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(70 individuals) (56 individuals)

e Genéve, Switzerland e Lublin, Poland
(31 individuals) (28 individuals)
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(17 individuals) (16 individuals)

e Lublin, Lublin County, Lublin Voivodeship, « New Philadelphia, United States

Poland (14 individuals)
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(15 individuals)

e Boston, United States ¢ New Jersey, United States
(13 individuals) (13 individuals)

e Scarsdale, United States e Cornell, United States
(12 individuals) (10 individuals)

This last name in the family trees

See below the Geneanet members' family trees which contain the last name HALPERIN
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Kingdom

Recently, the geographical origins of Ashkenazic Jews (AJs) and their native language
Yiddish were investigated by applying the Geographic Population Structure (GPS) to a
cohort of exclusively Yiddish-speaking and multilingual AJs. GPS localized most AJs along
major ancient trade routes in northeastern Turkey adjacent to primeval villages with names
that resemble the word “Ashkenaz.” These findings were compatible with the hypothesis of
an Irano-Turko-Slavic origin for AJs and a Slavic origin for Yiddish and at odds with the
Rhineland hypothesis advocating a Levantine origin for AJs and German origins for
Yiddish. We discuss how these findings advance three ongoing debates concerning (1) the
historical meaning of the term “Ashkenaz;” (2) the genetic structure of AJs and their
geographical origins as inferred from multiple studies employing both modern and ancient
DNA and original ancient DNA analyses; and (3) the development of Yiddish. We provide
additional validation to the non-Levantine origin of AJs using ancient DNA from the Near
East and the Levant. Due to the rising popularity of geo-localization tools to address
questions of origin, we briefly discuss the advantages and limitations of popular tools with
focus on the GPS approach. Our results reinforce the non-Levantine origins of AJs.
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Background

The geographical origin of the Biblical “Ashkenaz,” Ashkenazic Jews (AJs), and Yiddish, are
among the longest standing questions in history, genetics, and linguistics.

Uncertainties concerning the meaning of “Ashkenaz” arose in the Eleventh century when
the term shifted from a designation of the Iranian Scythians to become that of Slavs and
Germans and finally of “German” (Ashkenazic) Jews in the Eleventh to Thirteenth centuries
(Wexler, 1993). The first known discussion of the origin of German Jews and Yiddish
surfaced in the writings of the Hebrew grammarian Elia Baxur in the first half of the
Sixteenth century (Wexler, 1993).

It is well established that history is also reflected in the DNA through relationships between
genetics, geography, and language (e.g., Cavalli-Sforza, 1997; Weinreich, 2008). Max
Weinreich, the doyen of the field of modern Yiddish linguistics, has already emphasized the
truism that the history of Yiddish mirrors the history of its speakers. These relationships
prompted Das et al. (2016) to address the question of Yiddish origin by analyzing the
genomes of Yiddish-speaking AJs, multilingual AJs, and Sephardic Jews using the
Geographical Population Structure (GPS), which localizes genomes to where they
experienced the last major admixture event. GPS traced nearly all AJs to major ancient
trade routes in northeastern Turkey adjacent to four primeval villages whose names
resemble “Ashkenaz:” Iskenaz (or Eskenaz), Eskenez (or Eskens), Ashanas, and Aschuz.
Evaluated in light of the Rhineland and Irano-Turko-Slavic hypotheses (Das et al., 2016,
Table 1) the findings supported the latter, implying that Yiddish was created by Slavo-
Iranian Jewish merchants plying the Silk Roads. We discuss these findings from historical,
genetic, and linguistic perspectives and calculate the genetic similarity of AJs and Middle
Eastern populations to ancient genomes from Anatolia, Iran, and the Levant. We lastly
review briefly the advantages and limitation of bio-localization tools and their application in
genetic research.
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Table 1

Open questions

The term “Ashkenaz”

The ancestral origin of
Ashkenazic Jews

The arrival of Jews to
German lands

Yiddish's emergence in
the Sth century

Growth of Eastern
European Jewry

Rhineland hypothesis

Originally affiliated with the people living
north of Biblical Israel (Aptroot, 2016) or
north of the Black Sea (Wexler, 1991).
Used in Hebrew and Yiddish sources from
the Eleventh century onward to denote a
region in what is now roughly Southern
Germany (Wexler, 1891; Aptroot, 2016).
Judaean living in Judaea until 70 A.D. who
were exiled by the Romans (King, 2001)
and remained in relative isolation from
neighboring non-Jewish communities
during and after the Diaspora (Hammer

et al., 2000; Ostrer, 2001). This scenario
has no historical (Sand, 2009) nor genetic
support (Figure 1B) (e.g., Elhaik, 2013,
2016; Xue et al., 2017).

After the arrival of Palestinian Jews to
Roman lands, Jewish merchants and
soldiers arrived to German lands with the
Roman army and settled there (King,
2001). This scenario has no histerical
support (Wexler, 1983; Sand, 2009).

Between the Ninth and Tenth centuries,
French- and Italian-speaking Jewish
immigrants adopted and adapted the local
German dialects (Weinreich, 2008).

A small group of German Jews migrated
to Eastern Europe and reproduced via a
so-called “demographic miracle”
(Ben-Sasson, 1976; Atzmon et al., 2010;
Ostrer, 2012), which resulted in an
unnatural growth rate (1.7-2% annually)
(van Straten and Snel, 2008; van Straten,
2007) over half a millennium acting only on
Jews residing in Eastern Europe. This
explanation is unsupported by the data.

Irano-Turko-Slavic hypothesis

Denotes an Iranian people “near Armenia,”
presumably Scythians known as askuza,
adguza, or iSguza in Assyrian inscriptions of the
early Seventh century B.C. (Wexler, 2012,
2016).

A minority of Judaean emigrants and a majority
of Irano-Turko-Slavic converts to Judaism
(Wexler, 2012).

Jews from the Khazar Empire and the former
Iranian Empire plying the old Roman trade
routes (Rabinowitz, 1945, 1948) and Silk
Roads began to settle in the mixed
Germano-Sorbian lands during the first
Millennium (Sand, 2009; Wexler, 2011).

Upon arrival to German lands, Western and
Eastern Slavic went through a relexification to
German, creating what became known as
Yiddish (Wexler, 2012).

During the half millennium (740-1,250 CE),
Khazar and Iranian lands harbored the largest
Eurasian Jewish centers. Ashkenazic, Khazar,
and Iranian Jews then sent offshoots into the
Slavic lands (Baron, 1957; Sand, 2009).

The genetic evidence produced by Das et al. (2016) is shown in the fast column.

Frontiers in Genetics

Evidence in favor of the Irano-Turko-Slavic
hypothesis

GPS analysis uncovered four primeval villages
in northeastern Turkey whose names resemble
“Ashkenaz,” at least one of which predates any
major Jewish settlement in Germany (Das

et al,, 2016). “Ashkenaz" is thereby a
placename associated with the Near East and
its inhabitants both Jews and non-Jews.

AJs exhibit high genetic similarity to
populations living in Turkey and the Caucasus
(Das et al., 2016). All bio-location analyses
predicted AJs to Turkey (Figure 1A). Ancient
DNA analyses provide strong evidence of the
Iranian Neolithic ancestry of AJs (Figure 1B)
(Lazaridis et al., 2016).

