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ARTICLE

Demographic history and genetic variation
of the Armenian population

Anahit Hovhannisyan,1,2,3,4,* Pierpaolo Maisano Delser,1,2 Anna Hakobyan,3,5 Eppie R. Jones,1,2

Joshua G. Schraiber,6 Mariya Antonosyan,3,7 Ashot Margaryan,3,8 Zhe Xue,2 Sungwon Jeon,9,10

Jong Bhak,9,10 Peter Hrechdakian,11 Hovhannes Sahakyan,3,4 Lehti Saag,4 Zaruhi Khachatryan,3

Levon Yepiskoposyan,3,12,* and Andrea Manica2,12
Summary
We introduce a sizable (n ¼ 34) whole-genome dataset on Armenians, a population inhabiting the region in West Asia known as the

Armenian highlands. Equipped with this genetic data, we conducted a whole-genome study of Armenians and deciphered their fine-

scale population structure and complex demographic history. We demonstrated that the Armenian populations from western, central,

and eastern parts of the highlands are relatively homogeneous. The Sasun, a population in the south that had been argued to have

received a major genetic contribution from Assyrians, was instead shown to have derived its slightly divergent genetic profile from a

bottleneck that occurred in the recent past. We also investigated the debated question on the genetic origin of Armenians and failed

to find any significant support for historical suggestions by Herodotus of their Balkan-related ancestry. We checked the degree of con-

tinuity of modern Armenians with ancient inhabitants of the eastern Armenian highlands and detected a genetic input into the region

from a source linked to Neolithic Levantine Farmers at some point after the Early Bronze Age. Additionally, we cataloged an abundance

of new mutations unique to the population, including a missense mutation predicted to cause familial Mediterranean fever, an autoin-

flammatory disorder highly prevalent in Armenians. Thus, we highlight the importance of further genetic and medical studies of this

population.
Introduction

Armenians are recognized as one of the ancient popula-

tions in Western Asia and have historically inhabited the

area of the Armenian highlands1 (Figure 1). Lying between

Europe and Asia, the territory of the highlands has been a

land bridge for major human migrations since its early set-

tlement in the Upper Paleolithic.2 Due to the proximity to

the Fertile Crescent, the region emerged as one of the

earliest centers to adopt agriculture in the Neolithic while

also playing a pivotal role in disseminating technologies

such as obsidian tools,3 leather footwear,4 and viticulture.5

This period has been characterized by extensive genetic in-

teractions between the Caucasus, northern Levant, Iran,

and Anatolia over a long time span,6,7 with a notable

gene flow from the South-Caucasus-like source to Anatolia,

starting after the end of the Neolithic.7 Another well-docu-

mented post-Neolithic event was the onset of a population

movement from the Caucasus into the steppe, which ulti-

mately genetically contributed to the formation of Yam-

naya ancestry.7–9 The Bronze Age in the Armenian high-

lands is marked by the rise and fall of a number of

archaeological cultures, including the Early Bronze Kura-
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Araxes culture, Middle Bronze Age Early Kurgan, Trialeti-

Vanadzor, Sevan-Artsakh, Karmir-berd, and Karmir-vank

ceramic traditions, and the Late Bronze and Early Iron

Age Lchashen-Metsamor culture.10 Approximately after

the Early Bronze Age period, a migration from the steppe

in a southeastern direction introduced Yamnaya-related

ancestry to the region (though predominantly not reach-

ing western and central parts of the Armenian highlands).7

These aforementioned gene flows, backed by linguistic ev-

idence of the formation of the proto-Armenian language

during the second part of the Bronze Age (�4,000 years

ago),11 position the Armenian highlands as either near or

a potential candidate for the proposed homeland of the

Proto-Indo-European languages from where they subse-

quently radiated into western Europe, central Asia, and

India.

The earliest reference to Armenia as a state is found in

the Babylonian version of the Behistun inscription, dating

back to 522 BC, at the start of the reign of Darius I the

Great.12,13 In the Old Persian version of the same inscrip-

tion, the region was referred to as Urartu, an Iron Age

kingdom that flourished in the Armenian highlands for

approximately three centuries and was characterized by
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Figure 1. Maps showing Armenia with the locations of ancient and whole-genomemodern individuals, along with a proposed route
of Armenian migration according to the Balkan theory
The orange, blue, and red colors represent our categorization of generated whole-genome modern samples into western, central, and
eastern Armenian groups, respectively (populations are denoted as W, C, and E on a smaller map). The sampling areas of ancient pop-
ulations are shown in rectangles, with colors matching those of their geographically corresponding modern Armenians. Apart from
geographic considerations, the division of modern Armenian groups is based on their linguistic, historical, and cultural peculiarities.
While western and central regions of the Armenian highlands experienced long periods of Ottoman rule and subsequent dispersion
of their populations, the eastern parts were held by the Persian and later the Russian Empire. After the displacement in the early
20th century from the western and central regions of the highlands, Armenians today are predominantly located within the territory
of the Republic of Armenia, fromwhere most of the samples in this study have been collected. As seen on themap, the Sasun population
(denoted as S on a smallermap) is locatedwithin the central Armenian group. However, in some of our analyses, we treated it as a distinct
group when aiming to investigate the question of its origin.
significant genetic heterogeneity.7 Subsequent periods in

the region have been marked by a series of invasions and

mass migrations of the local population, which impacted

various parts of the highlands differently. These included

incursions by the Assyrian, Persian, and Byzantine Em-

pires, Arabs, Seljuk Turks, Mongols, and the Ottoman Em-

pire. Although in the past Armenians populated the re-

gions reaching as far as the Mediterranean coast, they

now primarily reside in the eastern part of the Armenian

highlands, nestled in the southern Caucasus, where pre-

sent-day Armenia is situated (Figure 1).

This complex historical background of the highlands

makes a study of the demographic history of Armenians

a matter of importance to shed light on peopling and

regional migrations. At the same time, the mountainous

landscape, a distinct and very old Armenian language,

and a strong national and cultural identity, reinforced later

by the adoption of Christianity, might have been condu-

cive for the long-term genetic isolation of Armenians

from the neighboring populations.14–16 Indeed, a compar-

ison of both ancient and modern mitochondrial genomes

(mtDNA), across a time span of 8,000 years, revealed a

remarkably high level of matrilineal genetic continuity in

the region.14 The picture of genetic isolation is further

backed up by genome-wide autosomal studies of contem-

porary Armenians suggesting a lack of an external genetic

influx at least since the Bronze Age.15,16 Nonetheless,
12 The American Journal of Human Genetics 112, 11–27, January 2, 2
contemporary genomes have limited power to draw infer-

ences on the genetic continuity through time, and a

detailed study of the demographic and population his-

tories of Armenians with the inclusion of both ancient

and modern genomes has not yet been undertaken.

Another understudied and highly debated question con-

cerns the origin of Armenians. Several theories and legends

exist as to the formation of the population, albeit two of

them prevail. According to the long-standing ‘‘Balkan the-

ory’’ based on the ancient Greek historian Herodotus’ writ-

ings, the ancestors of the Armenians were Phrygian colo-

nists who migrated to the Armenian highlands from the

Balkans.17 The conclusion was derived mainly from the

fact that Armenians were armed in the Phrygian fashion

when theywere part of the Persian army. Common ancestry

for the Armenians and the Phrygians is further suggested by

some linguists, who speculate that the proto-Armenian lan-

guage belonged to a Thraco-Phrygian subgroup within the

Indo-European language family.18 A recent linguistic study

has grouped the Armenian and Greek languages into a sin-

gle deep branch, suggesting they diverged from the main

European clade early in the Indo-European language

tree.11 However, an alternative view based on the popular

legend for the origins of Armenians suggests the local for-

mation of the population.19 Despite extensive excavations

in the area, to date no convincing archaeological evidence

has been found to support either of these hypotheses.20
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Within the question on the origin, the ethnogenesis of the

Sasun, an Armenian population that inhabited the south-

ern part of the Armenian highlands (modern-day south-

eastern Turkey) and speaks a distinct dialect within Arme-

nian language,21 stands apart as a particular controversy.

