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Background

A new method for estimating admixture times

Ashkenazi Jews (AJ) are individuals of Jewish heritage with ancestry in Eastern and Central
Europe. AJ genetics is heavily investigated due to several high frequency risk alleles for
Mendelian and complex disorders. Additionally, as only little is firmly known about
Ashkenazi origins, genetic data has been frequently used to illuminate the Ashkenazi history.

Consider an admixture pulse model (Figure 5). Denote the fraction of the an admixed
chromosome coming from population A (the ancestry proportion) as x [12-14]. Given the
admixture time t, the initial admixture proportions m, and the chromosome length L, we
derived an expression for the distribution of x:

According to historical records, Ashkenazi Jews first appeared in North-Western Europe
≈1000 years ago (ya), then in Poland ≈700 ya. In later years, AJ have expanded rapidly and
spread over most of the continent. Recent studies demonstrated that AJ are genetically
distinct, with ancestry intermediate between Middle-Easterners (ME) and Europeans (EU)
[1-3] (Figure 1). Based on sequence data, we recently estimated the EU and ME ancestry
proportions to be roughly equal [4]. Various speculations were made regarding the identity
of the EU source population(s) and the time of admixture, but none is strongly supported.
Middle-East
Druze

Europe

Ashkenazi Jews

Tuscans French
Palestinians

Russians
Sephardi Jews

Bedouins

Italians Flemish
Basque
Sardinians

Figure 1: A PCA plot of samples from Ashkenazi and other Jewish
populations, as well as HGDP’s Middle-Eastern and European populations [4].

Previous attempts to identify the
Ashkenazi ancestral populations
were hampered by the admixed
nature of the AJ genomes [1,2].
Here, we take a different
approach by first performing
local ancestry inference, then
considering the EU segments
independently. The statistics of
the ancestry switches are then
informative on the admixture
time.

,

where δ(x) is Dirac’s delta function, h=tL, 𝜶 ≡ 𝒎 𝟏 − 𝒎 𝒙(𝟏 − 𝒙), and I0 and I1 are the
modified Bessel functions of the first kind of order 0 and 1, respectively.
Using our equation, we could derive a maximum-likelihood estimator for the admixture
proportions and time, for either phased or unphased data. The estimator works well in
simulations (Figure 6), and extensions are available for 3-way admixture.
Time (generations)

Simulations of an EU-ME admixture event 30 generations ago showed that RFMix [5]
achieves classification accuracy of ≈75% per SNP. While this is lower than for other
populations such as African-Americans (due to the relative genetic similarity of EU and ME),
we conjectured that sufficient information is available for identification of the EU source.
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Assembling reference panels and local ancestry inference
We assembled SNP array data for ≈2500 Ashkenazi, ≈500 European, and ≈300 MiddleEastern individuals from a number of sources (Table 1). All genotypes were uniformly
processed, cleaned, and phased.
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Figure 5. An admixture
pulse model. Admixed
chromosomes are mosaics
of A and B ancestries, with
segments
becoming
shorter each generation.
The ancestry proportion x
is the fraction of the
chromosome with an A
ancestry (below).
Figure 6. Our maximum likelihood estimator for the admixture time t.
We simulated diploid genomes under an admixture pulse model [12],
and recorded the ancestry proportions. The inferred admixture time, 𝒕,
is plotted against the true
time, t.
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The admixture time in the Ashkenazi history
We computed the ancestry proportions in the AJ genomes, and, using our method, we
estimated the admixture time as ≈22 generations ago. However, we observed that the
distribution of RFMix-inferred ancestry proportions in simulated South-EU-ME admixed
genomes was slightly wider than the true distribution. We therefore used simulations to
match the AJ-observed distribution, and inferred the admixture time to be ≈35
generations ago (Figure 7). Using simulations to match the observed mean segment length
gave a close estimate of ≈30 generations. We also used Alder [15], which, by fitting the
decay of admixture LD [15], estimated the admixture time as ≈30-40 generations. Finally,
we used sequence data for AJ and Flemish individuals from our recent study [4], to
estimate the ages of all doubleton variants [16] (Figure 8). The results confirm a recent
bottleneck in AJ [4,17], as well as suggest, by examining the AJ-Flemish shared variants,
that gene flow began only a few tens of generations ago.
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Table 1: A list of the populations and datasets used in this study.

