;
Taylor et al. 2021). Accordingly, using ancient DNA, we re-
cently showed that Anatolian Neolithic sheep (ANS) have a
higher affinity to present-day European breeds than to
non-European breeds, while Neolithic and Bronze Age
Kyrgyzstan sheep show higher affinity to present-day
Asian breed, suggesting the early establishment of this split
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Table 1 Archeological and genetic information of the ancient sheep

Sample ID Date (cal BCE) Location Reg G Endog Genetic mtDNA haplogroup Number of
coverage DNA sex SNPs
ASTF001 2,007 to 1,749 BCE Stora Forvar Baltic 0.976 0.109 XY B1a 3,385,749
zah001 2,125 to 1,995 BCE Zahanata Kalmykia 0.020 0.021 XX A1b, A1b_HM236175% 134,854
BFMC304A 4,900 to 4,700 BCE® Picardie France 0.965 0.103 XX B1a, Bla2a® 3,745,289
BFMC304B 4,900 to 4,700 BCE® Picardie France 1.436 0.197 XX B1a2a 4,091,273
MDVC564 5,100 to 4,900 BCE® Picardie France 0.794 0.165 XX B1a2a1 3,497,447
APOR009 5,310 to 5,042 BCE El Portalon Iberia 1.986 0.103 XY B1a1b, B1a2a1® 4,200,422
APORO008 5,320 to 5,074 BCE El Portalon Iberia 0.115 0.058 XX B1a1, B1a1b, B1a2, 779,239
B1a2a1?
tpc003 6,000 to 5,800 BCE® Tepecik-Ciftlik Anatolia 0.028 0.007 XX B1a2a1l 195,898
ira016 6,000 to 5,800 BCE” Tepe Khaleseh Iran 0.031 0.013 XX na 221,913
ira011 6,000 to 5,800 BCE” Tepe Khaleseh Iran 0.031 0.014 XX na 212,608
uhs031 6,227 to 6,071 BCE Ulucak Anatolia 0.056 0.028 XX na 329,072
erb002 6,300 to 6,000 BCE® Erbaba Anatolia 0.0289 0.0092 XX na 216,540
bar001 6,300 to 6,200 BCE® Barcin Anatolia 0.0229 0.0074 XX na 148,823
tps083 6,469 to 6,361 BCE Tepecik-giftlik Anatolia 0.0471 0.0117 XY A1b, A1b_HM236175* 364,410
ERB455 6,500 to 6,000 BCE® Erbaba Anatolia 0.0080 0.0277 XY B1a1lb 59,946
TPC039 6,600 to 6,400 BCE® Tepecik-Ciftlik Anatolia 0.0203 0.0608 XX D, D_HM236181*¢ 153,633
TPC037 6,600 to 6,400 BCE” Tepecik-Ciftlik Anatolia 0.0627 0.1184 B1lalb 454,792
uluo10 7,000 to 6,500 BCE® Ulucak Anatolia 0.0086 0.0047 XX B1lalb 54,892
uluo12 7,000 to 6,500 BCE® Ulucak Anatolia 0.0432 0.0127 XX Bla1b 260,722
tps062 7,031 to 6,687 BCE Tepecik-Ciftlik Anatolia 2.3050 0.1245 XX Bla2a 4,210,271
bad003 7,035 to 6,705 BCE® Bademagaai Anatolia 0.0206 0.0068 XX na 133,242
tps001 7,059 to 6,756 BCE Tepecik-Ciftlik Anatolia 0.1531 0.0233 XX B, Bla1lb 1,009,687
sub008 7,500 to 7,000 BCE® Suberde Anatolia 0.0109 0.0051 XY na 73,432
pbh003 11,500 to 11,000 BCE® Pinarbasi Anatolia 0.0514 0.0045 XX B1lalb 398,235

#More than one entry means that there is some uncertainty in the haplogroup inference, with variants missing and/or present in both of the options listed.
®Date intervals based on archeological context (i.e. relative dating), shown in standard font, or calibrated radiocarbon dates, shown in bold.
“We used a relaxed filtering setup to assemble this mitogenome due to low data quality.

(Yurtman et al. 2021). These patterns imply either multiple
domestication centers and/or a large heterogeneous pro-
genitor population that went through multiple independ-
ent bottlenecks. However, in the study by Yurtman et al.
(2021), all modern breeds showed higher genetic affinity
to each other than to Neolithic sheep. This could imply sig-
nificant amounts of post-Neolithic admixture among con-
tinental sheep populations, including possible introgression
from wild sheep into domestic flocks and the dispersal and
breeding of sheep with desired traits across continents
(Sherratt 1983; Marciniak 2011; Schoop 2014; Deng et al.
2020; Cheng et al. 2023). The latter scenario has already
been explained using haplotype sharing information, with
the most recent common ancestor of domestic breeds hav-
ing been dated to c. 3,000 years ago (Ezard et al. 2009; Kijas
et al. 2012).

Hence, paleogenomic data have already started providing
clues into sheep demographic history (Taylor et al. 2021;
Yurtman et al. 2021; Larsson et al. 2024). However, the lim-
ited spatial and temporal coverage, as well as the quality of
the genetic data published, have impeded higher resolution
analysis of sheep history, leaving questions as to the origin of
domestication and the patterns of post-domestication dis-
persal open. To address this gap, here we present a compre-
hensive dataset of ancient and present-day wild and
domestic sheep, including a 13,000-year-old Anatolian
wild sheep genome, Eurasian domestic sheep paleogen-
omes, as well as the first genome-wide data from present-
day Anatolian Mouflons (Table 1, Fig. 1). Our results identify

Anatolian and Cyprian Mouflons and Epipaleolithic
Anatolian sheep as better candidates for a domestication
source than the Iranian Mouflon. We further confirm the
presence of a dual structure of modern sheep diversity dur-
ing the Neolithic using additional ancient genomes, includ-
ing those from present-day Turkey and Iran. We also find
multiple instances of population admixture or replacement,
including post-Neolithic eastern influence on Baltic ancient
sheep. Finally, as a legacy of domestication and recent bot-
tlenecks, we see a depletion in the genetic diversities of
present-day domestic and wild sheep.

Results and Discussion

Sampling and Genomic Data Production

We screened n = 238 ancient putative sheep skeletal sam-
ples spanning late Pleistocene and early Holocene Eurasia
to the present day (Table 1, supplementary table S1,
Supplementary Material online) from Anatolia, Kalmykia,
and Iran. We could identify only 18 samples with moderate
to low endogenous DNA content (between 0.4% and
12%, median =1.2%) (Table 1, supplementary table ST,
Supplementary Material online), a low proportion possibly
due to food processing as well as petrous bone and
tooth tissue being unavailable (Supplementary Note S1,
Supplementary Material online). These 18 samples were
confirmed as sheep (Ovis) using the MTaxi algorithm
(Atag et al. 2022) and shotgun sequenced further. We
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Fig. 1. Map and timeline of all samples. a) The geographic origins of archeological and modern-day sheep samples studied in the present work
and published sheep samples (supplementary table S1, Supplementary Material online). Subregions of Anatolia are depicted in the inset. West
Anatolia (WA) is represented by Ulucak (6,750 to 6,150 BCE) and Barcin Hoyiik (~6,250 BCE); the Lakes District (LD) includes Bademagaci
(~6,870 BCE), Suberde (~7,250 BCE), and Erbaba (~6,250 BCE). Central Anatolia is represented by Epipaleolithic Pinarbagi (~11,000 BCE)
and Neolithic Tepecik-Ciftlik Hoyiik (~6,900 to 5,900 BCE). b) Timeline of ancient samples grouped as European, Asian, and Anatolian.

