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Abstract

Recent studies have used genome-wide single-nucleotide polymorphisms (SNPs) to investigate relationships among various
Jewish populations and their non-Jewish historical neighbors, often focusing on small subsets of populations from a limited
geographic range or relatively small samples within populations. Here, building on the significant progress that has emerged
from genomic SNP studies in the placement of Jewish populations in relation to non-Jewish populations, we focus on
population structure among Jewish populations. In particular, we examine Jewish population-genetic structure in samples
that span much of the historical range of Jewish populations in Europe, the Middle East, North Africa, and South Asia.
Combining 429 newly genotyped samples from 29 Jewish and 3 non-Jewish populations with previously reported genotypes
on Jewish and non-Jewish populations, we investigate variation in 2789 individuals from 114 populations at 486,592
genome-wide autosomal SNPs. Using multidimensional scaling analysis, unsupervised model-based clustering, and
population trees, we find that, genetically, most Jewish samples fall into four major clusters that largely represent four
culturally defined groupings, namely the Ashkenazi, Mizrahi, North African, and Sephardi subdivisions of the Jewish
population. We detect high-resolution population structure, including separation of the Ashkenazi and Sephardi groups and
distinctions among populations within the Mizrahi and North African groups. Our results refine knowledge of Jewish
population-genetic structure and contribute to a growing understanding of the distinctive genetic ancestry evident in closely
related but historically separate Jewish communities.

Introduction have long been a topic of great interest in human population
genetics. Studies of Jewish populations have examined
Relationships among Jewish populations and between  many forms of variation, from blood groups and immuno-
Jewish groups and their non-Jewish historical neighbors  logical markers to mitochondrial and Y-chromosomal
DNA variants and autosomal restriction fragment length
polymorphisms, microsatellites, and single-nucleotide
polymorphisms (SNPs) [1-8].
Until recently, relationships among Jewish population
groups were difficult to assess robustly, due to the close
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relationships among the populations and the relatively small
number of markers that had historically been available.
During the genomic era, however, progress in Jewish
population genetics has been significant. In particular, fol-
lowing a period of emphasis in Jewish population genetics
on uniparental Y-chromosomal and mitochondrial loci that
follow male and female lineages, respectively—often with
differing patterns observed (reviewed in [7])—recent ana-
lyses of genome-wide autosomal SNPs have introduced a
new era in which it has been possible to clarify population
relationships at a fine scale from genome-wide averages.
Indeed, some of the first genomic studies spanning large
numbers of Jewish populations represented considerable
advances in placing Jewish in relation to non-Jewish
populations [9, 10]. In population structure inference from
autosomal genomes, studies of large numbers of genome-
wide polymorphisms in Jewish and closely related non-
Jewish populations [9-22] have produced agreement on two
main patterns. (1) Genetic clustering of many Jewish
populations places them as intermediate between non-
Jewish European and Middle Eastern groups. (2) With
notable exceptions, most Jewish populations cluster
genetically with other Jewish populations, indicating
genetic similarity that often exceeds that with non-Jewish
historical neighbors.

In this study, we examine Jewish population structure
using genome-wide SNPs. Our work builds primarily upon
five studies [9, 10, 15, 19, 20], each including a variety of
Jewish populations, but each having less geographic cov-
erage or smaller sample sizes per population than the current
investigation, or both, and with generally more emphasis on
relationships of Jewish and non-Jewish groups. Kopelman
et al. [15] studied four Jewish populations, finding that they
could be distinguished from neighboring European and
Middle Eastern non-Jewish populations, and that the Tuni-
sian Jewish group was the most distinctive of the four.
Atzmon et al. [9] identified two clusters among seven Jewish
populations, one containing Mizrahi Jewish populations and
the other containing European and Syrian Jewish groups.
Behar et al. [10] sampled a larger number of populations, but
few individuals from most of them, and also uncovered two
clusters, again one for Mizrahi populations and the other
including Ashkenazi, North African, and Sephardi groups.
The study by Campbell et al. [19], which also discerned a
Mizrahi cluster, emphasized the analysis of the North Afri-
can Jewish populations, identifying a North African cluster
that was separate from Ashkenazi and some Sephardi
populations. That study refined earlier results on distinc-
tiveness of the Tunisian and Libyan Jewish populations
[15, 23]. In the largest study to date, Behar et al. [20] ana-
lyzed a broad sample from across western Eurasia and North
Africa, but focused primarily on one aspect, the Ashkenazi
Jews in relation to non-Jewish populations.

