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Population Genomics 101: Data 

ACTTGTTTTGGGTTGGGTGGGGCATCC… 
ATTTGTTTTGCGTTGGGTGGGGCATCC… 
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Population Genomics 101: Analysis 
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Siblings 

Relationship 

1/2 of genome 
100cM/2 = 50 cM segments 

Expected Sharing 

k-th generation 

2(1/4)k of genome 
50/k cM segments 

(exponential distance to next recombinstion) 
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• Introduction: Identity by Descent 
 
• A model for IBD sharing and demography 

– Migration 

• Examples  
– Netherlands 
– Ashkenazi Jews 

• IBD and sequence data 
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Common ancestry and demography 

Expanding population 

A = 5 ancestors 

C = 20 individuals 

G = 3 generations 
of expansion 



A formal link between demography and IBD 

• Random pair in population with demographic history θ 
– E.g. Constant population size: θ = [N] 
– E.g. Contraction/Expansion: θ = [A,C,G] 

 
• For an individual site x,  express  

 
Pr(x spanned by a shared haplotype of length l [u,v]) 

x details in Palamara et al. AJHG 2012 



A formal link between demography and IBD 

• Marginalize generation k of common ancestor 
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A formal link between demography and IBD 

Coalescent distribution, 
function of population size 



A formal link between demography and IBD 

Sum of two exponential random variables with same expectation (Erlang-2) 
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A formal link between demography and IBD 
 
 
 
 
 
 
If constant population size N: 
 
 
 
 
If             and        is the observed average sharing: 
 
More complex for other demographies 
 e.g. bottleneck/expansion 



A formal link between demography and IBD 
 
 
 
 
 
If population has arbitrary size 
 
 
 
 
 



More IBD quantities 

Additional quantities can be similarly derived: 
 
• Distribution of the length s of a random IBD segment 
Pr 𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖 𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙 𝑙 𝜃 = 

P s = l 𝜃 =
𝑃(𝑙|𝜃)
𝑙

×
1

∫ Pr (𝑙|𝜃)
𝑙 𝑑𝑑∞

0

=
2 × 502𝑁𝑒
50 + 𝑙𝑁𝑒 3 



More IBD quantities 

Additional quantities can be similarly derived: 
 
• Distribution of the length s of a random IBD segment 
• Expectation of the number of IBD segments in range R=[u,v] 

𝜆𝑅 = 𝛾 ×
𝐸𝑅 𝑓 𝜃
𝐸𝑅[𝑠|𝜃]

= 𝛾 ×
50𝑁𝑒2𝑢𝑢(100 + 𝑁𝑒 𝑢 + 𝑣 )

50 + 𝑢𝑁𝑒 2 50 + 𝑣𝑁𝑒 2  

 
 
 
 

 
 



More IBD quantities 

Additional quantities can be similarly derived: 
 
• Distribution of the length s of a random IBD segment 
• Expectation of the number of IBD segments in range R 
• Distribution for the total IBD sharing 
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IBD and the coalescent 

IBD in population depends on demographic parameters through the coalescent distribution. 

Palamara & Pe’er, Bioinformatics 2013 



IBD and the coalescent 

What if the two individual are sampled from two different populations? 

Palamara & Pe’er, Bioinformatics 2013 



IBD and the coalescent 

What if the two individual are sampled from two different populations? 

m12 

m21 

Palamara & Pe’er, Bioinformatics 2013 
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Evaluation – IBD vs ancestry deconvolution 

PCAdmix + Tracts 
GERMLINE + DoRIS 

20% 80% 

25 

N = 5K 
N = 10K 

Admixture generation = 25 

Palamara & Pe’er, Bioinformatics 2013 
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The Genome Of Netherlands 

Image adapted from Abdellaoui et al. ‘13 

(*) Melanou & Marchini, ‘13 
(**) Gusev et al., ‘09 

SAMPLES:  498 trio parents from 11 provinces 
DATA: 14X Illumina, 2.3M SNPs MAF>1%, Trio-phased (*)  
IBD COMPUTATION: 
 - Clean stretches span 2160cM  
 - Tuned GERMLINE (**) parameters 
 - Analyzed length distributions  
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Inter/intra-province IBD sharing 

Average number of segments IBD ≥ 7cM 

Expected time of common ancestor transmitting IBD segment 

1,500 C.E. 

2,014 C.E. 



Inter/intra-province IBD sharing 

Average number of segments 6cM ≤ IBD ≤ 7cM 

Expected time of common ancestor transmitting IBD segment 

1,200 C.E. 

2,014 C.E. 



Inter/intra-province IBD sharing 

Average number of segments 5cM ≤ IBD ≤ 6cM 

Expected time of common ancestor transmitting IBD segment 

1,100 C.E. 

