
HAL Id: hal-03252841
https://hal.science/hal-03252841v1

Submitted on 28 Nov 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Herded and hunted goat genomes from the dawn of
domestication in the Zagros Mountains

Kevin Daly, Valeria Mattiangeli, Andrew Hare, Hossein Davoudi, Homa Fathi,
Sanaz Beizaee Doost, Sarieh Amiri, Roya Khazaeli, Delphine Decruyenaere,

Jebrael Nokandeh, et al.

To cite this version:
Kevin Daly, Valeria Mattiangeli, Andrew Hare, Hossein Davoudi, Homa Fathi, et al.. Herded and hunted goat
genomes from the dawn of domestication in the Zagros Mountains. Proceedings of the National Academy
of Sciences of the United States of America, 2021, 118 (25), pp.e2100901118. ⟨10.1073/pnas.2100901118⟩. ⟨hal-
03252841⟩

https://hal.science/hal-03252841v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Herded and hunted goat genomes from the dawn of
domestication in the Zagros Mountains
Kevin G. Dalya,1, Valeria Mattiangelia, Andrew J. Harea, Hossein Davoudi ( )b, Homa Fathi ( )b,
Sanaz Beizaee Doost ( )b, Sarieh Amiri ( )b, Roya Khazaeli ( )b,
Delphine Decruyenaerec, Jebrael Nokandeh ( )d,e, Tobias Richterf, Hojjat Darabi ( )g,
Peder Mortensenf, Alexis Pantosf, Lisa Yeomansf, Pernille Bangsgaardf,h

, Marjan Mashkour ( )b,c,i,
Melinda A. Zederj,1, and Daniel G. Bradleya,1

aSmurfit Institute of Genetics, Trinity College Dublin, Dublin 2, Ireland; bBioarchaeology Laboratory, Central Laboratory, University of Tehran, 1417466191
Tehran, Iran; cArchéozoologie, Archéobotanique: Sociétés, Pratiques et Environnements (UMR7209), CNRS, Muséum National d’Histoire Naturelle, 75005
Paris, France; dNational Museum of Iran, 1136917111 Tehran, Iran; eResearch Institute of Cultural Heritage and Tourism Organization of Iran, 1136917111
Tehran, Iran; fCentre for the Study of Early Agricultural Societies, Department of Cross-Cultural and Regional Studies, University of Copenhagen, 2300
Copenhagen, Denmark; gDepartment of Archaeology, Razi University, 6714414971 Kermanshah, Iran; hGlobe Institute, University of Copenhagen, 1165
Copenhagen, Denmark; iOsteology Department, National Museum of Iran, 1136917111 Tehran, Iran; and jDepartment of Anthropology, National Museum
of Natural History, Smithsonian Institution, Washington, DC 20560

Edited by Fiona B. Marshall, Washington University in St. Louis, St. Louis, MO, and approved April 16, 2021 (received for review January 22, 2021)

The Aceramic Neolithic (∼9600 to 7000 cal BC) period in the Zagros
Mountains, western Iran, provides some of the earliest archaeological
evidence of goat (Capra hircus) management and husbandry by circa
8200 cal BC, with detectable morphological change appearing
∼1,000 y later. To examine the genomic imprint of initial manage-
ment and its implications for the goat domestication process, we
analyzed 14 novel nuclear genomes (mean coverage 1.13X) and 32
mitochondrial (mtDNA) genomes (mean coverage 143X) from two
such sites, Ganj Dareh and Tepe Abdul Hosein. These genomes show
two distinct clusters: those with domestic affinity and a minority
group with stronger wild affinity, indicating that managed goats
were genetically distinct from wild goats at this early horizon. This
genetic duality, the presence of long runs of homozygosity, shared
ancestry with later Neolithic populations, a sex bias in archaeozoo-
logical remains, and demographic profiles from across all layers of
Ganj Dareh support management of genetically domestic goat by
circa 8200 cal BC, and represent the oldest to-this-date reported
livestock genomes. In these sites a combination of high autosomal
and mtDNA diversity, contrasting limited Y chromosomal lineage
diversity, an absence of reported selection signatures for pigmenta-
tion, and the wild morphology of bone remains illustrates domesti-
cation as an extended process lacking a strong initial bottleneck,
beginning with spatial control, demographic manipulation via biased
male culling, captive breeding, and subsequently phenotypic and
genomic selection.