With more individuals and populations, our aim is a
more comprehensive analysis of Jewish population-genetic
substructure. We emphasize relationships among Jewish
populations, considering relationships of Jewish popula-
tions to non-Jewish groups in order to place the Jewish
populations into context. We analyze new data from 429
individuals, representing 29 Jewish and 3 non-Jewish
populations, at 486,592 SNPs. Unlike most recent studies
on the genetics of Jewish populations, we identify countries
of origin in labeling the Ashkenazi samples. We analyze our
new data together with previously reported Jewish
population-genetic data [10] and with samples from diverse
worldwide populations [24, 25], examining a total of 2789
individuals from 114 populations.

Results

We assembled the data (Table S1, Fig. S1, see “Materials
and methods” section), classified populations by regional
group, and analyzed 12 population subsets (Tables 1 and
S2). Because studies of population structure can reveal
finer-scale relationships as the analysis narrows to restrict
attention to more closely related groups [24, 26, 27], we
adopted a nested data analysis strategy. We proceeded from
a broad geographic context for Jewish populations to local
comparisons of specific Jewish groups and of specific
groups of Jewish and non-Jewish populations.

We first examined relationships between Jewish and non-
Jewish samples from Africa, Asia, and Europe (set 1); Eur-
ope, the Middle East, and Central and South Asia only (set 2);
Europe and the Middle East only (set 3). Following these
initial analyses that aimed at placing the Jewish populations
into a broader geographic context and identifying genetically
proximate non-Jewish populations for refined analysis, we
then focused on Jewish populations only (set 4).

Most Jewish populations largely fall into four major
cultural groups: Ashkenazi, Mizrahi, North African, and
Sephardi. These groupings represent generally distinct
geographic ancestries: Central and Eastern Europe for the
Ashkenazi group; the Middle East, Caucasus, and Central
Asia for the Mizrahi group; North Africa for the North
African group; and Mediterranean regions inhabited by
descendants of Jewish populations expelled from Iberia in
the late 1400 s for the Sephardi group. Population classifi-
cations according to these groupings appear in Table S1.
Together with non-Jewish samples from regions historically
inhabited by specific Jewish groups, we examined Ashke-
nazi (set 5), Mizrahi (set 6), North African (set 7), and
Sephardi Jewish samples (set 8). Omitting the non-Jewish
samples, we also separately analyzed Ashkenazi (set 9),
Mizrahi (set 10), North African (set 11), and Sephardi
samples (set 12). Four Jewish populations included in the
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Table 1 Twelve population sets used in population structure analysis. The study analyzes 12 sets of populations, numbered 1-12. An “X” entry in
the table indicates that the group of populations listed in the associated row is included in the set for the associated column.

Population group Number of Population set
populations
1 2 3 4 5 6 7 8 9 10 11 12
Africa 12 X
East Asia 22 X
Central/South Asia 13 X X
Middle East (Armenian, Georgian, Iranian) 3 X X X X
Middle East (Egyptian, Moroccan, Mozabite) 3 X X X X
Middle East (Cypriot, Turkish) 2 X X X X
Middle East (other populations) 10 X X X
Europe (Adygei) 1 X X X X X
Europe (Italian, Romanian, Spanish, Tuscan) 4 X X X X X
Europe (other populations) 13 X X X X
Ashkenazi Jewish 13 X X X X X X
Mizrahi Jewish 6 X X X X X X
North African Jewish 5 X X X X X X
Sephardi Jewish 3 X X X X X X
Yemenite Jewish 1 X X X
Indian Jewish 2 X X
Ethiopian Jewish 1 X
Total number of populations 114 114 79 64 27 31 10 8 9 13 6 5 3
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Fig. 1 Multidimensional scaling analysis of population structure
for Jewish populations and non-Jewish populations from specific
regions. a Africa, Asia, and Europe (2789 individuals, 114 popula-
tions). b Europe, Middle East, and Central and South Asia (1656
individuals, 79 populations; Ethiopian Jews are excluded). ¢ Europe
and Middle East (1288 individuals, 64 populations; Ethiopian and

study—Ethiopian Jews, Indian Jews from Cochin, Indian
Jews from Mumbai, and Yemenite Jews—are considered to
be culturally distinct and not part of the Ashkenazi, Mizrahi,
North African, or Sephardi groups; they are therefore not
analyzed in sets (5)—(12).

Jewish populations in relation to non-Jewish
populations of Africa, Asia, and Europe

We performed multidimensional scaling (MDS) using the
allele-sharing distance [28] between pairs of individuals.
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Indian Jews from Cochin and Mumbai are excluded). In ¢, groups are
color-coded: Europe, light blue; Middle East, olive green; Ashkenazi
Jewish, dark blue; Mizrahi Jewish, red; North African Jewish, orange;
Sephardi Jewish, purple; Yemenite Jewish, green. Population symbols
often overlap due to similar placement.