According to ancient Armenian historian Movses Khore-

natsi (5th century CE), the princely clans of Sasun were de-

scendants of the sons of Sennacherib, an Assyrian king.22

The historian’s report was based on the Bible,23 cuneiform

sources, and local traditional stories. Intriguingly, the Y

chromosome haplogroup composition of Sasun differs

from those of other Armenian populations by a strikingly

high prevalence of haplogroup T,24 hinting at plausible pop-

ulation-specific demographic processes. Thus, a thorough

genetic study on the relationships between modern Arme-

nians and the ancient and modern samples from the Bal-

kans as well as an internal substructure within Armenian

populations is needed.

Finally, there is a well-known need to extend genetic

studies to ethnically diverse populations, since the under-

standing of population-specific genetic variations has a

crucial role in medical and biomedical research. The Arme-

nians remain under-represented in current genomic data-

bases, including the 1000 Genomes Project (1000 GP).

The genetic structure of the population has been mostly

scrutinized usingmicroarray technology or uniparental ge-

netic markers,15,24–26 and only eight full genomes of Arme-

nians have been reported so far (two sequenced with the

Illumina platform and the other six with Complete Geno-

mics).27,28 Thus, a complete picture of genetic variation in

Armenians remains largely unexplored.

Here, we introduce a dataset comprising 34 whole-

genome sequences of Armenian individuals with all four

grandparents (4GP) originating from the same region

within the Armenian highlands. We divided the samples

into three groups representing western (WA; n ¼ 11), cen-

tral (CA; n ¼ 17, which includes the population of Sasun;

n¼ 5), and eastern (EA; n¼ 6) regions within the Armenian

highlands (Figure 1 and Table S1). We also generated

genome-wide Illumina chip data of 23 Armenian individ-

uals collected with a similar criterion for ancestry

(WA ¼ 2, CA ¼ 7, and EA ¼ 14). Throughout the text, we

refer to these populations as modern western, central,

and eastern Armenians. Armed with our modern dataset

as well as densely sampled ancient genomes from the re-

gion7,29–31 (Figure 1 and Table S2), we conducted a detailed

analysis of the genetic substructure within Armenians,

investigated their genetic origins and demography, and

tested whether the population can indeed be considered

as an isolate sheltered from the major migrations that

shaped the rest of western Eurasia.15,16 We further charac-

terized a spectrum of genetic variants in the Armenian

cohort. As part of our analyses, here we also addressed

the question of the accuracy of the imputation process

when the population-specific reference panel and the

most updated 1000 GP haplotype reference panel for the

GRCh38 assembly are included.
The Am
Material and methods

Sample collection, sequencing, and ethics
All individuals who donated samples for this project were inter-

viewed about their origins and completed a questionnaire

regarding the city of origin of their parents and grandparents.

The samples were collected from the individuals both from the

diaspora and the Republic of Armenia. We selected unrelated indi-

viduals whose four grandparents originated from the same region

within the Armenian highlands and divided them geographically

into the western (n ¼ 13), central (n ¼ 24), and eastern (n ¼ 20)

Armenian groups. Thus, in this study, we use the term ‘‘Armenian’’

to refer to individuals who ethnically and culturally identify them-

selves as part of this population and whose ancestry dates back at

least four generations within a specific region of the Armenian

highlands. We had no prior information about marriage practices

in these communities. This study was approved by the Ethics

Committee of the Institute of Molecular Biology, National Acad-

emy of Sciences of the Republic of Armenia (NAS RA) (IRB

#00004079). All individuals were informed about the aim of this

study and gave their consent to participate.

Blood samples were collected from our donors. DNA samples

were extracted at the Institute of Molecular Biology NAS RA using

a modification of the salting-out procedure.32 DNA was normal-

ized (�50 ng/mL), and 34 samples were sent for high coverage

(�303) paired-end whole-genome sequencing (WGS) on the Illu-

mina HiSeq X Ten platform (Macrogen, Seoul, South Korea). The

remaining samples were genotyped by Illumina 713K chip in

the Estonian Biocentre, Tartu, Estonia. All the details on sample

collection and sequencing are provided in Table S1.
Data processing for population genomics analyses with

WGS samples
Adapter sequences were trimmed from the ends of reads using tri-

madap.33 Alignment of the samples has been conducted following

the pipeline described in Mallick et al.27 In particular, sequences

were aligned to the hs37d5 build of the human reference genome

using Burrows-Wheeler Aligner (BWA) version 0.7.16,34 and clonal

reads were removed with samblaster.35 Duplicate reads have been

markedwith Picard version 2.12.1.36 Base calibrationwas conduct-

ed with the Genome Analysis Toolkit (GATK) version 4.1.9.0,37

and mapping quality filtering was set to 20 with samtools

1.16.38 Variant calling was performed using HaplotypeCaller in

GATK to generate intermediate gVCF files, which were further

merged with GenomicsDBImport and used in GenotypeGVCFs

for joint genotyping of multiple samples. Variant quality score re-

calibration was performed by VariantRecalibrator for both SNPs

and indels (insertions and deletions) separately, and filtered sites

were excluded with SelectVariants.

Prior to the subsequent analyses, our newly generatedWGS and

Illumina chip data were checked for relatedness with KING.39 A

kinship coefficient threshold of 0.0884was used as a cutoff to filter

out second-degree or closer relatives.
Merging with ancient and modern reference datasets
We merged our 34 full genomes with two Armenian (4GP) whole

genomes from the Simons project.27 Fastq data were aligned and

genotyped with the same pipeline as described above. Tidypop-

gen40 was used to combine modern Armenian samples with calls

from modern populations in the Human Origins (HO) dataset41

and genome-wide data from ancient samples in Lazaridis et al.7
erican Journal of Human Genetics 112, 11–27, January 2, 2025 13



We excluded positions with multiple alleles; without any addi-

tional analysis-specific filtering, this led to the following SNP

sets: 1,053,115 SNPs when the analysis was based solely on mod-

ern Armenian and ancient samples, and 591,014 SNPs when a

combined dataset of ancient and other modern samples was

used, from the initial 1,054,671 and 591,642 SNPs in the HO

panel, respectively. To mitigate the potential impact of technolog-

ical bias, we restricted our dataset to a single technology type,

either shotgun or capture, whenever it was feasible.42 Conse-

quently, our Dstat analysis and principal component analysis

(PCA) were performed solely on capture-generated genomes, while

DATES analyses utilized shotgun-generated genomes only. How-

ever, for certain analyses such as ADMIXTURE, qpAdmix, and

qpGraph, where we combined modern and ancient datasets, the

genomes representing the ancestries required for modeling were

not consistently generated using the same technology. We elimi-

nated both the samples exhibiting close kinship and those that

did not meet the contamination analysis criteria. Detailed infor-

mation is presented in detail in Table S2.
Population genomic analyses
PCA was performed with a broad panel of modern and ancient

samples using the smartpca software from Eigensoft 7.2.043 with

the outlier removal option off. All ancient samples were projected

onto the principal components by using the options lsqproject:

YES. For the analyses, we set a cutoff of 100,000 SNPs.