Ashkenazic Jews were predicted to a Near
Eastern hub of ancient trade routes that
connected Europe, Asia, and the northern
Caucasus (Das et al., 2016). The findings imply
that migration to Europe took place initially
through trade routes going west and later
through Khazar lands.

Xue et al.’s (2017) inferred “admixture time” of
960-1,416 AD corresponds to a time period
during which AJ have experienced major
demographic changes. At that time, AJs were
speculated to have absorbed Slavic people,
developed Slavic Yiddish, and intensified the
migration to Europe (Das et al., 2016).

Most of the Ashkenazic Jews were predicted to
Northeastern Turkey and the remaining
individuals clustered along a gradient going
from Turkey to Eastern European lands (Das

et al,, 2016). This is in agreement with the
recorded conversions of populations living
along the southern shores of the Black Sea to
Judaism (Baron, 1837). A German origin of AJs
is unsupported by the data (Figure 1A).

TABLE 1. Major open questions regarding the origin of the term “Ashkenaz,” AJs, and
Yiddish as explained by two competing hypotheses.

The Historical Meaning of Ashkenaz

“Ashkenaz” is one of the most disputed Biblical placenames. It appears in the Hebrew Bible
as the name of one of Noah's descendants (Genesis 10:3) and as a reference to the kingdom
of Ashkenaz, prophesied to be called together with Ararat and Minnai to wage war against
Babylon (Jeremiah 51:27). In addition to tracing AJs to the ancient Iranian lands of
Ashkenaz and uncovering the villages whose names may derive from “Ashkenaz,” the partial
Iranian origin of AJs, inferred by Das et al. (2016), was further supported by the genetic
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similarity of AJs to Sephardic Mountain Jews and Iranian Jews as well as their similarity to
Near Eastern populations and simulated “native” Turkish and Caucasus populations.

There are good grounds, therefore, for inferring that Jews who considered themselves
Ashkenazic adopted this name and spoke of their lands as Ashkenaz, since they perceived
themselves as of Iranian origin. That we find varied evidence of the knowledge of Iranian
language among Moroccan and Andalusian Jews and Karaites prior to the Eleventh century
is a compelling point of reference to assess the shared Iranian origins of Sephardic and
Ashkenazic Jews (Wexler, 1996). Moreover, Iranian-speaking Jews in the Caucasus (the so-
called Juhuris) and Turkic-speaking Jews in the Crimea prior to World War II called
themselves “Ashkenazim” (Weinreich, 2008).

The Rhineland hypothesis cannot explain why a name that denotes “Scythians” and was
associated with the Near East became associated with German lands in the Eleventh to
Thirteenth centuries (Wexler, 1993). Aptroot (2016) suggested that Jewish immigrants in
Europe transferred Biblical names onto the regions in which they settled. This is
unconvincing. Biblical names were used as place names only when they had similar sounds.
Not only Germany and Ashkenaz do not share similar sounds, but Germany was already
named “Germana,” or “Germamja” in the Iranian (“Babylonian”) Talmud (completed in the
Fifth century A.D.) and, not surprisingly, was associated with Noah's grandson Gomer
(Talmud, Yoma 10a). Name adoption also occurred when the exact place names were in
doubt as in the case of Sefarad (Spain). This is not the case here, as Aptroot too notes, since
“Ashkenaz” had a known and clear geographical affiliation (Table 1). Finally, Germany was
known to French scholars like the RaDaK (1160—-1235) as “Almania” (Sp. Alemania, Fr.
Allemagne), after the Almani tribes, a term that was also adopted by Arab scholars. Had the
French scholar Rashi (1040?-1105), interpreted askenaz as “Germany,” it would have been
known to the RaDaK who used Rashi's symbols. Therefore, Wexler's proposal that Rashi
used askenaz in the meaning of “Slavic” and that the term askenaz assumed the solitary
meaning “German lands” only after the Eleventh century in Western Europe as a result of
the rise of Yiddish, is more reasonable (Wexler, 2011). This is also supported by Das et al.'s
major findings of the only known primeval villages whose names derive from the word
“Ashkenaz” located in the ancient lands of Ashkenaz. Our inference is therefore supported
by historical, linguistic, and genetic evidence, which has more weight as a simple origin that
can be easily explained than a more complex scenario that involves multiple translocations.

The Genetic Structure of Ashkenazic Jews

AJs were localized to modern-day Turkey and found to be genetically closest to Turkic,
southern Caucasian, and Iranian populations, suggesting a common origin in Iranian
“Ashkenaz” lands (Das et al., 2016). These findings were more compatible with an Irano-
Turko-Slavic origin for AJs and a Slavic origin for Yiddish than with the Rhineland
hypothesis, which lacks historical, genetic, and linguistic support (Table 1) (van Straten
2004; Elhaik, 2013). The findings have also highlighted the strong social-cultural and
genetic bonds of Ashkenazic and Iranian Judaism and their shared Iranian origins (Das et
al., 2016).
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Thus far, all analyses aimed to geo-localize AJs (Behar et al., 2013, Figure 2B; Elhaik, 2013,
Figure 4; Das et al., 2016, Figure 4) identified Turkey as the predominant origin of AJs,
although they used different approaches and datasets, in support of the Irano-Turko-Slavic
hypothesis (Figure 1A, Table 1). The existence of both major Southern European and Near
Eastern ancestries in AJ genomes are also strong indictors of the Irano-Turko-Slavic
hypothesis provided the Greco-Roman history of the region southern to the Black Sea
(Baron, 1937; Kraemer, 2010). Recently, Xue et al. (2017) applied GLOBETROTTER to a
dataset of 2,540 AJs genotyped over 252,358 SNPs. The inferred ancestry profile for AJs
was 5% Western Europe, 10% Eastern Europe, 30% Levant, and 55% Southern Europe (a
Near East ancestry was not considered by the authors). Elhaik (2013) portrayed a similar
profile for European Jews, consisting of 25—-30% Middle East and large Near Eastern—
Caucasus (32—38%) and West European (30%) ancestries. Remarkably, Xue et al.

(2017) also inferred an “admixture time” of 960—-1,416 AD (=24—40 generations ago), which
corresponds to the time AJs experienced major geographical shifts as the Judaized Khazar
kingdom diminished and their trading networks collapsed forcing them to relocate to
Europe (Das et al., 2016). The lower boundary of that date corresponds to the time Slavic
Yiddish originated, to the best of our knowledge.
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Figure 1
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FIGURE 1. The localization of AJs and their ancient admixture proportions compared to
neighboring populations. (A) Geographical predictions of individuals analyzed in three
separate studies employing different tools: Elhaik (2013, Figure 4) (blue), Behar et al. (2013,
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Figure 2B) (red), and Das et al. (2016, Figure 4) (dark green for AJs who have four AJ
grandparents and light green for the rest) are shown. Color matching mean and standard
deviation (bars) of the longitude and latitude are shown for each cohort. Since we were
unsuccessful in obtaining the data points of Behar et al. (2013, Figure 2B) from the
corresponding author, we procured 78% of the data points from their figure. Due to the low
quality of their figure we were unable to reliably extract the remaining data

points. (B) Supervised ADMIXTURE results. For brevity, subpopulations were collapsed.
The x axis represents individuals. Each individual is represented by a vertical stacked
column of color-coded admixture proportions that reflect genetic contributions from
ancient Hunter-Gatherer, Anatolian, Levantine, and Iranian individuals.