Figure 1a shows an MDS plot for 2789 individuals from 114
populations from Africa, Asia, and Europe (population set
1). The plot shows a separation of individuals by geographic
region with Jewish samples largely forming a cluster over-
lapping the European and Middle Eastern samples. Some
Jewish samples lie outside this cluster: the two Indian Jewish
populations, from Cochin and Mumbai, and the Ethiopian
Jewish population lie among non-Jewish populations of
Central and South Asia and Africa, respectively.

We then narrowed the sample set, excluding non-Jewish
populations from Africa and East Asia as well as Ethiopian
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Jews. This analysis included 1,656 individuals from 79
populations, producing the MDS plot of the Jewish popu-
lations together with non-Jewish populations of Europe, the
Middle East, and Central and South Asia shown in Fig. 1b
(population set 2). The Jewish populations continue to fall
among the European and Middle Eastern samples with the
exception that the two Indian Jewish populations are found
among samples from Central and South Asia. Figure 1b
reveals a distinctive position for the Yemenite Jewish sam-
ples in relation to other Jewish populations. Mizrahi Jewish
samples can be distinguished from Ashkenazi, North Afri-
can, and Sephardi Jewish samples with most Mizrahi sam-
ples clustering among Middle Eastern non-Jewish samples,
and the other Jewish samples generally lying between Eur-
opean and Middle Eastern non-Jewish populations.

We further narrowed the sample set, excluding Central and
South Asia and the Indian Jewish populations from Cochin
and Mumbai, leaving 1288 individuals from 64 populations,
with a focus on Jewish populations in relation to European
and Middle Eastern non-Jewish populations (population set
3). The resulting MDS plot (Fig. 1c) places the Yemenite
Jews near Bedouin, Saudi Arabian, and Yemenite non-Jewish
populations. It accentuates the differentiation between the
Mizrahi Jews (red) and Ashkenazi (dark blue), North African
(orange), and Sephardi Jews (purple). Interestingly, some
Russian Jewish samples and one Ukrainian Jewish sample
cluster among the Mizrahi Jews. Figure 1c also distinguishes
the Ashkenazi and North African populations with the
Sephardi populations lying intermediate between these two
groups. The Ashkenazi populations appear closer to Eur-
opean populations than do other Jewish populations.

Jewish populations in relation to non-Jewish
populations of Europe and the Middle East

Because the MDS analysis of Jewish and non-Jewish
populations of Europe and the Middle East separated
major Jewish population groups and produced informative
placements of Jewish samples in relation to non-Jewish
populations, we undertook additional analyses with this
same set of populations (population set 3). We first exam-
ined genetic diversity, and then conducted additional ana-
lyses of population structure.

Heterozygosity

Table S3 shows the mean expected heterozygosity across
loci for all Jewish populations (including Ethiopian Jews
and Indian Jews from Cochin and Mumbai) and non-Jewish
populations of Europe and the Middle East. The mean
heterozygosities across 31 Jewish, 18 European, and 18
Middle Eastern populations are 0.3237, 0.3235, and 0.3252,
respectively. For the 27 Jewish populations classified in

larger regional groups (excluding Ethiopian Jews, Indian
Jews from Cochin and Mumbai, and Yemenite Jews), the
means are 0.3249 for 13 Ashkenazi populations, 0.3224 for
6 Mizrahi populations, 0.3221 for 5 North African popu-
lations, and 0.3259 for 3 Sephardi populations, respectively
(Table S4).

Genetic diversity measures in human populations typi-
cally vary within a narrow range and largely follow a pat-
tern in which within-population genetic diversity decreases
with increasing geographic distance from Sub-Saharan
Africa over land-based routes [29, 30]. In accord with this
pattern, we find that although their values are similar,
European non-Jewish populations, at a greater land-based
distance from Sub-Saharan Africa than Middle Eastern
populations, have lower heterozygosities (p = 0.0030, two-
tailed Wilcoxon two-sample test). The heterozygosity of
0.3291 for the full pooled set of 504 Jewish individuals is
intermediate, between 0.3259 for non-Jewish individuals
from Europe and 0.3311 for those from the Middle East.
Considering paired lists of loci, Jewish heterozygosities in
the pooled sample have an intermediate position, greater
than European heterozygosities (p < 2.2 x 10716, two-tailed
Wilcoxon signed-rank test) and smaller than those of the
non-Jewish Middle Eastern populations (p <2.2 x 10719,

Using population-level values in Table S3, comparisons
show intermediate heterozygosities for Jewish subgroups
between those of European and Middle Eastern non-Jewish
populations. For example, Ashkenazi Jewish populations
have slightly higher values than non-Jewish European
populations (p =0.0681, two-tailed Wilcoxon two-sample
test), and Mizrahi Jewish populations have lower hetero-
zygosities than non-Jewish Middle Eastern populations
(p=0.0191).