caprine | ancient DNA | Neolithic | domestication | archaeozoology

The initial domestication of southwest Asian crops and live-
stock species unfolded across the Fertile Crescent after the

end of the Younger Dryas climatic downturn circa 9600 BC and
coalesced into fully integrated agricultural economies by 7500
cal BC (1). Until recently, the western part of this region was
cast as the epicenter of this transition, while the Zagros
Mountains, at the eastern end of the Fertile Crescent, was
considered a backwater, slow to receive and embrace domes-
ticates and food-producing technologies from farther west (2,
3). However, this region of western Iran has been recently
postulated as a primary center for the domestication of a
number of plant and animal species (4), including barley (5, 6),
possibly emmer wheat (7), several pulse species (8), and most
notably, goats (9). This latter hypothesis has been supported by
ancient genomic data, which indicate that the eastern Fertile
Crescent was one of three regions key in shaping the Neolithic
goat gene pool (10).
Here we explore the transition from the hunting of wild bezoar

goats (Capra aegagrus) to their initial management and subsequent
domestication in the eastern Fertile Crescent by combining ancient

genome sequencing and archaeozoological evidence from Ganj
Dareh and Tepe Abdul Hosein, two sites in the central Zagros
dating to the early or Aceramic Neolithic (AN) circa 8000 cal BC.
These genomic data present a singular opportunity to deepen our
understanding of the consequences of goat management at the
dawn of domestication.

Ganj Dareh and Tepe Abdul Hosein
Ganj Dareh (SI Appendix, Fig. S1) is located in a side valley of
the Gamasiab river valley near Harsin in western highland Iran
at an elevation of ∼1,400 m above mean sea-level (AMSL)
(Fig. 1). Excavations encountered five major occupation levels
(levels A to E) (11). The upper four levels contained architecture
composed of rectangular structures with thick mud-brick walls,
while the lowest, level E, consisted primarily of pits; the stratigra-
phy was recently clarified by an Iranian–Danish collaboration (12).

Significance

Goats were among the first domestic animals and today are an
important livestock species; archaeozoological evidence from
the Zagros Mountains of western Iran indicates that goats
were managed by the late ninth/early eighth millennium. We
assess goat assemblages from Ganj Dareh and Tepe Abdul
Hosein, two Aceramic Neolithic Zagros sites, using comple-
mentary archaeozoological and archaeogenomic approaches.
Nuclear and mitochondrial genomes indicate that these goats
were genetically diverse and ancestral to later domestic goats
and already distinct fromwild goats. Demographic profiles from
bone remains, differential diversity patterns of uniparental
markers, and presence of long runs of homozygosity reveal the
practicing and consequences of management, thus expanding
our understanding of the beginnings of animal husbandry.
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Tepe Abdul Hosein (SI Appendix, Fig. S2) is located in the
highland Zagros (circa 1,830 m AMSL) ∼75 km southeast of
Ganj Dareh. A single season of excavation at the site encoun-
tered lower levels that, as at Ganj Dareh, consisted of ashy de-
posits, with upper levels containing more substantial mud-brick
architecture (13). At both sites, excavations have recovered large
assemblages of animal remains dominated by caprines, a pattern
typical of archaeological sites in the Zagros stretching from the
Middle Paleolithic to after the Neolithic (14, 15).
Five accelerator mass spectrometry (AMS) radiocarbon dates

(SI Appendix, Fig. S3 and Table S2), with other recent direct
AMS radiocarbon dates from goat bones remains, point to an
occupation of Ganj Dareh lasting several hundred years in the
late ninth/early eighth millennium BC (8200 to 7600 cal BC, 1-σ
range) (12, 15), with roughly contemporaneous habitation at
Tepe Abdul Hosein (16). Together with a number of other con-
temporary settlements with similar architectural and material
culture assemblages, these formed a regional network of interacting
communities in the Zagros during the eighth millennium BC (Fig. 1)
(17). This cultural nexus was preceded by settlements with shorter
occupational episodes that proliferated across the region at the
beginning of the Early Holocene (circa 9700 to 8500 BC).

Archaeozoological Evidence of Goat Domestication in the
Central Zagros
Previously published archaeozoological analyses, along with new
data presented here, provide an outline of the process of goat
domestication in the central Zagros. With their large scimitar-
shaped horns and large body size, goats from archaeological sites
dating to the Late Pleistocene and the earliest phases of the
Early Holocene bear the morphological features of wild bezoars.
The demographic profile of these goats is consistent with hunting
strategies aimed at maximizing meat returns by focusing on large
adult male animals. For example, nearly 70% of the goats from
the Early Holocene site of Asiab (9750 to 9300 cal BC) (12, 15)
were older than 4 y of age when killed (SI Appendix, Table S3),

with an emphasis on prime age animals indicated for both males
and females (SI Appendix, Table S4). Moreover, a preference for
adult males is evidenced by a 0.67:1 female-to-male ratio, a
pattern even more strongly expressed at earlier Paleolithic sites
in the region (SI Appendix, Table S5).
More than 1,000 y after Asiab was abandoned, Ganj Dareh

and Tepe Abdul Hosein goats still show no sign of the smaller
twisted horns (SI Appendix, Fig. S4) and reduced body size once
held to be markers of initial domestication (2, 18–22). The de-
mographic profile of these goats, however, strongly suggests that
they were managed animals (14, 15, 23, 24). Management
strategies practiced by present-day herders in the region seeking
to maximize herd security and growth cull the majority of males
between the ages of about 18 mo to 2 y, reserving a few males as
breeding stock. Slaughter of females is delayed until they pass
peak reproductive years (25–27). Herd management should
therefore be reflected in archaeological assemblages composed
of the bones of young males and older adult females. Moreover,
assemblages of managed goats are expected to show a bias to-
ward females due to the better preservation and chance of re-
covery of the fused bones of adult females compared to the more
friable unfused bones of young males.
At Ganj Dareh, goat remains recovered from both earlier (14,