also joined the resulting data with two unpublished
Mid-Holocene domestic sheep genomes from Iberia and
one from the Baltic Sea, produced as part of parallel studies
(Morell Miranda 2023; Larsson et al. 2024), together

4

with three unpublished Neolithic sheep genomes from
France (Table 1, supplementary table S1, Supplementary
Material online). Our combined ancient dataset included
24 new ancient genomes with autosomal coverage of
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0.008 to 2.3X (median 0.045X) (Table 1, supplementary
table S1, Supplementary Material online). All paleogenome
data exhibited patterns of postmortem DNA damage (22%
to 50% at 5’-ends) and relatively short average read lengths
(mean/median = 70 bp, between 54 and 103 bp), as ex-
pected from authentic ancient DNA (supplementary
table S1, Supplementary Material online). Except for a sin-
gle Epipaleolithic Anatolian sample from Pinarbagi, all an-
cient individuals were derived from assemblages identified
as largely domestic by zooarchaeologists (supplementary
Note S2, Supplementary Material online). In addition to an-
cient sheep, we shotgun sequenced present-day Anatolian
Mouflons (n=5), and Cyprian Mouflons (n=2), to cov-
erages 0.42X to 169X (median 1.47X) (supplementary
table S1, Supplementary Material online). We merged these
data with selected published present-day Eurasian and
African modern-day breeds (Naval-Sanchez et al. 2018;
Deng et al. 2020; Li et al. 2020) as well as Neolithic and
Early Bronze Age (EBA) (7,012 to 3,003 BCE) Kyrgyzstan
sheep (Obishir V) (Taylor et al. 2021) (supplementary
table S2, Supplementary Material online).

In downstream analyses, we used two alternative ap-
proaches. First, to minimize SNP ascertainment bias toward
modern commercial breeds (Wang and Nielsen 2012), we cre-
ated an outgroup-ascertained c. 4.6 million SNP panel by de
novo SNP calling with modern-day wild sheep species (Ovis
ammon, Ovis ammon polii, Ovis canadensis, Ovis dalli, Ovis ni-
vicola) expected to be outgroups to domestic sheep and their
close wild relatives (Chen et al. 2021) (Materials and Methods)
(supplementary table S3, Supplementary Material online).
Second, we calculated f-statistics using de novo variants iden-
tified in each ancient genome, excluding transitions.

The Anatolian Epipaleolithic Sheep Genome Shows a
Stronger Affinity to Domesticates Than the Iranian
Mouflon

We first summarized genome-wide affinity patterns among
ancient and present-day sheep lineages through principal
component analysis (PCA) (Fig. 2) using the outgroup-
ascertained SNP dataset. We projected the 27 ancient
(including three published from Kyrgyzstan) and 7 newly gen-
erated Mouflon genomes onto the first two principal compo-
nents calculated from the genetic diversity of published
modern-day breeds and Asian and European Mouflons
(supplementary table S3, Supplementary Material online).
PC1 reflects the differentiation between wild and domestic
groups (4.8% of the variation), while PC2 separates domestic
sheep into European and non-European clusters (2.6% of the
variation). Argali (O. ammon), Urial (O. vignei), and Iranian
Mouflon (O. gmelini) were the most distant wild sheep gen-
omes to the modern and ancient domestic sheep in this PC
space, while the present-day Anatolian Mouflon and the
Cyprian Mouflon, as well as the Anatolian Epipaleolithic
sheep were closer to domestic sheep. The European
Mouflon fell inside domestic diversity as expected from its
feral status. The same PCA without the Argali group can
be seen in supplementary fig. S1, Supplementary Material

online. General pattern observed was further confirmed
with PCA constructed with 50 K SNP data (Kijas et al. 2012)
(supplementary fig. S2, Supplementary Material online).

The Iranian Mouflon is frequently assumed to be
the closest wild relative of domestic sheep (Zeder 2008;
Her et al. 2022; Cheng et al. 2023). However, in the PCA,
both the Anatolian Epipaleolithic sheep, as well as the
Anatolian Mouflon and Cyprian Mouflon, were closer to do-
mestic sheep than was the Iranian Mouflon. To confirm this,
we calculated D-statistics of the form D(Goat, X; Anatolian
Mouflon/Cyprian Mouflon/Anatolian Epipaleolithic, Iranian
Mouflon), where X is any ancient or present-day domestic
sheep, using de novo-called variants in each comparison
(Materials and Methods). D-statistics involving both ancient
and present-day domestic lineages were all significantly
negative (100% of 57 tests |Z| > 3, no multiple testing cor-
rection applied) (supplementary table S4, Supplementary
Material online), indicating that domestic sheep are genet-
ically closer to Anatolian Epipaleolithic, Anatolian Mouflon,
and Cyprian Mouflon than the Iranian Mouflon (Fig. 3). This
is interesting as Anatolian Epipaleolithic sheep derive from
Central Anatolia, where early sheep management is well
documented (Stiner et al. 2022). Meanwhile, sheep were in-
troduced to Cyprus by 8,000 BCE (Vigne et al. 2011), likely
from mainland Anatolia. We note that Neolithic human po-
pulations in Cyprus were also found to be closely related to
contemporaneous Central Anatolians (Lazaridis et al. 2022).

These observations tentatively suggest that sheep domesti-
cation occurred on the Anatolian plateau, to the northwest of
the conventionally assumed borders of the Fertile Crescent, ra-
ther than inside the Eastern Fertile Crescent, Zagros/Iran. This
would also be compatible with a recent study showing a lack
of shared mitochondrial haplotypes and only one shared
Y-chromosome haplotype between Iranian Mouflon and do-
mestic sheep (Wang et al. 2023). However, the evidence
is yet partial. The history of uniparental markers may
not represent the average history of a lineage. Moreover,
the genetic distance between Iranian Mouflon and domestic
lineages relative to Anatolian Epipaleolithic, Anatolian
Mouflon, and Cyprian Mouflon could be related to post-
domestication gene flow into Iranian Mouflon from a
more distinct wild lineage. In fact, this is not unlikely
as we find D(Goat, Urial; Anatolian Mouflon/Cyprian
Mouflon/Anatolian Epipaleolithic, Iranian Mouflon) as well
as D(Goat, Anatolian Mouflon/Cyprian Mouflon/Anatolian
Epipaleolithic; Urial, Iranian Mouflon) significantly positive
(100% of three tests |Z| > 3 for both, no multiple testing cor-
rection applied) (supplementary table S4, Supplementary
Material online, supplementary table S5, Supplementary
Material online) (also noted by Chen et al. 2021). We hence
cannot yet rule out that Zagros or North Mesopotamian
wild sheep populations were another domestication source.

Early Diversification of Domestic Sheep in Southwest
Asia

The PCA reveals two distinct clusters of modern-day
domestic sheep: European and non-European (Asian and
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Fig. 2. Principal component analysis (PCA) of genome-wide diversity. PCA plot describing the genetic affinities among ancient and modern

populations studied. The genotype of each ancient individual was projected upon the first two PCs calculated using 39 present-day sheep breeds
(indicated with asterisks in the key, and in supplementary table S2, Supplementary Material online) using the SNP panel. The percentages on the

x and y axes show the proportion of variance explained by a) PC1 and PC2, respectively. b) PC1-PC3. PCA plot with PC2-PC3 is shown in
supplementary fig. S3, Supplementary Material online. c) PC2 values plotted against sample dates (years BCE).
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Fig. 3. D-statistics calculated as
D(Goat, Y; Anatolian Mouflon/
Cyprian Mouflon/Anatolian
Epipaleolithic, Iranian Mouflon).
Negative values indicate higher
genetic affinity between Y, ie.
the sheep populations shown
on the y axis, and the Anatolian
Mouflon/Cyprian Mouflon/
Anatolian Epipalaeolithic, rela-
tive to the Iranian Mouflon.
D-statistics were calculated with
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Urial 1
AnatolianMouflon 1
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Asia_modern 4
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MiddleEast_modern 4
Anatolia_EP!I 1
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CentralAnatolia_LN 4
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angsd (Korneliussen et al. 2014)

using de novo variants. Error -03

bars show +3 standard errors.
All tests were nominally signifi-

cant (100% |Z| > 3, no multiple 4 Anato"an MOUﬂo" —

testing correction applied).