Unsupervised model-based clustering

We next performed unsupervised model-based clustering of
the set of European, Middle Eastern, and Jewish popula-
tions, employing S7ructure [31]. For each value of the
number of clusters K from 2 to 8, we performed 20 replicate
runs, identifying modes among these runs using CLUMPAK
[32].

Figure 2a illustrates the major clustering solutions for
each K from 2 to 8. For K=2, one cluster has higher
membership in European populations and the other has
higher membership in Middle Eastern populations. Jewish
populations have mixed membership in the two clusters,
with the exception of the Yemenite Jews, who are placed
primarily in the main cluster among Middle Eastern popu-
lations. For K = 3, the third cluster (dark blue) separates the
Mozabite and Moroccan populations. Non-Jewish popula-
tions from the Levant generally have substantial member-
ship in this cluster, as do North African and Yemenite Jews.

SPRINGER NATURE



808

N. M. Kopelman et al.

K=2 >

K=5 K=4

K=3

771 PO L W‘“
H

K=7 K=6

K=8

huanian

g
H

I

Turkish

Talian
Hungarian
Estonian
Palestinian

Fig. 2 Population structure of Jewish, European, and Middle
Eastern populations. a Unsupervised clustering using sTrucTure, for
the 1288 individuals in Fig. lc. For each value of K, the number of
predefined clusters, each individual is represented by a vertical line
partitioned into K colored components according to inferred mem-
bership in K genetic clusters. For each K, the major mode identified by
cLumpAk is shown; among 20 replicates, this mode represents 20, 20,

Ashkenazi Jews are largely assigned to the new cluster
for K =4 (green), which also contains sizeable membership
from southern Europe, particularly the Sardinians, as well as
from Sephardi and North African Jews. For K =5, the new
cluster largely subdivides the non-Jewish European popu-
lations (purple), so that the similarity of Sephardi and North
African Jews to Ashkenazi Jews seen at K =4 is partially
absorbed in a cluster anchored by Sardinians.

For K=6, Yemenite Jews have relatively high mem-
bership in the new cluster, which also has substantial
membership from Middle Eastern populations such as
Bedouins and Saudi Arabians (pink). For K =7, Libyan and
Tunisian Jews fall into a new cluster (red). For K =8, the
new cluster is centered on the Druze (light green).

Population tree

For the European, Middle Eastern, and Jewish populations,
we carried out a neighbor-joining tree-based clustering.
Restricting attention to 47 populations with sample size 10
or more, we obtained population-based distance matrices
for the allele-sharing distance, using 1000 bootstrap
resamples of the set of loci (Fig. 2b).
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18,17, 11, 13, and 14 runs for K =2, 3, 4, 5, 6, 7, and 8, respectively.
b Neighbor-joining population tree. The plot includes the 47 popula-
tions in Fig. 1c for which sample sizes were ten or greater. Numbers
indicate bootstrap support out of 1000 replicates. Color codes for
labels and external branches follow Fig. lc. An internal branch is
colored black if it subtends a set of two or more populations that
appears with at least two colors.

In the resulting population tree, one subtree with boot-
strap support 1000 of 1000 replicates corresponds to Eur-
opean (non-Caucasus) populations; another with support
996 corresponds to most of the Middle Eastern populations
plus the Yemenite Jews. A third subtree contains Mizrahi
Jewish populations and non-Jewish populations from
nearby regions, with support 760 for a grouping of the
Mizrahi populations. Ashkenazi and North African Jewish
populations each lie in separate subtrees, with bootstrap
support values 1000 and 788, respectively. The general
pattern is similar to that seen with Strucrure (Fig. 2a).

Relationships among Jewish populations

We further reduced the population set, exploring structure
among Jewish populations, continuing to exclude Ethiopian
and Indian Jews, and also excluding the relatively dissimilar
Yemenite Jews (population set 4). We performed MDS and
STrucTURE analyses for this subset, which included 420
individuals from 27 Jewish populations.