D-statistics on SNP array data were computed using the qpDstat

program in the ADMIXTOOLS package 7.0.1.44 Statistics were

consideredsignificant if theZ scorewasgreater than3corresponding

to a p value of<0.001. To account for the potential effect of ancient

DNA damage, we used transversions only.45 Thus, D-statistics with

bothancientandmoderncomparative sampleswasperformedbased

on 109,869 SNPs, while with only ancient samples it was based on

197,022 SNPs. We applied a 35,000 SNP cutoff for the analyses.

Allele sharing between modern Armenian populations and be-

tween each Armenian population and neighboring ethnic groups

was estimated for each site as the probability that two randomly

drawn carriers in the pooled population are from different popula-

tions, normalized by the panmictic expectation as described in

Chiang et al.46 Taking into consideration the genetic peculiarities

of the Sasun population, we did not include it in the central Arme-

nian group in the analysis. However, due to its small population

size (n¼ 5), we did not conduct allele-sharing analysis for this pop-

ulation separately either. To increase the number of samples,

newly Illumina genotyped data of 23 Armenians were also added

to the dataset with Genotype Harmonizer (Table S1).47 Singletons,

non-variant sites, and missing sites were removed. Thus, our

filtering resulted in 677,047 SNPs. For the analyses between the

Armenian and comparative populations, a pooled Armenian pop-

ulation was combined with the HO dataset. After removing two

Iranian samples that had a significant number of missing sites, a

total of 514,134 SNPs was included in the allele-sharing analysis.

Ancestry proportions were estimated with ADMIXTURE version

1.3.48 Prior to the analyses, we pruned for SNPs in linkage disequi-

librium (LD) with the ‘‘-indep-pairwise 200 25 0.4’’ command in

PLINK 1.9.49 For unsupervised ADMIXTURE with Armenian pop-

ulations this resulted in 199,955 SNPs, with Armenian and

comparative modern populations 203,863 SNPs, with a combined

ancient and modern data 289,247 SNPs. We ran the analyses five

times, and the cluster membership coefficient matrices from mul-

tiple runs were analyzed using CLUMPP.50
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To increase our power to identify the relationship among

individuals, we used a ‘‘chromosome painting’’ technique applied

to the genome-wide haplotype data, as implemented in

CHROMOPAINTER version 2.51 The dataset included 926 samples

and 482,117 SNPs after carrying out the variant filtering with

–geno 0.01, –hwe 0.000001, and –maf 0.001 in PLINK. We phased

our data with shapeit5 (phase_common_static tool),52 with haplo-

type data from 1000 GP phase 3 provided as a reference panel.53

First, the parameters Ne (effective population size) and m (global

mutation rate) were estimated for four chromosomes separately

(chromosomes 1, 4, 15, 22) by 10 EM iterations. The convergence

of the results was later confirmed, and average values across the

chromosomes were calculated. These fixed values were used in a

subsequent run with all chromosomes and all individuals against

all others with ‘‘-a 0 0’’ option. ChromoCombine was applied to

bin the different chromosomal outputs. We conducted PCA of

haplotypic similarity based on the CHROMOPAINTER coancestry

matrix.

We then used fineSTRUCTURE version 4.1.151 to classify the in-

dividuals into clusters based on genetic relationships. We ran

2,000,000 sample iterations of Markov chain Monte Carlo

(MCMC) with 100,000 burn-in steps, keeping every 10,000th

sample.

A multiple sequentially Markovian coalescent (MSMC) (version

2.1.2) approach54 was implemented to infer historical changes in

effective population size and cross-coalescence rates (CCRs). The

genomes were phased with shapeit5 using 1000 GP phase 3

variant set release.53 The custom scripts from the github repository

were used to prepare input files for the analysis.54 Missing sites

were filtered out and multiallelic variants normalized prior to

the analysis. For effective population size estimations, we incorpo-

rated four individuals (8 haplotypes) from each population, while

for population separation we used two haplotypes per population.

We assumed a mutation rate of 1.25 3 10�8 per base pair per gen-

eration and a generation time of 25 years. For the estimation of

CCR, one individual (2 haplotypes) from each population was

used. Comparative datasets were obtained from the Human

Genome Diversity Project (HGDP)-CEPH panel55 and previous

publications.56,57 For Syrian samples only, we proceeded with

the alignment using Long Ranger58 (version 2.2.2, using GATK

v.3.7), a software designed to process chromium sequencing

output. The remaining samples were aligned using the pipeline

described above.

Admixture graph modeling was carried out with qpGraph in

ADMIXTOOLS259 using Mbuti as an outgroup. We aimed to

obtain graphs with modern Armenians as receiving admixture

from Armenia_LBA and Lebanon_IA. For the initial exploration

of the graphs analysis, we used find_graph() with 250 replications.

However, we noticed that the majority of the graphs appeared

incorrect in terms of the chronological order of the populations

included and/or showed incorrect relationships between samples,

despite existing knowledge about these relationships. We then

first obtained a scaffold graph (Figure S24) with Lebanon_IA,

Armenia_LBA along with the populations shown to be a source

for ancient individuals from the Armenian highlands.7 These are

Caucasus hunter-gatherers (CHG), Eastern hunter-gatherers

(EHG), Anatolia_N, and Levant_N. For the analyses, we used trans-

version only and did not allow for missing sites, which resulted in

65,370 SNPs after filtering. We acknowledge that several other

graphs also fit the dataset. However, our primary approach was

to align our graph with the knowledge of the relationships from

previous analyses and follow the chronological order of the
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samples. To model the ancestry of Armenian samples, we used

qpAdm from the same package. We tested a two-way admixture

from populations of Iron Age Lebanon and Late Bronze Age Arme-

nian highlands. We used Mbuti, EHG, Kostenki14, Anatolia_N,

Italy_North, and Villabruna_HG as reference populations. Prior

to conducting the analysis, we assessedwhether the reference pop-

ulations could differentiate well between the source populations

by computing qpWave. After filtering out transversions, we had

109,797 SNPs. For both qpGraph and qpAdm, we applied a

35,000 SNP cutoff for the analyses.

Estimation of FST pairwise coefficients was conducted in

smartpca with default parameters and fstonly: YES.

Runs of homozygosity (ROH) were calculated with PLINK on a

merged genotype data for all populations, with a minor allele fre-

quency (MAF) filter set at 0.05. The homozygous regions were

defined as those with more than 50 homozygous SNPs in 500 kb

of the sliding window. We also used the scanning window hit

rate of 0.05 and the options –homozyg-window-het 1 –homo-

zyg-window-missing 5 to allow one heterozygous and five missing

calls per window. This resulted in 399,509 SNPs.

Identity-by-descent (IBD) segments were detected using

HapIBD60 with segments shorter than 3 cm filtered out. We then

used HapNe-IBD to infer the demographic sizes of the populations

based on the remaining IBD-sharing segments.61

LD decay was calculated using PLINK with –r2 option, 70 kb

sliding window, and no limit for r2. SNP pairs were sorted in

70-kb bins based on the distance between pairs, and mean values

were calculated for each bin.

Y chromosome haplogroups were assigned with yHaplo62 and

later manually checked and refined for higher-resolution SNPs

listed in International Society of Genetic Genealogy version

15.73. Mitochondrial haplogroup assignment was performed by

HaploGrep2.63

A formal continuity test was performed using the method

described in Schraiber,64 with modern Armenian populations

separately. We ran this test for captured ancient genomes only.

