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In Brief

Genome-wide data from Bronze Age

individuals across nine sites in the

Southern Levant show strong genetic

resemblance, including a component

from populations related to Chalcolithic

Zagros and Early Bronze Age Caucasus

introduced by gene flow lasting at least

until the late Bronze Age and affecting

modern Levantine population

architecture.
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SUMMARY
We report genome-wide DNA data for 73 individuals from five archaeological sites across the Bronze and Iron
Ages Southern Levant. These individuals, who share the ‘‘Canaanite’’ material culture, can be modeled as de-
scending from two sources: (1) earlier local Neolithic populations and (2) populations related to the Chalcolithic
Zagrosor theBronzeAgeCaucasus. Thenon-local contribution increasedover time, asevincedby threeoutliers
who can be modeled as descendants of recent migrants. We show evidence that different ‘‘Canaanite’’ groups
genetically resemble each other more than other populations. We find that Levant-related modern populations
typically have substantial ancestry coming from populations related to the Chalcolithic Zagros and the Bronze
Age Southern Levant. These groups also harbor ancestry from sources we cannot fully model with the available
data, highlighting the critical role of post-Bronze-Age migrations into the region over the past 3,000 years.
INTRODUCTION

The Bronze Age (ca. 3500–1150 BCE) was a formative period in

the Southern Levant, a region that includes present-day Israel,
1146 Cell 181, 1146–1157, May 28, 2020 ª 2020 Elsevier Inc.
Jordan, Lebanon, the Palestinian Authority, and southwest Syria.

This era, which ended in a large-scale civilization collapse across

this region (Cline, 2014), shaped later periods both demograph-

ically and culturally. The following Iron Age (ca. 1150–586 BCE)
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saw the rise of territorial kingdoms such as biblical Israel, Judah,

Ammon, Moab, and Aram-Damascus, as well as the Phoenician

city-states. In much of the Late Bronze Age, the region was ruled

by imperial Egypt, although in later phases of the Iron Age it was

controlled by the Mesopotamian-centered empires of Assyria

and Babylonia. Archaeological and historical research has docu-

mentedmajor changes during the Bronze and Iron Ages, such as

the cultural influence of the northern (Caucasian) populations

related to the Kura-Araxes tradition during the Early Bronze

Age (Greenberg and Goren, 2009) and effects from the ‘‘Sea

Peoples’’ (such as Philistines) from the west in the beginning of

the Iron Age (Yasur-Landau, 2010).

The inhabitants of the Southern Levant in the Bronze Age are

commonly described as ‘‘Canaanites,’’ that is, residents of the

Land of Canaan. The term appears in several 2nd millennium

BCE sources (e.g., Amarna, Alalakh, and Ugarit tablets) and in

biblical texts dating from the 8th–7th centuries BCE and later (Bi-

enkowski, 1999; Lemche, 1991; Na’aman, 1994a). In the latter,

the Canaanites are referred to as the pre-Israelite inhabitants

of the land (Na’aman, 1994a). Canaan of the 2nd millennium

BCE was organized in a system of city-states (Goren et al.,

2004), where elites ruled from urban hubs over rural (and in

some places pastoral) countryside. The material culture of these

city-states was relatively uniform (Mazar, 1992), but whether this

uniformity extends to their genetic ancestry is unknown.

Although genetic ancestry and material culture are unlikely to

ever match perfectly, past ancient DNA analyses show that

they might sometimes be strongly associated. In other cases,

a direct correspondence between genetics and culture cannot

be established. We discuss several examples in the Discussion.

Previous ancient DNA studies published genome-scale data

for thirteen individuals from four Bronze Age sites in the South-

ern Levant: three individuals from ‘Ain Ghazal in present-day

Jordan, dated to �2300 BCE (Intermediate Bronze Age) (Lazar-

idis et al., 2016); five from Sidon in present-day Lebanon, dated

to �1750 BCE (Middle Bronze Age) (Haber et al., 2017); two

from Tel Shadud in present-day Israel, dated to �1250 BCE

(Late Bronze Age) (van den Brink et al., 2017); and three from

Ashkelon in present-day Israel, dated to �1650–1200 BCE

(Middle and Late Bronze Age) (Feldman et al., 2019). The

ancestry of these individuals could be modeled as a mixture

of earlier local groups and groups related to the Chalcolithic

people of the Zagros Mountains, located in present-day Iran

and designated in previous studies as Iran_ChL (Haber et al.,

2017; Lazaridis et al., 2016). The Bronze Age Sidon group could

be modeled as a major (93% ± 2%) ancestral source for pre-

sent-day groups in the region (Haber et al., 2017). A study of

Chalcolithic individuals from Peqi’in cave in the Galilee (pre-

sent-day Israel) showed that the ancestry of this earlier group

included an additional component related to earlier Anatolian

farmers, which was excluded as a substantial source for later

Bronze Age groups from the Southern Levant, with the excep-

tion of the coastal groups from Sidon and Ashkelon (Feldman

et al., 2019; Harney et al., 2018). These observations point to

a degree of population turnover in the Chalcolithic-Bronze

Age transition, consistent with archaeological evidence for a

disruption between local Chalcolithic and Early Bronze cultures

(de Miroschedji, 2014).
Here, we set out to address three issues. First, we sought to

determine the extent of genetic homogeneity among the sites

associatedwithCanaanitematerial culture. Second,weanalyzed

the data to gain insights into the timing, extent, and origin of gene

flow that brought Zagros- and Caucasus-related ancestry to the

Bronze Age Southern Levant. Third, we assessed the extent to

which additional gene flow events have affected the region since

that time.

To address these questions, we generated genome-wide

ancient DNA data for 71 Bronze Age and 2 Iron Age individuals,

spanning roughly 1,500 years, from the Intermediate Bronze Age

to the Early Iron Age. Combined with previously published data

on theBronzeand IronAges in theSouthern Levant,weassembled

a dataset of 93 individuals from 9 sites across present-day Israel,

Jordan, and Lebanon, all demonstrating Canaanite material cul-

ture. We show that the sampled individuals from the different sites

are usually genetically similar, albeit with subtle but in some cases

significantdifferences, especially in residentsof thecoastal regions

of Sidon and Ashkelon. Almost all individuals can bemodeled as a

mixture of local earlier Neolithic populations and populations from

the northeastern part of the Near East. However, the mixture pro-

portions change over time, revealing the demographic dynamics

of the Southern Levant during the Bronze Age. Finally, we show

that thegenomesofpresent-daygroupsgeographicallyandhistor-

ically linked to the Bronze Age Levant, including the great majority

of present-day Jewish groups and Levantine Arabic-speaking

groups, are consistent with having 50% or more of their ancestry

from people related to groups who lived in the Bronze Age Levant

and the Chalcolithic Zagros. These present-day groups also show

ancestries that cannot be modeled by the available ancient DNA

data, highlighting the importance of additional major genetic ef-

fects on the region since the Bronze Age.
RESULTS

Dataset
We extracted DNA from the bones of 73 individuals from 5

archaeological sites in the Southern Levant (Table S1; STAR

Methods; Figure 1A):

Thirty-five individuals from Tel Megiddo (northern Israel),

most of whom date to theMiddle-to-Late Bronze Age, except

for one dating to the Intermediate Bronze Age and one dating

to the Early Iron Age

Twenty-one individuals from the Baq‛ah in central Jordan

(northeast of Amman), mostly from the Late Bronze Age

Thirteen individuals from Yehud (central Israel), dating to the

Intermediate Bronze Age

Three individuals from Tel Hazor (northern Israel) dating to the

Middle-to-Late Bronze Age

One individual from Tel Abel Beth Maacah (northern Israel),

dating to the Iron Age

For all analyzed samples but one, DNA was extracted from

petrous bones. The DNA was converted to double-indexed half

Uracil-DNA glycosylase (UDG)-treated libraries that we enriched

for about 1.2 million single nucleotide polymorphism (SNPs)

before sequencing (see STAR Methods). The median number
Cell 181, 1146–1157, May 28, 2020 1147
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Figure 1. Bronze and Iron Age Individuals Analyzed in This Study
(A) Location of archaeological sites. Shown in blue are sites with individuals first reported in this paper. In green are sites with individuals reported in previous

studies.

(B) PCA plot, showing present-day Eurasian individuals in gray (taken from Lazaridis et al., 2014) and ancient individuals in color. Only individuals with at least

30,000 autosomal SNPs were plotted. All Bronze and Iron Age individuals cluster (blue and green marks), except for the three denoted as ‘‘outliers’’ and for some

IA1 individuals.

(C) ADMIXTURE plot with K = 6, showing Bronze and Iron Age individuals, as well as other selected populations. Only individuals with at least 30,000 autosomal

SNPs were plotted. The seven families are marked by F1–F7. ‘‘A’’ stands for ‘‘Abel.’’

See also Figure S1 and Table S1.
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of autosomal SNPs covered was 288,863 (range 4,883–

945,269). In addition to genetic data, we measured values of

strontium isotopes for 12 individuals (and for 8 additional individ-

uals that did not produce DNA) (STAR Methods; Methods S1A),

and generated accelerator mass spectrometry radiocarbon

dates for 20 individuals (Table S1). We combined our newly

generated data with published data for 13 Bronze Age Southern

Levant individuals from ‘Ain-Ghazal, Sidon, Tel Shadud, and

Ashkelon (van den Brink et al., 2017; Feldman et al., 2019; Haber

et al., 2017; Lazaridis et al., 2016), and 7 Iron Age Southern

Levant Individuals from Ashkelon (Feldman et al., 2019).

We projected the autosomal genetic data onto the plane

spanned by the first two principal components of 777 present-

day West Eurasian individuals genotyped for roughly 600,000

SNPs on the Affymetrix Human Origins SNP array (Lazaridis

et al., 2014). We restricted the plot to 68 individuals represented

by at least 30,000 autosomal SNPs (Figure 1B), a coverage

threshold where the ability to infer ancestry was robust to sam-

pling noise (Methods S1B). All Bronze and Iron Age Levant indi-
1148 Cell 181, 1146–1157, May 28, 2020
viduals (blue and green shapes) form a tight cluster, except for

three outliers from Megiddo, and previously identified outliers

from the Ashkelon population known as Iron Age I (IA1) (Feldman

et al., 2019). We also ran ADMIXTURE on a set of 1,663 present-

day and ancient individuals (see STAR Methods; Figure S1). The

ADMIXTURE results are qualitatively consistent with the prin-

cipal component analysis (PCA), suggesting that all individuals

but the outliers from Megiddo and the Ashkelon IA1 population

have similar ancestry (Figure 1C).

We used the method described in (Olalde et al., 2019) to iden-

tify 17 individuals as being first-, second-, or third-degree rela-

tives of other individuals in the dataset. They fall within seven

families: five in Tel Megiddo and two in the Baq‛ah. In most fam-

ilies, we used only the member with the highest SNP coverage in

subsequent analyses (Table S1). Two of the three Megiddo out-

liers are a brother and a sister (Family 4, I2189 and I2200), leaving

in the final dataset two individuals marked as outliers. After

removing low-coverage individuals and closely related family

members, 62 individuals were left for further analysis (Table S1).



