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360 Figure 2. Example histograms of IBD segments to illustrate the differences
361 between groups with founder events of different magnitudes: These histograms
362  provide visual illustrations of differences between groups with different IBD scores.
363  Asaratio relative to Finns (FIN; black), these groups (red) have IBD scores of: (A)
364 ~26inUlladan, (B) ~3 in Birhor, (C) ~0.9 in Ashkenazi Jews, and (D) ~0.1 in

365 Mahadeo_Koli. In each plot, we also show European Americans (CEU) with a

366 negligible founder event in blue. Quantification of these founder events is shown in
367  Figure 3 and Online Table 1. The IBD histograms were normalized for sample size
368 by dividing their frequency by {(22") - n}, where n is the number of individuals in

369 the sample. All data for the figure are based on the Human Origins dataset.
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371 Figure 3. IBD scores relative to Finns (FIN). Histogram ordered by IBD score,
372  roughly proportional to the per-individual risk for recessive disease due to the
373  founder event. (These results are also given quantitatively for each group in Online
374  Table 1.) We restrict to groups with at least two samples, combining data from all
375  four genotyping platforms onto one plot. Data from Ashkenazi Jews and Finns are
376  highlighted in red, and from South Asian groups with significantly higher IBD scores
377  than that of Finns and census sizes of more than a million in brown. Error bars for
378

each IBD score are standard errors calculated by weighted block jackknife over each
379  chromosome. YRI=Yoruba (West African); CEU=European American.


http://dx.doi.org/10.1101/047035

bioRxiv preprint first posted online Apr. 6, 2016; doi: http://dx.doi.org/10.1101/047035. The copyright holder for this preprint (which

380
381

383

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

3¢

415
416
417
418
419
420
421
422
423
424

425

was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

All rights reserved. No reuse allowed without permission.

Online Methods:

Data Sets:

We assembled a dataset of 1,955 individuals from 249 groups genotyped on the
Affymetrix Human Origins array, of which data from 1,663 individuals from 230
groups are newly reported here (Figure 1a). We merged these data with the dataset
published in Moorjani et al.8, which consisted of 332 individuals from 52 groups
genotyped on the Affymetrix 6.0 array. We also merged it with two additional
datasets published in Metspalu et al.?, consisting of 151 individuals from 21 groups
genotyped on [llumina 650K arrays as well as a dataset published in Basu et al.11,
consisting of 367 individuals from 20 groups generated on [llumina Omni 1-Quad
arrays. These groups come from India, Pakistan, Nepal, Sri Lanka, and Bangladesh.
All samples were collected under the supervision of ethical review boards in India
with informed consent obtained from all subjects.

We analyzed two different Ashkenazi Jewish datasets, one consisting of 21
individuals genotyped on [llumina 610K and 660K bead arrays'? and one consisting
of 7 individuals genotyped on Affymetrix Human Origins arrays.

Our “Affymetrix 6.0” dataset consists of 332 individuals genotyped on 329,261 SNPs,
and our “Illumina_Omni” dataset consists of 367 individuals genotyped on 750,919
SNPs. We merged the South Asian and Ashkenazi Jewish data generated by the other
[llumina arrays to create an “Illumina” dataset consisting of 172 individuals
genotyped on 500,640 SNPs. We merged the data from the Affymetrix Human
Origins arrays with the Ashkenazi Jewish data and data from the Simons Genome
Diversity Project!?20 to create a dataset with 4,402 individuals genotyped on
512,615 SNPs. We analyzed the four datasets separately due to the small
intersection of SNPs between them. We merged in the 1000 Genomes Phase 3 data?!
(2,504 individuals from 26 different groups; notably, including 99 Finnish
individuals) into all of the datasets. We used genome reference sequence
coordinates (hg19) for analyses.

Quality Control:

We filtered the data at both the SNP and individual level. On the SNP level, we
required at least 95% genotyping completeness for each SNP (across all
individuals). On the individual level, we required at least 95% genotyping
completeness for each individual (across all SNPs).