15, 23, 24) and recent excavations analyzed by L.Y. and P.B.
show a strong emphasis on the harvest of younger animals, with

Fig. 1. Map showing selected archaeological sites of the Zagros and eastern
Fertile Crescent, with sampled sites enlarged and those mentioned in the
text labeled. Site key presented in SI Appendix, Table S1. Inset map shows
broader geographic context.
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Fig. 2. Archaeozoological evidence for goat management at Ganj Dareh.
(A) Overall and sex-specific combined survivorship curves of goat samples
from Ganj Dareh Smith excavation assemblage, showing proportion of an-
imals surviving beyond each age group across all levels and each level indi-
vidually. The overall curves include material that could not be sexed and are
not included in the sex-specific curves. (B) Hoofprints in mud-brick at Ganj
Dareh (sample 270, context 2033, lowest level of collapse from Smith exca-
vation); Inset displays likely individual hoof impressions.
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only around 20% surviving beyond 4 y of age (Fig. 2A and
SI Appendix, Table S3). This demographic profile stands in con-
trast to that of Ganj Dareh sheep, which shows an emphasis on
prime age animals (SI Appendix, Table S3), suggesting that sheep
remained a wild, hunted resource, and representing just 10% of
identified caprine remains (24). The age profile of the goats from
Tepe Abdul Hosein also shows a small proportion of animals
surviving beyond 4 y of age (SI Appendix, Table S3), albeit with a
later drop in survivorship than at Ganj Dareh (18 mo vs. 12 mo).
Moreover, sex-specific harvest profiles of Ganj Dareh goats indi-
cate that between 60% and 70% of males from all five building
levels had been harvested before they reached 2.5 y of age, while
between 60% and 70% of females survived beyond this age
(Fig. 2A and SI Appendix, Fig. S5 and Tables S4 and S6). In ad-
dition, females outnumber males in all five levels in ratios that
range from 1.11 to 1.86 to 1 (SI Appendix, Tables S5 and S7),
consistent with management practices from the beginning of the
site’s occupation. Future analysis of the Tepe Abdul Hosein as-
semblage by M.M. and colleagues will determine if sex-specific
harvest profiles and sex ratios resemble those from Ganj Dareh,
but the general pattern suggests a similar management strategy
was employed at both sites.
In addition, goat assemblages from both the previous (28) and

more recent excavations yielded significant numbers of bones
of perinatal and neonatal caprines (SI Appendix, Fig. S6). High
rates of spontaneous abortion and neonatal mortality in man-
aged animals are thought to be linked to the presence of pregnant
females and newborn animals close to or within settlements, early
management practices, and the rise of zoonotic diseases common
in domestic herds, such as brucellosis (29). Evidence of herbivore
penning and dung burning at the Zagros sites of Sheikh-e Abad
and Jani point to caprine management being practiced across the
region during this period (30, 31). The discovery of hoofprints in a
mud-brick recovered from Ganj Dareh level D during the early
excavations (32), as well as further set of three hoofprints on a brick
discovered during the 2017 excavations (Fig. 2B), provide an addi-
tional indication that Ganj Dareh inhabitants managed goats.
The first detectable morphological change in goats is seen in

the site of Ali Kosh in lowland southwest Iran well outside the
range of wild goats (Fig. 1) and occupied across the Aceramic–

Ceramic Neolithic transition circa 7500 to 6500 BC (33). De-
mographic profiles from the basal levels of the site are consistent
with management in their emphasis on young male harvest and
prolonged female survivorship, and a sex ratio strongly biased
toward females (SI Appendix, Tables S3 and S5). Over the site’s
1,000-y occupation, subtle changes in the size and shape of goat
horn cores from the wild to the domestic morphotypes provide the
earliest evidence of morphological change in animals undergoing
domestication (34). Reduction in body size in Zagros goats is not
yet seen until the Ceramic Neolithic (CN, circa 7000 BC) (SI
Appendix, Fig. S7), although Holocene climate change may have
also contributed to the reduction of goat body size over time (15).