African) breeds (Fig. 2). ANS, comprising domestic sheep
genomes from six settlements and spanning ~7,250 to
5,900 BCE, were closer to the European cluster in PC space.
The Iranian Neolithic sheep (~7,000 to 6,000 BCE),
Kyrgyzstan Neolithic/Bronze Age, and Kalmykia Iron Age
sheep were all closer to the non-European cluster (Fig. 2).

To study this in more detail, we separated ANS into four
spatiotemporal groups: Lakes District, West Anatolia, Central
Anatolia Early, and Central Anatolia Late (Fig. 1a). The
latter two groups were based on the observation that the
five genomes from early Neolithic Tepecik-Ciftlik Hoylk
(6,900 to 6,410 BCE) were occupied a distinct location
on the PCA (Fig. 2, Tepecik_Anatolia_N) relative to the
single ~5,900 BCE individual (tpc003) from the same site
(Fig. 2, Tepecik_Anatolia_LN). We then compared ancient
Anatolian and Asian lineages with modern breeds using
D-tests. Consistent with PCA results, we found that different
ANS groups all showed higher affinity to European over
non-European modern breeds (100% of eight tests of
the form D(Goat, ANS; EU, non-EU) with |Z| > 3, no multiple
testing correction applied, supplementary table S6,
Supplementary Material online), while, Asian ancient sheep
(Iran N, Kyrgyzstan N and BA, Kalmykia BA) tended
to show affinity to Asian modern breeds (|Z| >3 in 100%
of eight tests, no multiple testing correction applied,
supplementary table S6, Supplementary Material online)
(Fig. 4). Both results agree with our previous observation
of the east—west diversification of domestic sheep within
SW Asia as early as the 7th millennium BCE (Yurtman
et al. 2021).

0.2 -0.1 0.0

D-statistics Iranian Mouflon

We next performed a D-PCA on ancient and modern
sheep populations for studying genetic clustering; this
method has the advantage of not being constrained by di-
versity among modern-day lineages (Bergstrom et al. 2020)
(Fig. 5, supplementary table S7, Supplementary Material
online). This revealed four clusters: one that included
wild sheep and Mouflons (except for the European
Mouflon), a second with all present-day domestic breeds,
a third that included all Anatolian, French, and Iberian
Neolithic genomes, and a fourth comprising Asian and
Baltic Neolithic and Bronze Age genomes. The Anatolian
Epipaleolithic and European Mouflon genomes were lo-
cated between the Anatolian Neolithic cluster and the
cluster including other wild sheep. The central positioning
of Anatolian Epipaleolithic sheep among the domestic and
wild populations hints at the Central Anatolian wild popu-
lations being the ancestors of domestic sheep.

These observations could be compatible with a scenario
with two domestication centers, one in Anatolia, and an-
other in North Mesopotamia/Zagros, involving differen-
tiated gene pools. Under this scenario, we might expect
a clear population structure among Neolithic sheep. We
tested this in various ways. D-statistics of the form
D(Goat, ANS; ANS, Iran_Neolithic) revealed no clear differ-
entiation between ANS and Iran Neolithic (100% of 12
comparisons |Z| <3, no multiple testing correction ap-
plied, supplementary table S8, Supplementary Material
online, supplementary fig. S4, Supplementary Material on-
line). We also found that Anatolian Epipalaeolithic were
symmetrically related to ANS and Iran Neolithic sheep,
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as were more recent ancient sheep (in 21 of 28 [75%] com-
parisons (|Z| < 3, no multiple testing correction applied,
supplementary table S8, Supplementary Material online,
supplementary fig. S4, Supplementary Material online).
Finally, testing D(Goat, ANS; ANS, ANS) (supplementary
table S9, Supplementary Material online, supplementary
fig. S5, Supplementary Material online) revealed no major
clustering among spatiotemporal groups in Anatolia. Thus,
despite clustering patterns emerging in the PCA and
D-PCA, direct D-tests do not reveal strong population
structure in the Neolithic-SW Asia sheep gene pool.

This lack of structure could be compatible with two
scenarios. First, two progenitor sources may have been in-
volved in domestication in the east and west of SW Asia
including outside the Fertile Crescent, but these may
have not been highly differentiated from each other.
Alternatively, sheep domestication may have involved a
single wild gene pool and the observed east—west differen-
tiation may have been caused by post-domestication drift,
or introgression from different wild populations.

The aDNA evidence presented herein for domestication
of local wild sheep in central Anatolia is highly congruent
with independent archeological evidence for the early de-
velopment of sheep herding in this region. Both in the
Konya plain, the sub-region wherein aDNA of Pinarbasi
wild sheep is documented, at the site of Boncuklu (Baird
et al. 2018) and in Cappadocia at Asikli (Stiner et al.
2022), there is early evidence for sheep management/herd-
ing between c. 8,300 and 8,100 cal BCE. This suggests that
these practices were widespread across central Anatolia in
the second half of the 9th millennium cal BCE. The

8

T 2014) using de novo variants.
0.04 Error bars show +3 standard er-
rors (no multiple testing correc-

Europe Modern ., applied).

evidence is provided by multiple types of proxies. At
both of these sites, herbivore dung is found on site, as
fuel at Boncuklu (Garcia-Suarez et al. 2020; Portillo
et al. 2020). At Agikly, it is present on site with chemical
(high levels of urine salts) and micromorphological evi-
dence of penning and, in addition, high levels of perinatal
and neonatal mortality suggesting that aborting and
birthing sheep were present on site (Stiner et al. 2022)
indicative of direct management. At Boncuklu, isotope
evidence indicates elevated 315N compared to earlier
wild sheep including Epipalaeolithic and 10th to 9th mil-
lennium sheep from Pinarbagi (Middleton 2018). This
last case probably indicates translocation of caprines
from surrounding hills to the more arid plain in the cen-
ter of the Konya basin.

This evidence from central Anatolia is as early as any other
convincing indicators for caprine management elsewhere in
SW Asia suggesting local central Anatolia processes leading
to herding and domestication were occurring in the 9th mil-
lennium cal BCE. Synchronously, there is evidence for sheep
management in SE Anatolia. For example, at Nevali Cori,
Peters et al. (2005) make a convincing case for sheep man-
agement through culling profiles combined with evidence
of some smaller sized animals in the second half of the 9th
millennium cal BCE and Losch et al. (2006) suggest that iso-
topes indicate foddering of these smaller sized sheep. Similar
evidence is documented at Cayonii (Hongo et al. 2009). In
addition, sheep have been translocated to Cyprus by
c. 8300 to 8,000 cal BCE at Kissonerga Mylouthkia and
Shillourokambois (Vigne et al. 2011), as the aDNA evidence
in this paper suggests probably from the Anatolian plateau
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via the southern coastline of Anatolia, indicating at least cer-
tain levels of management.