The pysam library in python has been used to perform a pileup

on bam files.65 Prior to the analysis, we fitted alpha and beta

priors to the discrete reference allele frequencies. Files of ancestral

alleles were taken from 1000 GP phase 1.53 We restricted the an-

alyses to sites with high-confidence calls where the ancestral state

is supported by all sequence comparisons. We also did not

include alleles with the frequency 0 or 1 in the modern popula-

tion. Thus, for tests of population continuity with capture data,

we used �700,000 SNPs. To date the time of admixture, we

used ALDER66 (version 1.03) with mindis 0.005. We processed

Fastq data on 24 Sardinian samples from the HGDP-CEPH

panel55 with a pipeline similar to that for modern Armenian ge-

nomes. We combined those with genome-wide data on 99 Arme-

nians from Haber et al.15 using Genotype Harmonizer, resulting

in 645,992 SNPs. Bin size of 0.0001 and mindis of 0.005 were

used.

We used DATES version 401067 to infer the dates of admixture

between Iron Age Lebanon and Late Bronze Age Armenian high-

lands ancestry in modern Armenian individuals.
Data processing for medical genomics analyses with

WGS samples
For medical purposes, we used a pipeline for alignment and geno-

typing similar to that described above, utilizing the GRCh38 refer-

ence genome.
The Am
Variant annotation
The variant statistics on the number of SNPs and indels were calcu-

lated with bcftools38 for variant positions in the vcf file with 36

Armenian samples. Variant loci were defined as the ones with

non-reference alleles. We defined the pathogenic state of MEFV

mutations using supporting allele information from the dbSNP

report (https://www.ncbi.nlm.nih.gov/snp/).

Vcftomaf68 was used to run annotation by VEP69 and convert

vcf files to MAF. ‘‘Frame_Shift_Del,’’ ‘‘Frame_Shift_Ins,’’ ‘‘In_Fra-

me_Del,’’ ‘‘In_Frame_Ins,’’ ‘‘Nonsense_Mutation,’’ ‘‘Nonstop_Mu-

tations,’’ or ‘‘Splice_Site’’ annotated variants were grouped as

loss-of-function (LoF) mutations. Maftools were used for the visu-

alization of the gene variants.70 The calculations involving AF

refer to the normalized sites annotated by MAF and where all 36

Armenian samples have no missing sites.
Imputation
We masked SNPs from Illumina 1M chip in one of the Armenian

genomes. Only biallelic non-missing variant sites have been

considered. To evaluate imputation accuracy of masked genotype,

we used two reference panels: (1) shapeit5 integrated phased data

from 1000 GP phase 3,71 called against GRCh38 assembly; and (2)

1000 GP reference panel merged with phased data on the rest of

Armenian genomes (n ¼ 35). We used the phasing_common in

shapeit5 for phasing of the Armenian dataset and IMPUTE5 for

imputation.72 Squared Pearson’s correlation coefficients (R2)

were calculated to evaluate imputation accuracy between the CG

genotypes (0, 1, 2) and the imputed dosages (0, 2).
Results

Variants statistics for modern Armenian dataset

In total, in our dataset comprising 36 modern Armenian

samples (two of which have been previously published),

we identified 13,523,774 autosomal variants encompass-

ing 11,134,554 SNPs; and 2,510,513 indels, of which

1,180,458 positions were multiallelic. We then classified

the variants according to their allele frequency in the com-

bined Armenian dataset. Most of the variants were very

common (allele frequency >0.05) (n ¼ 8,503,355), and

only approximately one-fifth of them were singletons

(n ¼ 3,388,182) (Figure 2A). A total of 13,283,198 variants

were already present in dbSNP, while 567,320 were novel

and mostly represented by singletons (n ¼ 512,915). As ex-

pected, most of the variants were identified in introns or

intergenic regions (�12 million), while LoF variants were

less frequent and with a significantly larger proportion of

singletons or doubletons in comparison to other variants

(Figure 2B). The genomes were enriched with short indels

and were mostly causing a non-frameshift change

(Figure S1). Similarly, smaller indels were more abundant

in protein-coding regions. In total, 12,172 and 10,442

variants were recognized as damaging or potentially

damaging with various levels of confidence by SIFT and

PolyPhen, respectively (with 7,472 overlapping variants

between the two annotations).

The Armenian population is known to be at high risk of

familial Mediterranean fever (FMF [MIM:134610]),73 an
erican Journal of Human Genetics 112, 11–27, January 2, 2025 15
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Figure 2. Autosomal variants in the modern Armenian dataset
The variants are grouped according to (A) their allele frequency and (B) their location and corresponding proportions.
autoinflammatory disorder caused by a broad mutational

spectrum in the MEFV gene [MIM:608107] and primarily

found in people of Mediterranean origin. The gene en-

codes a 781-amino-acid protein called pyrin, which is an

important modulator of innate immunity.74 Strikingly,

within our dataset, nearly half of the individuals (16 out

of 36) were found to carry pathogenic or likely pathogenic

variants in theMEFV gene, a significantly higher frequency

rate than the 20% reported in previous studies.73 This

highlights the limitations of conventional diagnostic

methods such as strip assays, which do not appear to be

a sensitive method for identifying pathogenic or likely

pathogenic mutations in the Armenian population (Figure

S2 and Table S3). Moreover, we found a novel MEFV

missense mutation in one of our samples, which is pre-

dicted to be deleterious by PolyPhen (0.998).

Population structure within modern Armenians

We assessed the genetic diversity and substructure within

the Armenian populations. Although the Sasun belongs

geographically to the central part of the Armenian high-

lands, inmost of our analyses we treat it as a separate group

(n ¼ 5), aiming to study its presumed genetic differences

from other Armenian populations. The remainder of the

Armenian individuals were grouped as western (n ¼ 11),

central (n ¼ 12), and eastern populations (n ¼ 6) of the

Armenian highlands, taking into consideration their his-

torical, geopolitical, cultural, and linguistic background

(Figure 1). In general, we found no stark division between

Armenian groups (Figures S3 and S4A–S4C). The allele-

sharing analysis revealed a high level of genetic similarity

among all groups, with particularly strong genetic links be-

tween eastern and central Armenian populations for MAF

bins (Sasun is not included in the analysis due to its small

sample size). Remarkably, the combined Armenian cohort

displayed a substantial degree of genetic affinity with

neighboring populations (Figures S4D–S4F). While the

pattern in the PCA (Figure S3A) can be mostly explained

by the geographic location of the populations except for

a few western Armenian individuals, ADMIXTURE for
16 The American Journal of Human Genetics 112, 11–27, January 2, 2
the Armenian samples pointed to subtle distinctiveness

in the ancestry components of Sasun (Figure S3B), which

may result from admixture or elevated rates of drift in

the population. ADMIXTURE analysis with other modern

populations indicated close affinity between all Armenian

groups and the Assyrians (Figure S5). When we reran

ADMIXTURE only for a few Near Eastern populations, Sa-

sun were inferred to have a distinct ancestral component

compared to most individuals from those of other Arme-

nian populations and Assyrians at K R 3 (Figure S6).

Bearing in mind that ADMIXTURE results should be

cautiously interpreted for populations with a recent bottle-

neck,75 we applied additional methods, thus allowing a

more robust analysis of population and demographic his-

tories of the region.