Genomic Insight into Goat Domestication in the Central
Zagros
Genomic data from the goats of Ganj Dareh and Tepe Abdul
Hosein thus present a singular opportunity to deepen our under-
standing of the consequences of goat management at the dawn of
domestication: prior to detectable morphological change, but after
the onset of culling practices consistent with management.
Screening of archaeological bones from Ganj Dareh and Tepe Abdul
Hosein for preserved goat DNA resulted in 7 samples with surviving
DNA from Tepe Abdul Hosein and 25 from across all of Ganj
Dareh’s levels (SI Appendix, Table S8), with moderate endogenous
DNA levels at both sites (mean 15.4% and 9.9%, respectively)
showing residual ancient damage after Uracil–DNA–glycosy-
lase treatment (SI Appendix, Fig. S8) and low contamination
(0 to 1.13%) (SI Appendix, Table S9). For further genome se-
quencing, we targeted those best preserved and produced 10 nu-
clear genomes from Ganj Dareh (median of 1.3X) and 5 from
Tepe Abdul Hosein [median 0.24X; including one published
previously (10)] (SI Appendix, Tables S8 and S10). Remaining
samples were enriched for mitochondrial DNA (mtDNA), giving a
total of 25 mtDNA chromosomes from Ganj Dareh and 8 from
Tepe Abdul Hosein (SI Appendix, Table S11).

AN Zagros Goat Form Distinct Wild-Affinity and
Domestic-Affinity Clusters
These genomic data allowed us to assess how early herds relate
to wild and later domestic goats. We coanalyzed modern (35–37)
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and ancient (10) goat genomes (SI Appendix, Table S12 and S13)
to place these AN Zagros sites in context. Plotting the first two
principal components (PC) (Fig. 3), constructed using genotype
likelihoods (38), shows a clear linear gradation distinguishing
wild modern bezoar ibex from domestic goat. The closest clearly
unadmixed modern wild population to domestic goats are from
the Zagros Mountains (“Zagros Bezoar”) (SI Appendix, Supple-
mentary Text and Fig. S9). An orthogonal trend discriminates
East–West or Asian–African–European variation. The majority
of goat genomes from Tepe Abdul Hosein and Ganj Dareh fall
in a single group (“Zagros Main”), close to ancient and modern
domestic goats from central and eastern Asia, which is also
reflected in affinities deduced from outgroup f3 statistics (SI
Appendix, Fig. S10). These have affinity to other eastern ancient
and modern goat genomes, including later CN populations circa
6000 cal BC, evidenced by a bias in derived allele sharing (39)
measured using D statistics (D ranging from 0.045 to 0.094,
z-scores > 8) (SI Appendix, Fig. S11). Thus, the east–west dis-
tinction between goat populations emerges early, likely reflecting
the differentiating effects of separate inputs from regional wild
populations (10, 37).
A second cluster (“Zagros Outlier”), composed of two ge-

nomes (Abdul4 and Ganjdareh35), plots nearby the Zagros Main
group but further along the gradation toward wild variation. We
explicitly tested for greater wild affinity in Zagros Outlier using
the ancient predomestic Armenian bezoar Hovk1 (SI Appendix,
Table S12) and D statistics. Computing D (H1, H2; Hovk1,
sheep) for pairwise combinations of Zagros Main and Zagros

Outlier, we found the majority of tests (21 of 26) with a Zagros
Outlier genome show a significant excess of derived alleles
shared with the ancient wild Hovk1 (SI Appendix, Fig. S12). In
contrast, equivalent tests with pairs of Zagros Main genomes are
largely not significant (56 of 78). This greater affinity of Zagros
Outlier genomes with wild populations is mirrored in ancestry
modeling (SI Appendix, Fig. S9); furthermore, additional D sta-
tistics show that Zagros Main goats, but not Zagros Outlier
goats, share more derived alleles with Neolithic Serbian do-
mesticates than with ancient wilds (SI Appendix, Fig. S13). To-
gether, these analyses indicate that the goat of the AN Zagros
formed two distinct genetic clusters, distinguished by their wild
and domestic affinities.
These results suggest that Zagros Main genomes derive from

herded stock and that Zagros Outlier genomes are hunted from
a wild population. Alternatively, Zagros Outlier could represent
hybrids between the Zagros Main group and wild bezoar, the
result of incidental gene flow or active restocking of herds. To
investigate this, we employed f-statistics (40) using an iterative
qpAdmix approach to model the Zagros Outlier group as de-
riving from one or many source populations (SI Appendix, Sup-
plementary Text). Although all two-way mixture models using the
Zagros Main cluster and a wild source fit the data, a one-way
model with Zagros Outlier forming a clade with modern Zagros
Bezoar also fits (SI Appendix, Table S14). While reliant on
modern wild populations as proxies for past groups, this result
supports the Zagros Outlier cluster representing local wild goats,
and reflects a persistence of caprine hunting by early herding
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communities (41), with hunting activities evidenced at Ganj
Dareh (24). The managed goats of the central Zagros region
were therefore genetically distinct from wild goats by circa
8200 cal BC.