The transformation of managed sheep in central
Anatolia into morphologically evidenced domesticates
is suggested by c. 7,500 cal BCE, where at Canhasan Il
increased frequencies of caprines (relative to -earlier
Boncuklu) are seen with many sheep showing elevated
315N, the same isotope signature as seen at Boncuklu, com-
bined with C4 plants in the diet, suggesting management
reflected in changing diets of the sheep (Middleton 2018).
Likewise, at Asikly, it is suggested that the herded sheep of
the 9th millennium become domesticated during the 8th
millennium cal BCE (Stiner et al. 2022). This trend of in-
creasing importance of the local domestic sheep is further
indicated by the evidence from Catalhdyiik where morpho-
logically domestic caprines, largely sheep, dominate faunal
assemblages in terms of frequency, from the late aceramic
Neolithic c. 7,100 cal BCE.

The Impact of Neolithic Dispersals into Central Asia
and Europe on Genetic Diversity

Starting with the 7th millennium BCE, domestic sheep
were transported by Neolithic people from SW Asia to
the northeast into the Caucasus (Chataigner et al. 2014),

to the east into Central Asia (Taylor et al. 2021), and to
the west into Europe (Price 2000; Colledge et al. 2005;
Harris and Gosden 2010; Arbuckle et al. 2014; Lv et al.
2015). The Kyrgyz and Iberian/French Neolithic genomes
in our dataset represent these latter two dispersal events.
The clustering of Kyrgyz sheep with those from Iran and
of Iberian/French sheep with those from Anatolia (Fig. 5),
even if not significant in individual D-tests (supplementary
fig. S4, Supplementary Material online, supplementary table
S8, Supplementary Material online), implies that these were
derived from the eastern- and western-most domestic sheep
populations of the Neolithic-SW Asia.

We hypothesized that founder effects during human-
mediated dispersal might have eroded diversity in sheep
populations. To test this, we determined within-site pair-
wise genetic distances in archeological sites represented
with >2 genomes and calculating distances as (1 — out-
group f3), using SNPs restricted to transversions (Fig. 6,
supplementary table S10, Supplementary Material online)
or using all SNPs (supplementary fig. S6, Supplementary
Material online, supplementary table $11, Supplementary
Material online). This revealed relatively high diversity le-
vels across Neolithic-SW Asia, including Iran, and also
high values for the pair of Kyrgyzstan Neolithic genomes.
In contrast, all modern-day breeds have significantly lower
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ancient, Europe ancient, and modern groups with the Kruskal-Wallis rank sum test (P = 5e™

98). Between-group comparisons were further tested

. " —08
using the Wilcoxon rank sum test (P(Anatolia/Asia ancient-modern) — 8e ’ P(Anatolia/Asia ancient-Europe ancient) = 0.0011, P(Europe ancient-modern) — 0'014)~

diversity than the Anatolian and Asian ancient groups ana-
lyzed (Kruskal-Wallis rank sum test, P = 3e™'"°).
Intriguingly, and in contrast to the Kyrgyz sample, the
Iberian and northern French Neolithic genomes also har-
bored lower diversity compared to the Anatolian and
Iranian Neolithic sheep genomes. This diversity is lower
than any other pair of ancient sheep genomes in our data-
set and on a par with modern-day breeds (Fig. 6,
supplementary table S10, Supplementary Material online).
This observation implies differences in the sheep transport
dynamics between the European and Central Asian land
routes, with only the former involving a strong bottleneck.
Two routes of dispersal have been hypothesized to extend
from Anatolia to Europe, the continental route and the
Mediterranean maritime route (Shennan 2018; Racimo
et al. 2020; Brigand et al. 2022). The northern French
Neolithic sheep arrived in the Paris Basin with the Linear
Pottery Culture (LBK), known to have spread west from
the middle Danube into the Rhine and Seine basins, as
well as north and east into the Elbe and Vistula basins
(Arbogast 1994; Hachem 2011, 2018; Auxiette and
Hachem 2021). Iberian Neolithic sheep were potentially in-
troduced through the Mediterranean maritime route con-
sidering the location and date of the settlement. The same
low diversity pattern observed in both French and Iberian
genomes either indicates an earlier bottleneck occurring in

10

Southeastern Europe, after the dispersal of sheep from
Anatolia over the land route; or both French and Iberian
sheep may be derived from the maritime route, which is
highly unlikely since the French Neolithic sheep belong
to a continental Early Neolithic context (LBK and
Blicquy/Villeneuve-Saint-Germain). A third and least parsi-
monious scenario may be that Iberian and French sheep
spread through distinct routes (land and maritime, re-
spectively), while in parallel undergoing independently
similar bottlenecks. We note that the Mediterranean
bottleneck and resulting low genetic diversity observed
in sheep is paralleled by a similar finding in the human
population of Neolithic Iberia that was also characterized
by a lower genetic diversity relative to Neolithic Anatolia
and Central Europe (Valdiosera et al. 2018).

Evidence for an Early Admixture/Replacement Event
in Central Anatolia

A number of observations from the PCA and D-PCA
pointed toward admixture and/or replacement events in
the history of domestic sheep. One such observation was
the difference in genetic profile between Central Anatolia
Early and Central Anatolia Late Neolithic sheep, derived
from the same site (Tepecik-Ciftlik) but separated by
~500 years (Figs. 2 and 5). In fact, the Central Anatolia
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Early genomes from the mid-7th millennium layers of
Tepecik-Ciftlik were more distinct from all the other
Neolithic Anatolian groups. Most notably, the West
Anatolia sheep sample showed strong affinity toward
Central Anatolia Late in the PCA and D-PCA, a pattern
confirmed by testing D(Goat, X; Central Anatolia Late,
Central Anatolia Early) (16 of 21 [76%)] tests |Z| < 3, without
correction for multiple testing) (supplementary table S12,
Supplementary Material online, supplementary fig. S7,
Supplementary Material online). This pattern may imply
that Central Anatolia Early was an early domestic assembly
that was partly replaced or became highly admixed by the
early 6th millennium BCE. This introgression could presum-
ably be from sheep populations from further East, such as
Upper Mesopotamia, that also influenced West Anatolia.
This may be expected given the level of inter-regional mo-
bility among Neolithic human groups inferred from aDNA
(Altinigik et al. 2022; Lazaridis et al. 2022).

Eastern Influence Remodeled the European Sheep
Gene Pool by the Bronze Age

Another surprising observation from the D-PCA relates to
the Baltic Neolithic sheep genome of the 2nd millennium
BCE, a period that corresponds to the Bronze Age in many
regions of Eurasia. Although this genome clustered with
ancient Anatolian genomes in the PCA (Fig. 2) and has a
higher affinity to modern-day European breeds over
Asian breeds (Fig. 4), in the D-PCA, it clustered with an-
cient Asian genomes from Iran, Kyrgyzstan, and Kalmykia
(Fig. 5). The latter pattern was further supported by signifi-
cantly positive results for D(Goat, Baltic Neolithic; ANS,
Asia Ancient) (7 of 16 [44%)] tests |Z| > 3, without correc-
tion for multiple testing) (Fig. 7, supplementary fig. S1,
Supplementary Material online, supplementary table
S13, Supplementary Material online). Meanwhile, we also
find that ANS and Iberia Neolithic sheep genomes were

genetically closer to Baltic Neolithic than to ancient
Asian sheep (supplementary fig. S8, Supplementary
Material online, supplementary table S14, Supplementary
Material online). This suggests that Baltic Late-Neolithic
sheep may be the result of admixture between an early
population of possibly Anatolian-related sheep, and in-
coming Asian sheep. Using f4-ratio analysis with the model
f4(Iran_N, Goat; Baltic_N, Iberia_N/France_N) / f4(Iran_N,
Goat; Kyrgyzstan_N, Iberia_N/France_N), we estimated the
Baltic Late-Neolithic genome to carry ~70% admixture
from a Kyrgyzstan Neolithic-related source relative to a
European Neolithic sheep background (supplementary
table S15, Supplementary Material online) (see Materials
and Methods). In a parallel study, the same Baltic
Neolithic genome used here (ASTF001) was modeled as
a mixture of 88% from a source related to northern
European sheep and 12% from an unobserved population
basal to all other domestic sheep in an admixture graph
analysis (Larsson et al. 2024). These observations indicate
an Asian influx into north European sheep breeds by the
Bronze Age.