The FST pairwise comparison between the populations re-

vealed close genetic similarities among Armenians and their

neighboring populations (Figures 3B, S7, and S8), including

Assyrians, although these relationships were relatively less

pronounced for the Sasun population. These results were

further confirmed while exploring haplotype-sharing pat-

terns of Armenian groups with CHROMOPAINTER

(Figure S9) and further visualizing them in a form of the hi-

erarchical clustering tree with fineSTRUCTURE (Figure S10).

Even though the Sasun were located in a sister branch, all

Armenian groups clustered closely together, suggesting

that there are no significant genetic differences among

them. At the same time, we observed a handful of Assyrian,

Turkish, and Syrian individuals in the Armenian cluster,

which rather suggests some genetic substructure within

those populations and/or a level of admixture with Arme-

nians. Our PCA based on haplotype sharing (Figure 3A)

consistently showed Armenians clustering with neigh-

boring populations from the Caucasus, Anatolia, Iran, and

Assyria. Additionally, the results of clustering of Armenian

populations support our division of them into regional

groups.

To formally test whether the Sasun received additional

gene flow from Assyria compared to other Armenian

groups, we conducted a D-statistics in the form D(Sasun,
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Figure 3. Analyses of population structure, genetic relationships, and population size histories of modern Armenians
(A) Principal component analysis (PCA) based on haplotype sharing. The chunkcount coancestry matrix from CHROMOPAINTER was
used to perform PCA.
(B) Matrix of pairwise FST genetic distances between the populations.
(C) Effective population size estimates inferred from eight haplotypes for each population, using theMSMCmodel. Except for Sasun, the
Armenian groups follow a pattern similar to that of the Turkish samples (a typical European shape) when compared to other populations
in the analyses. WA, CA, and EA are the abbreviations for modern Armenian samples from the western, central, and eastern parts of the
Armenian highlands, respectively.
(D) The rate of LD decay across the populations (ARM, Armenia; MES, Middle East; CAU, northern Caucasus; wEUR, eEUR, cEUR, and
sEUR, western, eastern, central, and southern Europe, respectively; AFR, Africa; NA, SAs, CAs, and EAs, North, South, Central, and East
Asia, respectively). Mean values for 1,000-bp bin over 70,000 bp are shown. When comparing LD in the Armenian population with the
rest of the groups, the difference is significant with African and Middle East populations (Kolmogorov-Smirnov test, p < 0.05).
other_modern_Armenian; Assyrian, Mbuti). Our results

showed that the Sasun formed a clade with other Arme-

nian populations that is not broken by Assyrians

(Table S4). Based on these analyses, we conclude that all

modern Armenians are relatively homogeneous while

sharing high similarity to the neighboring populations,

and there is no evidence for the Sasun harboring an unusu-

ally high contribution from Assyrians.

Demographic history and timescale of divergence

MSMC analyses showed evidence of a population size

reduction after 10,000 years ago in the case of Sasun.

This finding might underlie their distinct genetic charac-
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teristics observed in previous analyses and suggests the

bottleneck event and/or the lack of an external gene flow

(which would exaggerate population sizes) in Sasun

compared to the rest of the Armenian populations.

Notably, the population size was even smaller than that

of the Sardinians (as depicted in Figure 3C), for whom a

substantial population size decrease around the similar

time period has been previously demonstrated.35 The

other Armenian groups exhibited effective population

sizes typical for most mainland Europeans, i.e., with a

strong bottleneck between 50,000 and 60,000 years ago,

linked to the out-of-Africa expansion, and a subsequent

period of rapid population growth. Nonetheless, we
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noticed that most of the cross-coalescent rate curves were

quite unstable, which might be because of very recent

divergence times and, consequently, insufficient resolu-

tion in the MSMC analysis (Figure S11).

We further examined a mean rate of LD decay for Arme-

nians, which is indicative of genetic drift and population

history. We found that Armenians displayed greater LD

than African, Middle Eastern, South Asian, Caucasus,

and western/southern European populations, and lower

LD than East Asian and eastern/central European popula-

tions (Figure 3D). We also checked the inbreeding status

of the population by measuring the average total number

of ROH (Figure S12). The Armenians demonstrated a rela-

tively low number of ROH in short ROH length categories

in comparison with other populations. However, they ex-

hibited a relatively elevated number of long ROH, reflect-

ing a certain level of consanguinity marriages within the

general Armenian population. When we conducted a

separate analysis for Armenian groups (Figure S13), we

found that the highest indication of consanguinity was

observed in the western Armenian population. We also

analyzed IBD sharing within the populations and found

no evidence for long IBD sharing between individuals,

suggesting the lack of both close and distant relatives in

the populations (Figure S14). Based on the IBD-sharing

patterns, we then tested the demographic scenarios over

the last 100 generations, which is considered a more sen-

sitive method for recent time periods than MSMC.

Although there is little signal for population changes

over the recent timescale, based on the inferred confi-

dence interval we can conclude that the Sasun population

had the lowest effective population size compared to

the other groups, consistent with our previous results

(Figure S15).

Distribution of mitochondrial and Y chromosome

haplogroups

The analysis of the spectrum of Y chromosome and

mtDNA haplogroups in Armenians showed a prevalence

of region-specific lineages (Figures S16 and S17; Table S1).

In particular, the most common Y chromosome hap-

logroups were R1b (23%), J2a (26%), and J1a (16%). In

our dataset, all Armenians with haplogroup R1b belong

to its Yamnaya-associated R-Z2103 lineage.7 Interestingly,

its greatest genetic diversity has been observed in the

Armenian highlands.24 The haplogroups J2a and J1a are

considered Middle Eastern by their origin, but also have

deep roots in the Caucasus as they were found in Paleo-

lithic samples from Georgia.76 The matrilineal gene pool

of Armenians is mostly represented by the haplogroups

H (28%), J (17%), U (14%), and N (11%). The modern

mtDNA haplogroup composition was typical for ancient

individuals from the Armenian highlands, except for the

latter lineage that had no occurrence in the samples from

Neolithic to Medieval times.14 Overall, our observations

of patrilineal and matrilineal genetic pools of Armenians

were consistent with the previous results.14,24–26
18 The American Journal of Human Genetics 112, 11–27, January 2, 2
Armenians in relation to other modern and ancient

