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Figure S18. The number of clusters in EAJ based on the first two PCs. We used the gap statistic 
(Methods 6.1) to infer the optimal number of clusters (dashed line) for EAJ (A). As a control, we also 
inferred for the optimal number of clusters for modern AJ ((B); one cluster expected); Moroccan Jews 
((C); one cluster expected); and modern AJ and Moroccan Jews together ((D); two clusters expected). 
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Figure S19. PCA of genomes simulated under two admixture scenarios and a comparison to EAJ. (A) 
PCA results for simulations of a single group that has experienced recent admixture between Middle 
Eastern, Southern European, and Eastern European sources. Both simulated genomes and EAJ 
genomes were projected on the PC plane. (B) A comparison between the distributions of PC1 of the 
simulated genomes (from (A)) and EAJ. The distribution of the simulated data was shifted and scaled 
to match the mean and variance of the EAJ data. The EAJ distribution is bimodal, and does not fit the 
simulated data. (C) PCA results for simulations of two groups, one that has experienced admixture 
between Middle Eastern and Southern European sources, and one that had additional admixture with 
Eastern Europeans. (D) A comparison between the distributions of PC1 of the simulated genomes 
(from (C)) and EAJ. The distribution of the simulated data was shifted and scaled to match the mean 
and variance of the EAJ data. Here, the distribution of the simulated data is also bimodal. (E) PCA 
results for the two-group simulation after down-sampling the simulated genomes to match the 
coverage of the Erfurt samples (Methods 6.3). The results are qualitatively similar to those of (C). 
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Figure S20. qpAdm results for genomes simulated under two admixture scenarios and a comparison 
to EAJ. (A) qpAdm results for the real Erfurt data with Lebanese, South-Italians, and Russians as 
sources. This panel is identical to Figure 2B of the main text. (B) qpAdm results for the single-group 
simulations. (C) qpAdm results for two-group simulations. (D) The distribution of the Eastern European 
ancestry proportions in the real EAJ data, in the single-group simulations, and in the two-group 
simulations. The proportion of individuals with no East-EU ancestry in the real EAJ data is significantly 
different from that of the single-group simulation (P=0.01; permutation test, randomly shuffling the 
labels of simulated and real data points), but not from that for the two-group simulation (P=0.78). 
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Figure S21. The posterior distribution of the mtDNA tree height (time to the most recent common 
ancestor (TMRCA)) based on ancient and modern K1a1b1a carriers. The plot shows a screenshot of 
the Tracer software showing the output of the BEAST analysis, as described in Methods 7.2. Briefly, 
we used an alignment of the mtDNA sequence of 11 EAJ and 107 MAJ K1a1b1a carriers. We ran BEAST 
with a strict clock, Gamma distributed mutation rates, and a skyline population size prior. The effective 
sample size (ESS) was 3508, and the total number of samples from the posterior was 900. The median 
posterior TMRCA was 1499 years ago, with a 95% highest posterior density (HPD) interval 655-6701 
years ago. Other characteristics of the distribution are shown above the plot. 
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Figure S22. Visual inspection of runs of homozygosity (ROH) segments in modern and ancient 
genomes. (A) The inferred ROH segments (green bars, called with bcftools/ROH; Methods 8.2) along 
a subset of chr1 in one modern AJ individual. We considered only bi-allelic SNPs included in the "1240" 
SNP panel. Blue dots at the top (bottom) of the panel show the positions of heterozygous 
(homozygous) sites. It can be seen that the inferred ROH segments are depleted of heterozygous sites. 
(B-D) The inferred ROH segments (blue bars, inferred using hapROH; Methods 8.1) in three 