Levant 
N

Megiddo 
I10100

Megiddo 
I2200

ASH
IA1 Sidon Baqah

Megiddo 
IBA

Megiddo 
IA Hazor

Ain 
Ghazal

Megiddo 
MLBA Shadud Yehud

ASH 
LBA

ASH
IA2 Abel

Levant N 7.8E-28 2.6E-31 5.4E-09 5.5E-53 2.3E-43 7.1E-05 1.0E-10 3.8E-21 1.2E-18 1.9E-31 3.8E-12 1.1E-05 3.7E-136.2E-22 3.2E-09
Megiddo 
I10100 7.8E-28 0.0111 6.3E-09 3.0E-07 2.1E-08 1.7E-13 1.0E-07 4.8E-06 9.9E-11 2.9E-12 0.0007 8.5E-05 6.4E-054.2E-05 1.1E-07

Megiddo 
I2200 2.6E-31 0.0111 1.5E-06 5.9E-06 4.8E-06 6.7E-11 0.0127 0.0005 1.8E-07 6.5E-08 8.0E-05 0.0006 0.0003 0.0036 0.0011

ASH IA1 5.4E-09 6.3E-09 1.5E-06 5.5E-14 1.0E-07 0.0189 0.1144 1.2E-05 0.0011 3.7E-07 0.0456 0.2524 0.00022.5E-05 0.0250

Sidon 5.5E-53 3.0E-07 5.9E-06 5.5E-14 1.5E-10 1.0E-06 0.0015 0.0002 1.2E-07 6.4E-12 0.008 1.8E-07 0.0517 0.7540 0.0438

Baqah 2.3E-43 2.1E-08 4.8E-06 1.0E-071.5E-10 0.0005 0.0408 0.3324 0.0039 0.0175 0.3421 0.0296 0.2916 0.2813 0.2256

Megiddo IBA 7.1E-05 1.7E-13 6.7E-11 0.0189 1.0E-06 0.0005 0.1292 0.0021 0.0054 0.0548 0.0455 0.6912 0.6578 0.0004 0.2604

Megiddo IA 1.0E-10 1.0E-07 0.0127 0.1144 0.0015 0.0408 0.1292 0.3901 0.3392 0.1486 0.006 0.2915 0.2088 0.4080 0.1435

Hazor 3.8E-21 4.8E-06 0.0005 1.2E-05 0.0002 0.3324 0.0021 0.3901 0.1028 0.1179 0.159 0.4844 0.1823 0.6114 0.1029

Ain Ghazal 1.2E-18 9.9E-11 1.8E-07 0.0011 1.2E-07 0.0039 0.0054 0.3392 0.1028 0.153 0.313 0.1087 0.1185 0.2975 0.7955
Megiddo 
MLBA 1.9E-31 2.9E-12 6.5E-08 3.7E-076.4E-12 0.0175 0.0548 0.1486 0.1179 0.153 0.8527 0.1576 0.2573 0.0631 0.4699

Shadud 3.8E-12 0.0007 8.0E-05 0.0456 0.008 0.3421 0.0455 0.006 0.159 0.313 0.8527 0.5198 0.5554 0.3117 0.7452

Yehud 1.1E-05 8.5E-05 0.0006 0.2524 1.8E-07 0.0296 0.6912 0.2915 0.4844 0.1087 0.1576 0.5198 0.0635 0.1118 0.8393

ASH LBA 3.7E-13 6.4E-05 0.0003 0.0002 0.0517 0.2916 0.6578 0.2088 0.1823 0.1185 0.2573 0.5554 0.0635 0.1997 0.3996

ASH IA2 6.2E-22 4.2E-05 0.0036 2.5E-05 0.7540 0.2813 0.0004 0.4080 0.6114 0.2975 0.0631 0.3117 0.1118 0.1997 0.3458

Abel 3.2E-09 1.1E-07 0.0011 0.0250 0.0438 0.2256 0.2604 0.1435 0.1029 0.7955 0.4699 0.7452 0.8393 0.3996 0.3458

Figure 2. p values of qpWave for Each Pair of Populations

Values greater than 0.05 are shaded in light green, and values lower than 0.001 are shaded in light red. The rectangle shows all Levant populations excluding

Sidon, the outliers from Megiddo and Ashkelon IA1. Computations were based on the o9a outgroup set (o9 + Anatolia_N).
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HighDegree of Genetic Affinities betweenMultiple Sites
We divided the 26 high-coverage individuals from Tel Megiddo

into the following groups, on the basis of geographic location,

archaeological period, and genetic clustering in PCA (Table

S1): Intermediate Bronze Age (Megiddo_IBA, a single individual),

Middle-to-Late Bronze Age (Megiddo_MLBA, 22 individuals),

Iron Age (Megiddo_IA, a single individual), as well as the two out-

liers, Megiddo_I2200 and Megiddo_I10100, which were each

treated as a separate group. We compared these groups and

the other populations in our dataset to previously published

data from other sites in the broader region and from earlier pe-

riods, including the Early Bronze Age Caucasus (Armenia_EBA),

the Middle-to-Late Bronze Age Caucasus (Armenia_MLBA), the

Chalcolithic Zagros Mountains (Iran_ChL), the Chalcolithic Cau-

casus (Armenia_ChL), the Neolithic of the Southern Levant (Le-

vant_N), the Neolithic of the Zagros Mountains (Iran_N), and

the Neolithic of Anatolia (Anatolia_N) (Lazaridis et al., 2016).

To test for variation in ancestry proportions among the Levant

Bronze and Iron Age groups, we used qpWave. qpWave tests

whether each possible pair of groups (Testi, Testj) is consistent

with descending from a common ancestral population—that is,

consistent with being a clade—since separation from the ances-

tors of a set of outgroup populations. qpWave works by

computing symmetry test statistics of the form f4(Testi, Testj;

Outgroupk, Outgroupl), which have an expected value of zero

if (Testi, Testj) form a clade with respect to the outgroups.

qpWave then generates a single p value corrected for the empir-

ically measured correlation among the statistics (Reich et al.,

2012). Using a distantly related set of outgroups, we found

that with the exception of the outliers from Megiddo, Ashkelon

IA1, and Sidon, all Bronze and Iron Age Levant groups are
consistent with being pairwise clades with respect to the out-

groups (Figure 2).

We discuss each of qpWave’s findings of significant popula-

tion substructure in turn. The Megiddo outliers not only fail to

form a clade with the other populations, but also with each other.

Ashkelon IA1 has previously been reported to harbor European

ancestry, and so our finding that it is genetically differentiated

from contemporary groups is unsurprising (Feldman et al.,

2019). The significant differentiation of the Sidon individuals in

qpWave—despite the fact that they roughly cluster with the other

Southern Levant Bronze Age groups in PCA and ADMIXTURE—

is notable, especially because we find that they are consistent

with forming a clade with the two groups from coastal Ashkelon

that do not have European-related admixture (the Bronze Age

and later Iron Age groups ASH_LBA and ASH_IA2). Specula-

tively, this observation could be related to the fact that both Si-

don and Ashkelon were port towns with connections to other

Mediterranean coastal groups outside the Southern Levant,

which could have introduced ancestry components that are ab-

sent from inland Levantine Bronze Age groups, although it is diffi-

cult to test this hypothesis in the absence of high resolution

ancient DNA sampling from the eastern Mediterranean rim.

The genetic distinctiveness of the Sidon individuals is also

compatible with previous findings that Chalcolithic Levantine in-

dividuals from Peqi’in Cave are consistent with contributing

some ancestry to the Sidon individuals, but not to the ‘Ain Ghazal

ones (Harney et al., 2018). We considered the possibility that

the significantly different genetic patterns we detect in the

Sidon individuals could reflect their different experimental treat-

ment compared with that of the other individuals in this study

(shotgun sequencing of non-UDG-treated libraries compared
Cell 181, 1146–1157, May 28, 2020 1149



B Levant 
N

Megiddo 
I10100

Megiddo 
I2200

ASH
IA1 Sidon Baqah

Megiddo 
IBA Hazor

Ain 
Ghazal

Megiddo 
IA

Megiddo 
MLBA Shadud Yehud

ASH 
LBA

ASH
IA2 Abel

Levant N 6.7E-40 1.1E-55 8.5E-27 6.9E-
108

9.4E-
106 6.1E-11 1.2E-49 4.8E-43 1.2E-22 2.4E-80 4.1E-29 1.4E-07 9.6E-31 1.4E-37 1.7E-27

Megiddo 
I10100 6.7E-40 4.3E-02 2.1E-11 1.5E-06 1.7E-07 1.5E-13 2.5E-05 4.6E-10 1.3E-06 1.9E-11 2.6E-04 1.2E-05 0.0004 2.1E-05 8.6E-07

Megiddo 
I2200 1.1E-55 4.3E-02 1.8E-06 3.3E-05 2.1E-05 6.7E-13 8.2E-04 1.1E-09 2.4E-02 1.3E-08 5.8E-05 7.0E-06 0.0012 0.0023 2.6E-03

ASH IA1 8.5E-27 2.1E-11 1.8E-06 2.7E-14 2.5E-08 0.0002 1.6E-05 8.0E-06 0.0281 8.2E-08 0.0054 0.1036 3.9E-05 2.3E-05 0.0067

Sidon 6.9E-
108 1.5E-06 3.3E-05 2.7E-14 1.9E-11 2.4E-09 1.3E-04 6.2E-11 1.2E-03 1.8E-15 2.4E-03 1.4E-09 0.1060 0.1334 1.0E-01

Baqah 9.4E-
106 1.7E-07 2.1E-05 2.5E-08 1.9E-11 2.6E-07 4.6E-01 4.3E-05 5.0E-02 2.3E-04 1.7E-01 1.9E-03 0.2744 0.2781 1.3E-01

Megiddo IBA 6.1E-11 1.5E-13 6.7E-13 0.0002 2.4E-09 2.6E-07 8.9E-06 2.3E-03 4.0E-02 7.4E-04 2.2E-02 7.9E-01 0.0495 2.0E-05 4.8E-02

Hazor 1.2E-49 2.5E-05 8.2E-04 1.6E-05 1.3E-04 4.6E-01 8.9E-06 9.4E-02 4.6E-01 2.3E-01 1.1E-01 4.5E-02 0.2173 0.7576 5.0E-02

Ain Ghazal 4.8E-43 4.6E-10 1.1E-09 8.0E-06 6.2E-11 4.3E-05 2.3E-03 9.4E-02 4.2E-01 2.1E-01 4.5E-01 2.4E-01 0.0115 0.1055 1.1E-01

Megiddo IA 1.2E-22 1.3E-06 2.4E-02 0.0281 1.2E-03 5.0E-02 4.0E-02 4.6E-01 4.2E-01 2.3E-01 2.0E-03 1.5E-01 0.2394 0.6397 1.5E-01
Megiddo 
MLBA 2.4E-80 1.9E-11 1.3E-08 8.2E-08 1.8E-15 2.3E-04 7.4E-04 2.3E-01 2.1E-01 2.3E-01 6.7E-01 9.8E-02 0.0440 0.0418 1.3E-01