The MDS plot in Fig. 3a contains clusters representing
Ashkenazi, Mizrahi, North African, and Sephardi popula-
tions. The Mizrahi cluster is relatively distant from the other
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Fig. 3 Population structure for Jewish populations. a Multi-
dimensional scaling. Color codes follow Fig. lc. b Unsupervised
clustering using sTrucTurRe. Among 20 replicates, the major mode
shown appears in 20, 20, 18, 15, 9, 14, and 10 runs for K=2, 3, 4, 5,

three and most distant from the Ashkenazi and North
African groups. Notably, the Sephardi populations form a
cluster separate from the Ashkenazi and North African
populations. The average linkage distance L, measuring the
distance between pairs of individuals, one from each group,
is 0.0233 for Sephardi and Ashkenazi populations. This
distance gives a significant separation; with group labels
permuted (see “Materials and methods” section, multi-
dimensional scaling), Sephardi—-Ashkenazi L, is always
smaller than the unpermuted Ly (p <0.001, 1000 permuta-
tions). Sephardi—North African L also indicates significant
separation (Lo = 0.0250, p <0.001).

Within the Mizrahi, North African, and Sephardi clus-
ters, but not the Ashkenazi cluster, populations can be
differentiated. For North Africans, the Libyan and Tuni-
sian populations lie more distant from the center of the
plot than do the other populations. In the Sephardi cluster,
the Bulgarian Jews are closer to the Ashkenazi populations
and the Turkish Jews are closer to the North African
populations. L, between the Bulgarian Jews and Turkish
Jews is 0.0064; this value is significant by a permutation
test in which L between the populations is compared with
the corresponding distance when the population labels of
samples from these groups are permuted (p <0.001).
Similarly, Bulgarian—Ashkenazi L, 0.0207, is sig-
nificantly smaller than the Turkish-Ashkenazi L, of
0.0257, by a test in which labels of the Bulgarian and
Turkish Jews are permuted and the distance to Ashkenazi
Jews is recomputed (p <0.001).
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6, 7, and 8, respectively. Both plots include 420 individuals from 27
populations and exclude Ethiopian, Indian, and Yemenite Jewish
populations.

Structure (Fig. 3b) confirms many of the distinctions
observed with MDS. For K =2, Ashkenazi and Mizrahi
Jews are largely assigned to separate clusters, with North
African and Sephardi Jews having intermediate member-
ship. For K =3, North African Jews split into a new cluster
that partially contains Sephardi Jews (blue). The new cluster
at K=4 separates Moroccan Jews from the other North
African Jewish populations (green). For K =15, Georgian
Jews are assigned mostly to a new cluster that partly con-
tains other Mizrahi populations (purple). At K = 6, the new
cluster contains Sephardi Jews and contributions from some
Mizrahi populations (pink). At K=7, the Sephardi
separation is less noticeable, with separation visible for
Azerbaijani and Uzbek Jews (red). At K=38, the partial
Sephardi separation reappears (light green).

Major subgroups of Jewish populations

Figure 3 distinguishes the Ashkenazi, Mizrahi, North
African, and Sephardi populations. We next analyzed these
groups separately, using MDS and Strucrure for each
group, and MDS for each group in combination with geo-
graphically associated non-Jewish populations (Figs. 4, 5).

Ashkenazi Jewish populations
Unlike most studies of Ashkenazi Jews, we used separate

population labels within the Ashkenazi sample to search for
structure among different Ashkenazi Jewish populations.

SPRINGER NATURE
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Fig. 4 Multidimensional scaling analysis of population structure
for Jewish subgroups. a Ashkenazi Jewish and nearby non-Jewish
populations (31 populations, 632 individuals). b Mizrahi Jewish and
nearby non-Jewish populations (ten populations, 179 individuals).
¢ North African Jewish and nearby non-Jewish populations (eight
populations, 140 individuals). d Sephardi Jewish and nearby
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Fig. 5 Unsupervised clustering of subgroups of Jewish popula-
tions, using STrRUCTURE. a Ashkenazi. Among 20 replicates, the major
mode shown appears in 13 replicates for K = 2. b Sephardi. The major
mode appears in 20 replicates for K = 2. ¢ Mizrahi. The major mode
appears in 14, 9, 11, and 16 replicates for K=2, 3, 4, and 5,

However, at the finest-level analysis, neither MDS analysis
of Ashkenazi populations together with European non-
Jewish populations (population set 5), nor MDS and
STruCTURE analyses of Ashkenazi populations alone (popu-
lation set 9) produced evidence of substantial structure
within our Ashkenazi samples (Fig. 4a, e and 5a).
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non-Jewish populations (nine populations, 131 individuals). e Ash-
kenazi Jews (13 populations, 159 individuals). f Mizrahi Jews (six
populations, 104 individuals). g North African Jews (five populations,
91 individuals). h Sephardi Jews (three populations, 53 individuals).
Non-Jewish comparison populations were chosen from regions near
locations historically inhabited by the Jewish populations.
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respectively. d North African. The major mode appears in 20, 15, and
18 replicates for K =2, 3, and 4, respectively. The analysis uses the
individual sets from Figs. 4e, h, f, and g. In each panel, the largest
value of K displayed was selected so that no additional structure was
observed for larger K values.