AN Zagros Goat Are Basal to All Other Domestic Goat
To examine how the two Zagros groups relate to domestic and
wild goats in a phylogenetic context, we calculated pairwise
identity-by-state (IBS) values and built neighbor-joining trees
with, alternately, >1X (Fig. 4 and SI Appendix, Fig. S14)
and >0.01X genomes (SI Appendix, Fig. S15). Both phylogenies
place the Zagros Main group as sister with, but basal to, all later
domestic goats. Additionally, the Zagros Outlier samples fall as
the immediate outgroup to this managed clade, (Fig. 4 and SI
Appendix, Fig. S14) also observed in Treemix analyses (SI Ap-
pendix, Fig. S16). We then explicitly modeled the relationships of
AN Zagros goats to other populations by exploring admixture
graph space (SI Appendix, Supplementary Text), producing a
model without f4 outlier values (Fig. 5 and SI Appendix, Figs. S17
and S18). In this model, Zagros Outlier is an outgroup to other
Iranian Neolithic genomes, including those from East Iran/
Turkmenistan and the Zagros Main group. Goat from Neolithic
Serbia also receive a majority (∼70%) of their ancestry from this
clade after their divergence from Zagros Outlier, but derive
additional ancestry related to both Epipaleolithic Turkish wild
goat (∼30%) and the Caucasian Tur Capra caucasica (∼1%) (10,
37). In contrast, the Zagros Main and later East Iranian/Turk-
meni Neolithic goat populations—separated by ∼1,800 y and
∼680 km—are modeled as differentiated by drift alone rather
than by introgressing wild ancestry, a result supported by
qpWave modeling using modern wild goats (SI Appendix, Table
S15), although D statistics do not rule out differential wild af-
finities among Neolithic Iranian goat (SI Appendix, Fig. S19).
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NeolithicEast Iran
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Outlier
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Tur
Capra caucasica
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Armenia
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Fig. 5. Simplified admixture graph modeling the ancestries of Neolithic and
pre-Neolithic goats, with the inclusion of the Tur C. caucasica and sheep as
an outgroup. Mixing events are represented by dotted lines, with a dash
frequency proportional to the contribution of that clade. Drift statistics are
present in SI Appendix, Fig. S17. Ancient wild turkey = Epipaleolithic Direkli
Cave; Ancient Wild Armenia = Upper Pleistocene Hovk 1 Cave. Neolithic East
Iran (Tappeh Sang-e Chakhmaq) includes a nearby contemporaneous sample
from Monjukli Depe, Turkmenistan (SI Appendix, Table S12).
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Together, these analyses indicate that the managed goats
found at the AN sites of Ganj Dareh and Tepe Abdul Hosein are
of a type ancestral to domestic goat variation. Wild gene flow
contributed to differentiation in later western populations (Fig. 5
and SI Appendix, Supplementary Text), but our analyses show
domestic goats being primarily monophyletic. This monophyly
contrast with the deep divergence between Zagros Neolithic
human genomes from these sites (16, 42) versus Levantine and
Anatolian Neolithic farmers, and points to cultural exchange
underlying the initial spread of goat management. It is possible
that this managed clade did not originate in the Zagros highlands
given evidence of goat management in the central and western
Fertile Crescent during the ninth millennium (43, 44). However,
the well-documented focus on goat hunting in Late Pleistocene/
Early Holocene sites in the central Zagros and the basal position
of Zagros Outlier wild goat indicate this region as a focal point
for understanding the origin of domestic goat ancestry and
management.

Genomic Indications of Management but Evidence against a
Domestication Bottleneck in AN Zagros Goats
We investigated whether an imprint in patterns of diversity from
the onset of demographic manipulation and husbandry is de-
tectable in early managed goats. We first assessed transversion
heterozygosity in goat through time, limiting our analyses to
genomes downsampled to 2X (five genomes from this study) to
control for coverage effects and correcting for error (SI Appen-
dix, Fig. S20). We found that genetic diversity is high in the early
managed Zagros Main goat, declines in CN goats from Serbia
and East Iran/Turkmenistan, and rises again in more recent
populations (Fig. 6A). Similarly, pairwise kinship estimates (45)
indicate that our sampled goats from Ganj Dareh and Tepe
Abdul Hosein had little close direct kinship (mean π-hat = 0.063)