Shadud 4.1E-29 2.6E-04 5.8E-05 0.0054 2.4E-03 1.7E-01 2.2E-02 1.1E-01 4.5E-01 2.0E-03 6.7E-01 4.3E-01 0.1817 0.0943 5.0E-01

Yehud 1.4E-07 1.2E-05 7.0E-06 0.1036 1.4E-09 1.9E-03 7.9E-01 4.5E-02 2.4E-01 1.5E-01 9.8E-02 4.3E-01 0.0375 0.0849 7.6E-01

ASH LBA 9.6E-31 0.0004 0.0012 3.9E-05 0.1060 0.2744 0.0495 0.2173 0.0115 0.2394 0.0440 0.1817 0.0375 0.1296 0.4610

ASH IA2 1.4E-37 2.1E-05 0.0023 2.3E-05 0.1334 0.2781 2.0E-05 0.7576 0.1055 0.6370 0.0418 0.0943 0.0849 0.1296 0.1013

Abel 1.7E-27 8.6E-07 2.6E-03 0.0067 1.0E-01 1.3E-01 4.8E-02 5.0E-02 1.1E-01 1.5E-01 1.3E-01 5.0E-01 7.6E-01 0.4610 0.1013

Figure 3. p values of qpWave for Each Pair of Populations

Values greater than 0.05 are shaded in light green, and values lower than 0.001 are shaded in light red. The rectangle shows all Levant populations excluding

Sidon, the outliers from Megiddo and Ashkelon IA1. Computations were based on the extended outgroup set (o9 + Anatolia_N + Armenia_MLBA + Caucasus

Hunter Gatherers [CHG] + Natufians).
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with enrichment of UDG-treated libraries). To test this, we

repeated the analyses by using only transversion SNPs, which

are less prone to characteristic ancient DNA errors, but found

no indication of systematic bias (Wang et al., 2015). However,

we did find evidence of substructure within the Sidon individuals,

and some but not all were consistent with forming a clade with

inland Southern Levant populations, a finding that could reflect

substantial cosmopolitan nature of this coastal site (Methods

S1C, see Discussion).

To reveal subtler population structure, we repeated the

qpWave analysis adding outgroups that are genetically closer

to the test groups, such as Armenia_MLBA and Natufian (Fig-

ure 3). With this more powerful set of outgroups, Baq‛ah and

Megiddo_IBA also provide evidence of not being pairwise clades

with the remaining groups. Thus, beyond the broad observation

of genetic affinities between sites, we also observe subtle

ancestry heterogeneity across the region during the Bronze

Age (see Discussion).

Gene Flow into the Southern Levant During the
Bronze Age
Two previous studies of Bronze Age individuals from ‘Ain Ghazal

and Sidonmodeled them as derived from amixture of earlier local

groups (Levant_N)andgroups related topeoplesof theChalcolithic

Zagros mountains (Iran_ChL) (Haber et al., 2017; Lazaridis et al.,

2016). These groups were estimated to harbor around 56% ±

3% and 48% ± 4% Neolithic Levant-related ancestry for ‘Ain

Ghazal (Lazaridis et al., 2016) and Sidon (Haber et al., 2017),

respectively. We used qpAdm to estimate that Bronze and Iron
1150 Cell 181, 1146–1157, May 28, 2020
Age Ashkelon (ASH_LBA and ASH_IA2) carry 54% ± 5% and

42% ± 5% Neolithic Levant-related ancestry, respectively. Next,

we used qpAdm to test the same model for the data reported

here and found that most Middle-to-Late Bronze Age groups fit

the model, with point estimates of 48%–57% Levant_N ancestry.

These ancestry proportions are statistically indistinguishable

(Bonferroni-corrected z test), which corroborates the fact that

they are consistent with forming pairwise clades in qpWave

(TableS2;MethodsS1D). Theonlygroup that failed to fit thismodel

wasBaq‛ah (p=0.0003), evenwhenusingawide rangeofoutgroup

populations (TableS2). Thismight be a result of ancestry heteroge-

neity across the Baq‛ah individuals (see below).

To obtain insight into the Zagros-related ancestry component,

we focused on two questions: what is the likely origin of this

ancestry component and what is its likely timing? Although peo-

ple of theChalcolithic Zagros are so far the best proxy population

for this ancestry component, there is no archaeological evidence

for cultural spread directly from the Zagros into the Southern

Levant during the Bronze Age. In contrast, there is archaeolog-

ical support for connections between Bronze Age Southern

Levant groups and the Caucasus (Greenberg and Goren,

2009), a term we use to represent both present-day Caucasus,

as well as neighboring regions such as eastern Anatolia (see Dis-

cussion). With regard to the timing of these events, archaeology

points to cultural affinities between the Kura-Araxes (Caucasus)

and Khirbet Kerak (Southern Levant) archaeological cultures in

the first half of the 3rd millennium BCE (Greenberg and Goren,

2009), and textual evidence documents a number of non-

Semitic, Hurrian (from the northeast of the ancient Near East)
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Figure 4. Temporal Changes in the Genetic Makeup of Individuals in the Bronze and Iron Age Levant

Fraction of Chalcolithic-Iran-related component in each individual as computed by qpAdm, modeling each individual as a mixture of Neolithic Levant and

Chalcolithic Iran and using the o9a outgroup set (o9 + Anatolia_N). Vertical error bars denote one standard error in each direction. Horizontal error bars denote

estimated time ranges. Dashed line describes the linear regression. Only individuals whose time range does not exceed 250 years are plotted and used in the

regression. Note that the two well-dated Ash_LBA individuals happen to harbor the highest Iran_ChL component.

See also Figures S2 and S3 and Tables S2 and S3.
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personal names in the 2nd millennium BCE, for example in the

Amarna archive of the 14th century BCE (Na’aman, 1994b). We

therefore reasoned that the Chalcolithic Zagros component

might have arrived into the Southern Levant through the Cauca-

sus (and even more proximately the northeastern areas of the

ancient Near East, although we have no ancient DNA sampling

from this region). This movement might not have been limited

to a short pulse, and instead could have involved multiple waves

throughout the Bronze Age.

To test whether the origin of the gene flow was from the Cau-

casus, rather than directly from the Zagros region, we ran

qpAdm, replacing Iran_ChL with Early Bronze Age Caucasus

(Armenia_EBA). We found that the Caucasus model received

similar support to that of the Zagros model (Table S2; Methods

S1E). Next, we modeled Armenia_EBA as a mixture of an earlier

Caucasus population (Chalcolithic Armenia, Armenia_ChL) and

Iran_ChL and found that indeed Armenia_EBA is compatible

with this model (Table S2). Altogether, we conclude that our

data are also compatible with a model in which Zagros-related

ancestry in the Southern Levant arrived through the Caucasus,

either directly or via intermediates.

To study the timing of the admixture of Zagros-related

ancestry in the Southern Levant, we leveraged the large time

span of individuals in our dataset, extending across roughly

1,500 years, from the Intermediate Bronze Age to the Early

Iron Age. Using qpAdm-based ancestry estimates for each of

the individuals, we found that almost all are compatible with
being an admixture of groups related to the Neolithic Levant

and Chalcolithic Zagros. One exception to this is an individual

in Megiddo_MLBA that is weakly compatible with the model.

Another exception is three individuals in the Baq’ah (Table

S2), which suggests that the difficulty in modeling individuals

from this site as a mixture of Neolithic Levant and Chalcolithic

Zagros might reflect ancestry heterogeneity (Figure 3). These

results do not change qualitatively when we used a larger set

of outgroup populations (Table S2). We observed that the old-

est individuals in our collection, from the Intermediate Bronze

Age, already carried significant Zagros-related ancestry, sug-

gesting that gene flow into the region started before ca. 2400

BCE. This is consistent with the hypothesis that people of

Kura-Araxes archaeological complex of the 3rd millennium

BCE might have affected the Southern Levant not only cultur-

ally, but also through some degree of movement of people.

Our data also imply an increase in the proportion of Zagros-

related ancestry after the Intermediate Bronze Age, as reflected

in a significantly positive slope in a linear regression of the

Chalcolithic-Zagros-related ancestry over the calendar year

(b= 1:4$104 ± 0:4$104, Jackknife), amounting to an increase of

�14% per thousand years (Figures 4 and S2A). However, we

caution that the number of individuals and their time span are

insufficient to determine whether the increase in the Zagros-

related ancestry happened continuously during the Middle

and Late Bronze Ages, or whether there were multiple distinct

migration events.
Cell 181, 1146–1157, May 28, 2020 1151
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The two outliers fromMegiddo (three including the sibling pair)

provide additional evidence for the timing and origin of gene flow

into the region. The three were found in close proximity to each

other at Level K-10, which is radiocarbon dated to 1581–1545

BCE (domestic occupation) and 1578–1421 BCE (burials; both

± 1 s) (Martin et al., 2020; Toffolo et al., 2014), whereas the

bone of one of the three (I10100) was directly dated (1688–

1535 BCE, ± 2S). The reason these individuals are distinct

from the rest is that their Caucasus- or Zagros-related genetic

component is much higher, reflecting ongoing gene flow into

the region from the northeast (Table S2; Figure S2B). The

Neolithic Levant component is 22%–27% in I2200, and 9%–

26% in I10100. These individuals are unlikely to be first genera-

tion migrants, as strontium isotope analysis on the two outlier

siblings (I2189 and I2200) (Methods S1A) suggests that they

were raised locally. This implies that the Megiddo outliers might

be descendants of people who arrived in recent generations.

Direct support for this hypothesis comes from the fact that in

sensitive qpAdmmodeling (including closely related sets of out-

groups), the only working northeast source population for these

two individuals is the contemporaneous Armenia_MLBA,

whereas the earlier Iran_ChL and Armenia_EBA do not fit (Table

S2). The addition of Iran_ChL to the set of outgroups does not

change this result or causemodel failure. Finally, no other Levan-

tine group shows a similar admixture pattern (Table S2). This

shows that some level of gene flow into the Levant took place

during the later phases of the Bronze Age and suggests that

the source of this gene flow was the Caucasus.

Altogether, our analyses show that gene flow into the Levant

from people related to those in the Caucasus or Zagros was

already occurring by the Intermediate Bronze Age, and that it

lingered, episodically or continuously, at least in inland sites, dur-

ing the Middle-to-Late Bronze Age.