To test for batch effects due to samples from the same group being genotyped on
different array plates, we studied instances where samples from the same group A
were genotyped on both plates 1 and 2 and computed an allele frequency difference

at each SNP, Diff} = (Freqll.?opA,Platel - Freq}',opA'PlateZ). We then computed the
product of these allele frequencies averaged over all SNPs for two groups A and B

genotyped on the same plates, % ?=1(Diffj)(DiffBi), as well as a standard error
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426  from a weighted Block Jackknife across chromosomes. This quantity should be

427  consistent with zero within a few standard errors if there are no batch effects that
428  cause systematic differences across the plates, as allele frequency differences

429  between two samples of the same group should be random fluctuations that have
430 nothing to do with the array plates on which they are genotyped. This analysis

431 found strong batch effects associated with one array plate, and we removed these
432  samples from further analysis.

433

434  We used EIGENSOFT 5.0.1 smartpca?? on each group to detect PCA outliers and
435 removed 51 samples. We also developed a procedure to distinguish recent

436 relatedness from founder events so that we could remove recently related

437  individuals. We first identified all duplicates or obvious close relatives by using
438  Plink?3 “genome” and GERMLINE?# to compute IBD (described in more detail below)
439  and removed one individual from all pairs with a PI_HAT score greater than 0.45
440 and the presence of at least 1 IBD fragment greater than 30cM. We then used an
441 iterative procedure to identify additional recently related individuals. For sample
44?2  sizes above 5, we identified any pairs within each group that had both total IBD and
443  total long IBD (>20cM) that were greater than 2.5 SDs and 1 SD, respectively, from
444  the group mean. For sample sizes 5 or below, we used modified Z scores of

445  0.6745*(IBD_score - median(score))/MAD, where MAD is the median absolute

446  deviation, and identified all pairs with modified Z scores greater than 3.5 for both
447  total IBD and total long IBD as suggested by Iglewicz and Hoaglin2>. After each

448 round, we repeated the process if the new IBD score was at least 30% lower than
449  the prior IBD score. Simulations showed that we were always able to remove a first
450 or second cousin in the dataset using this method (Supplementary Table 1).

451  Together these analyses removed 53 individuals from the Affymetrix 6.0 dataset, 21
452  individuals from the [llumina dataset, 43 individuals from the [llumina Omni

453  dataset, and 225 individuals from the Human Origins dataset.

454

455  After data quality control and merging with the 1000 Genomes Project data, the
456  Affymetrix 6.0 dataset included 2,842 individuals genotyped on 326,181 SNPs, the
457  Illumina dataset included 2,662 individuals genotyped on 484,293 SNPs, the

458  Illumina Omni dataset included 2,828 individuals genotyped on 750,919 SNPs, and
459  the Human Origins dataset included 4,177 individuals genotyped at 499,158 SNPs.
460

463  Simulations to Test Relatedness Filtering and IBD Analyses

463  We used ARGONZ?¢ to simulate groups with different bottleneck strengths to test the
464  IBD analyses and relatedness filtering. We used ARGON’s default settings, including
465  amutation rate of 1.65*10-8 per base pair (bp) per generation and a recombination
466  rate of 1*10-8 per bp per generation and simulated 22 chromosomes of size 130 Mb
467  each. We pruned the output by randomly removing SNPs until there were 22,730
468  SNPs per chromosome to simulate the approximate number of positions in the

469  Affymetrix Human Origins array. For the IBD analyses, we simulated groups to have
470  descended from an ancestral group 1,800 years ago with Ne=50,000 and to have
471  formed two groups with Ne=25,000. These groups continued separately until 100
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472  generations ago when they combined in equal proportions to form a group with
473  Ne=50,000. The group then split into 3 separate groups 72 generations ago that have
474  bottlenecks leading to Ne of either 400, 800, or 1600. The 3 groups then

475  exponentially expanded to a present size of Ne=50,000. We designed these

476  simulations to capture important features of demographic history typical of Indian
477  groups*8. We chose the bottleneck sizes because they represent founder events with
478  approximately the strength of Finns (the bottleneck to 800), and twice as strong
479  (400) and half as strong (1600) as that group. We then performed the IBD analyses
480  described below with 99 individuals from the group with bottleneck strength