(SI Appendix, Fig. S21) despite their general affinity, while the
later CN goat from both Serbia and East Iran show higher
pairwise kinship (means of 0.234 and 0.242). Together these
results indicate that the onset of management was not associated
with a dramatic decline in genetic diversity. However, this is
apparent circa 2,000 y later in the CN when domestic goats were
moved beyond their natural range. The subsequent recovery of
heterozygosity in post-Neolithic goats likely reflects the onset of
greater interregional gene flow (10, 46–48).
We then assessed the AN Zagros goat genomes for long runs

of homozygosity (ROH), which are indicative of kin mating, under
the hypothesis that the prevalence of long ROH (≥5 Mb) could be
a marker of early animal husbandry. Using male X chromosomes
to set a transversion heterozygosity threshold, we observed that all
four Zagros Main genomes downsampled to 2X coverage possess
at least one ROH ≥ 5 Mb (Fig. 6B and SI Appendix, Figs.
S22–S25), with two of the four samples (Ganjdareh18 and Ganj-
dareh22) having long ROH (SI Appendix, Fig. S26) encompassing
notable proportions of their total filtered windows (inbreeding
coefficient from ROH regions ≥5 Mb only, FROH5Mb; 2.7% and
8.2%), exceeding the 80th percentile of all assessed genomes
(Fig. 6C). The single tested Zagros Outlier genome (Abdul4) (SI
Appendix, Fig. S27), and other ancient wild samples, show com-
paratively low FROH5Mb values (Fig. 6C). Modern wild bezoar
from Iran show the highest rates of extreme FROH5Mb, consistent
with documented recent population decline (49) and lower levels
of diversity compared to domesticates (36).
The interpretation of ROH patterns in Neolithic goat would

be further informed by data from a range of predomestication
wild populations. Their frequently fragmented distributions (50),
long-distance dispersal ability, and male intrasexual competition
for mates (51) may influence ROH distributions, which have
been detailed in modern populations elsewhere (52), fully
leveraging available genomic data. However, outbred human
genomes do not tend to show ROH > 4 Mb in size (53), which is
lower than the threshold of ROH reported here; while this
should not be overgeneralized due to the potential wild goat-
specific population structure, it supports the interpretation of
recent inbreeding loops within AN Zagros goat herds. Although
our sample size is limited, the data suggest that the onset of goat
management may have been accompanied by a greater frequency
of inbreeding events, and that long ROH are a possible genomic
marker for the early domestication process. The contrast be-
tween the heterozygosity and long ROH prevalence in AN
Zagros goat could reflect a crucial phase of management: after
the beginnings of caprine husbandry, but prior to their removal
beyond their wild range.

Mitochondrial and Y Chromosome Markers Show
Contrasting Diversity Patterns
A characteristic of livestock mtDNA diversity is its partitioning
into small numbers of distinct clades, or haplogroups, with shallow
within-group coalescence. mtDNA of modern goats are over-
whelmingly (∼92%) of the A haplogroup (Fig. 7A) (54). Hap-
logroups at minor global frequency today (B, C, D, G, and the
primarily wild F) were dominant in specific locales in the later
Neolithic, with this geographic structure lost in post-Neolithic
periods (10). The two AN Zagros sites (Fig. 7A and SI Appen-
dix, Fig. S28) show pronounced mtDNA diversity. At Ganj Dareh
and throughout its occupation (SI Appendix, Table S8), the entire
range of haplogroups associated with modern domestic goats are
observed, with a similar (SI Appendix, Table S16) broad range of
haplogroups at Tepe Abdul Hosein. Bayesian analysis indicates
that sequences from the two sites have high affinity (SI Appendix,
Fig. S29), in many instances forming intersite clades that coalesced
recently (∼11000 to 8000 BC, 95% highest posterior density esti-
mates). However, within each haplogroup Zagros Main samples
form clades with both wild- and domestic-derived sequences
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with greater diversity observed in the maternal mtDNA pool.
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(SI Appendix, Fig. S28). In comparison, the wild Zagros Outlier
samples Abdul4 and Ganjdareh35 have mtDNA (G and F, respec-
tively), which do not form clades with any modern domesticates.
This high matrilineal diversity contrasts sharply with AN

Zagros patrilines. We constructed maximum-likelihood trees from
Y chromosome variants with and without transitions (SI Appendix,
Figs. S30 and S31), and assigned haplogroups based on modern
sequences (Fig. 7B and SI Appendix, Supplementary Text and Table
S17). All sequences from the AN Zagros fall within a single
lineage, Y1AA, now at a low frequency in wild and domestic
Iranian goats and absent from sampled Zagros wild males (55). In
comparison, sampling of small numbers in predomestic goats from
the Taurus Mountains show distinct haplotypes, while males from
CN Serbia and CN East Iran display two different lineages (Fig. 7B).
This contrast between patrilineal and matrilineal markers is

striking, and mirrors the differential survivorship between males
and female goats at Ganj Dareh (Fig. 2A). AN Zagros goat
harbor all mtDNA haplogroups observed in modern domestic
goat, a diversity spectrum not observed in any modern or ancient
population (10, 54), and have high intragroup diversity levels as
measured by average number of pairwise differences (SI Ap-
pendix, Table S18). In comparison, their Y chromosome lineages
are restricted to a single haplogroup, with later Neolithic pop-
ulations adjacent to the Fertile Crescent showing greater lineage
diversity (Fig. 7B). This disparity is consistent with the onset of
goat husbandry with its inherent bias in survival between sexes
and a marked restriction in breeding male population size (Fig.
2A and SI Appendix, Tables S4 and S6).