Further Change in Levantine Populations Since the
Bronze Age
To develop a sense of population changes in the Levant since the

Bronze Age, we attempted to model groups that have a tradition

of descent from ancient people in the region (Jews) as well as Le-

vantine Arabic-speakers as mixtures of various ancient source

populations. qpAdm assumes no admixture between groups

related to the outgroups and the source populations, but almost

all present-day Levantine and Mediterranean populations have

significant sub-Saharan-African-related admixture that the

ancient groups did not. This eliminates many key outgroups for

qpAdm and reduces the utility of the method in this context. In

particular, wewere not able to apply qpAdm to get a single work-

ing model for the majority of present-day West Eurasian popula-

tions. As an alternative, we developed a methodology we call LI-

NADMIX, which relies on the output of ADMIXTURE (Alexander

et al., 2009) and uses constrained least-squares to estimate

the contribution of given source populations to a target popula-

tion (see STAR Methods). As a complementary approach, we

developed a tool we call pseudo-haplotype ChromoPainter

(PHCP), which is an adaptation of the haplotype-based method

ChromoPainter (Lawson et al., 2012) to ancient genomes (see

STAR Methods; Methods S1F). We first established that these

methods providemeaningful estimates of ancestry in the context
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of this study by using them to re-compute the ancestry propor-

tions that we were able to model with qpAdm. Both LINADMIX

and PHCP (Table S3; Figure S3; Methods S1F) produce qualita-

tively similar estimates as qpAdm (Table S2). To further establish

the methods, we performed simulations that were designed to

test the methods’ abilities to infer ancestry proportions in pre-

sent-day populations in a setup similar to the current study

(Methods S1H). For this, we generated present-day populations

as a mixture of two closely related ancient populations with and

without a third, more distant, population. Both methods esti-

mated the ancestry proportion of the distant source population

with errors of up to 4% and the proportions of the closely related

source populations with errors of up to 10%. Thus, although

ADMIXTURE, the basis of LINADMIX, is known to have certain

pitfalls as a tool for quantifying ancestry proportions (Lawson

et al., 2018), in the case of individuals with ancestry sources

similar to those we have analyzed here, our results suggest

that both LINADMIX and PHCP are highly informative.

For the LINADMIX analysis of present-day populations, we

used a background dataset of 1,663 present-day and ancient in-

dividuals from 239 populations genotyped by using SNP arrays

and focused our analysis on 14 Jewish and Levantine present-

day populations, along with modern English, Tuscan, and

Moroccan populations that were used as controls. We used

LINADMIX to model each of the 17 present-day populations as

an admixture of four sources: (1) Megiddo_MLBA (the largest

group) as a representative of the Middle-to-Late Bronze Age

component; (2) Iran_ChL as a representative of the Zagros and

the Caucasus; (3) Present-day Somalis as representatives of

an Eastern African source (in the absence of genetic data on

ancient populations from the region); and (4) Europe_LNBA as

a representative of ancient Europeans from the Late Neolithic

and Bronze Age (Methods S1I; Table S4; Figure S4). We also

applied PHCP to these 17 present-day populations (Methods

S1G; Table S4; Figure S4). Comparison of PHCP and LINADMIX

shows that they agree well with respect to the Somali and Eu-

rope_LNBA component, and therefore also for the combined

contribution of Iran_ChL and Megiddo_MLBA (Methods S1G;

Figure S4). However, they deviate regarding the respective con-

tributions of Iran_ChL and Megiddo_MLBA (Figure S4), likely

because of the fact that the Megiddo_MLBA and Iran_ChL are

already very similar populations (Table S3). To only consider

results that are robust and shared by LINADMIX and PHCP,

we have combined Megiddo_MLBA and Iran_ChL to a single

source population representing the Middle East for our main re-

sults (Figure 5). We further verified these conclusions, as well as

the robustness of the estimations, by using a different represen-

tative for the Bronze Age Levantine groups as a source (Tables

S4 and S5; Methods S1J) and using perturbations to the

ADMIXTURE parameters (Table S4; Methods S1K). Combined,

these results suggest that modern populations related to the

Levant are consistent with having a substantial ancestry compo-

nent from the Bronze Age Southern Levant and the Chalcolithic

Zagros. Nonetheless, other potential ancestry sources are

possible, and more ancient samples might enable a refined pic-

ture (Table S4).

The results show that since the Bronze Age, an additional

East-African-related component was added to the region (on



Figure 5. Estimated Fractions Contributed by Different Ancient Populations to Present-Day Groups

Seventeen present-day populations were modeled as an admixture of groups related to four source populations. The upper graphic shows the norm of residuals

of the models, and the lower graphic shows the relative contribution of each of the source populations to the present-day target population listed on the x axis.

(A) LINADMIX.

(B) PHCP.

See also Figure S4 and Tables S4 and S5.
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average �10.6%, excluding Ethiopian Jews who harbor �80%

East African component), as well as a European-related compo-

nent (on average �8.7%, excluding Ashkenazi Jews who harbor

a �41% European-related component). The East-African-

related component is highest in Ethiopian Jews and North Afri-

cans (Moroccans and Egyptians). It exists in all Arabic-speaking

populations (apart from the Druze). The European-related

component is highest in the European control populations (En-

glish and Tuscan), as well as in Ashkenazi and Moroccan

Jews, both having a history in Europe (Atzmon et al., 2010; Carmi

et al., 2014; Schroeter, 2008). This component is present,

although in smaller amount, in all other populations except for

Bedouin B and Ethiopian Jews. As expected, the English and

Tuscan populations have a very low Middle-Eastern-related

component. Whereas LINADMIX and PHCP have high uncer-

tainty in estimating the relative contributions of Megiddo_MLBA

and Iran_ChL, the results and simulations nevertheless suggest

that additional Zagros-related ancestry has penetrated the re-

gion since the Bronze Age (Methods S1I). Except for the popula-

tions with the highest Zagros-related component, PHCP esti-

mates lower magnitudes of this component (Figure S4A), and

therefore detection by PHCP of a Zagros-related ancestry is

likely an indication for the presence of this component. Indeed,

examining the results of LINADMIX and PHCP on all four source

populations (Figure S4), we observe a relatively large Zagros-

related component in many Arabic-speaking groups, suggesting

that gene flow from populations related to those of the Zagros
and Caucasus (although not necessarily from these specific re-

gions) continued even after the Iron Age (Methods S1I).

Altogether, the patterns of the present-day populations reflect

demographic processes that occurred after the Bronze Age and

are plausibly related to processes known from the historical liter-

ature (Methods S1I). These include an Eastern-African-related

component that is present in Arabic-speaking groups but is

lower in non-Ethiopian Jewish groups, as well as Zagros-related

contribution to Levantine populations, which is highest in the

northernmost population examined, suggesting a contribution

of populations related to the Zagros even after the Bronze and

Iron Ages.

DISCUSSION

Our results provide a comprehensive genetic picture of the pri-

mary inhabitants of the Southern Levant during the 2nd millen-

nium BCE, known in the historical record and based on shared

material culture as ‘‘Canaanites.’’ We carried out a detailed anal-

ysis aimed at answering three basic questions: how genetically

homogeneous were these people, what were their plausible ori-

gins with respect to earlier peoples, and how much change in

ancestry has there been in the region since the Bronze Age?

Earlier genetic analyses modeled the genomes of Middle-to-

Late Bronze Age people of the Southern Levant as having almost

equal shares of earlier local populations (Levant_N) and popula-

tions that are related to the Chalcolithic Zagros (Feldman et al.,
Cell 181, 1146–1157, May 28, 2020 1153
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2019; Haber et al., 2017; Lazaridis et al., 2016), suggesting a

movement from the northeast into the Southern Levant. Here,

we provide more details on this process, taking into account ev-

idence fromboth archaeology and our temporally and geograph-

ically diverse genetic data. Because there is little archaeological

evidence of a direct cultural connection between the Southern

Levant and the Zagros region in this period, the Caucasus is a

more likely source for this ancestry. We used our data to

compare these two scenarios and concluded that the genetic

data are compatible with both.

The Megiddo outliers, which we inferred to be relative new-

comers to the region, are particularly important in demonstrating

that the gene flow continued throughout the Bronze Age and that

at least some of the gene flow likely came from the Caucasus

rather than the Zagros. These two individuals have the highest

proportions of Zagros- or Caucasian-related ancestry in our da-

taset. Analysis of these outliers gave significantly stronger evi-

dence of a Caucasus source compared with a Zagros one,

although this conclusion might be revised once ancient DNA

data from the Middle-to-Late Bronze Age in the Zagros region

become available. The two Megiddo individuals with the next

lowest Neolithic Levant component (I10769 and I10770,

brothers) were found near the monumental tomb that was likely

related to the palace at Megiddo, raising the possibility that they

might be associated with the ruling caste. Indeed, a ruler of Taa-

nach (a town located immediately to the south of Megiddo)

mentioned in a 15th century BCE cuneiform tablet found at the

site and the rulers of Megiddo and Taanach mentioned in the

14th century BCE Amarna letters (found in Egypt) carry Hurrian

names (a language spoken in the northeast of the ancient Near

East, possibly including the Caucasus) (Na’aman, 1994b). This

provides some evidence—albeit so far only suggestive—that at

least some of the ruling groups in these (and other) cities might

have originated from the northeast of the ancient Near East.

The Caucasus is represented in this study by ancient groups

from the present-day country of Armenia, but the region known

to have had cultural ties with the Southern Levant is much

broader. Evidence of cultural effects on the Southern Levant is

mainly focused on the Kura-Araxes culture during the Early

Bronze Age (archaeology) and on the Hurrians during the Mid-

dle-to-Late Bronze Age (linguistic testimony). These two com-

plexes were spread over the Caucasus, Eastern Anatolia, and

neighboring regions. The Armenian sites we analyzed are the

best representatives to date of these cultures. The Early Bronze

Age individuals fromArmenia (Armenia_EBA) come from an Early

Bronze Age Kura-Araxes burial ground, and the later Middle-to-

Late Bronze Age individuals (Armenia_MLBA) come from the

Aragatsotn Province in northwestern Armenia. It is important to

note that the Neolithic and Chalcolithic Anatolian individuals

analyzed in this study come from the northwestern part of Ana-

tolia, which is not part of the Caucasus. The Chalcolithic Zagros

individuals come from the Kangavar Valley in Iran, which is

located on the border of the Kura-Araxes influence.

The term ‘‘Canaanites’’ is loosely defined, referring to a collec-

tion of groups (which in the Bronze Age were organized in a city-

state system) and thus in principle could lack genetic coherence.

The individuals examined here cover a wide geographic span—

coming from nine sites in present-day Lebanon, Israel, and Jor-
1154 Cell 181, 1146–1157, May 28, 2020
dan. Our analyses revealed that, with the exception of Sidon (and

to a smaller extent the individuals of the Baq‛ah), they are homo-

geneous in the sense of being closer to each other than to other

contemporary and neighboring populations. This suggests that

the archaeological and historical category of ‘‘Canaanites’’ cor-

relates with shared ancestry (Eisenmann et al., 2018). This re-

sembles the pattern observed in the Aegean basin during the

2nd millennium BCE, where the cultural categories of ‘‘Minoan’’

and ‘‘Mycenaean’’ show evidence of genetic homogeneity

acrossmultiple sites albeit with potentially subtle ancestry differ-

ences within these groupings (Lazaridis et al., 2017). Another

example is the ‘‘Yamnaya’’ pastoralists of late 3rd and early 2nd

millennium BCE in the western Eurasian Steppe (Allentoft et al.,

2015; Haak et al., 2015). This contrasts with the pattern seen in

other places, such as for the Bell Beaker cultural complex of

the 2nd millennium BCE (Olalde et al., 2018), where people

sharing similar cultural practices had widely varying ancestry.