chromosomes from three Erfurt individuals. The red lines show the posterior (“post.”) probability 
estimated by hapROH that a SNP is in a non-ROH state given the data. The blue dots show sites that 
were covered by at least one read (Methods 8.1). A dot is plotted at the top of the panel whenever 
the reads covered both alleles, which suggests heterozygosity. The inferred ROH segments are again 
depleted of these putatively heterozygous sites. 
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Figure S23. A comparison of the abundance of runs of homozygosity (ROH) across ancient European 
populations from the past two millennia. Each bar represents one individual, and individuals are 
grouped by population labels. We show the sum of the lengths of ROHs in four length bins (see 
legend). On the bottom right, we demonstrate the expected sum of ROH lengths for individuals whose 
parents are close relatives (first, second, and third cousins; “recent loops”), as well as for individuals 
from a population of a given constant effective size (𝑁 is in number of diploid individuals; “small pop. 
size”). See [58] for details. The Erfurt samples have substantially longer ROHs compared to all other 
populations. SG: shotgun sequencing. The Hungary Langobard data (SNP enrichment and SG) is from 
[60]. The Germany Early Medieval data is from [45]. The Italy Imperial, Late Antiquity (LA), and 
Medieval data is from [47]. The Denmark Viking data is from [61]. 
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Figure S24. ROH segments across EAJ sub-groups. For each of 16 high-coverage (>400k SNPs) EAJ 
genomes, we computed the total length of ROH segments longer than 4 cM. (A) The total ROH length 
(cM) per genome in Erfurt-EU and Erfurt-ME individuals. The distribution is similar between the groups 
(P=0.43; two-tailed Wilcoxon test). (B) The total ROH length per genome was greater in K1a1b1a 
carriers compared to all other samples (P=0.03; one-tailed Wilcoxon test). 
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Figure S25. Demographic models that did not fit the modern IBD data. (A) The mean number of IBD 
segments (per pair of haploid genomes) across length bins in modern AJ is shown in circles. The purple 
and teal lines show the expected counts (Methods 8.6) as predicted by models having a narrower or 
a longer bottleneck, respectively (Figure 3D; Table S10, models (E) and (F)), as compared to the model 
inferred using modern IBD. These models, in particular the narrower bottleneck model, did not fit the 
modern data well. (B) We plot the observed number of IBD segments in MAJ and ROH segments in 
EAJ in green and black circles, respectively. The expectations based on the single-population joint-
likelihood model, as described in Table S10, model (G), are shown in red and pink lines, respectively. 
The expected number of short IBD segments in MAJ is overestimated by the model.  
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Figure S26. Simulations for the expected number of founder alleles in EAJ under modern allele 
frequencies. In each iteration and for each founder SNP, we drew a minor allele count as a binomial 
with 𝑛 equals to the number of (pseudo-haploid) EAJ individuals that were genotyped in that SNP and 
𝑝 equals the allele frequency in MAJ (from gnomAD [76]). The figure shows the distribution of the 
number of founder SNPs with at least one minor allele across 10,000 runs. We show the 2.5- and 97.5-
percentiles in black vertical lines, and the observed number in EAJ in red. 
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Figure S27. Correlation between height and polygenic score. For each individual, we plot the 
estimated height (mean over all available estimates, shifted up by 9.84 cm for females (the empirical 
mean difference between the sexes); Table S14; Methods 10.1) and the polygenic score for height 
based on summary statistics from [81] (Methods 10.1). We also plot the linear regression line. The 
proportion of variance in height explained by the score was 23% (𝑟 = 0.48, 95% CI: [-0.10,0.81]). 
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Supplementary Tables 