2,014 C.E. 
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Inter/intra-province IBD sharing 

Average number of segments 4cM ≤ IBD ≤ 5cM 

Expected time of common ancestor transmitting IBD segment 

800 C.E. 

2,014 C.E. 

Map adapted from http://nl.wikipedia.org/wiki/Tijdlijn_van_de_Nederlandse_geschiedenis 



Inter/intra-province IBD sharing 

Average number of segments 4cM ≤ IBD ≤ 5cM 

Expected time of common ancestor transmitting IBD segment 

800 C.E. 

2,014 C.E. 



Inter/intra-province IBD sharing 

Average number of segments 3cM ≤ IBD ≤ 4cM 

Expected time of common ancestor transmitting IBD segment 
2,014 C.E. 

300 C.E. 



Inter/intra-province IBD sharing 

Average number of segments 2cM ≤ IBD ≤ 3cM 

Expected time of common ancestor transmitting IBD segment 
2,014 C.E. 

600 B.C.E. 



Inter/intra-province IBD sharing 

Average number of segments 1cM ≤ IBD ≤ 2cM 

Expected time of common ancestor transmitting IBD segment 
2,014 C.E. 

2,200 B.C.E. 



Inter/intra-province IBD sharing 

Average number of segments 1cM ≤ IBD ≤ 2cM 

Expected time of common ancestor transmitting IBD segment 
2,014 C.E. 

2,200 B.C.E. 



0.02 

0.02 

N=3,500 N=3,500 

N=31,000 N=15,500 N=91,500 

N>250,000 N>250,000 N>250,000 

GoNL South Center North 
South 2.74 2.88 3.06 
Center 2.88 3.06 3.28 
North 3.06 3.28 3.61 

this model South Center North 
South 2.68 2.76 2.86 
Center 2.76 2.96 3.12 
North 2.86 3.12 3.52 

Netherlands: serial founder 
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1000 New Yorkers (EUR) 

IntragenDB 
Gregersen 



Hidden Relatedness Detected 

IntragenDB 
Gregersen 



Relatedness vs. Population 

NY:   Ashkenazi Jews 
 

         Other European 
 

IntragenDB 
Gregersen 



Relatedness vs. Population 

NY:   Ashkenazi Jews 
 

         Other European 
Jerusalem  Ashkenazi 

HUGR, Darvasi 
Gusev, Palamara et al. MBE 
2011 



Direct To Consumer: 
Ashkenazi Genetics 

www.23andme.com 
Henn et al. 2012 



Ashkenazi History 

• Mediterranean origin (?) 
• 1st millennium: 

Small communities in  
Northern France, Rhineland 

• Migration east(?) 
• Expansion, relative isolation 
• ≈13M pre-war 
• Migration to US and Israel 
• ≈10M today 



AJ Genetics 
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Palamara et al., AJHG 2012 



Idea: Imputation by Sharing 

Identify shared segments: 

genotyped SNPs 



Idea: Imputation by Sharing 

genotyped SNPs + full sequence 

Use long, shared segments to impute from 
sequenced to genotyped individuals 

genotyped SNPs 



Imputation by IBD  
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Palamara et al., AJHG 2012 



The Ashkenazi Genome Consortium 

   Phase I: 
• 128 healthy Ashkenazi (Carmi et al. ‘14) 
• Complete Genomics sequencing 
   Phase II: +574 Illumina (cases+healthy) 
 



The Inferred Model 

Time 
(k years ago) 

Present 

~80 

~15 

Flemish AJ 

55% 

Middle-East/Levant 

Out-of-Africa 

Post ice-age migrants 



Outline 

• Introduction: identity by Descent 
 
• A model for IBD sharing and demography 

 
• Examples 

 
• IBD and sequence data 



Near Identity-By-Descent (IBD) 

Time 

g 

Practically IBD sequences differ 
• Due to sequencing errors 

– Rate per bp 
 

• Due to true events 
– Rate per bp, per generation 
– tMRCA estimated from length1  

1 Palamara et al. ‘12  



Simulated Data 

Intercept = Error rate 
Slope = True event rate 



Real Data (GONL) 

Intercept = Error rate=2.2×10-6 

Slope = True event rate=2.1 ×10-8 



Real Data (GONL) 



Near Identity-By-Descent (IBD) 

Time 

g 

Practically IBD sequences differ 
• Due to sequencing errors 
• Due to true events 

– Mutations 
• New variants 

– Gene conversions  
• Reflect frequency spectrum 

of single-sample heterozygotes 



Simulated Data 

Intercept = mutation rate 
½slope = conversion rate 



Real data (GONL) 

Intercept = mutation rate=1.65×10-8 

½slope = conversion rate=4.2 ×10-9 
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