In any case, the detection of such associations—as we do

here—cannot by itself prove that group identities in the past

were related to genetics.

From the groupswe have examined, the only one that is some-

what diverged from the rest is Sidon. We provide evidence

against the possibility that this observation is a batch effect

(Methods S1C). Rather, we suggest that the relative remoteness

of Sidon stems from the fact that this population is genetically

heterogeneous and has different individuals showing resem-

blance to different Southern Levantine groups (Methods S1C).

During the 2nd millennium BCE, Sidon was a major port city

and was connected in trading relations with the eastern Mediter-

ranean basin, which could have led to a significant genetic

inflow, making its population more heterogeneous than that of

inland cities. This might also be the reason that the site that

most resembles Sidon is Ashkelon, which is another coastal

site. The only inland population that resembles Sidon is Abel

Beth Maacah, perhaps because of its geographic proximity (Fig-

ures 1A and 2). Apart from Sidon, Baq‛ah also shows someminor

deviations from the rest when taking a richer set of outgroup

populations (Figure 3). The Baq‛ah is located on the fringe of

the Syrian desert, therefore this population might be admixed

withmore eastern groups, which are not yet genetically sampled.

This might be reflected by the fact that the individuals of the

Baq‛ah also show some degree of variability in their ancestry pat-

terns (Table S2).

Although this study focuses on the Bronze Age, it also reports

two new samples from the Iron Age—one from Megiddo and the

other from Abel Beth Maacah. These two individuals show

ancestry patterns that are very similar to those observed in the

Middle and Late Bronze Age individuals (Figure 4), suggesting

that the destruction at the end of the Bronze Age in the region

did not necessarily lead to genetic discontinuity in each and

every site. Notably, both Abel Beth Maacah and Megiddo are

inland cities, and their genetic continuity throughout the transi-

tion from the Bronze Age to the Iron Age might not be represen-

tative of other sites in the region. For example, one of the two Iron

Age populations in the Philistine coastal city of Ashkelon

(ASH_IA1) showed evidence of mobility of populations related

to southern Europe around the Bronze Age to Iron Age transition

(Feldman et al., 2019).
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Estimating the ancestry proportions in present-day Middle

Eastern populations with substantial sub-Saharan African

admixture (as well as multiple sources of admixture from

different parts of the Mediterranean), is difficult. We addressed

the problem by developing two statistical techniques and then

testing the robustness of our inference on the basis of a compar-

ison between these methods, simulations, and perturbations of

the input (see STARMethods;Methods S1F–S1K).We examined

14 present-day populations that are historically or geographi-

cally linked to the Southern Levant and tested the contributions

of East Africa, Europe, and the Middle East (combining Southern

Levant Bronze Age populations and Zagros-related Chalcolithic

ones) to their ancestry. We found that both Arabic-speaking and

Jewish populations are compatible with having more than 50%

Middle-Eastern-related ancestry. This does not mean that any

these present-day groups bear direct ancestry from people

who lived in the Middle-to-Late Bronze Age Levant or in Chalco-

lithic Zagros; rather, it indicates that they have ancestries from

populations whose ancient proxy can be related to the Middle

East. The Zagros- or Caucasian-related ancestry flow into the re-

gion apparently continued after the Bronze Age. We also see an

Eastern-African-related ancestry entering the region after the

Bronze Age with an approximate south-to-north gradient. In

addition, we observe a European-related ancestry with the

opposite gradient (north-to-south). Given the difficulties in sepa-

rating the ancestry components arriving from the Southern

Levant and the Zagros, an important direction for future work

will be to reconstruct in high resolution the ancestry trajectories

of each present-day group, and to understand how people from

the Southern Levant Bronze Age mixed with other people in later

periods in the context of processes known from the rich archae-

ological and historical records of the last three millennia.
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Allentoft, M.E., Sikora, M., Sjögren, K.-G., Rasmussen, S., Rasmussen, M.,

Stenderup, J., Damgaard, P.B., Schroeder, H., Ahlström, T., Vinner, L., et al.

(2015). Population genomics of Bronze Age Eurasia. Nature 522, 167–172.

Atzmon, G., Hao, L., Pe’er, I., Velez, C., Pearlman, A., Palamara, P.F., Morrow,

B., Friedman, E., Oddoux, C., Burns, E., and Ostrer, H. (2010). Abraham’s chil-

dren in the genome era: major Jewish diaspora populations comprise distinct

genetic clusters with shared Middle Eastern Ancestry. Am. J. Hum. Genet. 86,

850–859.

Behar, D.M., van Oven, M., Rosset, S., Metspalu, M., Loogväli, E.-L., Silva,

N.M., Kivisild, T., Torroni, A., and Villems, R. (2012). A ‘‘Copernican’’ reassess-

ment of the human mitochondrial DNA tree from its root. Am. J. Hum. Genet.

90, 675–684.

Beherec, M.A., Levy, T.E., Tirosh, O., Najjar, M., Knabb, K.A., and Erel, Y.

(2016). Iron Age Nomads and their relation to copper smelting in Faynan (Jor-

dan): Trace metal and Pb and Sr isotopic measurements from the Wadi Fidan

40 cemetery. J. Archaeol. Sci. 65, 70–83.

Bentley, R.A. (2006). Strontium Isotopes from the Earth to the Archaeological

Skeleton: A Review. J. Archaeol. Method Theory 13, 135–187.

Bienkowski, P. (1999). Jonathan N. Tubb. Canaanites (Peoples of the Past).

160 pages, 18 colour, 106 black-and-white illustrations. 1998. London: British

Museum Press; 0-7141-2089-8 hardback £20. Antiquity 73, 708–709.
Cell 181, 1146–1157, May 28, 2020 1155

https://doi.org/10.1016/j.cell.2020.04.024
https://doi.org/10.1016/j.cell.2020.04.024
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref1
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref1
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref2
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref2
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref2
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref3
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref3
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref3
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref3
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref3
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref4
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref5
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref5
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref5
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref5
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref6
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref6
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref7
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref7
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref7
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref7


ll
Article
Carmi, S., Hui, K.Y., Kochav, E., Liu, X., Xue, J., Grady, F., Guha, S., Upadhyay,

K., Ben-Avraham, D., Mukherjee, S., et al. (2014). Sequencing an Ashkenazi

reference panel supports population-targeted personal genomics and illumi-

nates Jewish and European origins. Nat. Commun. 5, 4835.

Cline, E.H. (2014). 1177 B.C.: the Year Civilization Collapsed (Princeton:

Princeton University Press).
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(2014). Genome flux and stasis in a five millennium transect of European pre-

history. Nat. Commun. 5, 5257.

Goren, Y., Finkelstein, I., Naʼaman, N., and Artzy, M. (2004). Makhon le-ar-

kheʼologyah ʻa. sh. Sonyah u-Marḳo Nadler. Inscribed in clay : provenance

study of the Amarna tablets and other ancient Near Eastern texts (Emery

and Claire Yass Publications in Archaeology).

Greenberg, R., and Goren, Y. (2009). Transcaucasian Migrants and the Khirbet

Kerak Culture in the Third Millennium BCE (Tel-Aviv).

Haak, W., Lazaridis, I., Patterson, N., Rohland, N., Mallick, S., Llamas, B.,

Brandt, G., Nordenfelt, S., Harney, E., Stewardson, K., et al. (2015). Massive

migration from the steppe was a source for Indo-European languages in Eu-

rope. Nature 522, 207–211.

Haber, M., Doumet-Serhal, C., Scheib, C., Xue, Y., Danecek, P., Mezzavilla,

M., Youhanna, S., Martiniano, R., Prado-Martinez, J., Szpak, M., et al.

(2017). Continuity and Admixture in the Last Five Millennia of Levantine History

from Ancient Canaanite and Present-Day Lebanese Genome Sequences. Am.

J. Hum. Genet. 101, 274–282.
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land, N., Mallick, S., Szécsényi-Nagy, A., Mittnik, A., et al. (2018). The Beaker

phenomenon and the genomic transformation of northwest Europe. Nature

555, 190–196.

Olalde, I., Mallick, S., Patterson, N., Rohland, N., Villalba-Mouco, V., Silva, M.,

Dulias, K., Edwards, C.J., Gandini, F., Pala, M., et al. (2019). The genomic

http://refhub.elsevier.com/S0092-8674(20)30487-6/sref8
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref8
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref8
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref8
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref9
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref9
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref10
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref10
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref11
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref11
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref11
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref12
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref12
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref12
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref12
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref12
https://10.1016/j.gca-2006.08.019
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref13
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref13
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref14
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref14
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref14
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref15
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref15
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref15
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref15
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref16
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref16
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref16
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref17
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref17
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref17
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref17
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref17
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref18
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref18
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref18
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref18
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref19
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref19
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref20
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref20
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref20
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref20
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref21
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref21
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref21
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref21
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref21
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref22
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref22
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref22
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref22
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref23
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref23
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref23
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref24
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref24
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref24
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref24
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref25
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref25
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref25
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref26
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref26
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref26
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref26
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref27
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref27
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref28
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref28
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref28
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref28
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref29
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref29
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref30
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref30
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref31
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref31
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref31
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref31
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref32
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref32
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref32
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref33
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref33
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref33
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref34
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref34
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref35
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref35
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref35
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref35
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref35
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref36
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref36
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref36
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref37
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref37
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref38
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref38
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref38
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref39
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref39
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref39
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref39
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref40
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref40
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref40
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref41
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref41
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref42
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref42
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref42
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref43
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref43
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref44
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref44
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref45
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref45
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref45
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref45
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref46
http://refhub.elsevier.com/S0092-8674(20)30487-6/sref46


ll
Article
history of the Iberian Peninsula over the past 8000 years. Science 363,

1230–1234.

Patterson, C., Ericson, J., Manea-Krichten, M., and Shirahata, H. (1991). Nat-

ural skeletal levels of lead in Homo sapiens sapiens uncontaminated by tech-

nological lead. Sci. Total Environ. 107, 205–236.

Patterson, N., Price, A.L., and Reich, D. (2006). Population structure and eige-

nanalysis. PLoS Genet. 2, e190.

Patterson, N., Moorjani, P., Luo, Y., Mallick, S., Rohland, N., Zhan, Y., Gen-

schoreck, T., Webster, T., and Reich, D. (2012). Ancient admixture in human

history. Genetics 192, 1065–1093.

Perry, M.A. (2002). Life and Death in Nabataea: The North Ridge Tombs and

Nabataean Burial Practices. Near East. Archaeol. 65, 265.

Perry, M.A., Coleman, D., and Delhopital, N. (2008). Mobility and exile at 2nd

century A.D. khirbet edh-dharih: Strontium isotope analysis of human migra-

tion in western Jordan. Geoarchaeology 23, 528–549.