The non-Levantine origin of AJs is further supported by an ancient DNA analysis of six
Natufians and a Levantine Neolithic (Lazaridis et al., 2016), some of the most likely Judaean
progenitors (Finkelstein and Silberman, 2002; Frendo, 2004). In a principle component
analysis (PCA), the ancient Levantines clustered predominantly with modern-day
Palestinians and Bedouins and marginally overlapped with Arabian Jews, whereas AJs
clustered away from Levantine individuals and adjacent to Neolithic Anatolians and Late
Neolithic and Bronze Age Europeans. To evaluate these findings, we inferred the ancient
ancestries of AJs using the admixture analysis described in Marshall et al. (2016). Briefly,
we analyzed 18,757 autosomal SNPs genotyped in 46 Palestinians, 45 Bedouins, 16 Syrians,
and eight Lebanese (Li et al., 2008) alongside 467 AJs [367 AJs previously analyzed and 100
individuals with AJ mother) (Das et al., 2016) that overlapped with both the GenoChip
(Elhaik et al., 2013) and ancient DNA data (Lazaridis et al., 2016). We then carried out a
supervised ADMIXTURE analysis (Alexander and Lange, 2011) using three East European
Hunter Gatherers from Russia (EHGs) alongside six Epipaleolithic Levantines, 24 Neolithic
Anatolians, and six Neolithic Iranians as reference populations (Table So). Remarkably, AJs

exhibit a dominant Iranian (88%°~88%~) and residual Levantine (3%°3%~) ancestries, as
opposed to Bedouins (14%~14%~ and 68%68%~, respectively) and Palestinians

(18%°18%~ and 58%°58%~, respectively). Only two AJs exhibit Levantine ancestries
typical to Levantine populations (Figure 1B). Repeating the analysis

with gpAdm (AdmixTools, version 4.1) (Patterson et al., 2012), we found that AJs admixture
could be modeled using either three- (Neolithic Anatolians [46%], Neolithic Iranians [32%],
and EHGs [22%]) or two-way (Neolithic Iranians [71%] and EHGs [29%]) migration waves
(Supplementary Text). These findings should be reevaluated when Medieval DNA would
become available. Overall, the combined results are in a strong agreement with the
predictions of the Irano-Turko-Slavic hypothesis (Table 1) and rule out an ancient Levantine
origin for AJs, which is predominant among modern-day Levantine populations (e.g.,
Bedouins and Palestinians). This is not surprising since Jews differed in cultural practices
and norms (Sand, 2011) and tended to adopt local customs (Falk, 2006). Very little
Palestinian Jewish culture survived outside of Palestine (Sand, 2009). For example, the
folklore and folkways of the Jews in northern Europe is distinctly pre-Christian German
(Patai, 1983) and Slavic in origin, which disappeared among the latter (Wexler, 1993, 2012).
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The Linguistic Debate Concerning Formation of Yiddish

The hypothesis that Yiddish has a German origin ignores the mechanics of relexification, the
linguistic process which produced Yiddish and other “Old Jewish” languages (i.e., those
created by the Ninth to Tenth century). Understanding how relexification operates is
essential to understanding the evolution of languages. This argument has a similar context
to that of the evolution of powered flight. Rejecting the theory of evolution may lead one to
conclude that birds and bats are close relatives. By disregarding the literature on
relexification and Jewish history in the early Middle Ages, authors (e.g., Aptroot,

2016; Flegontov et al., 2016) reach conclusions that have weak historical support. The
advantage of a geo-localization analysis is that it allows us to infer the geographical origin of
the speakers of Yiddish, where they resided and with whom they intermingled,
independently of historical controversies, which provides a data driven view on the question
of geographical origins. This allows an objective review of potential linguistic influences on
Yiddish (Table 1), which exposes the dangers in adopting a “linguistic creationism” view in
linguistics.

The historical evidence in favor of an Irano-Turko-Slavic origin for Yiddish is paramount
(e.g., Wexler, 1993, 2010). Jews played a major role on the Silk Roads in the Ninth to
Eleventh century. In the mid-Ninth century, in roughly the same years, Jewish merchants in
both Mainz and at Xi'an received special trading privileges from the Holy Roman Empire
and the Tang dynasty court (Robert, 2014). These roads linked Xi'an to Mainz and
Andalusia, and further to sub-Saharan Africa and across to the Arabian Peninsula and
India-Pakistan. The Silk Roads provided the motivation for Jewish settlement in Afro-
Eurasia in the Ninth to Eleventh centuries since the Jews played a dominant role on these
routes as a neutral trading guild with no political agendas (Gil, 1974; Cansdale, 1996, 1998).
Hence, the Jewish traders had contact with a wealth of languages in the areas that they
traversed (Hadj-Sadok, 1949; Khordadhbeh, 1889; Hansen, 2012; Wexler TBD), which they
brought back to their communities nested in major trading hubs (Rabinowitz

1945, 1948; Das et al., 2016). The central Eurasian Silk Roads were controlled by Iranian
polities, which provided opportunities for Iranian-speaking Jews, who constituted the
overwhelming bulk of the world's Jews from the time of Christ to the Eleventh century
(Baron, 1952). It should not come as a surprise to find that Yiddish (and other Old Jewish
languages) contains components and rules from a large variety of languages, all of them
spoken on the Silk Roads (Khordadhbeh, 1889; Wexler, 2011, 2012, 2017).

In addition to language contacts, the Silk Roads also provided the motivation for
widespread conversion to Judaism by populations eager to participate in the extremely
lucrative trade, which had become a Jewish quasi-monopoly along the trade routes
(Rabinowitz, 1945, 1948; Baron, 1957). These conversions are discussed in Jewish literature
between the Sixth and Eleventh centuries, both in Europe and Iraq (Sand, 2009; Kraemer,
2010). Yiddish and other Old Jewish languages were all created by the peripatetic
merchants as secret languages that would isolate them from their customers and non-
Jewish trading partners (Hadj-Sadok, 1949; Gil, 1974; Khordadhbeh, 1889; Cansdale,

1998; Robert, 2014). The study of Yiddish genesis, thereby, necessitates the study of all the
Old Jewish languages of this time period.

There is also a quantifiable amount of Iranian and Turkic elements in Yiddish. The
Babylonian Talmud, completed by the Sixth century A.D., is rich in Iranian linguistic,
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legalistic, and religious influences. From the Talmud, a large Iranian vocabulary has entered
Hebrew and Judeo-Aramaic, and from there spread to Yiddish. This corpus has been known
since the 1930s and is common knowledge to Talmud scholars (Telegdi, 1933). In the
Khazar Empire, the Eurasian Jews, plying the Silk Roads, became speakers of Slavic—an
important language because of the trading activities of the Rus' (pre-Ukrainians) with whom
the Jews were undoubtedly allied on the routes linking Baghdad and Bavaria. This is evident
by the existence of newly invented Hebroidism, inspired by Slavic patterns of discourse in
Yiddish (Wexler, 2010).

We advocate for implementing a more evolutionary understanding in linguistics. That
includes giving more attention to the linguistic process that alter languages (e.g.,
relexification) and acquiring more competence in other languages and histories. When
studying the origin of Ashkenazic Jews and Yiddish, such knowledge should include the
history of the Silk Roads and Irano-Turkish languages.