Absence of Selection Signals or Morphological Change in
Early Managed Goat
Previous work has indicated evidence, from an FST outlier scan,
of selection in goat populations in Serbia and East Iran by 6000
cal BC, in particular at pigmentation-associated genes (10), with
two loci encompassing the STIM1-RRM1 and MUC6 genes also
under selection during the past 8,000 y (37). We replicated this
analysis using the Zagros Main genomes (10) and identify 45
genomic regions overlapping or neighboring 48 annotated genes
(SI Appendix, Table S19), but found no evidence for pigmenta-
tion or domestication-associated genes, or evidence of gene
ontology enrichment. Similarly, an alternate approach examined
genes in the top 0.1% of population branch statistic windows, but
these showed limited evidence of functional enrichment (solely
conjugated hyperbilirubinemia, Padj = 0.0416). Additionally, we
did not detect the derived MUC6 haplotype in the genomes of
AN Zagros goat (SI Appendix, Fig. S32), consistent with a hy-
pothesis of its introduction via introgression to later populations
(37), but did find the derived STIM1-RRM1 haplotype at fre-
quencies similar to CN Serbia (∼19 to 21%), and in a single
Zagros Outlier genome. As STIM1 may have a role in anxiety-
like behavior and learning (37, 56), managed goats derived from
a wild population that may have already carried the standing var-
iation which would be later selected during the domestication
process.
Together, these results indicate that the selection events that

define the later evolution of goats were absent in the first
managed herds circa 8000 BC. The lack of signals of later se-
lective sweeps or functional enrichment is concordant with the
wild-like morphology and horn shapes of goats at both sites (SI
Appendix, Fig. S4), indicating that the phenotypic and genetic
changes commonly associated with domestication had not yet
occurred in the managed goat of the central Zagros AN. Positive
selection for traits during early domestication may therefore
have required additional perturbations other than initial demo-
graphic manipulation by humans, such as the cessation of wild
gene flow from the area of their initial recruitment, increased
herd size, gene flow from diverged wild populations or related

species (37), or a change in the management practices of early
farmers.

Conclusion
We find evidence for a duality in goat genomes in the early
Zagros Neolithic that likely reflects diverged hunted and herded
animals. Thus, both archaeogenomic and archaeozoological meth-
ods reveal a majority of Ganj Dareh and Tepe Abdul Hosein goats
that were genetically diverged but morphologically indistinguishable
from wild bezoar ibex, while being subject to culling practices
consistent with animal management. At Ganj Dareh these ar-
chaeological signals are clear from the earliest occupation level
(Fig. 2A) and also at Tepe Abdul Hosein (SI Appendix, Table S3),
and are complemented by genetic evidence of management with
kin matings (i.e., long ROH) (Fig. 6B), an ancestral position
within domestic goat genetic diversity (Fig. 4), and sex-biased di-
versity patterns implying strong restriction of the male mating pool
(Fig. 7).
Together, these analyses demonstrate that management of a

genetically distinct herd was already practiced by the time the
sites were established circa 8200 cal BC, and push back the be-
ginning of goat management in the Zagros well into the ninth
millennium. The earliest date for caprine management is brack-
eted by demographic evidence for exclusively wild goat exploita-
tion at the earlier site of Asiab (12, 15), placing its onset within
9300 to 8200 cal BC. The close affinity of the domestic-like Zagros
Main goat with the wild-like Zagros Outlier, their basal position
with goat variation, and the breadth of mtDNA haplogroups
(Fig. 7A) are suggestive of the region being a major source of
domestic goat variation as established by ∼8200 cal BC. The high
matrilineal haplogroup spectrum fits with scenarios preserving
genome diversity during early goat management, including re-
cruitment from one or several distinct populations, on-going wild
gene flow, or existence within a larger metapopulation distributed
among early herding communities (3), likely interacting via trade
(1, 57). Within the context of the southwest Asian Neolithic, the
Zagros may represent a key pole among interacting early herding
communities. Indications of caprine herding in more western
Anatolia (43) roughly concurrent with the study period and the
genomic evidence of Anatolian wild goat recruitment (Fig. 5) (10)
fit with a more diffuse concept of the establishment of the do-
mestic gene pool in the Zagros and its surrounding regions, rather
than a discrete event in time and space. Observations of persistent
modification to livestock populations in cattle (58) and pig (59)
suggest that this was not limited to goats, but was a feature of
Neolithic farming practices. The occurrence of the STIM1-
RRM1–selected variant—with its possible neuronal and behavioral
implications (56)—in Neolithic Zagros goat also hints that man-
aged goats derived substantial ancestry from a population that,
unlike tested wild bezoar (37), possessed variation selected for
later in their domestication history.
Our combined archaeozoological and genetic analyses—