Perry, M.A., Coleman, D.S., Dettman, D.L., Grattan, J.P., and Halim al-Shiyab,

A. (2011). Condemned tometallum? The origin and role of 4th–6th century A.D.

Phaeno mining campresidents using multiple chemical techniques.

J. Archaeol. Sci. 38, 558–569.

Pinhasi, R., Fernandes, D., Sirak, K., Novak,M., Connell, S., Alpaslan-Rooden-

berg, S., Gerritsen, F., Moiseyev, V., Gromov, A., Raczky, P., et al. (2015).

Optimal ancient DNA yields from the inner ear part of the human petrous

bone. PLoS ONE 10, e0129102.

Pinhasi, R., Fernandes, D.M., Sirak, K., and Cheronet, O. (2019). Isolating the

human cochlea to generate bone powder for ancient DNA analysis. Nat. Pro-

toc. 14, 1194–1205.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A.R., Bender,

D., Maller, J., Sklar, P., de Bakker, P.I.W., Daly, M.J., and Sham, P.C.

(2007). PLINK: a tool set for whole-genome association and population-based

linkage analyses. Am. J. Hum. Genet. 81, 559–575.
Reich, D., Patterson, N., Campbell, D., Tandon, A., Mazieres, S., Ray, N.,

Parra, M.V., Rojas, W., Duque, C., Mesa, N., et al. (2012). Reconstructing

Native American population history. Nature 488, 370–374.

Rohland, N., Harney, E., Mallick, S., Nordenfelt, S., andReich, D. (2014). Partial

uracil-DNA-glycosylase treatment for screening of ancient DNA. Philos. Trans.

R. Soc. B Biol. Sci. 370, 20130624, 20130624.

Schroeter, D.J. (2008). The Shifting Boundaries of Moroccan Jewish Identities.

Jewish Social Studies, pp. 145–164, Conference on Jewish Relations.

Skoglund, P., Northoff, B.H., Shunkov, M.V., Derevianko, A.P., Pääbo, S.,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Raw and analyzed data from 73 newly reported

ancient humans (see Table S1 for details)

This paper ENA: PRJEB37057

Chemicals, Peptides, Recombinant Proteins

Pfu Turbo Cx Hotstart DNA Polymerase Agilent Technologies 600412

Herculase II Fusion DNA Polymerase Agilent Technologies 600679

2x HI-RPM hybridization buffer Agilent Technologies 5190-0403

0.5 M EDTA pH 8.0 BioExpress E177

Sera-Mag� Magnetic Speed-beads� Carboxylate-

Modified (1mm, 3EDAC/PA5)

GE LifeScience 65152105050250

USER enzyme New England Biolabs M5505

UGI New England Biolabs M0281

Bst DNA Polymerase2.0, large frag. New England Biolabs M0537

PE buffer concentrate QIAGEN 19065

Proteinase K Sigma Aldrich P6556

Guanidine hydrochloride Sigma Aldrich G3272

3M Sodium Acetate (pH 5.2) Sigma Aldrich S7899

Water Sigma Aldrich W4502

Tween-20 Sigma Aldrich P9416

Isopropanol Sigma Aldrich 650447

Ethanol Sigma Aldrich E7023

5M NaCl Sigma Aldrich S5150

1M NaOH Sigma Aldrich 71463

20% SDS Sigma Aldrich 5030

PEG-8000 Sigma Aldrich 89510

1 M Tris-HCl pH 8.0 Sigma Aldrich AM9856

dNTP Mix Thermo Fisher Scientific R1121

ATP Thermo Fisher Scientific R0441

10x Buffer Tango Thermo Fisher Scientific BY5

T4 Polynucleotide Kinase Thermo Fisher Scientific EK0032

T4 DNA Polymerase Thermo Fisher Scientific EP0062

T4 DNA Ligase Thermo Fisher Scientific EL0011

Maxima SYBR Green kit Thermo Fisher Scientific K0251

50x Denhardt’s solution Thermo Fisher Scientific 750018

SSC Buffer (20x) Thermo Fisher Scientific AM9770

GeneAmp 10x PCR Gold Buffer Thermo Fisher Scientific 4379874

Dynabeads MyOne Streptavidin T1 Thermo Fisher Scientific 65602

Salmon sperm DNA Thermo Fisher Scientific 15632-011

Human Cot-I DNA Thermo Fisher Scientific 15279011

DyNAmo HS SYBR Green qPCR Kit Thermo Fisher Scientific F410L

Methanol, certified ACS VWR EM-MX0485-3

Acetone, certified ACS VWR BDH1101-4LP

Dichloromethane, certified ACS VWR EMD-DX0835-3

Hydrochloric acid, 6N, 0.5N & 0.01N VWR EMD-HX0603-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

High Pure Extender from Viral Nucleic Acid

Large Volume Kit

Roche 5114403001

MinElute PCR Purification Kit QIAGEN 28006

NextSeq� 500/550 High Output Kit v2 (150 cycles) Illumina FC-404-2002

Hydrogen peroxide 30% Suprapur � Merck 107298

Hydrochloric acid, 1N Biolab-chemicals.com 084105

Nitric Acid 3.5N, 0.05N Biolab-chemicals.com 147005

Software and Algorithms

Samtools Li, 2011; Li et al., 2009 http://samtools.sourceforge.net/

BWA Li and Durbin, 2010 http://bio-bwa.sourceforge.net/

ADMIXTOOLS Patterson et al., 2012 https://github.com/DReichLab/AdmixTools

SeqPrep https://github.com/jstjohn/SeqPrep https://github.com/jstjohn/SeqPrep

smartpca Patterson et al., 2006 https://www.hsph.harvard.edu/

alkes-price/software/

ADMIXTURE Alexander et al., 2009 http://dalexander.github.io/admixture/download.html

PMDtools Skoglund et al., 2014 https://github.com/pontussk/PMDtools

Haplogrep2 Weissensteiner et al., 2016 http://haplogrep.uibk.ac.at/index.html

ContamMix Fu et al., 2013 https://github.com/DReichLab/

ADNA-Tools

ANGSD Korneliussen et al., 2014 https://github.com/ANGSD/angsd

mapDamage2.0 Jónsson et al., 2013 https://ginolhac.github.io/mapDamage/

PHCP This paper https://github.com/ShamamW/PHCP

LINADMIX This paper liran.carmel@huji.ac.il
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LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact
Further information and requests for materials should be directed to and will be fulfilled by the Lead Contact, Liran Carmel (liran.

carmel@huji.ac.il).

Materials Availability
All data generated in this study is available, see Key Resources Table.

Data and Code Availability
Genomic data first reported here is available at http://carmelab.huji.ac.il/data.html. Raw and analyzed data from the 73 newly re-

ported ancient samples were deposited at ENA: PRJEB37057. Codes used for LINADMIX are available upon request from Liran Car-

mel (liran.carmel@huji.ac.il). Code for PHCP is available from https://github.com/ShamamW/PHCP.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The 73 Bronze and Iron Age individuals newly reported in this work come from five archaeological sites in Israel and Jordan. Below,

we provide details on these sites, and the individuals they harbored and that we analyzed.

Tel Megiddo
Tel Megiddo has been excavated by four expeditions, starting in the early 20th century. The site was inhabited fromNeolithic times to

the Persian period. Remains of over 30 settlements have been uncovered. Megiddo is a key site for the study of the Bronze and Iron

Ages in the Levant and beyond. This is due to the combination of tight control over stratigraphy, ceramic typology, and radiocarbon

dating, and vast exposures of remains, including significantmonuments.Megiddowas the hub of a Canaanite city-state in the Bronze

and Iron I Ages and an administrative center of the biblical kingdom of Israel in the Iron II. It is mentioned in Egyptian and Assyrian
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texts (possibly also in one Hittite text) and in various associations in the Hebrew Bible. This is the location of Armageddon (a Greek

corruption of the Hebrew har-Megiddo = the mound of Megiddo) of the Book of Revelations in the New Testament.

The samples discussed here, 35 altogether (Table S1), cover a long period of time, from the Intermediate Bronze Age (ca. 2500–

2000 BCE) to the late Iron I (ca. 1000 BCE). With the exception of sample I4517 (late Iron I), all were retrieved from intramural burials

scattered over themound. Themajority of the samples date to theMiddle Bronze III-Late Bronze I (ca. 1650–1400BCE). TheMegiddo

samples come from four excavation fields:

Area J: the cult compound of Megiddo, in the eastern sector of the mound;

Area K: domestic buildings, burials, and fortifications in the southeastern sector of the mound;

Area H in the north: buildings (and burials) immediately to the west of the Middle Bronze III-Late Bronze palaces of Megiddo;

Area M: in the center of the mound, remains of a public Late Bronze building (palace?) and stone-built Late Middle Bronze/Early

Late Bronze tombs.

Samples originated from the following layers (the letter designates the area and the number represents the stratum):

Level J-8 dating to the Middle Bronze I in the early second millennium BCE.

Level J-11/12 dating to the Middle Bronze II.

Level K-12, Middle Bronze II, domestic architecture, burials under a house near the brick-built fortification wall.

Level K-11, Middle Bronze III, same type of context as Level K-12.

Level K-10, Middle Bronze III-Late Bronze I, same type of context as Level K-12. Habitation terminated at the end of the Middle

Bronze III, while burials continue in the Late Bronze I.

Level H-16, Middle Bronze III; the sample (I10771) comes from a monumental stone-built tomb, possibly associated with the

palace to its east.

Level H-15, Late Bronze I. The sampled burial, with two individuals (I10769 and I10770), was found above themonumental tomb of

Level H-16; those who dug it were probably aware of this association.

Level M-7, Late Bronze I; elaborate stone-built tombs nearby.

Level K-4, late Iron I, large courtyard house destroyed in big fire. The individual (I4517) seems to have perished during the devas-

tation of the city.

Two of the outliers, the brother and sister (I2189 and I2220), were buried next to each other, while the third outlier, I10100, was

buried in the same grave—a stone-lined cist—as the sister, but in an earlier deposit in that grave.

Tel Abel Beth Maacah
Tel Abel Beth Maacah (Tell Abil el-Qameh) is a large site located in northern Israel, commanding several roads leading to the Leb-

anese inland Beka҅, the Phoenician coast and Damascus. The town of Abel is mentioned in several Egyptian 2nd millennium BCE

sources and also three times in the bible, twice in relation to Aramean and Assyrian conquests in the 9th and 8th centuries BCE,

as well as in the story about a rebellion against King David in the 10th century BCE.