Inference of Geographical Origins

Deciphering the origin of human populations is not a new challenge for geneticists, yet only
in the past decade high-throughput genetic data were harnessed to answer these questions.
Here, we briefly discuss the differences between the available tools based on identity by
distance. Existing PCA or PCA-like approaches (e.g., Novembre et al., 2008; Yang et al.,
2012) can localize Europeans to countries (understood as the last place where major
admixture event took place or the place where the four ancestors of “unmixed” individuals
came from) with less than 50% accuracy (Yang et al., 2012). The limitations of PCA
(discussed in Novembre and Stephens, 2008) appear to be inherent in the framework where
continental populations plotted along the two primary PCs cluster in the vertices of a
triangle-like shape and the remaining populations cluster along or within the edges

(e.g., Elhaik et al., 2013). There is therefore reason to question the applicability of ambitious
PCA-based methods (Yang et al., 2012, 2014) aiming to infer multiple ancestral locations
outside of Europe. Overall, accurate localization of worldwide individuals remains a
significant challenge (Elhaik et al., 2014).

The GPS framework assumes that humans are mixed and that their genetic variation
(admixture) can be modeled by the proportion of genotypes assigned to any number of fixed
regional putative ancestral populations (Elhaik et al., 2014). GPS employs a supervised
ADMIXTURE analysis where the admixture components are fixed, which allows evaluating
both the test individuals and reference populations against the same putative ancestral
populations. GPS infers the geographical coordinates of an individual by matching their
admixture proportions with those of reference populations. Reference populations are
populations known to reside in a certain geographical region for a substantial period of time
in a time frame of hundreds to a thousand years and can be predicted to their geographical
locations while absent from the reference population panel (Das et al., 2016). The final
geographic location of a test individual is determined by converting the genetic distance of
the individual to m reference populations into geographic distances (Elhaik et al., 2014).
Intuitively, the reference populations can be thought of as “pulling” the individual in their
direction with a strength proportional to their genetic similarity until a consensus is reached
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(Figure S1). Interpreting the results, particularly when the predicted location differs from
the contemporary location of the studied population, demands cautious.

Population structure is affected by biological and demographic processes like genetic drift,
which can act rapidly on small, relatively isolated populations, as opposed to large non-
isolated populations, and migration, which occurs more frequently (Jobling et al., 2013).
Understanding the geography-admixture relationships necessitates knowing how relative
isolation and migration history affected the allele frequencies of populations. Unfortunately,
oftentimes we lack information about both processes. GPS addresses this problem by
analyzing the relative proportions of admixture in a global network of reference
populations that provide us with different “snapshots” of historical admixture events. These
global admixture events occurred at different times through different biological and
demographic processes, and their long-lasting effect is related to our ability to associate an
individual with their matching admixture event.

In relatively isolated populations the admixture event is likely old, and GPS would localize a
test individual with their parental population more accurately. By contrast, if the admixture
event was recent and the population did not maintain relative isolation, GPS prediction
would be erroneous (Figure S2). This is the case of Caribbean populations, whose admixture
proportions still reflect the massive Nineteenth and Twentieth centuries' mixture events
involving Native Americans, West Europeans, and Africans (Elhaik et al., 2014). While the
original level of isolation remains unknown, these two scenarios can be distinguished by
comparing the admixture proportions of the test individual and adjacent populations. If this
similarity is high, we can conclude that we have inferred the likely location of the admixture
event that shaped the admixture proportion of the test individual. If the opposite is true, the
individual is either mixed and thereby violates the assumptions of the GPS model or the
parental populations do not exist either in GPS's reference panel or in reality. Most of the
time (83%) GPS predicted unmixed individuals to their true locations with most of the
remaining individuals predicted to neighboring countries (Elhaik et al., 2014).

To understand how migration modifies the admixture proportions of the migratory and host
populations, we can consider two simple cases of point or massive migration followed by
assimilation and a third case of migration followed by isolation. Point migration events have
little effect on the admixture proportions of the host population, particularly when it
absorbs a paucity of migrants, in which case the migrants' admixture proportions would
resemble those of the host population within a few generations and their resting place would
represent that of the host population. Massive demographic movements, such as large-scale
invasion or migration that affect a large part of the population are rare and create temporal
shifts in the admixture proportions of the host population. The host population would
temporarily appear as a two-way mixed population, reflecting the components of the host
and invading populations (e.g., European and Native American, in the case of Puerto
Ricans) until the admixture proportions would homogenize population-wise. If this process
is completed, the admixture signature of this region may be altered and the geographical
placement of the host population would represent again the last place where the admixture
event took place for both the host and invading populations. GPS would, thereby, predict
the host population's location for both populations. Populations that migrate from A to B
and maintain genetic isolation would be predicted to point A in the leave-one-out
population analysis. While human migrations are not uncommon, maintaining a perfect
genetic isolation over a long period of time is very difficult (e.g., Veeramabh et al.,
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2011; Behar et al., 2012; Elhaik, 2016; Hellenthal et al., 2016), and GPS predictions for the
vast majority of worldwide populations indicate that these cases are indeed exceptional
(Elhaik et al., 2014). Despite of its advantages, GPS has several limitations. First, it yields
the most accurate predictions for unmixed individuals. Second, using migratory or highly
mixed populations (both are detectable through the leave-one-out population analysis)

as reference populations may bias the predictions. Further developments are necessary to
overcome these limitations and make GPS applicable to mixed population groups (e.g.,
African Americans).

Conclusion

The meaning of the term “Ashkenaz” and the geographical origins of AJs and Yiddish are
some of the longest standing questions in history, genetics, and linguistics. In our previous
work we have identified “ancient Ashkenaz,” a region in northeastern Turkey that harbors
four primeval villages whose names resemble Ashkenaz. Here, we elaborate on the meaning
of this term and argue that it acquired its modern meaning only after a critical mass of
Ashkenazic Jews arrived in Germany. We show that all bio-localization analyses have
localized AJs to Turkey and that the non-Levantine origins of AJs are supported by ancient
genome analyses. Overall, these findings are compatible with the hypothesis of an Irano-
Turko-Slavic origin for AJs and a Slavic origin for Yiddish and contradict the predictions of
Rhineland hypothesis that lacks historical, genetic, and linguistic support (Table 1).
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Figure S1 — Illustration of GPS localization model for unmixed and mixed individuals 2
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Figure S1

Population A
l

-«

B individual

| I

Population B

Population C

A-C mixed individual

‘ High similarity (strong “pulling”)
- Low similarity (weak “pulling”}

Ilustration of GPS localization model for unmixed and mixed individuals. In determining
the location of unmixed individual B, the individual’s admixture proportions are compared to
those of three reference populations (A, B, and C). The genetic distances between individual B
and populations A and C are high, thereby their “pull” is weak and their effect on the final
location of this individual is minor, compared to that of the true parental population B. A-C
mixed individual is predicted incorrectly to the region of population B, which happened, by
chance, to reside between populations A and C, both of which are “pulling” the individual in
equal strengths. Evidently, B is not A-C’s parental population since their admixture proportions
are very different.
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Figure S2

A

An illustration of GPS results. A hypothetical world consists of four regions (a-d) that vary in
the degree of isolation due to natural barriers. Descendants of four unmixed populations are
shown by single-color squares alongside two-ways admixed individuals shown by color-matched
squares. The modern-day residency of individuals is shown in A. GPS predictions (B) are made
using a panel of four reference populations (circles) positioned in the ancestral locations of the
unmixed populations that gravitate genetically similar individuals towards them. GPS predicts
most of the unmixed individuals to the ancestral location of their population with some
inaccuracies due to the shared history of neighboring populations. The mixed individuals are
predicted incorrectly to the region between their parental populations.
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Supplementary text — Admixture history of Ashkenazic Jews

In calculating the admixture proportions of Ashkenazic Jews we explored four-, three-, and two-
way migration models involving ancient and modern-day populations. Each model was
compared to the same outgroup populations and to a reduced set to test its robustness (Tables S1-
23). The models most robust models that are consistent with the data are shown in Table S24.
Overall we evaluated 11 migration models.