481  similar to that of Finns (198 haploid individuals were simulated and merged to

482  produce 99 diploid individuals) and different numbers of individuals from the other
483  groups. These analyses demonstrate that with only 4-5 individuals we can

484  accurately assess the strength of founder events in groups with strong founder

485  events (Supplementary Figure 2 and Supplementary Table 2). Weaker founder

486 events are more difficult to assess, but these groups are of less interest for founder
487  event disease mapping, so we aimed to sample ~5 individuals per group.

488

489  We wrote custom R scripts to simulate first and second cousin pairs. We took

490 individuals from the bottleneck of size 800 and performed “matings” by taking 2
491  individuals and recombining their haploid chromosomes assuming a rate of 1*10-8
492  per bp per generation across the chromosome and combining one chromosome

493  from each of these individuals to form a new diploid offspring. The matings were
494  performed to achieve first and second cousins. We then placed these back into the
495  group with group of size 800, and ran the relatedness filtering algorithms to

496  evaluate whether they would identify these individuals.

497

498 Phasing, IBD Detection, and IBD Score Algorithm:

500 We phased all datasets using Beagle 3.3.2 with the settings missing=0; lowmem=true;
501 gprobs=false; verbose=true®’. We left all other settings at default. We determined IBD
502 segments using GERMLINE?# with the parameters -bits 75 -err_hom 0 -err_het 0 -

503 min_m 3. We used the genotype extension mode to minimize the effect of any

504 possible phasing heterogeneity amongst the different groups and used the

505 HaploScore algorithm to remove false positive IBD fragments with the

506 recommended genotype error and switch error parameters of 0.0075 and 0.00328.
507 We chose a HaploScore threshold matrix based on calculations from Durand et al.?8
508 for a “mean overlap” of 0.8, which corresponds to a precision of approximately 0.9
509 for all genetic lengths from 2-10cM. It can sometimes be difficult to measure IBD in
510 admixed populations due to differential proportions of the divergent ancestries

511 amongst different individuals in the same group, but we found that in both the

512  simulated and real data we were able to detect IBD at the expected amounts.

513

514 In addition to the procedure we developed to remove close relatives (Quality

515 Control section), we also removed segments longer than 20cM as simulations

516 showed that this increased sensitivity of the analyses (Supplementary Table 2). We
517 computed “IBD score” as the total length of IBD segments between 3-20cM divided
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by {(22”) — n} where n is the number of individuals in each group to normalize for
sample size. We then expressed each group’s score as a ratio of their IBD score to
that of Finns and calculated standard errors for this score using a weighted Block
Jackknife over each chromosome with 95% confidence intervals defined as IBD
score +1.96%s.e.

We repeated these analyses with FastIBD?? for the Affymetrix 6.0 and I[llumina
datasets and observed that the results were highly correlated (r>0.96) (data not
shown). We chose GERMLINE for our main analyses, however, because the FastIBD
algorithm required us to split the datasets into different groups, since it adapts to
the relationships between LD and genetic distance in the data, and these
relationships differ across groups. We used data from several different Jewish
groups and all twenty-six 1000 Genomes groups to improve phasing, but of these
groups we only included results for Ashkenazi Jews and two outbred groups (CEU
and YRI) in the final IBD score ranking.

Disease patient analyses:

We use Affymetrix Human Origins arrays to successfully genotype 12 patients with
progressive pseudorheumatoid dysplasia (PPD) and 6 patients with
mucopolysaccharidosis (MPS) type IVA, all of whom had disease mutations
previously determined!>1630 (3 of the surveyed MPS patients are newly reported
here). A total of 6 of the PPD patients had Cys78Tyr mutations, 6 had Cys337Tyr
mutations (all 6 of the MPS patients had Cys78Arg mutations). We measured IBD as
described above and also detected homozygous segments within each individual by
using GERMLINE with the parameters -bits 75 -err_hom 2 -err_het 0 -min_m 0.5 -
homoz-only.