Mizrahi Jewish populations

Structure among Mizrahi populations is shown by both
MDS (Fig. 4b, f) and Strucrure (Fig. 5¢). In both types of
analysis, the Georgian Jews are relatively distinct, cluster-
ing separately from the other Mizrahi populations in MDS
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analysis both with (Fig. 4b) and without the non-Jewish
populations (Fig. 4f), and forming a distinct STRUCTURE
cluster at K=2 (Fig. 5c). The remaining Mizrahi Jewish
populations all produce largely separate clusters in MDS
analysis and in STrucTURE analysis, with the exception that
the Kurdish Jews largely overlap Iranian Jews with MDS
(Fig. 4f) and share substantial membership with Iraqi Jews
in STructurk analysis (Fig. 5c). Among non-Jewish popu-
lations, the Iranian population falls closest to the Mizrahi
groups with MDS (Fig. 4b).

North African Jewish populations

The Libyan and Tunisian Jewish populations separate in
MDS plots from Moroccan and Algerian Jews, with the
Tunisian Jews placed over a wide area within the plots
(Figs. 4c, g). This distinction is also evident using STRUC-
TURE, which identifies a cluster with high membership for
Libyan Jews (Fig. 5d); the Algerian and Tunisian popula-
tions are spread across multiple clusters. Among non-
Jewish populations, the MDS placement of the Egyptians is
the closest to the North African Jewish populations, though
still somewhat separate (Fig. 4c).

Sephardi Jewish populations

Supporting the separation between Bulgarian and Turkish
Jews in Fig. 3a, most Bulgarian and Turkish Jews are placed
in distinct locations in MDS analysis (Fig. 4h). Two Iberian
Jews from Spain cluster with the Turkish Jews, whereas the
third Iberian sample, from Portugal, is placed separately. In
relation to non-Jewish populations, the Sephardi Jews, and
particularly the Turkish Jews, are placed near the Cypriot
population (Fig. 4d). No structure among the Sephardi
individuals was detected by Structure (Fig. 5b).

Discussion

Using genome-wide SNPs, we investigated population
structure in Jewish and non-Jewish populations. Compared
with previous genomic studies of Jewish populations, the
large number of markers and populations, combined with
larger sample sizes for many populations, enabled a more
detailed resolution of Jewish population structure, particu-
larly in regard to divisions among Ashkenazi, Mizrahi, and
Sephardi Jewish populations.

Our analyses consistently subdivide most Jewish popu-
lations into four major groups, corresponding to Ashkenazi,
Mizrahi, North African, and Sephardi populations (Figs. 2,
3), with the Ashkenazi, North African, and Sephardi groups
aggregating together in several analyses (Fig. 1b, c). The
placement of the Jewish populations follows geography,

with Ashkenazi Jews closer than other Jewish populations to
non-Jewish Europeans and Mizrahi Jews closer than other
Jewish populations to non-Jewish populations of the
Middle East and the Caucasus region. North African and
Sephardi Jewish populations appear to be intermediate
between Ashkenazi Jews and non-Jewish Middle Eastern
populations.

The patterns we have detected accord with and refine
previous genomic analyses. Behar et al. [10] observed a
cluster that included Ashkenazi, Moroccan, and Sephardi
Jews and was separate from Mizrahi Jews. Similar
population structure was seen in further analysis with
additional non-Jewish populations [20]. With a different
sample set, Atzmon et al. [9] also found that two Mizrahi
Jewish populations—Iranian and Iraqi Jews—clustered
separately from Ashkenazi, Sephardi, and Syrian Jews.
Campbell et al. [19] augmented the data of Atzmon et al.
[9] with additional Mizrahi and North African Jewish
samples and confirmed separate placement of Mizrahi
Jewish populations while distinguishing some North
African populations from the Ashkenazi and Sephardi
populations. This distinctiveness of North Africans had
been suggested in earlier analyses with fewer populations
[15] and markers [23].