Our outgroup populations (015) comprised of diverse non-Middle Eastern present-day
populations from Africa (Mbuti, Mandenka, and San), East Asia (Han, Japanese, and Yizu),
South Asia (Sindhi and Pathan), Oceania (Papuan and Melanesian), America (Karitiana, Surui,
and Pima), and West Europe (Orcadian and Basque).

The migration models we tested considered AJs to be an admixture of East European Hunter
Gatherers from Russia (EHGSs), Neolithic Anatolians, Epipaleolithic Levantines, and Neolithic
Iranians.

Evaluating the genetic relationships between the reference populations

Prior to testing the migration models, we evaluated whether AJs, EHG, Neolithic Anatolians,
Epipaleolithic Levantines, and Neolithic Iranians (Table SO) are distinguishable using the O15
outgroup populations. For all models gpWave tests have been performed on all population pairs
(e.g., AJ+partnerl, AJ+partner2, and partnerl+partner2). The qpWave outputs (Table S1)
confirmed that all populations were distinguishable given the set of outgroups (O15) (P-value <
0.05).

Table SO: Samples included in the analysis

ID Population Reference

10124 EHG (Lazaridis et al. 2016)
10211 EHG (Lazaridis et al. 2016)
10061 EHG (Lazaridis et al. 2016)
11100 Anatolian  (Lazaridis et al. 2016)
11102 Anatolian  (Lazaridis et al. 2016)
11099 Anatolian  (Lazaridis et al. 2016)
11103 Anatolian  (Lazaridis et al. 2016)
11101 Anatolian  (Lazaridis et al. 2016)
11097 Anatolian  (Lazaridis et al. 2016)
10744 Anatolian  (Lazaridis et al. 2016)
11579 Anatolian  (Lazaridis et al. 2016)
11581 Anatolian  (Lazaridis et al. 2016)
11096 Anatolian  (Lazaridis et al. 2016)
11580 Anatolian  (Lazaridis et al. 2016)
11098 Anatolian  (Lazaridis et al. 2016)
11585 Anatolian  (Lazaridis et al. 2016)
10708 Anatolian  (Lazaridis et al. 2016)
10745 Anatolian  (Lazaridis et al. 2016)
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10746 Anatolian  (Lazaridis et al. 2016)
11583 Anatolian  (Lazaridis et al. 2016)
10707 Anatolian  (Lazaridis et al. 2016)
10709 Anatolian  (Lazaridis et al. 2016)
10736 Anatolian  (Lazaridis et al. 2016)
11290 Iranian (Lazaridis et al. 2016)
11069 Levantine  (Lazaridis et al. 2016)
11687 Levantine  (Lazaridis et al. 2016)
11690 Levantine  (Lazaridis et al. 2016)
11685 Levantine  (Lazaridis et al. 2016)
11072 Levantine  (Lazaridis et al. 2016)
11671 Iranian (Lazaridis et al. 2016)
10726 Anatolian  (Lazaridis et al. 2016)
10861 Levantine  (Lazaridis et al. 2016)
11944 Iranian (Lazaridis et al. 2016)
11945 Iranian (Lazaridis et al. 2016)
11949 Iranian (Lazaridis et al. 2016)
11951 Iranian (Lazaridis et al. 2016)
10723 Anatolian  (Lazaridis et al. 2016)
10724 Anatolian  (Lazaridis et al. 2016)
10727 Anatolian  (Lazaridis et al. 2016)
NG33478799 Al (Das et al. 2016)
NG3386F744 Al (Das et al. 2016)
NG34SKC79D Al (Das et al. 2016)
NG357Y4V7M Al (Das et al. 2016)
NG35C39Q37 Al (Das et al. 2016)
NG35FC3Y3V Al (Das et al. 2016)
NG374A58G9 Al (Das et al. 2016)
NG3793M336 Al (Das et al. 2016)
NG37V4S87P Al (Das et al. 2016)
NG38454345 Al (Das et al. 2016)
NG3864783J Al (Das et al. 2016)
NG3888DK84 Al (Das et al. 2016)
NG38G9YV5G Al (Das et al. 2016)
NG38NRULV4 Al (Das et al. 2016)
NG38PV83JH Al (Das et al. 2016)
NG39HPKPSE  AJ (Das et al. 2016)
NG39HV6EN5P Al (Das et al. 2016)
NG3B7VIJK8U Al (Das et al. 2016)
NG3B85HY47 Al (Das et al. 2016)
NG3E58LD3X Al (Das et al. 2016)
NG3EL6TIU9 Al (Das et al. 2016)
NG3FSSY568 Al (Das et al. 2016)
NG3FUV89IL3 Al (Das et al. 2016)
NG3HQ39DM6 Al (Das et al. 2016)
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HGDP00745 Palestinian  (Li et al. 2008)

HGDPO00746 Palestinian  (Li et al. 2008)

syrial Syrians (Behar et al. 2010)
syria2 Syrians (Behar et al. 2010)
syria3 Syrians (Behar et al. 2010)
syriad Syrians (Behar et al. 2010)
syria5 Syrians (Behar et al. 2010)
syria6 Syrians (Behar et al. 2010)
syria7 Syrians (Behar et al. 2010)
syria8 Syrians (Behar et al. 2010)
syria9 Syrians (Behar et al. 2010)
syrial0 Syrians (Behar et al. 2010)
syria298 Syrians (Behar et al. 2010)
syria361 Syrians (Behar et al. 2010)
syria461 Syrians (Behar et al. 2010)
syria464 Syrians (Behar et al. 2010)
syria485 Syrians (Behar et al. 2010)
syria520 Syrians (Behar et al. 2010)

Table S1: Pairwise gpWave comparison among different population pairs given O15 reference
populations

Left population pairs fArank 0 Chi-square P-value

1. Al - EHG 159.107 1.07x10%
2. AJ - Iranian 67.131 6.36x10™%°
3. Al - Anatolian 110.583 4.31x10"
4. Al - Levantine 86.388 1.82x10™*
5. EHG - Iranian 188.237 1.37x10%
6. EHG - Anatolian 210.386 4.12x10°%
7. EHG - Levantine 170.9 4.51x10%
8. Iranian - Anatolian 54.641 9.98x10™"’
9. Iranian - Levantine 37.201 0.000687737
10. Anatolian - Levantine 38.386 0.000453448
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Evaluating four-way models
We first considered AJs as an admixture of four populations: AJs = EHGs + Iranians +
Anatolians + Levantines (Table S2).