We then asked whether such influx may have left a per-
manent signature in the European sheep gene pool.
Supporting this notion, we found that modern European
breeds show higher affinity toward Iranian Neolithic
than to ANS in D-tests (two of four [50%] tests with |Z]
> 3, without correction for multiple testing), in contrast
to the PCA (supplementary fig. S1, Supplementary
Material online, supplementary table S8, Supplementary
Material online). This suggests that Anatolian ancestry in
European sheep diminished in time via Asia-related admix-
ture, possibly during the Bronze Age, as represented by the
Baltic genome. Importantly, this involved not only nor-
thern but also southern European breeds, indicating that
the effect spread through the continent (61 of 96 [64%]
tests with |Z| > 3, without correction for multiple testing,
supplementary table $16, Supplementary Material online).
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Such admixture would also explain why modern-day
European breeds tend to have higher within-population di-
versity levels than sheep from Neolithic France or Iberia
(Fig. 6), despite intense breeding in the modern period.

It is tempting to speculate that this admixture we iden-
tify in sheep may be related to the 3rd-millennium Pontic
Steppe (Yamnaya) ancestry expansion (Sherratt 1981) and
admixture in humans across Europe (Allentoft et al. 2015;
Haak et al. 2015). Notably, it has been hypothesized that
the Pontic Steppe expansion was linked to dairying in add-
ition to horse domestication (Wilkin et al. 2021; Scott et al.
2022), or that it may be related to the secondary product
revolution in sheep that includes specific wool sheep
dispersal (Vigne and Helmer 2007; Greenfield 2010).
Irrespective of the driving force, however, we are likely ob-
serving both people and livestock from the Pontic Steppe
moving into Europe and admixing in large numbers during
the Bronze Age, bringing more eastern genomes and dilut-
ing the more local Anatolian Neolithic-related genomes.

Indication of Recent Admixture Shaping Modern-Day
Breeds

We next asked whether the domestic sheep gene pool re-
mained stable after the Bronze Age. Indeed, we find evidence
for regional continuity, such as present-day Asian breeds
being closer to Iran Neolithic or Kyrgyzstan Bronze Age
sheep than to European present-day breeds, and likewise,
present-day European breeds being closer to the Baltic
Neolithic genome than to all other present-day breeds
(100% of four tests with |Z| > 3, without correction for mul-
tiple testing) (supplementary table S17, Supplementary
Material online). However, we also noticed patterns suggest-
ing further admixture that may have shaped the domestic
sheep pool. The first was the unexpected clustering of
all modern-day genomes in the D-PCA, separate from either
ancient Anatolian-related or Asian-related clusters (Fig. 5).
Second, we noticed that Neolithic sheep from Anatolia,
France, and Iberia were all closer to Iran Neolithic,
Kyrgyzstan Neolithic, Kalmykia Bronze Age, or Kyrgyzstan
Bronze Age than modern-day genomes from Asia, the
Middle East, or Africa (71 of 72 [99%)] tests with |Z| > 3, with-
out correction for multiple testing, supplementary table S17,
Supplementary Material online). The Iranian Neolithic gen-
omes were also closer to Kyrgyzstan Bronze Age sheep com-
pared to any modern-day breed (supplementary table S17,
Supplementary Material online). These observations raise
the possibility of gene flow into Asia from unobserved popu-
lations, possibly post-Bronze Age, that diverged the modern-
day gene pool.

Another intriguing pattern involved ancient sheep
choosing Anatolian Epipaleolithic over Cyprian Mouflon
(all 11 comparisons |Z| < 0 and 4 with |Z| < —3, without
correction for multiple testing) when testing D(Goat,
Ancient;  Anatolian  Epipaleolithic, Cyprian  Mouflon)
(supplementary fig. S9, Supplementary Material online,
supplementary table S18, Supplementary Material online),
while all five present-day continental populations choose
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Cyprian Mouflon when testing D(Goat, X; Anatolian
Epipaleolithic, Cyprian Mouflon) (100% of five tests with |Z]
> 3, without correction for multiple testing, supplementary
table S18, Supplementary Material online). This was unex-
pected because both Anatolian Epipaleolithic and Cyprian
Mouflon might be considered outgroups to all domestic
sheep. We could rule out this being a technical artifact re-
lated to attraction between modern-day vs. paleogenomes,
as modern-day Mouflons did not choose Cyprian Mouflon
in the same test. This has two implications. First, it suggests
that Cyprian Mouflon received domestic gene flow in the re-
cent past (Atag et al. 2024). Accordingly, Cyprian Mouflon
shows asymmetric affinity to Anatolian present-day sheep
over Asian, European, or African breeds (100% of four tests
with |Z| >3, without correction for multiple testing
supplementary fig. S10, Supplementary Material online,
supplementary table S19, Supplementary Material online).
Second, it indicates that all modern breeds share some ances-
try not represented by the ancient genomes in our dataset
(up to the 2nd millennium BCE) but present in Cyprian
Mouflon.

The evidence for unique ancestry in modern-day breeds
and extra affinity toward Asia together could be explained
by an introgression event, possibly in Asia, and the subse-
quent spread of that ancestry throughout sheep breeds with-
in the last two millennia. This could originate from wild
introgression in Asia, although not necessarily from Argali
or Urial sheep (supplementary fig. S11, Supplementary
Material online) and/or contribution from an undocument-
ed independently domesticated group. These admixed sheep
lineages must then have spread and admixed with local
breeds due to some desired traits, akin to rapid introgression
of Zebu across Asian cattle (Verdugo et al. 2019). Our data
suggest that this may have happened over the last two mil-
lennia as the Baltic and Kalmykia genomes do not appear to
carry this unique ancestry. It is noteworthy that analyses of
modern-day genotypes have also suggested recent common
ancestry among sheep breeds, going back only 800 genera-
tions (~3,200 years) (Ezard et al. 2009; Kijas et al. 2012).
We speculate that highly beneficial traits, such as a superior
wool variety, high-fat content, or disease resistance, might
have facilitated such rapid admixture. It would be attractive
to test this using high-resolution time transect data (Cheng
et al. 2023).

Conclusion

Our findings rectify and resolve several issues related to the
domestication and post-domestication history of sheep.
First, the data from Anatolian Epipaleolithic sheep as well
as modern-day Anatolian and Cyprian Mouflons mark
a likely Anatolian source of domestic sheep, which could
include both Central and Southeast Anatolian/upper
Mesopotamian wild sheep populations in line with zooarch-
aeological observations (Peters et al. 2005; Hongo et al. 2009;
Arbuckle and Atic1 2013; Baird 2014; Stiner et al. 2014, 2022;
Abell et al. 2019). Meanwhile, the limited structure among
domestic sheep across Neolithic-SW Asia leaves open the

$20Z Jaquisoa( gz uo 1sanb Aq 687928//8S Leesw/Q /1 v/aoe/aqw/woo dno olwapese//:sdiy woll papeojumoc]


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae158#supplementary-data

The Population History of Domestic Sheep - https://doi.org/10.1093/molbev/msae158

MBE

question of whether sheep originated from a single domes-
tication event or had multiple domestication centers as in
goats and cattle (Daly et al. 2018; Verdugo et al. 2019).
That said, given our results from the analysis of Anatolian
Epipaleolithic sheep, we can safely assume that Central
Anatolian sheep were part of the first domesticated gene
pool.