demonstrated as complementary leading-edge markers for early
management—show that the goat assemblages from Ganj Dareh
and Tepe Abdul Hosein capture a key phase of domestication:
after the initiation of management practices, which left their ge-
nomic imprint on early goat herds, but before the selective pres-
sures responsible for their distinctive traits, such as altered body
size and changes in horn morphology. Together with contempo-
raneous indications of goat, sheep, and pig management in the
Upper Euphrates and Tigris valleys (43), the Levant (60), and
Anatolia (61, 62), future research must examine earlier sites within
the Zagros for initial signals of the beginnings of animal man-
agement, particularly those founded at the dawn of the Holocene
(Fig. 1). Here, we show that the genetic domestication of goats
was well underway by 8200 cal BC in the Zagros region, and that
the goats of Ganj Dareh and Tepe Abdul Hosein thus represent
the oldest yet-reported livestock genomes.
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Materials and Methods
A full description of the materials and methods used are provided in SI
Appendix, Supplementary Text. Briefly, species identification of caprine
were made following criteria in refs. 63–65, sexing criteria was derived from
refs. 66 and 67, and metric followed ref. 68. We extracted DNA using a dilute
bleach wash and proteinase digestion (69), treated DNA with USER enzyme
(70), and constructed dsDNA libraries (71). Sequencing was performed on
Illumina HiSeq 2500 (1 × 100 bp) or NovaSeq (2 × 50 bp), and reads aligned
to the ARS1 goat reference (72) using bwa aln (73) relaxing parameters (74).
Transversion biallelic sites were determined from modern wild and domestic
genomes (SI Appendix, Table S13), and pseudohaploid genotypes for ancient
samples (reported here and in ref. 10) generated by random read sampling.
Pseudohaploid genotypes (56,682 sites) were used for Treemix, kinship (45),
outgroup f3 (pooled wild goat as outgroup), and Admixtools analyses
(qpGraph, qpWave, qpAdm) (40). D statistics (39), IBS, heterozygosity and
error estimation, population branch statistic, and FST outlier analyses were
performed using the ANGSD toolkit (75) with transversion variants only.
PCAngsd was used for principal components analysis and ancestry estima-
tion (38). Providence and groupings used for each ancient sample are dis-
played in SI Appendix, Table S12. Reads were aligned using bwa to the goat
mtDNA reference (NC_005044.2), before realignment to a circularized hap-
logroup representative, and consensus sequences generated using ANGSD;
mtDNA were aligned using MUSCLE (76). Contamination was determined by
heteroplasmic rate at known mtDNA variant positions (54). Samples were
aligned to Y contigs (NW_017189563.1, NW_017189685.1, NW_017189885.1),
transversion variants ascertained in moderns and called in ancient samples,
and fasta sequences generated after quality control. mtDNA diversity and FST
was determined with Arlequin (77). Uniparental trees were built with
phyML3.0 (78) and BEAST2 (79).

For long ROH (≥5 Mb), we followed an observation-based approach by
calculating the rate of transversion heterozygous sites in 500-kbp nonover-
lapping windows using bcftools v1.5, downsampling genomes to 2X to
control for varying coverage. Windows (filtered for total called sites >50
kbp) were assessed in sliding groups of 10, one 500-kbp window steps, to
identify putative long ROH (≥5 Mb), using a threshold calculated from the
nonpseudoautosomal region of 2X-downsampled male X chromosomes to

account for error (mean plus 2 SDs, 5.66 × 10−5 transversion heterozygous
sites per base pair). If at least 9 of the 10 500-kbp windows were below this
threshold, allowing for 1 nonterminal window above the threshold, the
group of 10 was assigned as putative long ROH. If the distance from the
most-recent window end and the next window start was >10 Mb, the pre-
vious windows were discarded and a new group of 10 were assessed. For
FST outlier detection, we pooled genomes from the Zagros Main cluster
with >2X mean coverage and estimated genetic diversity (θWatterson) and FST
with modern bezoar in 50-kbp windows and 10-kbp steps. We filtered for
windows showing both high divergence (Fst ≥ 0.99 quantile) and low ge-
netic diversity compared to modern wilds [log(θZagros/θWild) < 0]. For known
selected variants (37), we determined the genotype with the highest likeli-
hood using ANGSD. Sequencing reads, bam files, and mtDNA fasta se-
quences are available at the European Nucleotide Archive under accession
no. PRJEB40573.

Data Availability. The data have been deposited in the European Nucleotide
Archive, https://www.ebi.ac.uk/ena/browser (accesson no. PRJEB40573). Pre-
viously published data were used for this work (10, 35–37, 54).
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