populations: Testing the Balkan theory

In our study, we confined our dataset of ancient samples

from the western and central parts of the Armenian high-

lands to the sites located within the mountain boundaries

(Figure 1 and Table S2), which naturally served as a

geographic barrier to ancient population movement.77 To

assess the genetic affinities of modern Armenians to mod-

ern and ancient individuals from the Balkans, we first per-

formed a PCA, projecting ancient samples from the region

onto the first two principal components inferred from

modern-day populations of Europe, Middle East, and the

Caucasus (Figure 4). We observed that the modern Arme-

nians’ cluster falls in between the genetic variation of the

modern Caucasus and the Middle East, which is in accor-

dance with their geographic location. When compared

with the ancient samples from the Armenian highlands,

we noticed that all modern Armenian groups partly over-

lap with the ancient inhabitants from the eastern part of

the highlands, thus suggesting a degree of regional genetic

continuity since the Neolithic (the earliest samples avail-

able for this region). While the ancient samples from the

central region of the Armenian highlands (only a few pub-

lished at present) are located at the edge of the Armenian

cluster, the majority of ancient samples from its western

parts are situated further from its core. Considering that

the latest ancient specimens from the western Armenian

highlands belong to the Early Bronze Age (dataset span-

ning �3,950–2,300 BCE), this result complements histori-

cal records on the later settlement of this region by Arme-

nians.78 Notably, the clustering of modern western

Armenians closer to both modern and ancient central

Armenian highland groups aligns with historical evidence

on population movements and resettlements of Arme-

nians from predominantly central to western territories

of the highlands during the Byzantine Empire.79 In stark

contrast, both modern and ancient samples from the Bal-

kans appear significantly distant from the Armenian clus-

ter and are drawn mostly toward other European popula-

tions. We next conducted ADMIXTURE analysis with a

comparative dataset of modern and ancient populations

(Figure S18). In line with previous analyses,7 both modern

and ancient Armenian highland samples exhibit a substan-

tial proportion of CHG ancestry. However, while modern

Armenians exhibit a relatively uniform pattern of ancestry

within the groups, the ancient samples from the highlands

display a greater degree of regional heterogeneity in the

past. In particular, there is an apparent increase of

Neolithic-Anatolian-like ancestry in the samples from the

western Armenian highlands (from K > 5). At higher K

values, there are also variations in the incorporation of

EHG ancestry in ancient samples from the highlands,

consistent with previous observations.7 All ancient west-

ern and Neolithic eastern samples exhibit a relative lack

of this ancestry. After its appearance in the Chalcolithic

period, eastern Early Bronze Age individuals demonstrate

a visible drop in EHG ancestry, followed by a resurgence
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Figure 4. Principal component analysis (PC1 vs. PC2) for modern and ancient populations based on allele frequency data
Values in parentheses represent the percentage of variance explained by a given PC. According to the PCA, ancient samples from the
eastern parts of the Armenian highlands cluster with all contemporary Armenian groups (all are marked with red letters), while modern
(marked with a blue letter) and ancient samples from the Balkans show distinctive clustering closer to other modern European popula-
tions. On the bottom-right corner is a zoomed-in view of the analysis for the Armenian highlands cluster. S, W, C, and E are the abbre-
viations for modern Armenian samples from the Sasun, western, central, and eastern parts of the Armenian highlands, respectively. In
the legend, ArmH refers to the Armenian highlands.
by the Late Bronze Age. Additionally, the K ¼ 7 results sug-

gest elevated ancient Levantine-like ancestry in both west-

ern and central ancient Armenian highland populations.

This contrasts with the eastern ancient highland groups

and aligns with our PCA results.

The pattern observed in previous analyses prompted us to

conduct D-statistics in the form D(Modern_Armenians, An-

cient_Armenian_highlands_eastern; Ancient_Armenian_

highlands_western/central, Mbuti) to further examine

whether all modern Armenian groups form a clade with

ancient samples from the eastern part of the Armenian

highlands, in comparison to the ancient representatives

from its central and western regions (Table S5). To account

for the plausible artifactual attraction amongmodern popu-

lations when compared to ancient samples affected by post-

mortem damage or among two ancient samples when

compared to modern populations, in all our D-statistic ana-

lyses incorporating ancient individuals we used transver-

sions only. Additionally, in an effort to minimize the poten-

tial influence of technical biases that could emerge from the
The Am
combination of capture and shotgun data, our analyses

were restricted to a single technology type unless such a re-

striction was unfeasible. We did not detect any cases where

local ancient representatives disrupted the clade between

any modern Armenian populations and ancient samples

from the eastern Armenian highlands (in some cases, we de-

tected a stronger signal for attraction between ancient

samples).

To better understand the population history of the west-

ern Armenian highlands, we conducted outgroup f3 statis-

tics and found that Chalcolithic and Bronze Age inhabi-

tants of the region share more genetic drift with

Neolithic and Bronze Age samples from western Anatolia

as well as Neolithic and Chalcolithic populations from

Greece and Bulgaria (Figure S19). To confirm this observa-

tion and check whether anymodern populations break the

clade between ancient samples from the western/central

and eastern parts of the Armenian highlands, we calcu-

lated D-statistics in the form D(Ancient_Armenian_high-

lands_western/central,
erican Journal of Human Genetics 112, 11–27, January 2, 2025 19



Ancient_Armenian_highlands_eastern; X_Modern, Mbuti).

We detected a signal of a gene flow into ancient popula-

tions of the western Armenian highlands from the

Sardinian- and Near-Eastern-like sources (Table S6). This

signal is already detectable in the region during/after the

Chalcolithic. Among modern-day populations in Europe,

Sardinians have the highest affinity to Early European

Farmers and often act as a proxy for Neolithic ancestry in

population genetic analyses.41,46 At the same time, mod-

ern Levantine populations have been shown to harbor a

substantial level of ancestry from the Bronze Age Levant,

which, in turn, has ancestry from local Neolithic popula-

tions.80 We then ran a similar D-statistic test for the central

Armenian highlands group (Table S6) and found only a

single instance of a significantly broken clade by Near-

Eastern-like source when an Urartian sample from the re-

gion and the Early Iron Age population of the eastern

part of the highlands were used in the analyses. To deter-

mine whether small sample sizes combined with popula-

tion heterogeneity complicate the detection of a gene

flow signal, we conducted a series of D-statistic tests using

ancient populations from the western Armenian high-

lands and those with which a significant clade was de-

tected in previous analyses (Figures S20–S23). By drawing

random subsamples of these populations for each run,

we found that a signal becomes detectable (Z > 3) in the

vast majority of runs when both tested ancient popula-

tions each have a sample size of seven (it starts improving

from a sample size of five when the signal is strong). There-

fore, we conclude that additional samples are necessary for

the ancient central Armenian highlands dataset to ensure

reliable results. We applied the same sample-size criteria

and level of caution to all our D-statistic tests in our study

involving ancient samples.

Given the results above, we used the eastern Armenian

highland populations as the sole ancient representatives

from the region in the following analyses. To further inves-

tigate the question on the genetic origin of Armenians, we

used D-statistics in the form D(Modern_Armenians, An-

cient_Armenian_highlands_eastern; X_Balkan, Mbuti) to

formally test whether modern Armenians received any ge-

netic input from ancient and modern samples from the

Balkans (Table S7). We did not observe any significantly

positive values for the D-statistics (which are expected un-

der the Balkan theory), thus questioning the presence of

the Balkan-related ancestry inmodern Armenians. Further-

more, we found that in most of our comparisons ancient

and modern samples from the Armenian highlands form

a clade (|Z| < 3) to the exclusion of ancient and modern

samples from the Balkans. At the same time, we detected

a signal indicating that the ancestors of modern Arme-

nians received a genetic influx from an external source pre-

sumably after the Late Bronze/Iron Age (Z < �3) (we

acknowledge the small sample size for Middle Bronze Age

samples). However, we noticed an increased derived allele

sharing between modern Armenians and Greeks (Z > 3),

which might be a consequence of the shared gene flow be-
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tween the populations, and this requires further investiga-

tion. To compare the results that we obtained for the pop-

ulations of the Armenian highlands, we carried out a

similar set of D-statistic tests, but this time, we examined

a clade involving modern and ancient Greek populations

in the form D(Ancient_Greek, modern_Greek; X_ancient_

populations, Mbuti) (Table S8). The findings pointed to a

level of genetic discontinuity in the region following the

Later Bronze Age, revealing a genetic connection between

Mycenaean, Minoan, and Neolithic Greece samples with

those from Anatolia, Armenia, and the Middle East

(Table S8).

Taken as a whole, our results support the lack of signifi-

cant genetic input from the Balkans into ancient andmod-

ern populations of the Armenian highlands.