Surveys and six seasons of excavation since 2012 have shown that the mound was occupied from the Early Bronze II-III (ca. 3000–

2500 BCE) until modern times, with apparent hiatuses in the Middle Bronze I (ca. 1950–1750 BCE), Iron IIB-C (ca. 800–586 BCE) and

parts of the Middle Ages. In the Middle Bronze II (ca. 1750–1650 BCE), the site was fortified and co-existed with other larger fortified

sites nearby, including Dan and Hazor. During the Late Bronze Age, the town was apparently located mainly in the lower part of the

mound, reusing theMiddle Bronze fortifications, and probably was part of the kingdomof nearbyHazor.With the destruction of Hazor

in the 13th century BCE, Abel Beth Maacah grew in size and occupation complexity, demonstrating one of the most intense se-

quences known in Iron Age I (12th mid–10th centuries BCE). At this time, the site included a large public complex with administrative,

storage, industrial, and cultic functions. A destruction at the end of the Iron I is radiocarbon-dated to the 10th century BCE. Iron IIA

remains were built directly above this destruction, demonstrating substantial architecture, including a large citadel at the top of the

mound in the north, radiocarbon-dated to the 9th century BCE.

The sample described here was extracted from a complete skeleton of an adult male excavated in Area O on the western slope of

the lower mound. The grave was cut into a room belonging to a courtyard building dated to the Middle Bronze II. Nearby, in topsoil, a

seal dated to Iron IIA (ca. 950–800 BCE) was found. Other pits cut into the building contained pottery that can be dated to this period,

along with pottery from Iron I.

Tel Hazor
Hazor is the largest Bronze and Iron Age site in Israel, covering some 200 acres. The mound is composed of an upper mound (acrop-

olis) adjoining a huge lowermound (lower city) to its north. Occupation began in the uppermound during the Early Bronze Age II (early

third millennium BCE), while the lower city was founded in the Middle Bronze Age II (approximately the 18th century BCE). Both

continued to be settled until a later phase of the Late Bronze Age (13th century), when the upper and lower cities were violently de-

stroyed or abandoned. Following this destruction, only the upper part of themoundwas resettled and fortified, becoming amajor city

in the 10th to 8th centuries BCE, as part of the Israelite kingdom.
e3 Cell 181, 1146–1157.e1–e7, May 28, 2020
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Canaanite Hazor is mentioned on several occasions in ancient Near Eastern texts, the earliest being the Egyptian Execration texts

of the 19th century BCE. Hazor is the only Canaanite site mentioned in the archive discovered in Mari in Syria (18th century BCE ac-

cording to the middle chronology, or the 17th century BCE according to the ultra-low chronology). The Mari documents clearly

demonstrate the importance, wealth and far-reaching commercial ties of Hazor. In the Amarna archive (14th century BCE) there

are several references to Hazor, as well as in records of the military campaigns conducted by Egyptian pharaohs, during the 15th–

14th centuries BCE.

Of the three individuals included in this study, one was found on the acropolis (I3965), in a cist grave with 2-3 individuals buried with

a rich assemblage of goods. The tomb is related to Stratum pre-XVII, dated to the Middle Bronze I-II transition (ca. 1750 BCE). The

two other samples were derived from burials in Area M, on the northern slope of the acropolis. Both contained young individuals or

children. One (I3966) was buried beside the monumental Middle Bronze staircase; this burial too dates to the Middle Bronze I-II tran-

sition. The other was buried into a drainage channel (I3832) associated with the administrative palace of the Late Bronze Age and is

dated to the Late Bronze II (ca. 14th century BCE).

Yehud
Tel Yehud (Tell el-Yehudia) is situated on the northeastern side of the Ono valley in the eastern part of the central coastal plain of

Israel, ca. 12 km east of the Mediterranean Sea. Rescue excavations were carried out in 2008, followed by an excavation season

in 2009 in Areas A and B, in the location of an underground parking lot. Archaeological findings at these areas include a deep shaft

filled with refuse dated to the Chalcolithic Period, a cemetery from the Intermediate Bronze Age, a Late Roman-Byzantine pottery

workshop, and Early Islamic cist graves.

The human remains analyzed in this study are of 13 individuals from the Intermediate Bronze Age.

Baq҅ah
Human skeletal remains were excavated from the Baq҅ah Valley, Jordan, approximately 20 km NW from Amman between 1977 and

1981 (McGovern, 1986). The skeletal materials spanned from the Late Bronze to the Iron Age (Caves A2, B3, and A4). Only materials

from the Cave B3 context are included in these analyses. Skeletal materials from Cave A4 (Iron Age IA) were shipped to the Smith-

sonian Institution and the Penn Museum received the materials from A2 and B3 in 1982 from Jordan (University of Pennsylvania

Museum Archival correspondence).

The tomb at Cave B3 (Late Bronze Age II) is one of a series of caves, and the only cave excavated. It is located on the lower slopes

of Jebel al-Qesx�ır. Human remains in B3 occur in 2 units: the lower and upper burial remains. The skeletal remains are disassociated

and fragmentary; some human skeletal material is also burned/charred, as a result of local depositional history (alkaline soil, perco-

lation of subsoil groundwater). The B3 collection (Finnegan et al., 1986) includes a minimum number estimate of 64 individuals.

Sampling took place at the University of Pennsylvania Museum in March 2015. All samples were derived from Cave B3 petrous

temporals. 11 males and 10 female temporal bones were sampled. The age range estimate is from late adolescent to mature adult.

METHOD DETAILS

Data Generation
We prepared powder from skeletal remains in dedicated clean rooms. Of the samples that produced working data, all but one came

from petrous bones, which are known to yield up to one hundred times more DNA than other skeletal elements (Gamba et al., 2014;

Pinhasi et al., 2015, 2019). We extracted DNA using a method designed to retain short and highly degraded fragments (Dabney et al.,

2013; Korlevi�c et al., 2015; Skoglund et al., 2014), and built the DNA into individual barcoded double-stranded libraries in the pres-

ence of the enzyme Uracil–DNA–glycosylase (UDG) to reduce the rate of cytosine-to-thymine errors typical of ancient DNA (Rohland

et al., 2014). We enriched the libraries for sequences overlapping the mitochondrial genome as well as about 1.2 million single nucle-

otide polymorphisms (SNPs), and sequenced on an Illumina NextSeq500 instrument using 2x76 base pair reads and 2x7 base pair

indices. We assigned reads to samples based on the match rate to expected barcodes and indices. Wemerged read pairs that over-

lapped by at least 15 nucleotides (allowing up to one mismatch) and represented each nucleotide by the read giving higher quality

data. We mapped merged sequences to either the mitochondrial reference genome rsrs (Behar et al., 2012; Weissensteiner et al.,

2016) or to the human genome reference sequence hg19 using bwa (v.0.6.1) (Li and Durbin, 2010), and removed sequences that

were duplicates as assessed by having the same barcode, as well as the same start and stop position whenmapped to the reference

genome. We determined the genotype of each SNP based on a randomly selected single read (tools used include Fu et al., 2013;

Jónsson et al., 2013; Korneliussen et al., 2014; Li, 2011; Li et al., 2009).

Chemical and isotopic measurements
Tooth enamel was carefully separated from dentin, following the protocol described in Beherec et al., (2016). Bones and enamel sam-

ples were then cleaned using the methodology of Patterson and co-workers (Ericson et al., 1979; Patterson et al., 1991), which

involved several steps of sample pre-cleaning and the use of clean laboratory techniques and reagents. Following the mechanical

and chemical cleaning process, the sampleswere dissolved by concentrated, distilled HNO3 (25–100mg sample in 1mLHNO3). After

sample dissolution, Sr concentrations were determined with an ICP-MS (Agilent 7500cx), following the protocol outlined in Beherec
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et al., (2016). Then, all samples were subjected to Strontium isotope analysis in order to trace migration of the individuals (Beherec

et al., 2016; Bentley, 2006; Hartman and Richards, 2014; Horstwood et al., 2008; Perry, 2002; Perry et al., 2008, 2011). For this, the

samples went through ion exchange columns according to the protocol outlined in (Erel et al., 2006). Then, the samples were

analyzed by a MC-ICP-MS (Thermo, NEPTUNE Plus) as described in Zipori et al., 2015. Replicate measurements of 87Sr/86Sr of

SRM-987 standard over the course of this study yielded 87Sr/86Sr = 0.710273 ± 10 (2 s), n = 29.

QUANTIFICATION AND STATISTICAL ANALYSES

PCA
For PCA plots we used SMARTPCA (Patterson et al., 2006).

ADMIXTURE
We ran ADMIXTURE (Alexander et al., 2009) on a set of 1,663 individuals from Europe, Western Asia, and Africa. For analyses solely

involving ancient populations, we pruned SNPs that are in linkage disequilibrium using the indep-pairwise flag in PLINK (Purcell et al.,

2007), with parameters 200, 25 and 0.5, as in Lazaridis et al., (2014). This gave a set of 357,334 SNPs, denoted here ‘ancient’. For

analyses involvingmodern populations, we used the stricter pruning recommended in the ADMIXTUREmanual, using the parameters

50, 10, and 0.1, and only using SNPs that are missing in fewer than 10% of the individuals. This resulted in a list of 50,165 SNPs de-

noted here as the ‘modern’ panel. To find an optimal K we followed the default procedure of running 5-fold cross validation. For the

ancient SNPswe testedK values ranging from 4 to 11, and for themodern SNPswe testedK values ranging from 4 to 14.We selected

K = 6 for both analyses (Figure S1A).

f4-statistics
We computed f-statistics using the package ADMIXTOOLS (Patterson et al., 2012). To test for homogeneity we ran qpWave using the

allsnps:YES parameter. To estimate the ancestry proportion for a test population given a set of source populations and a set of out-

groups, we used the qpAdm methodology (Lazaridis et al., 2016) in ADMIXTOOLS with the allsnps:YES parameter.

LINADMIX
The ADMIXTURE algorithm (Alexander et al., 2009) takes as input a set of genotypes and assumes that each is a mixture of K ances-

tral populations. For each genotype i, it estimates the fraction contributed by ancestral population k, denoted qik . As a result,

ADMIXTURE may be viewed as representing a genotype i as a vector of length K,

qi =

0BB@
qi1

qi2

«
qiK

1CCA:

Similar to Leslie et al. (Kozlov et al., 2015; Leslie et al., 2015), we sought to utilize this representation of genotypes in order to find

how a target representation qt might be related to a list of n source representations qs1;.qsn. We do it by relating to a linear model,

whereby we seek to model the target as a linear combination of the source populations,

qt = a1$qs1 +a2$qs2 +.+an$qsn;

Where the coefficients a1;.an are called the mixing coefficients, and we required that they be nonnegative. Formally, the mixing

coefficients are the solutions of the constrained non-negative least-squares problem

min
a

kQsa� qtk22
subject to Xn

i =1

ai = 1
aiR0;

where a= ða1;.anÞT and Qs is the K3n matrix Qs = ðqs1;.;qsnÞ.
Inmany cases the target and source genotypes are populations rather than individuals. In these cases, we take the vectors qi as the

average across all individuals that belong to the i’th population. More formally, if population i is made of the mi individuals l1;.;

lmi
, then

qi =
1

mi

�
ql1 + . + qlmi

�
:
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In order to find the standard error of themixing coefficients we used parametric bootstrap.We sampled qðbÞ-vectors and computed

the mixing coefficients for the sampled vectors. Given that l is an individual that belongs to population i, his/her bootstrap q-vectors,

q
ðbÞ
l , are computed by the following steps:

1. Estimation of the covariance matrix of the population, bS i = cov ql1;.;qlmi

� �
, representing variation between individuals in the

population. For populations with a single individual we use the covariance matrix of another close population.