Our analysis reveals a new clustering feature: the
Sephardi populations, represented by Bulgarian, Iberian,
and Turkish Jews, are largely distinguished from Ashkenazi
and North African samples (Fig. 3a). Sephardi populations
from Bulgaria and Turkey descend from Iberian Jews who
were expelled from Spain and Portugal at the end of the
15th century and who settled in the Ottoman Empire. In the
Sephardi group, the Bulgarian Jewish population is slightly
closer to the Ashkenazi Jews than is the Turkish Jewish
population, the latter being closer to the North African Jews
(Fig. 3a). This result might reflect admixture of Iberian
Jewish exiles with Ashkenazi descendants who arrived in
Bulgaria via Hungary and Bavaria.

In agreement with previous studies of European and
Middle Eastern non-Jewish populations, our study finds
Ashkenazi populations genetically intermediate between
southern Europe and the Middle East (Figs. lc, 2), with
heterozygosity slightly greater than in European populations
and smaller than in Middle Eastern populations. Unlike
most previous studies, our Ashkenazi samples were iden-
tified by location. However, we found little evidence of
difference by location (Figs. 4e and 5a), suggesting that
among the four main groups of Jewish populations, the
Ashkenazi group is less genetically structured than the
others.

MDS and Strucrurk distinguish the Mizrahi populations
from other Jewish regional groups. Mizrahi populations
group together in multiple computations (Figs. 1c, 2, and 3),
providing a similar signal of shared ancestry to that seen in
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the within-group clustering of the populations in the Ash-
kenazi, North African, and Sephardi groups in the same
analyses. Unlike the other Jewish groups, however, the
Mizrahi populations appear close to the Middle Eastern
non-Jewish populations, and not to European non-Jewish
populations. In the finest-scale analyses, each Mizrahi
population can be distinguished (Figs. 4f and 5c), particu-
larly the Georgian Jews; a possible exception is the Kurdish
Jews, who overlap the Iranian and Iraqi Jewish populations.
With S7rucTURE, the Armenian, Georgian, and Iranian non-
Jewish populations are similar to the Mizrahi populations,
though with partial membership in a cluster represented in
Europe and not in the Mizrahi Jews. Notably, some Mizrahi
individuals clustered with Ashkenazi populations, and vice
versa, a pattern seen primarily among populations from the
former Soviet Union and possibly reflecting internal
migration during the Soviet period.

The North African Jewish populations were distinct from
Ashkenazi and Sephardi populations, with Moroccan and
Algerian Jews clustering closer to Sephardi populations,
and Libyan and Tunisian Jews being more distinctive
(Figs. 2 and 3a). The pattern, seen with MDS, STRUCTURE,
and neighbor-joining, accords with the distinctiveness of the
Libyan and Tunisian populations found in previous studies
[15, 19, 23], and perhaps reflects greater influence of the
Iberian exile on Moroccan and Algerian populations than on
Libyan and Tunisian Jews [33], stronger and older founder
effects in the Libyan and Tunisian Jews, or both.

Among non-Jewish populations, we find several popu-
lations relatively close to sets of Jewish groups. For
example, in MDS analysis (Fig. 1c), the Cypriots appear
near Sephardi Jews; this affinity was also evident in
Structure plots (Fig. 2a). Ashkenazi Jews were placed near
southern European populations such as Italians, North
African Jews were closest to Egyptians, and Mizrahi Jewish
populations were within a cluster of non-Jewish Middle
Eastern populations, in proximity to such groups as
Armenians and Iranians. These observations generally
accord with previous studies, which have identified some of
these same similarities [9, 10, 15, 19, 20]. No single non-
Jewish group consistently overlapped any Jewish popula-
tion across all analyses.

We note that although coverage in the sample of Jewish
populations was relatively broad, coverage of proximate
non-Jewish populations was less comprehensive, and might
have omitted some of the most relevant non-Jewish groups
for particular comparisons. It is possible that the nature of
the sample has affected placements of Jewish in relation to
non-Jewish populations; for example, STRUCTURE separations
that occur at low K when a group has a large sample size
might occur in a different sequence when sample sizes are
matched. Thus, the large combined sample size of the
Ashkenazi groups, with relatively little internal structure,
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could have contributed to the early Ashkenazi separation
from non-Jewish and other Jewish populations (Fig. 2a,
K =4). Precise attention to the composition of the sample
would be important in future work targeting hypotheses
about relationships of Jewish and specific non-Jewish
populations.