Second, we find widespread evidence of sheep lineages
being admixed with each other as well as with wild sheep
through the Holocene, including the apparent replace-
ment of early 7th millennium BCE Central Anatolian
sheep, Asian domestic admixture into 2nd millennium
BCE Baltic sheep, and a near-ubiquitous ancestry that ap-
pears to have spread globally after the Bronze Age, that we
speculate may be related to the secondary product disper-
sal (Sherratt 1981; Vigne and Helmer 2007; Greenfield
2010). This picture raises the question of whether sheep
may have been transported and/or admixed more intense-
ly than most other domestic species.

Finally, we note instances where the demographic his-
tory of sheep appears to mirror that of humans, resem-
bling parallel patterns of human and dog mobility
reported recently (Bergstrom et al. 2020). We had earlier
noted such parallel changes for the Mediterranean, where
Neolithic Anatolian sheep and humans appear genetically
closer to those of present-day South Europe than those of
present-day Anatolia (Yurtman et al. 2021). Our findings
now expand these patterns, including the observed loss
of diversity in humans and sheep associated with the
Mediterranean expansion via the coastal route, or the east-
ern admixtures into North European sheep and humans
during the Bronze Ages. However, the more recent admix-
ture event that we infer, which appears to have shaped the
global sheep gene pool within the last two millennia, does
not appear to have parallels in human demographic his-
tory, suggesting that sometimes the sheep moved while
the shepherds stayed.

Materials and Methods

Descriptions of Sample Collection Sites and Samples
In the present study, we screened n = 24 archeological bone
samples from Anatolia (n = 15), Iran (n = 2), Russia (n = 1),
Iberia (n =2), France (n=3), and Baltic (n=1). Among
these, 17 were produced in this study, three were produced
in a parallel study (Morell Miranda 2023; Larsson et al. 2024)
while four Anatolian Neolithic samples from our previous
publication (Yurtman et al. 2021) were further deep-
sequenced (Fig. 1) (see Supplementary Material for detailed
descriptions of archeological sites and samples). Anatolian
ancient samples were collected from seven archeological
sites, one of which is an Epipaleolithic rock shelter named
Pinarbagi (n = 1). The remaining six sites are Neolithic settle-
ments from West and Central Anatolia as well as the Lakes
District. West Anatolian sites are Ulucak Hoyik (n = 3) and
Barcin Hoylk (n = 1) whereas Central Anatolian Neolithic
samples are from Tepecik-Ciftlik Hoyiik (n=6). Iranian

Neolithic samples were obtained from Tepe Khaleseh, a
late Neolithic site in northwest Iran, whereas Russian sam-
ples are from the Iron Age site Zahanata in Kalmykia.
Iberian Neolithic samples were from El Portalon de Cueva
Mayor a cave in Northern Iberia. The early French
Neolithic samples originate from the archeological sites in
Menneville-Derriére-Le-Village and Bucy-le-Long “le Fond
du Petit Marais” in Picardie, Northern France. The Baltic
sample was excavated from the cave Stora Forvar on
Stora Karlsg, an island near Gotland, a location with poten-
tial connections to both sides of the Baltic Sea.

Anatolian Mouflon blood samples were collected from
the remaining herd with less than 500 individuals in the
Konya region of Central Anatolia, with the approval of
the Selcuk University Veterinary Faculty Ethics Committee
(permit number: 2009/041) and were collected by the
General Directorate of Nature Conservation and National
Parks, Turkish Republic Ministry of Forestry and Hydraulic
Works. The samples were studied with the permission of
the institution (permit number: 797 dated 2009/12/22)
and with the approval of the Local Committee on the
Ethics of Animal Experiments of the Middle East
Technical University (permit number: 2009/18). Cyprian
Mouflon tissues were collected from the individuals found
dead in the Pafos Forest Reserve on the northwest slopes
of the Troodos Mountains, under the permit of the
Ministry of the Interior for scientific research.

Radiocarbon Dating

We AMS C14 dated one bone (zah001 from Kalmykia,
Russia) at the TUBITAK MAM (Gebze, Ankara). Iberian
Neolithic (APOR008) and Baltic Neolithic (ASTFO01) sam-
ples were radiocarbon-dated by the Tandem Laboratory
at Uppsala University. APOR009 was contextually dated
by a seed found at the same quadrant and layer. Bones
and teeth were mechanically cleaned by scraping the sur-
face and then ground in a mortar. The samples were incu-
bated with 0.25 M HCl at ambient temperature for 48 h.
A total of 0.01 M HCl was added to the insoluble fraction
and incubated at 50 °C for 16 h. The soluble fraction was
added to a 30 kDa ultrafilter and centrifuged, and the reten-
tate was lyophilized. Before determination, the fraction to
be dated was combusted to CO, using a Fe-catalyst.
Acquired dates were calibrated using OxCal 4.4 (Ramsey
2009) using IntCal20 (Reimer et al. 2020) as the calibration
curve.

Modern DNA Extraction

DNA from Anatolian Mouflon whole blood samples
(N =5) was extracted using a standard phenol: chloro-
form extraction protocol (Sambrook et al. 1989). For
the Cyprian Mouflons (N=2), DNA was extracted
from tissues using the NucleoSpin tissue kit, following
the standard protocol. For both sets of samples, DNA
isolates were fragmented through sonication with
Qsonica Q800R at 100% amplitude for 15s on/15 s off
at 4 °C for a total of 12 min.
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Ancient Sample Preparation and DNA Extraction
METU Lab

All experimental procedures were carried out in dedicated
ancient DNA laboratories. All necessary measures were ta-
ken to minimize contamination. Laboratory equipment
was decontaminated with DNAaway while benches and
other surfaces were cleaned with 2% NaOCI. We included
negative controls during the DNA isolation, library prepar-
ation, and PCR amplification steps. First, the outer surfaces
of the bone or teeth samples were cleaned off the soil or
other exogenous contaminants with a sandblasting cut-
ting disk attached to the Dremel tool. Next, we cut out
a small piece of bone from each sample and exposed
each side of the bone to UV for 15 min. UV-exposed bones
were ground to obtain bone powder. DNA extractions
were performed following Dabney et al. (2013).

Institut Jacques Monod-Paris Lab

DNA extraction, purification, and DNA library preparation
were performed as described before (Bennett et al. 2022,
2023). Briefly, the temporal bones were cleaned through
wiping with water, concentrated bleach, and water again.
The densest parts of the petrous bones were cut using a
flame-sterilized diamond disc of a Dremel saw. A small
part of the bone was ground to fine powder in liquid nitro-
gen in a 6775 Freezer/MillSpex SamplePrep. The bone pow-
der was washed with phosphate buffer according to
Korlevic¢ et al. (2015). DNA extraction was performed by in-
cubating the bone powder at 37 °C for 72 h in twice 1 ml
extraction buffer B (0.5 M ethylenediaminetetraacetic
acid, 0.05% Tween-20, 250 pg/ml Proteinase K, 0.14 M
B-mercaptoethanol) that were pooled prior to purification.
Samples were purified using silica membrane spin-columns
(QlAquick Gel Extraction kit) with a vacuum manifold
(Qiagen) and 25 ml extenders (Qiagen) as described
(Gorgé et al. 2023) using the 5 M guanidine HCl, 40% isopro-
panol (5M40) buffer as described in Dabney et al. (2013).
The elution was performed twice in 25 pl 10 mM Tris-HCI
pH 80, 0.05% Tween-20 made from gamma-irradiated
water (8 kGy).