Identifying the source of European gene flow

East

South

West

For each Ashkenazi genome, we computed the likelihood of each EU-assigned SNP to come
from either West-EU, East-EU, South-EU, or Iberia, based on the allele frequencies in those
regions. Pruning SNPs to eliminate LD, we then multiplied the SNP likelihoods to obtain a
single likelihood for each AJ chromosome (see also [9,10]).
We found that South-Europe was the most likely source for the EU component of most
chromosomes. To verify that our localization pipeline was not biased, we reran our pipeline
on simulated data, each time with a different European source, and each time were able to
correctly identify the ancestral population (Figure 2).
Inferred
East South West (Europe)
We refined our estimate by allowing multiple European Simulated
sources and using simulations to match the proportion of
likelihood
chromosomes assigned to each geographic region. The
results suggested that ≈75% of the EU ancestry in AJ is
South-European (Figure 3), with the rest mostly EastEuropean. Further support to the East-European minor
component came from running TreeMix [11], which infers
migration events based on the covariance of allele
Figure 2: Testing our localization pipeline with
frequencies between populations (Figure 4).
simulations. In each row, admixed genomes
AJ (observed)

≈37% of
overall
ancestry

Figure 3: Admixed
genomes
were
simulated with 50%
ME ancestry and
varying proportions
of South-EU and
East-EU ancestries.
The
fraction
of
chromosomes
classified as having a
South-EU
source
were recorded and
compared to the
observed fraction in
AJ, suggesting that
≈75% of the EU
ancestry in AJ is
South-European.

were simulated with a Levant source (50%
ancestry) and one European region (50%). The
columns correspond to the inferred likelihood
of each potential source.

Figure 7. The density of ancestry proportions in AJ (blue) and in
simulated admixed genomes (50% ME, 35% South-EU, 12% East-EU,
3% West-EU; red) for an admixture event 35 generations ago.

Generations
Figure 8. The density of the estimated ages [16]
of variants that appear twice in a sample of 57 AJ
and 26 Flemish whole genomes [4]. The density
of the AJ-Flemish shared variants (green)
suggests isolation of these populations over the
past few tens of generations.

Conclusions
This study is the first, to our knowledge, to rigorously model the admixed nature of the AJ
population when searching for its ancestral European sources. We found that local ancestry
inference for genomes with closely related ancestral populations such as EU and ME is
challenging, and simulations must be used for the interpretation of the results. Our analysis
showed that the European source of AJ ancestry is predominantly South-European, with a
minor contribution from Eastern-Europe. The time of admixture was inferred to be around
30-40 generations ago, on the eve of the Ashkenazi settlement in Eastern-Europe.
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Figure 4: A reconstruction of the AJ genetic history
using TreeMix. The results show gene flow from
East-EU into AJ, replacing ≈17% of the AJ gene pool.

1.
2.
3.
4.
5.
6.
7.
8.
9.

Atzmon et al., Am. J. Hum. Genet. 86, 850 (2010)
Behar et al., Nature 466, 238 (2010)
Bray et al., PNAS 107, 16222 (2010)
Carmi et al., Nat. Commun. 5, 4835 (2014)
Maples et al., Am. J. Hum. Genet. 93, 278 (2013)
Lencz et al., Nat. Commun 4, 2739 (2013)
Behar et al., Hum. Biol. 85, 859 (2013)
Haber et al., PLoS Genet. 9, e1003316 (2013)
Johnson et al., PLoS Genet. 7, e1002410 (2011)

10.
11.
12.
13.
14.
15.
16.

17.

Moreno-Estrada et al., PLoS Genet. 9, e1003925 (2013)
Pickrell and Pritchard, PLoS Genet. 8, e1002967 (2012)
Gravel, Genetics 191, 607 (2012)
Liang and Nielsen, Genetics 197, 953 (2014)
Verdu and Rosenberg, Genetics 189, 1413 (2011)
Loh et al., Genetics 193, 1233 (2013)
Mathieson and McVean, PLoS Genet. 10, e1004528
(2014)
Palamara et al. Am. J. Hum. Genet. 91, 809 (2012)