Table S2: gpWave and gpAdm results for the four-way migration model. The admixture
coefficients and std. errors are shown for: EHGs, Iranians, Anatolians, and Levantines

gpWave ranks  Chi-square P-value Admixture coefficients Std. errors
0.05 0.10 0.25
farank 0 427766 1.12x10™° 0.180 0.351 0.728 -0.259 0.21
farank 1 105.268 5.29x10™®
f4rank 2 32.116 0.124
fdrank 3 8.329 0.684
f4rank 4 0 1

To evaluate the robustness of the model we examined the effect of dropping each of the
geographic regions on the output of gpWave and gpAdm (Table S3). Overall, regardless of which
geographical region is dropped, the admixture coefficients obtained from gpAdm outputs indicate
potential infeasibility of the four-way migration model.

Table S3: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs, Iranians, Anatolians, and Levantines

Region gpWave  Chi-
dropped ranks square P-value  Admixture coefficients Std. errors

Oceania  f4rank0  370.988 1.81x10°* 0.20 0.33 0.69 -0.23 0.05 0.10 022 0.19
f4rank 1 85.876  1.36x10™

f4rank 2 26.628 0.146
fdrank 3 6.362 0.703
fdrank 4 0 1

East Asia fd4rank 0  340.259 2.03x10% 0.13 044 083 -04 008 016 030 027
f4rank 1 85.393  3.22x10""

fd4rank 2 27.259 0.074
f4rank 3 5.263 0.729
fdrank 4 0 1

Africa farank 0 302.48 2.79x10%° 0.18 034 0.76 -027 006 015 037 026
f4rank 1 80.691 1.57x10™%

fdrank 2 26.947 0.079
f4rank 3 8.095 0.424
fdrank 4 0 1

America  f4rank 0  355.174 2.87x10™° 0.16 0.29 0.89 -034 0.2 023 11 0.71

f4rank 1 77.639  4.29x10°%
f4rank 2 16.419 0.563
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f4rank 3 6.572 0.583
f4rank 4 0 1
South
Asia fdrank 0  406.841 2.44x10°® 0.21 0.35 0.60 -0.16 0.04 0.09 020 0.17
farank 1 95.362 5.71x10%
farank 2 26.506 0.15
fdrank 3 4.416 0.881
fdrank 4 0 1
Europe fdrank 0  376.559 1.57x10°% 0.17 047 0.81 -045 0.07 019 031 0.32

f4rank 1 78.654  1.35x10°%

fdrank 2 23.73 0.254
fdrank 3 4.859 0.846
f4rank 4 0 1

Evaluating three-way models
We next evaluated three way models using the same O15 as outgroup populations. The first
model explored was: AJs = EHGs + Iranians + Anatolians (Table S4).

Table S4: gpWave and gpAdm results for the three-way migration model. The admixture
coefficients and std. errors are shown for: EHGs, Iranians, and Anatolians

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
0.031 0.098

f4rank 0 366.647  2.05x10 0.225 0.318 0.457 0.108

f4rank 1 78.856  3.142x10"

f4rank 2 11.875 0.456

fdrank 3 0 1

As before, the robustness of the model was evaluated by dropping each of the geographic regions
(Table S5). Overall, regardless of which geographical region is dropped, the model remains
supported by the data. AJs can thereby be modelled as the genomic admixture of EHGs (~22%),
Neolithic Iranians (~32%), and Neolithic Anatolians (~46%).
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Table S5: gpWave and gpAdm results after dropping each geographic region. The admixture

coefficients and std. errors are shown for: EHGs, Iranians, and Anatolians

Frontiers in Genetics

Region gpWave Chi- Admixture
dropped ranks square P-value coefficients Std. errors
Oceania farank 0 317.298 1.011x10“ 0.241 0.285 0.474 0.033 0.089 0.097
farank 1 64.521  4.675x10™°
f4rank 2 9.143 0.518
f4rank 3 0 1
East Asia f4rank 0 28751 2.213x10* 0.216 0.353 0.431 0.034 0.128 0.133
farank 1 68.845  2.808x10™
f4rank 2 11.011 0.275
f4rank 3 0 1
Africa f4rank 0 260.332 3.835x10%" 0.222 0.356 0.421 0.037 0.144 0.148
fdrank 1 58.133  1.379x10°®
f4rank 2 11.119 0.268
f4rank 3 0 1
America f4rank 0 303.841 1.472x10% 0.243 0.346 0.411 0.038 0.121 0.142
fdrank 1 58.666  1.143x10°®
f4rank 2 8.583 0.477
f4rank 3 0 1
South Asia f4rank 0 350.304 3.659x10™° 0.234 0.319 0.447 0.030 0.081 0.092
farank 1 70.029  6.545x10"
farank 2 5.905 0.823
f4rank 3 0 1
Europe f4rank 0 337.867 9.977x10™* 0.235 0.362 0.403 0.035 0.129 0.146
farank 1 65.46  3.356x10™%
f4rank 2 10.724 0.379
f4rank 3 0 1

The three-way model AJs = EHGs + Iranians + Levantines was next explored using the same
015 outgroup (Table S6).

Table S6: gpWave and gpAdm results for the three-way migration model. The admixture
coefficients and std. errors are shown for: EHGs, Iranians, and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank 0 307.297 4.741x10% 0.293 0.592 0.116 0.045 0.301 0.285
f4rank 1 52.571 0.001

farank 2 18.763 0.094
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f4rank 3 0 1

The robustness of the model was evaluated as before by dropping each of the geographic regions
and examining the outputs of gpWave and gpAdm outputs (Table S7). While the model was
mostly supported by the data, it was also sensitive to the drop of geographic regions (Europe and
East Asia).

Table S7: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs, Iranians, and Levantines

Region gpWave Chi- Admixture
dropped ranks square P-value coefficients Std. errors
Oceania farank 0 242967 1.552x10%2 0.312 0562 0.126 0.051 0.388 0.367
farank 1 46.484 0.002
farank 2 17.361 0.067
fdrank 3 0 1
East Asia farank 0 222.87 4.813x10°° 0.242 0.942 -0.184 0.122 0.872 0.768
farank 1 40.345 0.0045
fdrank 2 16.583 0.055
fdrank 3 0 1
Africa f4rank 0 219.82  1.79x10%° 0.258 0.621 0.121 0.052 0.228 0.213
farank 1 45.335 0.0009
farank 2 14.329 0.111
f4rank 3 0 1
America farank 0 267.563 1.572x10%® 0.315 0.466 0.219 0.040 0.203 0.194
farank 1 40.598 0.0042
fdrank 2 10.119 0.341
f4rank 3 0 1
South Asia  fdrank 0 286.968 7.154x10* 0.305 0561 0.134 0.040 0.191 0.186
fdrank 1 48.151 0.001
farank 2 13.61 0.192
fdrank 3 0 1
Europe farank 0 275.883 9.402x10°%° 0.298 1.172 -0470 0.074 1.481 1.466
fdrank 1 34.139 0.0475
fdrank 2 13.915 0.177
fdrank 3 0 1

We next explored the three-way model: AJs = EHGs + Anatolians + Levantines using O15 as
outgroup populations (Table S8).
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Table S8: gpWave and gpAdm results for the three-way migration model. The admixture
coefficients and std. errors are shown for: EHGs, Anatolians, and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
farank O 331.461 1.206x10* -0.081 2.395 -1.315 0.352 1.968 1.627
f4rank 1 65.189  3.239x10™

farank 2 18.628 0.098

fArank 3 0 1

The results of the robustness analysis are summarized in Table S9. Overall, regardless of which
geographic region is dropped, the admixture coefficients obtained from gpAdm outputs indicate
potential infeasibility of this migration model.