Table S1. Quality control metrics for the Erfurt samples. See Excel file. 

Table S2. The characteristics of the Erfurt samples. See Excel file. 

Table S3. Details of the radiocarbon dating analyses. See Excel file. 

Table S4. Pathogens detected in DNA sequences from the Erfurt samples. See Excel file. 

Table S8. The results of the isotope analysis. See Excel file. 

Table S11. Properties of the Ashkenazi Jewish pathogenic variants. See Excel file. 

 

Left population 1 Left population 2 
P-value – 
European 

populations 

P-value – Middle 
Eastern 

populations 

Erfurt Ashkenazi Jews Modern Ashkenazi Jews 0.15 0.38 

Erfurt-EU Modern Ashkenazi Jews 3.2e-06 0.14 

Erfurt-ME Modern Ashkenazi Jews 0.031 0.63 

Erfurt Ashkenazi Jews Turkish Jews 1.8e-10 0.18 

Erfurt-EU Turkish Jews 4.0e-18 0.085 

Erfurt-ME Turkish Jews 0.0081 0.60 

Turkish Jews Modern Ashkenazi Jews 2.9e-14 0.39 

Erfurt Ashkenazi Jews Germans 2.1e-81 0.00029 

Germans Modern Ashkenazi Jews 8.4e-187 2.0e-8 

Erfurt Ashkenazi Jews South-Italians 0.00020 0.030 

South-Italians Modern Ashkenazi Jews 8.1e-7 0.012 

 

Table S5. qpWave results. Each line presents the P-value for one qpWave test. The reference 
European populations were modern Russian, Norwegian, French, Spanish, Bulgarian, and 
Italian_North, with Primate_Chimp as an outgroup (first right population). The reference Middle 
Eastern populations were BedouinA, Lebanese, Jordanian, and Druze, with Primate_Chimp as an 
outgroup. Entries with P>0.05 are highlighted in dark green, and entries with 0.01≤P≤0.05 in light 
green. The only case with P>0.05 with respect to European populations is when the left populations 
are Erfurt Ashkenazi Jews (EAJ) and modern Ashkenazi Jews (MAJ). When Erfurt is replaced by Erfurt-
ME or Erfurt-EU, the P-value is smaller, reflecting the differences in ancestry between each EAJ sub-
group and MAJ. In the other tests, we replaced MAJ or EAJ with Sephardi (Turkish) Jews or with non-
Jewish Italians and Germans. P-values were very small except when comparing Erfurt-ME and Sephardi 
Jews. 

  

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2022.05.13.491805doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491805
http://creativecommons.org/licenses/by-nc/4.0/


65 
 

  
Proportion of Eastern European ancestry 

1% 2% 4% 6% 8% 

Admixture 
time 

(generations 
before 

present) 

20 30. 6 30. 4 0.23 0.034 0.0014 

15 0.33 0.091 0.0010 1.7e-07 2.2e-10 

10 0.040 0.040 0.0060 4.9e-05 2.6e-07 

5 0.21 0.087 0.0018 3.5e-06 2.1e-09 

 

Table S6. Determining the degree of endogamy in AJ in the past ≈700 years. We used simulations to 
quantify the maximal degree of gene flow from Eastern Europeans into a group of modern AJ such 
that this admixed group will remain consistent with being a clade with unadmixed AJ. Our unadmixed 
group was the modern AJ dataset used for the original qpWave analyses. For the admixed group, we 
used 𝑛 = 30 modern AJ genomes that were not used in the original analysis (sample size selected to 
match the size of the Erfurt sample; Methods 5.3). In the admixed group, we replaced a given 
proportion of the genome (columns) with haplotypes from Eastern European sources (Methods 5.3). 
The haplotype lengths were determined based on the assumed admixture times (rows; Methods 5.3). 
Each entry in the table shows the P-value for a qpWave test comparing the admixed and unadmixed 
groups with respect to European populations (as in Table S5; Methods 5.3). Cells with P>0.05 are 
highlighted in green. The results suggest an upper bound of about 2-4% on the degree of Eastern 
European gene flow separating modern and Erfurt AJ. 
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Middle Eastern 
source 

Transversion SNPs 
(main analysis) 