Our results augment previous studies and refine the
understanding of the population structure of Jewish popu-
lations, particularly in distinguishing four major subgroups
corresponding to the Ashkenazi, Mizrahi, North African,
and Sephardi populations, and in identifying subdivisions
within all except the Ashkenazi subgroup. Some of the
previous studies of Jewish populations have demonstrated
the potential of analyses of genomic identity-by-descent
(IBD) sharing between pairs of individuals from different
populations to reveal fine-scale structure [9, 19-22]. The
observation that in a number of cases, non-IBD methods
such as MDS, Structure, and neighbor-joining clarify
structure not evident in IBD studies suggests that further
information might be uncovered by joint use of IBD and
non-IBD methods. In addition, although we considered
more populations and a finer classification of Ashkenazi
Jews than had been used previously, many sample sizes
were too small to permit confident population placement.
We hypothesize that with larger samples and use of IBD
methods, further refinement will be possible, in particular
for populations such as the Dutch, Egyptian, and Italian
Jews, whose histories are notably distinct from the broader
population groups with which they were combined for our
data analysis.

Materials and methods
Dataset

The study design involved high-resolution genotyping of an
initial sample set at genome-wide SNPs. Informed consent
for participation in population-genetic studies was obtained,
under ethics approvals provided by Barzilai Medical Center.
Individuals included in a sample for a population satisfied a
criterion that all four grandparents were members of the
population (Supplementary Materials and Methods). Fol-
lowing quality control, which included the exclusion of
duplicates and close relatives, Hardy—Weinberg testing, and
exclusion of monomorphic SNPs and those with substantial
missing data, the collection was reduced to 438 samples and
557,772 SNPs (Supplementary Materials and Methods).
This set was merged with data from HGDP-CEPH, Hap-
Map, and Behar et al. [10], producing a final dataset of 2789
individuals—including the 429 of the 438 new samples that
did not overlap with the other datasets—114 populations,
and 486,592 autosomal SNPs.
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Genetic variability

Mean expected heterozygosity across the 486,592 SNPs
was computed from the sample-size-corrected estimator
[34]. Means across populations of the population-level
mean expected heterozygosities were compared for various
population sets.

Multidimensional scaling (MDS)

Pairwise distances between individuals were calculated
using allele-sharing distance [28] for the 486,592 SNPs. We
performed classical MDS for each matrix of individual
distances—population sets 1-12—using cmdscale in R,
rotating the resulting coordinates to align with approximate
geographic coordinates for the populations.

In two-dimensional MDS plots, we evaluated distances
between pairs of groups of individuals using the average
linkage distance Ly [35, 36]: the mean Euclidean distance
between the location in the plot of a randomly chosen
member of the first group and a randomly chosen member
of the second group. To evaluate the significance of the
group separation, the probability that a random permutation
of group labels gives rise to a larger L for two groups than
that seen using the actual labels was obtained from the
distribution of L, across permutations. For three-population
comparisons, we tested whether the difference between the
L, distances of each of two populations to a third population
increased when labels of individuals in the first two popu-
lations were permuted.

Structure

The Structure 2.2.3 [31] admixture model assuming cor-
related allele frequencies among clusters was used to assess
population structure, with a pruned set of 5233 widely
separated markers (Supplementary Materials and Methods)
and population sets 3,4, 9, 10, 11, and 12. We modulated K
from 2 to 8 for datasets 3 and 4, and from 2 to 6 for datasets
9-12. For each K, we performed 20 replicates with burn-in
10,000 iterations followed by 20,000 additional iterations.
We used cLumpak [32] to identify clustering modes for each
K and to align clusters across K values (default parameters:
LargeKGreedy algorithm with 2000 repetitions, dynamic
threshold for similarity scores). Multimodality in clustering
solutions was observed for some datasets and some choices
of K (Table S5); we present the mode with the most repli-
cates (the “major mode”), reporting its associated number of
replicates.

Some individuals in Fig. 3b have StrucTurRE member-
ships that differ considerably from other individuals in their
populations: among Ashkenazi and Mizrahi individuals,
some have cluster memberships typical of the other of the

two groups. We excluded 13 outliers (1 Czech Jewish, 3
Georgian Jewish, 1 Iraqi Jewish, 1 Latvian Jewish, 6 Rus-
sian Jewish, 1 Ukrainian Jewish) from fine-scale analysis of
Jewish populations with sample sets 5-12 (Table S6).

Population trees

Neighbor-joining trees [37] were produced from allele fre-
quencies for populations with sample size 210, using the
pHYLIP 3.65 NEIGHBOR program [38]. Distance matrices
computed as one minus the proportion of shared alleles
under Hardy—Weinberg proportions [39] were obtained
with microsaT [40], bootstrapping across loci. We con-
structed a majority-rule consensus tree, resolving multi-
furcations by sequentially incorporating the groupings that
had the highest frequencies in the set of bootstraps and that
were compatible with groupings already incorporated. Trees
were edited using FIGTREE (http://tree.bio.ed.ac.uk/software/
figtree/).
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