Uppsala Lab

DNA extraction and library preparation were done at the
dedicated aDNA facilities of the ScilLifeLab Ancient DNA
Unit, in Uppsala, Sweden. Before extraction, samples were ir-
radiated with UV light (6 )/cm” at 254 nm) for 20 min, and
then their outer surface was removed using a Dremel drill.
Samples were then wiped with sterile cotton swabs with
0.5% sodium hypochlorite solution and UV-irradiated
Mili-Q water and exposed to UV-irradiation again on each
surface. Then, a Dremel tool cut subsamples of 50 to
100 mg from each sample. DNA was extracted using a
modified silica-based method (Meyer and Kircher 2010;
Dabney et al. 2013). Instead of sodium dodecyl sulfate,
1M urea was used in the extraction buffer. For every
ten samples, one extraction blank was added as a nega-
tive control. Subsamples were pretreated with 1 ml of

14

0.5 M ethylenediaminetetraacetic acid (Invitrogen) and
incubated at 37 °C for 30 min. The ethylenediaminete-
traacetic acid solution was removed, and the subsample
was digested with 1ml extraction buffer (0.44 M
ethylenediaminetetraacetic acid/1 M urea) containing
0.25 mg/ml protein kinase K (Sigma-Aldrich). They were
incubated with rotation for ~23 h at 37 °C and then at
55 °C for 6.5 h. The supernatant was collected and stored
at —20 °C. One ml of fresh extraction buffer with protein
kinase was added to the sample and incubated further at
55 °C for 19 h. Supernatants were combined and concen-
trated using an Amicon Ultra-4 filter unit (Millipore).
DNA was purified using MinElute PCR purification kits
(Qiagen) and eluted in a total volume of 110 pl EB buffer.
Qubit dsDNA HS assay (Invitrogen) was used to deter-
mine the concentration of the DNA extract.

Whole Genome Library Preparation and Prescreening
METU Lab

Double-stranded, blunt-end, double-indexed Illumina
compatible whole genome libraries (N =238) were pre-
pared following (Kircher 2012) protocol and sequenced
on lllumina Novaseq 6000 S1 or S4 flowcells (median of
c. 26 million reads per sample). Out of 231 ancient libraries,
18 were found to contain >0.4% endogenous DNA, which
was further sequenced on lllumina Novaseq 6000 S1 or S4.

Institut Jacques Monod-Paris Lab

Libraries were constructed using the NEBNext Ultra Il DNA
Library Prep Kit for lllumina (NEB, Ipswich, MA, USA) after
a pretreatment with USER enzyme mix (NEB, Ipswich, MA,
USA), as described before (Bennett et al. 2022, 2023).
Dual-barcoded libraries were then purified and size-
selected using NucleoMag beads (Macherey-Nagel) for
two rounds of purification following the supplied protocol
at a ratio of 1.3X beads per reaction volume and eluted in
30 pl EBT. All libraries were quantified with a Qubit 2.0
Fluorometer (Thermo Fisher Scientific), Bioanalyzer 2100
(Agilent, Santa Clara, CA, USA), and by qPCR. Screening
by shotgun sequencing was performed on an Illumina
MiSeq system using a v3 reagent kit for 2 X 75 cycles.

Uppsala Lab

Double-stranded blunt-end libraries were prepared
from 20 pl of DNA extraction according to protocol,
with some modifications (Meyer and Kircher 2010)
(MineElute PCR purification kits were used to clean en-
zymatic reactions instead of SPRI beads). For every ten
samples, an extraction and library blank were added as a
negative control. Libraries were quantified by real-time
gPCR in a 20 pl reaction using Maxima SYBR green master
mix (Thermo Fisher Scientific), 200 nM IS7 primer, and
200 nM IS8 primer, to determine the number of indexing
cycles. Dual-indexing PCR amplification was performed
in duplicates in a 50 pl reaction using 6 ul DNA library,
5U Ampli-Tag Gold DNA polymerase (Thermo Fisher
Scientific), 1X GeneAmpl Gls 244 cls old Buffer (Thermo

$20Z Jaquisoa( gz uo 1sanb Aq 687928//8S Leesw/Q /1 v/aoe/aqw/woo dno olwapese//:sdiy woll papeojumoc]



The Population History of Domestic Sheep - https://doi.org/10.1093/molbev/msae158

MBE

Fisher Scientific), 2.5 mM MgCl,, 250 uM of each dNTP,
200 nM P7 indexing primer, and 200 nM P5 indexing pri-
mer (Meyer and Kircher 2010; Kircher 2012). The PCR re-
action was performed at 94 °C for 10 min, 13 to 20 cycles
of (94 °C for 30 s, 60 °C for 30 s, 72 °C for 45 s), and 72 °C
for 10 min. Duplicates were pooled and purified with
AMPure XP beads (Beckman Coulter). The quality of the
libraries was analyzed by the 2200 Tapestation System
(Agilent), and the Qubit dsDNA HS assay (Invitrogen)
was used for the quantification of the sequencing libraries.

Data Preprocessing and SNP Dataset Preparation
Ancient DNA Data Preprocessing

For each library, residual adapter sequences in the raw
FASTQ files were eliminated using “Adapter Removal” soft-
ware (version 2.3.1) (Schubert et al. 2016) with parameters
“--qualitybase 33 --gzip --trimns” and a minimum 11 bp
overlap between pairs “--collapse --minalignmentlength
11”. Then, paired-end sequenced fastq files were merged.
The merged reads were aligned to the sheep reference gen-
ome Oar v.4.0 (https://www.ncbi.nlm.nih.gov/assembly/
GCF_000298735.2) using “BWA aln/samse” (version 0.7.15)
(Li and Durbin 2009) with parameters “-n 0.01, -o 2” and
the seed disabled with “-1 16500.” Multiple libraries from
the same individual were merged with “samtools merge”
(version 1.9) (Danecek et al. 2021), and PCR duplicates
with identical start and end coordinates were removed
using “FilterUniqueSAMCons.py” (Kircher 2012). Reads
with >10% mismatches to the sheep reference genome,
and <35 base pairs were also excluded. Finally, we applied
a mapping quality > 30. The average genome coverage
was calculated using “genomeCoverageBed” within “bed-
tools2” (Quinlan and Hall 2010). MTaxi (Atag et al. 2022)
was used to confirm the taxa of low coverage samples
(supplementary table S1, Supplementary Material online).

Modern DNA Data Preprocessing

For each library, residual adapter sequences in the raw
FASTQ files were removed using the same methods and
parameters used in the ancient data. However, this time,
the --collapse parameter was not used and paired-end se-
quenced fastq files were left as is, without being merged.
The paired-end reads were mapped onto the sheep refer-
ence genome Oar v.4.0 using “BWA-mem” (version 0.7.15)
(Li 2013) with the default parameters. To remove dupli-
cate reads, the program “Picard MarkDuplicates” (http://
broadinstitute.github.io/picard/) was used. Finally, we ap-
plied a mapping quality > 20 filters to aligned bam files.