Insights into regional continuity

We next used amaximum-likelihood approach64 to test for

continuity of ancient and modern populations of the

Armenian highlands. This model assumes a scenario where

changes in allele frequency from the common ancestor for-

ward in time are explained through drift alone. The test

suggests a very recent drift time in all modern Armenian

populations since the common ancestor with the ancient

samples, thus supporting the close relationship between

ancient and modern inhabitants of this region. However,

the model rejects the regional continuity hypothesis, since

the ancient populations appear to have significantly larger

drift times (Table S9). This result is compatible with a sce-

nario of admixture into modern Armenians from an

outside population, which diverged earlier than the split

time between the modern and ancient inhabitants of

the region. Consequently, this admixture would have

increased heterozygosity in modern Armenians and thus

would exaggerate the drift time in ancient Armenian high-

land populations (since no genetic influx is allowed ac-

cording to the model), eventually resulting in the rejection

of regional continuity. We also acknowledge that this

method is highly sensitive, even to small levels of admix-

ture, which presents a limitation given that all present-

day populations have experienced some degree of admix-

ture at various points in their history.

Identifying the source, extent, and time of gene flow

We then investigated corresponding signatures of gene

flow into the Armenian highlands by using D-statistics in

the form D(Modern_Armenians, Ancient_Armenian_high-

lands_eastern; X_ancient_population, Mbuti). We found

that several ancient samples from the Middle East, Anato-

lia, and Eurasian Steppe are more closely associated with

the ancient samples from the Armenian highlands than

the latter with the modern Armenians (Z < �3), thus

corroborating our previous results (Table S10). In agree-

ment with the D-statistics results with ancient Balkan sam-

ples, the highest negative values have been detected in the

case of the Late Bronze/Iron Age samples from the Arme-

nian highlands. It is worth mentioning that the Sasun
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population shows similar results in the D-statistics, rein-

forcing the finding that the population has ancestry

similar to that of the other Armenian groups (Table S11).

Due to the prevalence of captured ancient samples and

our commitment to maintaining a consistent sequencing

technology criterion for sample inclusion in our

D-statistic tests, we chose not to include Iron-to-Middle-

Age Lebanon and Late Bronze Age Armenian highland

samples that were sequenced using the shotgun method.

However, when incorporating those samples in the sepa-

rate D-statistics in the form D(Modern_Armenians, Late_

Bronze_Age_Armenian_highlands_eastern; ancient_Leba-

non, Mbuti) using all SNPs, the Iron Age, Antiquity, and

Roman-period Lebanon samples stood out as the only

comparative ancient samples showing positive Z values,

suggesting an affinity with modern Armenians (Table

S12). When we restricted the analysis to transversions

only, we had to exclude four out of five Late Bronze Age

Armenian highland populations to meet the SNP cutoff

of 35,000. As a result, the analysis with transversions did

not yield significant results, plausibly due to the smaller

sample size and the reduced number of SNPs.

To check whether any modern populations break the

clade between modern Armenians and ancient samples

from the region, we calculated D-statistic in the form

D(Modern_Armenians, Ancient_Armenian_highlands_east-

ern; X_modern_population, Mbuti). We found a signal of a

gene flow into modern Armenians from the Sardinian- and

Near-Eastern-like sources after the Late Bronze/Iron Age

(though it should be noted that our sample size for Middle

Bronze Age samples is currently limited) (Table S13). It is

worth noting that while all Armenian groups show a similar

tendency, the central Armenian group had the highest

contribution to this signal, which may be due to the rela-

tively larger sample size of this population. The Assyrians

also disrupted the clade between the Late Bronze/Iron Age

populations from the eastern parts of the highlands and

modern eastern and central Armenians, while showing a

similar tendency for Sasun and western Armenians. This

confirms our previous conclusions on the lack of any addi-

tional Assyrian ancestry in Sasun and supports the sugges-

tion that the results of the previous D-statistic test with

modern Greeks (Table S7) indicate a genetic influx into

modern Armenians, which is shared with modern Greeks.

Altogether, our results suggest a gene flow from a

Neolithic-Levantine-Farmers-like source into the eastern

parts of the Armenian highlands, presumably during/after

the end of the Bronze Age, which differentiated modern Ar-

menians from their regional ancestors. This result aligns

with the findings from a prior study, which demonstrated

an increase in Pre-pottery Neolithic Levant ancestry in

Armenia following the Late Bronze Age (�3,200 years ago).7

Interestingly, we observed an affinity between Late

Bronze Age Armenian samples and certain modern north-

ern and eastern European populations. We speculate that

this could be due to the later arrival of the steppe-related

ancestry to that region (Table S13). We also detected that
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the D-statistic tests with Early Bronze Age samples from

the Armenian highlands nearly reached significance (Z ¼
3). When randomly sampling Late Bronze Age individuals

for a smaller population size, we confirmed that sample-

size limitations and population heterogeneity affect the

D-statistic results (Figure S24), raising caution in interpret-

ing results for groups with limited numbers of individuals.

We then conducted a pairwise comparison among

ancient Armenian highland populations in an effort to

reveal the timing of the Neolithic-Levantine-Farmers-like

genetic influx (Table S14). Apart from the latter, we identi-

fied the impact of gene flow associated with the steppe as

a contributing factor to the genetic heterogeneity within

eastern Armenian highland populations over time. Consis-

tent with a previous study,7 theD-statistic tests revealed the

previouslymentionedgeneflow in the region, followedby a

gradual reduction of steppe ancestry after the Iron Age.

We then attempted to date the genetic influx based on

the patterns of linkage disequilibrium with ALDER

(Figure S25). We had to run a one-population test (modern

Armenians as the target with input from Sardinians),

which has limited power, so we added previously published

genotype data on 99 Armenians15 and 24 Sardinians.55 We

were able to detect a significant signal of admixture with a

Sardinian-like source in Armenians, with an estimated

ancestry contribution of 41.6 5 3.6. The timing of the

admixture obtained from ALDER suggests a relatively old

event (the best signal corresponds to 218.50 5 16.39 gen-

erations ago or about 6,100 years), which is closer to the

end of the Chalcolithic/Early Bronze Age in Armenia.

While ALDER has been shown to be reasonably robust

with respect to having the exact source of admixture, the

discrepancy in dating might be due to the Sardinian being

only a distant proxy of the population that admixed with

Armenians.We then used DATES, which allows one to date

admixture events by incorporation of ancient DNA

(Figure S26). The analysis shows that Iron Age Lebanon

and Late Bronze Age Armenian highland samples were ad-

mixed 55 generations (standard error values ranging from

57.23 to 35.95), which roughly corresponds to the onset of

the Late Bronze Age in Armenia.

We explicitly modeled the ancestry of Armenians by

fitting the expected f-statistic values to those observed us-

ing qpGraph (Figures 5, S27, and S28). Amodel that fits the

data suggests that, along with the major genetic contribu-

tion from the local Late Bronze Age population, modern

Armenians received a gene flow from a population related

to Iron Age Levant. Intriguingly, the amount of genetic

contribution from the latter group varies when we

consider the general Armenian population (45%, Figure

5A) or subpopulations (28%–53%), with the eastern Arme-

nians having the smallest admixture proportion (28%,

Figure 5B). The genetic differences among geographic

groups are in line with PCA results (Figure S3A), where

some of the western and central (including Sasun, which

is the most distant) Armenian individuals appeared to be

further from the core Armenian cluster.
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Finally, we used qpAdm in an attempt to model modern

Armenians with the genetic contributions from the Iron

Age Levant and Late Bronze Age Armenian highland pop-

ulations. However, this analysis was highly inconsistent

and unstable while changing the sample size in the popu-

lations or adding more populations in the reference group

(despite qpWave showing their good representation). As

such, we obtained a result of 0.6 and 0.4 for genetic contri-

bution from the population of Iron Age Levant and Late

Bronze Age Armenian highlands, respectively. When

considering between 3 and 4 standard deviations (standard

error is equal to 0.04), these proportions align with the pre-

viously mentioned finding.
Imputation

We aimed to assess the imputation accuracy when a set of

population-specific genomes are added to themost updated

reference panel such as the 1000 GP phase 3, called against

the GRCh38 assembly. For this, we masked all positions in

one Armenian genome that are not present in the Illumina

Human-1M array, imputed these SNPs from the remaining

variants, and compared the imputed andknowngenotypes.