Table S9: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs, Anatolians, and Levantines

Region gpWave Chi-
dropped ranks square P-value Admixture coefficients Std. errors
Oceania farank 0 294.797 2.247x10* -0.088 2.530 -1.442 0.800 4.490 3.697
f4rank 1 49.589 0.0007
f4rank 2 17.637 0.061
f4rank 3 0 1
East Asia f4rank O 278.889 1.032x10%° -0.546 4.343 -2.797 2.113 9920 7.817
farank 1 57.758 1.574x10™®
f4rank 2 14,933 0.093
f4rank 3 0 1
Africa f4rank O 25219 1.379x10%® 0.060 1.939 -0.999 0.191 1314 1.142
f4rank 1 50.705 0.0002
f4rank 2 14.692 0.1
f4rank 3 0 1
America f4rank O 277.432 1.974x10%° -0.144 2586 -1.442 0.362 1.815 1.465
f4rank 1 47,739 0.0005
f4rank 2 7.879 0.546
f4rank 3 0 1
South Asia  fdrank 0 321.988 1.241x10%" -0.031 2.187 -1.157 0.265 1.522 1.269
farank 1 58.355 3.901x10°
f4rank 2 17.575 0.063
f4rank 3 0 1
Europe f4rank O 296.971 8.582x10% -0.372 4.382 -3.010 1512 9.636 8.138
f4rank 1 56.059 8.387x10™®
f4rank 2 13.866 0.179
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f4rank 3 0 1

The last three-way model we explored was: AJs = Iranians + Anatolians + Levantines using
015 as outgroup populations (Table S10).

Table S10: gpWave and gpAdm results for the three-way migration model. The admixture
coefficients and std. errors are shown for: Iranians, Anatolians, and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
farank O 227.425 2.682x10%" 0.313 1511 -0.824 0.196 0.260 0.237
f4rank 1 68.52 1.087x10™®

farank 2 13.469 0.336

fArank 3 0 1

The results of the robustness analysis are summarized in Table S11. The results show that
regardless which geographic region is dropped, the admixture coefficients obtained from gpAdm
outputs indicate potential infeasibility of this model.

Table S11: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: Iranians, Anatolians, and Levantines.

Region gpWave Chi- Admixture
dropped ranks square P-value coefficients Std. errors
Oceania f4rank 0 212.061 8.088x10%" 0.331 1538 -0.869 0.226 0.292 0.268
farank 1 60.45 1.917x10%
f4rank 2 12.88 0.23
f4rank 3 0 1
East Asia farank 0 204.467 1.272x10%° 0.469 1.250 -0.718 0.207 0.235 0.205
f4rank 1 50.798 0.0002
f4rank 2 7.339 0.602
f4rank 3 0 1
Africa farank 0 158.113 2.899x10™*® 0.226 1.731 -0.957 0.271 0.479 0.396
f4rank 1 50.917 0.0002
f4rank 2 12.52 0.186
f4rank 3 0 1
America f4rank 0 204.11 1.481x10°° 0.125 1.627 -0.751 0.165 0.242 0.191
fdrank 1 54.468 4.929x10°%
f4rank 2 5.864 0.753
f4rank 3 0 1
South Asia farank O 220.884 1.948x10% 0.312 1532 -0.844 0.201 0.273 0.250
farank 1 67.618 1.559x10°
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f4rank 2 12.745 0.238
f4rank 3 0 1
Europe farank 0 195.42 8.413x10%* 0573 1565 -1.139 0.361 0.334 0.445
f4rank 1 47.564 0.0012
farank 2 6.874 0.737
f4rank 3 0 1

Evaluating two-way models
The first two-way model explored was: AJs = EHGs + Iranians using O15 as outgroup
populations (Table S12).

Table S12: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: EHGs and Iranians.

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank O 233507 2.66x10%* 0.292 0.708 0.049 0.049
f4rank 1 20.399 0.0857

fArank 2 0 1

As before, we evaluated the robustness of the model by dropping each of the geographic regions
and examining the effect of the output of gpWave and gpAdm (Table S13). We found that
regardless which geographical region is dropped the model is supported by the data. AJ can
thereby be modelled as the genomic admixtures of EHGs (~29%) and Neolithic Iranians (~71%).

Table S13: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs and Iranians.

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania f4rank 0 178.467  1.44x10%° 0.311 0.689 0.057 0.057
fdrank 1 19.012 0.0601
f4rank 2 0 1

East Asia f4rank 0 163.865  1.12x10%° 0.258 0.742 0.054 0.054
f4rank 1 16.64 0.0827
f4rank 2 0 1

Africa fdrank 0 171.813  3.35x10%° 0.267 0.733 0.060 0.060
fdrank 1 16.446 0.0876
f4rank 2 0 1

America fdrank 0 201.099  6.93x10°' 0.318 0.682 0.051 0.051
fdrank 1 13.18 0.213
f4rank 2 0 1
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South Asia f4rank O 215691  9.32x10% 0.310 0.690 0.046 0.046
fdrank 1 15.505 0.161
f4rank 2 0 1

Europe f4rank O 226.951  5.82x10% 0.300 0.700 0.046 0.046
fdrank 1 15.244 0.172
f4rank 2 0 1

We next explored the model: AJs = EHGs + Anatolians using O15 as outgroup (Table S14).

Table S14: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: EHGs and Anatolians

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank 0 279.996 2.22x10* 0.210 0.790 0.032 0.032
f4rank 1 42.807 4.83x10%®

fArank 2 0 1

The results of the robustness analysis are summarized in Table S15. We found that the data do
not support this two-way migration model. The f4rank 1 P-value<0.05, which indicates that the
data do not support this two-way migration model.

Table S15: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs and Anatolians

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania farank 0 248.882  2.22x10™ 0.240 0.760 0.037 0.037
farank 1 31.387 0.0009
f4rank 2 0 1

East Asia fdrank O 232702  4.04x10°% 0.228 0.772 0.039 0.039
farank 1 40449  1.41x10®
f4rank 2 0 1

Africa farank 0 215179  1.86x10°%* 0.223 0.777 0.035 0.035
f4rank 1 29.295 0.001
f4rank 2 0 1

America fdrank O 237.892  3.75x10%® 0.208 0.792 0.031 0.031
farank 1 35.806  9.09x10
f4rank 2 0 1

South Asia  f4rank 0 270.955  1.12x10™% 0.218 0.782 0.033 0.033
farank 1 36.755 0.0001
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f4rank 2 0 1

Europe farank 0 255545  1.31x10%° 0.204 0.796 0.033 0.033
farank 1 41583  1.91x10®
f4rank 2 0 1

We next explored the model: AJs = EHGs + Levantines using O15 as outgroup populations
(Table S16).

Table S16: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: EHGs and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank 0 225.883 7.86x10% 0.334 0.666 0.043 0.043
f4rank 1 28.581 0.0075

fArank 2 0 1

The results of the robustness analysis are summarized in Table S17. Overall, the data do not
support this two-way migration model. The f4rank 1 P-value<0.05, which indicates that the data
do not support this two-way migration model.