Robustness test: 
all available SNPs 

Robustness test: 
different outgroup 

West-EU source 

North 
Italian 

South 
Italian 

North 
Italian 

South Italian 
North 
Italian 

South 
Italian 

North 
Italian 

South 
Italian 

Druze 0.0016 0.0031 6.9e-9 9.4e-10 0.0027 0.12 2.8e-5 0.0025 

Egyptian 1.4e-14 5.4e-6 0 4.1e-17 2.3e-12 0.027 4.5e-24 9.5e-10 

Bedouin A 1.7e-7 0.0042 2.9e-16 2.0e-6 2.8e-6 0.15 4.7e-17 7.7e-8 

Bedouin B 0.022 0.21 0.00068 0.026 0.057 0.45 1.3e-6 0.00038 

Palestinian 0.0021 0.058 3.7e-6 0.0020 0.0074 0.36 2.3e-11 1.5e-5 

Lebanese 0.086 0.32 0.037 0.15 0.15 0.56 0.0058 0.020 

Jordanian 0.0039 0.13 0.00014 0.039 0.014 0.41 2.8e-07 0.00049 

Syrian 0.019 0.21 0.0064 0.061 0.053 0.47 0.00012 0.0027 

 

Table S7. qpAdm P-values for models with EAJ as the target group. In all models, EAJ was the target 
group and there were three source populations: Middle Eastern, Southern European, and 
Eastern/Western European. In the first six columns, the third source was Russians. In the last two 
columns, the source was Germans. The rows represent the Middle Eastern source in each model and 
the columns represent the Southern European source. Models with P>0.05 are highlighted in green, 
and models with P>0.01 in light green. The two columns under “transversions SNPs” present the 
results that were described in the main text, where we used only transversions to avoid bias due to 
ancient DNA damage. The next two columns (“all available SNPs”) present the results of the same 
models when all SNPs were used. The next two columns (“different outgroup”) present the results of 
the same models when we set Ami as the outgroup instead of Mbuti (using only transversions). The 
last two columns (“West-EU source”) use transversions and Mbuti as an outgroup. Overall, the models 
with South-Italian, Syrian/Lebanese, and Russian sources were plausible in all tests. Generally, a 
South-Italian source was more plausible than a North-Italian source, a Western European source was 
not plausible, and Lebanese, Syrian, Jordanian and Bedouin B were the more likely Middle Eastern 
sources. 
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Haplogroup 
Freq. in 

modern AJ 
Freq. in 
Erfurt 

Freq. in 
Erfurt-ME 

Freq. in 
Erfurt-EU 

Freq. in 
low-cov 
samples 

K1a1b1a 20% 11/31 7/13 2/10 2/8 

N1b2 9% 1/31 1/13 0/13 0/8 

K1a9 6% 2/31 1/13 0/10 1/8 

K2a2a1 5% 0    

 

Table S9. Ashkenazi Jewish mitochondrial DNA founder haplogroups. Previous studies showed that 
modern AJ carry four founder haplogroups, accounting for 40% of all Ashkenazi haplogroups [117]. 
We compared the frequencies of these haplogroups in modern AJ [118] and Erfurt. We excluded the 
two children of family A since their mother is also in the sample. The frequency of K1a1b1a in Erfurt 
(35%) was significantly higher than in modern AJ (P=0.041; two-tailed binomial test (binom.test in R)). 
The frequency of K1a1b1a in Erfurt-ME (7/13=54%) was higher than the frequency in Erfurt-EU 
(2/10=20%), but given the small sample sizes, the difference was not statistically significant (P=0.20; 
two-tailed Fisher’s exact test). The combined count of N1b2 (also called N1b1b1), K1a9, and K2a2a1 
carriers (3/31; 9.7%) was lower in EAJ than expected based on modern AJ frequencies (20%), but again 
the result was not statistically significant (P=0.18; two-tailed binomial test).  
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 A B C D E F G H 

 

Modern IBD, 
variable 

bottleneck 
length 

Modern IBD, 
single-

generation 
bottleneck 

Modern 
ROH 

Consanguinity 
Narrower 

bottleneck 
Longer 

bottleneck 
Joint 

likelihood 

Two-
population 

model 

𝑵𝒂 
47,961 

[45,922-
72,585] 

10,010 4,671 47,961 5,042 47,961 50,000 
50,000 

[50,000-
97,465.5] 

𝑵𝒃 
1,563 

[1,363.5-
1,750.5] 