2. Estimation of the covariancematrix of the individual, representing variation in the vector q estimated by ADMIXTURE due to the

finite size of the genome. This matrix is approximated by the inverse of the empirical Fisher information matrix, bS l = I�1
l ql;Fð Þ,

where I is the empirical Fisher informationmatrix and F is the ADMIXTURE output for the frequencies of theminor alleles in each

theoretical ancestral population (see below for details).

3. Drawing a vector q
ðbÞ
l from N qi; bS i + bS l

� �
.

Finally, we used the results of all bootstrap samples to calculate the standard errors of the mixing coefficients.

The covariance matrix defined in step (2) above is computed as follows. In the ADMIXTUREmodel there is a large set of individuals

L, a large set ofmarkers J, and amuch smaller set ofK theoretical ancestral populations. The genotype of individual l atmarker j is glj˛
f0;1;2g, the number of occurrences of the minor allele at j. The proportion of the genome of individual l that comes from ancestral

population k is qlk , which satisfies
PK

k = 1qlk = 1. The frequency of the minor allele at marker j in ancestral population k is fkj. The

ADMIXTURE output comprises the matrices Q= ðqlkÞ and F = ðfkjÞ.
The joint log-likelihood of the parameters given the data are (up to constant terms)

llðQ;FjGÞ =
XL

l = 1

XJ

j = 1

(
glj ln

"XK
k = 1

qlkfkj

#
+
�
2�glj

�
ln

"XK
k = 1

qlkð1� fkjÞ
#)

:

Because qlK = 1� PK�1

k = 1

qlk there are only K � 1 free parameters for each individual l.

The empirical Fisher information matrix is calculated from the second-order partial derivatives with respect to the q parameters.

The first-order derivative with respect to qlk ðk = 1;.;K�1Þ is:
v

vqlk

llðQ;FjGÞ =
X
j

�
gljðfkj � fKjÞP

tqltftj
+

�
2� glj

�ðfKj � fkjÞP
tqltð1� ftjÞ

�
:

The derivative of this with respect to ql0 k0 is 0 when l
0
sl. Otherwise, it is equal to

v2

vql
0
k
0 vqlk

llðQ;FjGÞ = �
X
j

8<:glj

�
fk0 j � fKj

�
ðfkj � fKjÞ�P

tqltftj
�2 +

�
2� glj

��
fKj � fk0 j

�
ðfKj � fkjÞ�P

tqltð1� ftjÞ
�2

9=;:

We calculated the empirical Fisher informationmatrix for single individuals. Therefore the empirical Fisher information for individual

l is given by

fIlðql; FÞgk0 k =
X
j

�
fk0 j � fKj

�
ðfkj � fKjÞ

(
glj�P
tqltftj

�2 +

�
2� glj

��P
tqltð1� ftjÞ

�2
)
:

From large sample theory the ðK � 1Þ31vectors ql are asymptotically consistent estimators, are independent of each other, and

are normally distributed with the covariance matrix estimated by bS l = Il ql;Fð Þ½ ��1.

In practice, we included in the bootstrap only ADMIXTURE ancestry components greater than 1%. Also, negative simulated boot-

strap values were changed to zero and the sampled vectors were normalized to sum to one.

PHCP

We used a modified version of ChromoPainter (Lawson et al., 2012) to ‘‘paint’’ an ancient genome as an imperfect mosaic of modern

‘‘donor’’ haplotypes. ChromoPainter is based on the hiddenMarkov model (HMM) of Li and Stephens (Li and Stephens, 2003), where

each SNP in the target sequence is ‘‘copied’’ from one haplotype (the hidden state) of the donors. Transitions between hidden states

are due to ancestral recombination events, and the imperfection of the copying process is due to mutations/genotyping errors.

Our modified version includes changes in the hidden states of the HMM and hence also in the transition and emission probabilities.

The modifications were needed because ChromoPainter requires phased data, whereas ancient DNA is typically sequenced/geno-

typed to very low coverage, and thus cannot be phased using standard tools. Additionally, in many ancient genomes (such as the

genomes analyzed in this study), at most one allele is reported at each SNP, based on a randomly selected read. This results in a

‘‘pseudo-haploid’’ sequence that represents both haplotypes. To account for this, the hidden states in our modified HMM represent

pairs of haplotypes instead of a single haplotype.
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Formally, let h1;h2;.;hK denote the K donor haplotypes, and let h+ denote the ancient DNA sequence. We assume that each

haplotype has L sites. Let Y
!

= fY1;Y2;.;YLg denote the vector of hidden states, where Yl is an ordered pair of indices of haplotypes

ðy1; y2Þ from which h+ copies at site l (y1;y2 = 1;.;K). Each pair of haplotypes has an equal a priori probability, 1=K2, to be chosen as

donors. The probability of a recombination event (in each haplotype) between sites l and l + 1, is 1� e�rl where rl =Ne$gl, gl is the

genetic distance in Morgan between sites l and l + 1, and Ne is a parameter related to the effective population size. Hence, the tran-

sition probability between states Yl and Yl +1 is:

Pr
�
Yl +1 =

�
yl +1;1; yl + 1;2

���Yl =
�
yl;1; yl;2

��
=

8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:

�
1� e�r

�2
K2

if yl;1syl + 1;1 ; yl;2syl + 1;2

e�r
�
1� e�r

�
K

+

�
1� e�r

�2
K2

if yl;1 = yl + 1;1 ; yl;2syl + 1;2

e�r
�
1� e�r

�
K

+

�
1� e�r

�2
K2

if yl;1syl + 1;1 ; yl;2 = yl +1;2

e�2r +
2e�r

�
1� e�r

�
K

+

�
1� e�r

�2
K2

if yl;1 = yl + 1;1 ; yl;2 = yl + 1;2

The emission probability is the probability to observe a certain allele, A or B, at site l of the ancient genome. It depends on the

genotypes of the two haplotypes representing the hidden state and on a mutation rate parameter q. This probability is calculated

conditionally on which of the two copied haplotypes was sequenced (each with probability 0.5). Given the donor haplotype

that was sequenced, we observe the same allele as in the donor haplotype with probability q, and the other allele with probability

1� q. Thus,

Pr
�
h�
l = A

��Yl = yl
�
=

8<:
1� q if hyl = ðA;AÞ

0:5q+ 0:5ð1� qÞ= 0:5 if hyl = ðA;BÞ
q if hyl = ðB;BÞ

Note that q, the mutation rate, incorporates the effects of both mutations and sequencing errors. If there was no reported allele at

site l, we omitted this site from the analyzed sequence.

As in the original ChromoPainter, the forward-backward algorithm was used to compute the posterior probability of each SNP of

h+ to copy from each pair of donor haplotypes. The running time can be made linear in the number of states by adapting the

‘‘shortcut’’ offered by Li and Stephens (Li and Stephens, 2003). The expected total length of genetic material (in Morgan) copied

from each possible pair of donor haplotypes was calculated based on Equation (S4) of Lawson et al., (2012). The expected length

of genetic material copied from haplotype hi was calculated as the sum of the lengths of genetic material copied from all pairs

ðhi; hjÞ or ðhj;hiÞ, i; j = 1;.;K. The expected proportion of genetic material copied from a diploid individual was calculated as the ex-

pected length of genetic material copied from the two haplotypes of the individual, divided by the genome length. Finally, the average

proportion of genetic material copied from a donor population was calculated as the average proportion over all individuals belonging

to the population.

Our initial application of the modified ChromoPainter showed that differences between the proportion of genetic material copied

from each donor population were small, implying that the ‘‘copying profiles’’ cannot be directly interpreted as ancestry proportions

(Methods S1F). To reduce the noise and obtain more interpretable results, we used the regression technique based on Leslie et al.,

2015, as above for LINADMIX. In this approach, the copying profile of a target population (i.e., the average copying profile over all

individuals in the population) is modeled as a linear combination of the copying profiles of a set of source populations. Formally,

letG be the number of distinct donor populations and let s= 1;.S denote the source populations. Let X
!

i denote the copying vector

(of lengthG) of source population i – the average proportion of the genome that individuals from population i copy from each of theG

donor populations, as inferred by our modified ChromoPainter. The linear model is

X
!

t = a1 X
!

1 +a2 X
!

2 +.+ aS X
!

S;

such that asR0 for all s, and SS
s= 1as = 1 (as for LINADMIX). X

!
t is the copying vector of the target population and X

!
1;.; X

!
S are the

copying vectors of the source populations. We interpret as as the average proportion of the ancestry of the target population coming

from source population s. We formulated the equations as a quadratic programming problem, using the quadprog package in R. For

studying the ancestry of ancient and modern Middle Eastern populations, we chose the donor populations as a set of G= 12 pop-

ulations from Europe, Middle East, West Asia, and East Africa. We inferred the ChromoPainter parameters Ne and q with Chromo-

Painter’s EM algorithm on modern populations.

For practical details on refining the PHCP parameters, and on methods for selection of SNPs and donor populations, see

Methods S1F.
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Supplemental Figures

A B

Figure S1. Cross-Validation Errors in ADMIXTURE as a Function of K, Related to Figure 1C

(A) Using 1,663 individuals. (Blue) ADMIXTURE was run on 357,334 SNPs according to the ancient samples protocol. (Orange) ADMIXTURE was run on 50,165

SNPs according to the present-day samples protocol.

(B) Using 3,515 individuals. Only the present-day samples protocol was used.
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ρ = 0.51 (P = 0.0008)

outliers

A B

Figure S2. Fraction of Chalcolithic Iran-Related Component in Each Individual as Computed by qpAdm, Related to Figure 4

Modeling each individual as amixture of Neolithic Levant and Chalcolithic Iran, and using either (A) the o9aensw outgroup set (o9 + Anatolia_N + EHG+Natufian +

Switzerland_HG +WHG) or (B) the o9a outgroup set (o9 + Anatolia_N). Vertical error bars denote one standard error. Horizontal error bars denote estimated time

ranges. Dashed line describes the linear regression. Only individuals whose time range does not exceed 250 years are plotted and used in the regression.
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A B

C

Figure S3. LINADMIX and PHCP Results on Ancient Populations, Related to Figure 4 and to STAR Methods, LINADMIX, PHCP

(A) Comparison between qpAdm and LINADMIX. Bars show the fraction of Neolithic Levant in different populations. Error bars show one standard deviation.

(B) LINADMIX of individual samples. Bars show the fraction of Neolithic Levant in different individuals, when the other source population is either Iran_ChL or

Armenia_EBA.

(C) Fraction of Levant_N in different ancient populations (when the other source population is Iran_ChL) as computed by LINADMIX and PHCP.
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B

A

LINADMIX PHCP

Figure S4. LINADMIX and PHCP models on modern populations, Related to Figure 5

(A) The contribution of each of the source populations to the examined present-day populations, using LINADMIX and PHCP.

(B) LINADMIX and PHCP relative contribution of each of the source populations to the present-day target population listed on the x axis.
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