Table S17: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: EHGs and Levantines

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania f4rank O 177.198 2.51x10% 0.355 0.645 0.043 0.043
f4rank 1 22.155 0.023
f4rank 2 0 1

East Asia f4rank 0 178.243  1.93x10%° 0.366 0.634 0.045 0.045
f4rank 1 23.144 0.01
f4rank 2 0 1

Africa f4rank O 173.269 1.76x10% 0.308 0.692 0.056 0.056
f4rank 1 27.03 0.002
f4rank 2 0 1

America f4rank 0 195.36  9.18x10% 0.340 0.660 0.043 0.043
f4rank 1 21.254 0.019
f4rank 2 0 1

South Asia  fdrank 0 215705  9.26x10%* 0.334 0.666 0.044 0.044
f4rank 1 27.157 0.004
f4rank 2 0 1
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Europe f4rank O 205.896 7.52x10°% 0.314 0.686 0.046 0.046
f4rank 1 21.588 0.028
fdrank 2 0 1

We next explored the model: AJs = Iranians + Anatolians using O15 as outgroup populations
(Table S18).

Table S18: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: Iranians and Anatolians

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
farank O 170.41 2.34x10% -2.640 3.640 4.254 4.254
f4rank 1 53.505 7.38x10"

fArank 2 0 1

The results of the robustness analysis are summarized in Table S19. We found that the data do
not support this model. The f4rank 1 P-value<0.05, which indicates that the data do not support
this two-way migration model.

Table S19: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: Iranian and Anatolian

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania farank 0 158.93  7.13x10%* -2.566 3.566 4.044  4.044
farank 1 47595 1.69x10°
f4rank 2 0 1

East Asia farank 0 142.27 1.36x10%° 4.254 -3.254 8.779 8.779
farank 1 35.956 8.57x10°%
f4rank 2 0 1

Africa farank 0 118.961 2.69x10"° -7.643 8.643 57.595 57.595
farank 1 40.174  1.58x10%°
f4rank 2 0 1

America farank 0 154.786 5.96x10% -1.925 2.925 2274 2.274
farank 1 46.395 1.21x10°
f4rank 2 0 1

South Asia  fdrank 0 167.068 2.09x10% -2.503 3.503 3.917 3.917
farank 1 53.278  1.59x107"
f4rank 2 0 1

Europe farank 0 155.544  3.07x10% -1.634 2.634 1.407  1.407
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We next explored the model: AJs = Iranians+ Levantines using O15 as outgroup populations
(Table S20).

Table S20: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: Iranians and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank O 145.071 9.45x10™® 4.184 -3.184 4596 4.596
f4rank 1 35.913 0.0006

fArank 2 0 1

The results of the robustness analysis are summarized in Table S21. We found that the data do
not support this two-way migration model. The f4rank 1 P-value<0.05, which indicates that the
data do not support this two-way migration model.

Table S21: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: Iranians and Levantines

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania fdrank O 134.331  2.54x10"" 3.991 -2.991 4117 4.117
farank 1 31.84 0.0008
f4rank 2 0 1

East Asia farank O 118.894  2.77x10" 2.372 -1.372 1.060 1.060
f4rank 1 21.499 0.018
f4rank 2 0 1

Africa farank O 98.637  1.12x10* 3.116 -2.116 3.598 3.598
farank 1 30.652 0.0007
f4rank 2 0 1

America fdrank O 134599  3.64x10™® 4.385 -3.385 5598 5.598
farank 1 35.365 0.0001
f4rank 2 0 1

South Asia  fdrank 0 141.201  1.4x10"® 4.473 -3.473 5413 5.413
farank 1 35.504 0.0002
f4rank 2 0 1

Europe farank 0 118.304  1.94x10™* 12.651 -11.651 36.582 36.582
f4rank 1 17.062 0.106
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f4rank 2 0 1

The final model we explored was: AJs = Anatolians + Levantines using O15 as outgroup
populations (Table S22).

Table S22: gpWave and gpAdm results for the two-way migration model. The admixture
coefficients and std. errors are shown for: Anatolians and Levantines

gpWave Chi-

ranks square P-value Admixture coefficients Std. errors
f4rank O 169.398 3.59x10% 1.832 -0.832 0.239 0.239
f4rank 1 17.88 0.162

fArank 2 0 1

The results of the robustness analysis are summarized in Table S23. We found that the data do
not support this two-way migration model. Although the f4rank 1 P-value>0.05, the gpAdm
output generated negative admixture coefficients, which indicates that the data do not support this
two-way migration model.

Table S23: gpWave and gpAdm results after dropping each geographic region. The admixture
coefficients and std. errors are shown for: Anatolians and Levantines

Region gpWave Chi- Admixture

dropped ranks square P-value coefficients Std. errors

Oceania farank 0 163.474  9.98x10% 1.877 -0.877 0.270 0.270
f4rank 1 16.139 0.136
f4rank 2 0 1

East Asia farank 0 163.34  1.41x10% 1.790 -0.790 0.233 0.233
farank 1 16.664 0.082
f4rank 2 0 1

Africa f4rank 0 128.261  5.39x10™" 1.966 -0.966 0.382 0.382
f4rank 1 13.855 0.179
fdrank 2 0 1

America farank 0 147.778  1.25x10%° 1.735 -0.735 0.182 0.182
f4rank 1 8.426 0.587
f4rank 2 0 1

South Asia  f4rank 0 165.865  3.54x10% 1.851 -0.851 0.251 0.251
fArank 1 16.794 0.114
f4rank 2 0 1

Europe fdrank O 151.03  2.13x10% 1.978 -0.978 0.335 0.335
farank 1 13.473 0.264
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Conclusions

Of the 11 migration models we evaluated, only two are consistent with the data (Table S24). To
summarize these analyses, a Four-way migration model comprising of East European Hunter
Gatherers from Russia (EHG), Neolithic Anatolians, Epipaleolithic Levantines, and Neolithic
Iranians cannot be used to model the genomic admixture of AJs.

Three-way migration models comprising of Epipaleolithic Levantines alongside any two
populations out of EHG, Neolithic Anatolians, or Neolithic Iranians are unfeasible. Of all three-
way migration models and irrespective of which geographic region is dropped, the only model
supported by the data depicted AJs as the genomic admixture of Neolithic Iranians (32%),
Neolithic Anatolians (46%), and EHG (22%).

Of the two-way models, we found that AJs cannot be modelled as the genomic admixtures of
Neolithic Iranians and Neolithic Anatolians, or genomic admixture of EHGs and Neolithic
Anatolians. None of the two-way models comprising of Levantine populations, irrespective of
which geographical region is dropped, is supported by the data. Therefore, AJs cannot be
modelled as a genomic admixture of Epipaleolithic Levantines and Neolithic Iranians, Neolithic
Anatolians, or EHG. The models are not supported either due to negative P-values or due to
negative admixture coefficients both of which are indicators that the data do not support the
model. By contrast, AJs could be modelled as EHG (29%) and Neolithic Iranians (71%). This
model is very similar to the three-way model supported by the data, likely due to the genetic
similarity between Iranians and Anatolians.

The two most supported three- (Iranian, Anatolian, and EHG) and two-way (Iranian and EHG)
models were insensitive to the drop of geographic regions. We note, however, that these results
may change with the inclusions of new ancient reference populations found in the region.

Table S24: Summarizing the most supported models for AJs

Migration Source Reference  Chi- P- Admixture Standard
model / populations populations square value components Errors
table

Three-way Iranians 015 11875 0.46 0.318 0.09
Anatolians (f4 0.457 0.11
EHGs rank 2) 0.225 0.03
Two-way Iranians 015 0.086 0.708 0.05
EHGs (f4 0.292 0.05

rank 1)
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