480 1,295 1,563 529 1,563 905 
627 

[355-958] 

𝑵𝒄 
363,484 

[-3,831,093.0 
-545,656.5] 

157,498 107 363,483 107 169,092 107 
1,652,527 

[-6,694,946- 
2,456,011] 

𝑻𝒃 
41 

[39-43] 
31 30 41 41 74 51 

46 

[36-58] 

𝒅 
20 

[15-24] 
1 (fixed) 11 20 15 48 25 

22 

[9-35.5] 

 𝜶 = 0.22  
𝒇 = 0.52 

[0.41-0.99] 

 

Table S10. Demographic models for the AJ founder event. The table presents the parameters we 
inferred for various demographic models of AJ history. In all models, the population has been of 
constant size 𝑁௔ diploids until 𝑇௕ generations before present, and the population has grown 
exponentially starting 𝑇௕ − 𝑑 generations ago and until reaching present size 𝑁௖. In the single-
population models (all models except (H); Figure 3A), the population size has been 𝑁௕  for 𝑑 
generations, starting 𝑇௕ generations ago. In the two-population model ((H); Figure 3E), the population 
has split 𝑇௕  generations ago into one population of size 𝑁௕ (representing EAJ) and another of size 𝑁௔ −

𝑁௕. After 𝑑 generations, these two populations merged with proportions 𝑓 and (1 − 𝑓), respectively. 
In the consanguinity model (D), we assume that a proportion 𝛼 of the EAJ samples were born to 
parents who were first cousins. 

In all models, we estimated the parameters numerically by maximizing the composite-likelihood of 
observing the given number of segments in each length bin (Methods 8.3). In some models, the 
maximum likelihood was obtained when some parameters were at the boundary of the search space 
(e.g., 𝑁௔ = 50𝑘 and 𝑁௖ = 10଻). For models (A) and (H), we computed 95% confidence intervals 
(shown under each point estimate) using parametric bootstrap by resampling the segment counts per 
bin (Methods 8.3). 

In models (A) and (B), we inferred the demographic parameters based on modern IBD sharing 
(Methods 8.3). In (A), we inferred the bottleneck duration (𝑑) from the data, while in (B), we fixed it 
to 1. In the modern ROH model (C), we inferred the model parameters based on ROH segments 
observed in modern AJ (Methods 8.4). In the consanguinity model (D), we fixed all parameters that 
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were inferred in model (A), and used ROH segments in the EAJ samples to infer 𝛼, the proportion of 
EAJ individuals whose parents were first cousins (Methods 8.5). In the narrower bottleneck model (E), 
we fixed 𝑇௕ from model (A), and inferred the population sizes 𝑁௔  and 𝑁௕ based on ROH segments in 
EAJ. We then fixed 𝑁௔  and 𝑁௕ to their inferred values, and inferred 𝑑 and 𝑁௖  using modern IBD 
(Methods 8.6). In the longer bottleneck model (F), we fixed 𝑁௔ and 𝑁௕ from model (A), and inferred 
𝑇௕  based on ROH in EAJ. As in (E), we then inferred 𝑑 and 𝑁௖ using the modern IBD data (Methods 
8.6). In the joint likelihood model (G), we inferred the demographic parameters based on both ancient 
and modern data (Methods 8.7). Finally, in the two-population model (H), we inferred all parameters 
based on both ancient and modern data, including 𝑓, the proportion of modern AJ lineages that 
descend from EAJ (Methods 8.8).  
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Number 
of 

covered 
SNPs 

Parent 

Number of 
imputed 

homozygous 
SNPs 

Parent 

Number 
of 

covered 
SNPs 

Child 1 

Proportion 
of 

inconsistent 
SNPs (%) 

Child 1 

Number 
of 

covered 
SNPs 

Child 2 

Proportion 
of 

inconsistent 
SNPs (%) 

Child 2 

Family A 562·103  15.52·106 519·103 0.23% 113·103 0.59% 

Family B 701·103 15.52·106 601·103 0.19%   

Mother 
of family 

A vs 
unrelated 

562·103 15.52·106 601·103 2.13% 643·103 2.15% 

 