The imputation was performed with two reference panels,

separately: 1000 GP haplotype data (n ¼ 5,248) and a com-

bined reference panel, consisting of the former and remain-

ing Armenian genomes (n ¼ 35). As a result, we found

slightly improvedvalues for rare variantswhenusinga com-

bined panel, whereas the distribution across the other fre-

quency blocks remained quite similar (Figure S29).
Discussion

We conducted a comprehensive WGS analysis of Arme-

nians using a sizable dataset of high-coverage genomes.
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In line with earlier studies on matrilineal genetic composi-

tion,26 we found that Armenians are characterized by little

within-population substructure. The only population that

subtly differs from other Armenian groups is the Sasun,

which was previously reported as distinct based on the

analysis of patrilineal lineages.24 We demonstrated that

the Sasun population underwent a distinct demographic

bottleneck, which is the main underlying cause of the

observed genetic differences from other Armenians. Of

note, all Armenian populations shared high genetic simi-

larities with the populations in close geographic proximity,

including Assyrians, and the Sasun did not receive any

significantly greater gene flow from the latter, which could

have explained their slight genetic divergence from other

Armenian populations.

We described the variant architecture in the Armenian

genomes and discovered more than 500,000 variants not

previously reported in the dbSNP variant database. As a

separate question, we investigated the power of imputa-

tion when population-specific reference is added to the

1000 GP phase 3 reference panel, aligned to the GRCh38

assembly. Given the predominantly rare frequency of var-

iants in the genomes, the inclusion of a relatively small

number of population-specific genomes alongside the

1000 GP dataset resulted in only marginal improvements

in our imputation capability. Consequently, a substantially

larger population-specific dataset is required to signifi-

cantly enhance the imputation power.

We focused on solving a long-standing puzzle regarding

Armenians’ genetic roots. Although the Balkan hypothesis

has long been considered the most plausible narrative on

the origin of Armenians, our results showed that modern

Armenians are genetically distinct from both the ancient

and present-day populations of the Balkans.While a recent

study7 speculates that the dilution of the EHG ancestry
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after the Iron Age could suggest Balkan-related gene flow,

our results reveal a different source for this genetic input.

At the same time, Lazaridis et al.7 confirm the lack of a Bal-

kan genetic component in the ancient samples from

Armenia.

On the contrary, we revealed a high level of regional ge-

netic continuity in eastern parts of the Armenian high-

lands for well over 6,000 years, confirming analyses in pre-

vious studies.14,15 A recent study also suggests a similar

level of stability up to the Bronze Age in the South Cauca-

sus (there was no test for later inputs, as this study used

only aDNA).6 This pattern stands in contrast to most other

western Eurasian populations, which have undergone

multiple large influxes and turnovers.9,41 A relatively

similar example is the Sardinians, who have long been

considered as a genetic isolate in the region since the

Neolithic, but recent studies have shown that the island

received numerous genetic inputs after the Bronze Age,81

accounting for 38%–44% of their ancestry.

Although the western and central regions of the Arme-

nian highlands are currently not densely sampled for

ancient DNA, we have nonetheless been able to discern dif-

ferences in the timing of Levantine-related ancestry’s pene-

tration into various parts of the highlands. While we found

that the latter was already present in the western parts of the

highlands during the Chalcolithic (later Levantine-Early-

Farmers-like gene flow might have amplified this signal),

we documented that the eastern parts received it through

admixture event that likely occurred at some point after

the Early Bronze Age, thereby disrupting the genetic conti-

nuity in the region.We acknowledge the sample-size limita-

tions in pre-Late Bronze Age populations from the Arme-

nian highlands and recognize that gene flow may have

been a gradual process that reached its peak intensity by

the end of the Late Bronze Age but likely started much

earlier (according to the results from ALDER and DATES).

Thus, the first migration to the eastern Armenian highlands

after the Neolithic introduced a steppe-related ancestry in

the region, while the second augmented the proportion of

the Levantine-related ancestry especially in the post-Late

Bronze Age inhabitants of the Armenian highlands. Our re-

sults on the source population and date for the mixture are

roughly comparable with the genetic studies on Armenians

conducted so far. An elevated Neolithic-European-Farmers-

like ancestry in Armenians was previously detected based

onmodern genomes only,15 and the gene flow rate was esti-

mated as 29%. In our study, we noticed a cline for the

Neolithic-Levantine-Farmers-like genetic influx within

Armenian geographic groups; the most isolated population

were eastern Armenians (28% of Iron Age Lebanon-related

genetic input inferred by qpGraph), which agrees with their

geography and thus shows the effect of mountains as bar-

riers to genetic exchange. At the same time, we acknowledge

that for ancestry modeling and calculations of the genetic

contribution, it was not feasible to avoid mixing different

sequencing technologies, which could potentially impact

the results. As a note of caution, it is important to consider
The Am
that in D-statistics, modern-modern or ancient-ancient af-

finities may result not only from postmortem damage but

also from reference bias,82 which cannot be eliminated

solely by using transversions. This is why we employed

additional methods in our study, drawing conclusions

from all of them.

Our study including aDNA samples enhances the power

of admixture tests by providing proper sources for popula-

tion ancestry. As such, we could not find evidence for mix-

tures ofmultiple populations during the period 3,000–2,000

BCE.15 In contrast, we found a signal for a single admixture

event from a Levantine-Early-Farmers-like source, which

continuously occurred during/after the end of the Late

Bronze Age. We acknowledge that the admixture event

could have occurred earlier, which would align well with

our estimated dates (inferred by ALDER and DATES) and

recent studies on the demographic history in the adjacent

Caucasus region.83 Interestingly, archaeological evidence

indicates that Middle and Late Bronze Age periods in the

Armenian highlands were marked by significant transfor-

mations.10 The Middle Bronze Age saw the emergence of

diverse cultures, a predominant nomadic lifestyle, and

active relations with Anatolia and the Aegean. The Late

Bronze Age, on the other hand, was characterized by intense

cultural interactions with neighboring populations, inclu-

ding the Hurrians, Hittites, and Mesopotamians.

In summary, we conclude that there was a large-scale

movement across the Middle East at some point after the

Early Bronze Age. From the genetic point of view, thismove-

ment has led to a sizable input of Neolithic-like ancestry in

the populations inhabiting the region. In particular, this

movement reached the mountainous regions of the eastern

parts of the Armenian highlands, resulting in the genetic

divergence of the modern populations from their regional

ancestors. The questions of exactly where and when these

immigrants came from, as well as what the trigger was for

such a widespread migration wave, remain unanswered.

Further studies on the complex demographic processes of

the region are needed along with the incorporation of addi-

tional ancient and modern data from the Armenian high-

lands, Anatolia, and the Levant.
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