SNP Dataset Preparation

We used nine published modern-day wild genomes (O. am-
mon, O. a. polii, O. canadensis, O. dalli, O. nivicola) with cov-
erages ranging from 7.4 to 16.5X to identify a total of
15,929,043 SNPs using the “Genome Analysis Toolkit
(GATK)” v.4.0.11.0 (McKenna et al. 2010). The reason for
using these lineages for de novo SNP determination was
that they are supposed to be true outgroups to the

domestic sheep. By determining SNPs in outgroup lineages,
our motivation was to avoid ascertainment bias (Wang and
Nielsen 2012) toward certain modern-day breeds, which
can skew diversity and genetic similarity estimates.
After employing HaplotypeCaller, CombineGVCFs, and
GenotypeGVCFs commands for variant combination and
genotyping by using the “--min-base-quality-score 30”
parameter, we utilized “bcftools” (Li 2011) for the removal
of multiallelic positions. Further, we applied “--maf
0.05 --hwe 0.001” filtering using “vcftools” (Danecek et al.
2011) to remove SNPs with minor allele frequency < 0.05
and deviating from Hardy—Weinberg equilibrium at
P < 0.001. After this filtering process, a total of 10,343,589
SNP positions were obtained. These de novo SNPs positions
were used for diploid genotyping 185 genomes of published
modern-day domestic sheep breeds (supplementary table
S2, Supplementary Material online) by using GATK
HaplotypeCaller tools using settings: “--genotyping-mode
GENOTYPE_GIVEN_ALLELES”  “--output-mode EMIT_
ALL_SITES”. Next, we used a hard filtering process by apply-
ing the following criteria: “QD < 2.0, FS>60.0, MQ <
400, SOR>3.0, QUAL<300, MQRankSum < —12.5,
ReadPosRankSum > —8.0” using “bcftoos” (Li 2011), follow-
ing the workflow in Li et al. (2020). We then converted the
vcf dataset format to the plink data format by using the
“plink2” tool (Chang et al. 2015). SNP positions with less
than 5 bp between each other were removed from the da-
taset, and we further applied the filters “--hwe 0.001”,
“--geno 0.05”, “~-mind 0.1”, thus filtering out SNPs out of
Hardy—Weinberg equilibrium (possible paralogs) and SNPs
with low genotyping rate. In the end, a total of 4,617,899
autosomal SNP positions were obtained.

Postmortem Damage (PMD) Removal

Postmortem deamination patterns were determined from
BAM files using PMDtools (Skoglund et al. 2014) with the
“--deamination” parameter. To eliminate these deamin-
ation patterns, we applied trimming 10 base pairs from
both ends (except for the French Neolithic samples which
were trimmed only 2 bases since they were USER-treated)
using the “bam” command within the “bamUtil” software
(Jun et al. 2015).

Genotyping and Data Analysis

Genotyping

We used two different approaches for ancient and modern
genomes for genotyping. To prevent genotype calling biases
arising from variations in sequencing coverage across sam-
ples, we pseudohaploidized the ancient data. This involved
the random selection of one allele for each SNP position, ac-
complished through the genotype caller “pileupCaller” (ver-
sion 1.53.1) (https://github.com/stschiff/sequenceTools)
applied to the output pileup file of “samtools mpileup”
(with base quality >30 and MAPQ > 30) (Danecek et al.
2021). For modern-day genomic data, we performed diploid
genotype calling using “GATK HaplotypeCaller” (version
4.0.11.0) (McKenna et al. 2010) with the “~genotyping-mode
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GENOTYPE_GIVEN_ALLELES”, “--output-mode EMIT_ALL_
SITES” parameters and the “--alleles” parameters. This alleles
list was obtained from de novo SNP positions ascertained in
wild sheep.

For the genotyping process by using 50 K BeadChip
(https://figshare.com/articles/dataset/Mapping_of ISGC_
SNP_chip_probes/8424935/2), we initially performed
diploid genotyping on 185 genomes from published mod-
ern domestic sheep breeds (supplementary table S2,
Supplementary Material online). This involved using the
“beftools mpileup (v 1.18)” command with parameters
“-1 -E -T -q 30 -Q 30" followed by “bcftools call -Aim -C al-
leles” (Li 2011). Here, we utilized Illumina OvineSNP50
Beadchip SNP positions based on the Oar v.4.0 reference
genome coordinates. Additionally, for ancient indivi-
duals, we created pseudo-haploid datasets by randomly
selecting one allele per targeted SNP position using the
“pileupCaller” (version 1.5.3.1) genotype caller. Finally,
we merged this ancient sample data with genotype infor-
mation from the 185 domestic sheep breeds data.

Mitogenome Assembly and Haplogroup Inference

The Mapping Iterative Assembler (MIA) (version 5a7fb5a)
(https://github.com/udo-stenzel/mapping-iterative-assembler)
was used to assemble consensus sequences for the mitogen-
omes of ancient samples. To reduce references bias, we used
as reference an Iranian Mouflon mitochondrial mitogenome
(NCBI Reference Sequence NC-026063), as well as a custom
substitution matrix that takes into account postmortem
damage. Consensus sequences were assembled using only
sites with a minimum coverage of 10X, a minimum quality
of 40, and two-thirds base agreement on each position.
Any site that did not pass these filters was set to “N”. The
haplogroup of all sequences with enough information to be
assembled was then inferred using MitoToolsPy (version
1.0) (Fan and Yao 2011) using the sheep reference and the
whole mitochondria.

Molecular Sex Determination

We determined the genetic sex of the studied genomes
utilizing the Rx metric (Mittnik et al. 2016) thresholds op-
timized for sheep, using SexDetermineOar (https://github.
com/mskilic/SexDetermineQar).

Diversity Estimates

We calculated within-population diversity levels using 1 —
outgroup f3 values with the ascertained SNP panel, includ-
ing only transversions (Fig. 6), or with both transitions and
transversions (supplementary fig. S6, Supplementary
Material online). f; calculations were performed with
goat as outgroup using the python program POPSTATS
(Skoglund et al. 2015) with “--f3vanilla” (for the simple
f3 statistic f; = (p3 — p1)(p3 — p2)) and “--not23” options
(to use provided chromosomes in the input file, the latter
option supports non-human organisms). Statistical sig-
nificance of diversity differences between groups was
tested using Kruskal-Wallis test and the Wilcoxon rank
sum test.
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Principal Component Analysis

PCA was conducted using EIGENSOFT (v.7.2.0) (Patterson
et al. 2006) “smartpca” command with the “Isqproject:
YES” parameter. Components of individuals from published
modern populations were first calculated (supplementary
table S3, Supplementary Material online), and ancient indi-
viduals were projected onto the first two components.
Visualization of the PCA was done by the R (v.4.3.1)
(R Core Team 2023) library ggplot2 (Wickham 2016).

D-statistics

D-statistics were calculated using angsd (v.0.938)
(Korneliussen et al. 2014) “ABBABABA (multipop)” com-
mand. D-statistic results were visualized using R (v.4.3.1)
(R Core Team 2023) library ggplot2 (Wickham 2016).

D-PCA

A PCA based on D-statistics (Bergstrom et al. 2020) was
performed by first calculating all possible combinations
of D-statistics of the form D(A, B; C, D), using only transver-
sion SNPs, 1,000,000 blocksize, -minQ 30 -minMapQ 30 op-
tions, and running the analysis for only autosomes. PCA
components were calculated using the prcomp function
and visualized by plotting the first two eigenvectors of
PCA by the ggplot2 package.

f4-Ratio Analysis

To understand the admixture proportions in the Baltic
Neolithic sample, f4-ratio (as alpha=f4(A,0;X,C)/f4(A,0;
B,C)) was calculated using ADMIXTOOLS software
gpF4ratio module (Patterson et al. 2012). We used the
model f4(lran_N, Goat; Baltic_N, Iberia_N/France_N) /
f4(lran_N, Goat; Kyrgyzstan_N, Iberia_N/France_N).

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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