Table S12. Evaluating the imputation accuracy of PHCP using Mendelian inconsistency. We tested 
the rates of Mendelian inconsistency in the imputed genomes of families A and B and compared to 
the inconsistency in unrelated individuals. The table presents the number of covered SNPs (before 
imputation) in all individuals, the number of homozygous SNPs in the imputed genome of the parent 
(this includes genotyped SNPs, as these were also imputed from haploid to diploid), and the 
percentage of SNPs that are homozygous to the opposite allele in the child (out of the number of 
homozygous SNPs in the parent). In family A, Child 1 is the son (I14853) and Child 2 is the daughter 
(I14898). The unrelated individuals are the mother from family A (I14850) and the daughter from 
family B (I13869; “Child 1”), or another unrelated individual (I13866; “Child 2”). 
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ID Variants Sex Subgroup mtDNA Haplogroup 

I13861 
GBA, NM_000157.3:c.84dupG 

BRCA1, NM_007294.3:c.68_69delAG 
F Erfurt-ME K1a1b1a 

I13865 F11, NP_000119.1:p.F301L M Erfurt-ME L2a1l2a 

I13870 
F11, NP_000119.1:p.E135X 
G6PC, NP_000142.2:p.R83C M Erfurt-ME K1a1b1a 

I14736 CFTR, NP_000483.3:p.G542X F Erfurt-ME K1a1b1a 

I14737 ACADS, NM_000017.2:c.319C>T F Erfurt-ME N1b1b1 

I14739 LRRK2, NP_940980.3:p.G2019S 
MEFV, NP_000234.1:p.V726A 

F Erfurt-ME H5c2 

I14897 CLRN1, NP_001182723.1:p.N48K F Erfurt-EU J1c1 

I14903 DHDDS, NM_001243564.1:c.124A>G F Erfurt-ME K1a1b1a 

 

Table S13. Carriers of pathogenic founder variants. We detected eight carriers of at least one high-
confidence pathogenic variant. The proportion of Erfurt-ME individuals who were carriers (7/13, 54%) 
was higher than in Erfurt-EU (1/9, 11%, after removing the children of families A and B; P=0.07; two-
tailed Fisher’s exact test). The proportion of K1a1b1a carriers who were pathogenic variant carriers 
(4/11; 36%) was higher than in carriers of other mtDNA haplogroups (4/19; 21%; P=0.42; two-tailed 
Fisher’s exact test). 
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ID 
Humerus 

right 

Humerus 

left 

Radius 

right 

Radius 

left 

Femur 

right 

Femur 

left 

Tibia 

right 

Tibia 

left 
Anatomically 

I13868 163.2 . . . 164.6 166.1 . . . 

I14847 159.3 . . . . . . . . 

I13864 . 167.3 . . . 164.6 162.5 162.3 . 

I13862 165.6 162.7 163.8 . 164.2 164.8 164.2 . 164.2 

I13866 . . . . 159.1 160.1 157.1 160.1 . 

I14904 . 169.3 . . 170.4 171.7 169.2 169.4 . 

I14850 146.1 146.1 150.1 148.4 . . . 148.2 . 

I13863 . . . . 160.6 161.0 158.3 159.0 . 

I13861 . . . 150.8 . . . . . 

I14852 . . . . . 158.8 . 159.4 . 

I13867 149.4 . 150.4 149.8 149.7 148.7 148.4 147.7  

I14903 155.5 . 158.4 158.1 159.2 158.0 154.0 155 152.3 

I13869 157.1 . 158.1 . 157.5 155.3 . 157.1 . 

I14739 152.2 . . 151.8 153.0 153.6 . . . 

Table S14. Height estimates. The heights of 14 individuals were estimated based on eight long bone measurements and the anatomical method (Methods 
1.3). For the polygenic score analysis, we used the mean over all estimates available for each individual. 
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