Haplotype sharing was assessed by analyzing phased genotypes for each mutation
group. At each SNP, we counted the number of identical genotypes for each allele
and computed the fraction by dividing by the total number of possible haplotypes (2
times the number of individuals). We took the larger value of the two possible
alleles (thus the fraction range was 0.5-1). We averaged these values over blocks of
10 or 25 SNPs and plotted the averages around the relevant mutation site.

Between-Group IBD Calculations:

We determined IBD using GERMLINE as above. We collapsed individuals into
respective groups and normalized for between-group IBD by dividing all IBD from
each group by {(22")} where n is the number of individuals in each group. We
normalized for within-group IBD as described above. We defined groups with high
shared IBD as those with an IBD score greater than three times the founder event
strength of CEU (and ~1/3 the event strength of Ashkenazi Jews).

f3-statistics:
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564  We used the f3-statistic’ f3(Test; Refi, Refz) to determine if there was evidence that
565  the Test group was derived from admixture of groups related to Ref; and Ref;. A

566 significantly negative statistic provides unambiguous evidence of mixture in the
567  Test group. We determined the significance of the f3-statistic using a Block Jackknife
568 and a block size of 5 cM. We considered statistics over 3 standard errors below zero
569 to be significant.

570

g; 3 Computing Group Specific Drift:

573  We used qpGraph?” to model each Indian group on the cline as a mixture of ANI and
574  ASI ancestry, using the model (YRI, (Indian group, (Georgians, ANI)), [(ASI, Onge]))
575  proposed by Moorjani et al.8 This approach provides estimates for post-admixture
576  driftin each group (Supplementary Figure 5), which is reflective of the strength of
577  the founder event (high drift values imply stronger founder events). We only

578 included groups on the Indian cline in this analysis, and we removed all groups with
579  evidence of East Asian related admixture (Figure 1b and Supplementary Table 5)
580 because this admixture is not accommodated within the above model.

581

384 PCA-Normalized Fsr Calculations:

584  As athird method to measure strength of founder events, we estimated the

585 minimum Fst between each South Asian group (Supplementary Figure 6) and their
586  closest clusters based on PCA (Supplementary Text) (the clusters were used to

587 account for intermarriage across groups that would otherwise produce a downward
588  bias in the minimum Fsr). For the Affymetrix 6.0, [llumina, and [llumina_Omni

589  datasets, we split the Indian cline into two different clusters and combined the

590 Austroasiatic speakers and those with ancestry related to Austroasiatic speakers
591 (according to the PCA of Figure 1b) into one cluster for a total of three clusters (all
592  other groups were ignored for this analysis). For the Human Origins dataset we split
593  the Indian cline into three different clusters and combined the groups with ancestry
594  related to the main cluster of Austroasiatic speakers into one cluster for a total of
595  four clusters (Khasi and Nicobarese were ignored in this analysis, because they do
596  not cluster with the other Austroasiatic speaking groups). We then computed the Fsr
597  between each group and the rest of the individuals in their respective cluster based
598 on EIGENSOFT smartpca with Inbreed set to YES to correct for inbreeding. For

599  Ashkenazi Jews and Finns, we used the minimum Fsr to other European groups.

600

88 % Fst Calculations to Determine Overlapping Groups:

603  Overlapping groups between the datasets were determined in the first place based
604 on anthropological information (Online Table 1). We further tested empirically for
605 overlap by computing Fst between different groups across all datasets for groups
606  with significantly stronger IBD scores than those of Finns (we could not perform
607  this analysis for groups with less strong founder events, because they would have
608 low Fsr to each other even if they were truly distinct groups). We considered pairs
609  with Fsr less than 0.004 to be overlapping. These included all groups known to be
610 overlapping based on anthropological information as well as 3 additional pairs of
611  groups that might be genetically similar due to recent mixing (e.g. Kanjars and
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612  Dharkar are distinct nomadic groups that live near each other but intermarry,
613  leading to low Fst between them).

614

glg  Code Availability:

617  Code for all calculations available upon request.
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