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Dangers of naïve phyleography

• Trees are random.

• Many different trees can arise under the same 
population history.

• The same tree can be compatible with many 
different population histories.





A sample of size two

In a Wright-Fisher model with 2N gene copies

P(two gene copies do not have the same ancestor in m generations) = 

Now scale by the population size and consider the limit of large population sizes.  
Set m = 2Nt and let N →∞, then

The waiting time to a coalescence event is exponentially distributed with mean 1.



Coalescence trees

Kingman 1982 proved that the following genealogical process arises in 
the limit of large N:

The ancestral process {An(t), t ≥0} for a sample of size n, with state space 
on {n, n –1,…,1} is a pure death process with transition rates

and absorbing state in An(t) = 1.  Time (t) is here scaled in terms of the 
population size 2N. Since all alleles gene copies are exchangeable, the 
probability that any particular two gene copies among the i gene copies 
coalesce is  = i(i – 1)/2. 
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Two population island model

The ancestral process {A(t), t ≥0} for a sample (n1, n2), is a Markov process with state 
space on {n1 + n2, n1 + n2 – 1,…,0}✕{n1 + n2, n1 + n2 – 1,…,0}\(0,0), with initial state 
(n1, n2), and transition rates

and absorbing states in A(t) = (0,1) and A(t) = (1,0).  Time (t) is here scaled in terms of 
the population size of population 1. Since all alleles gene copies are exchangeable, the 
probability that any particular two gene copies among the i gene copies coalesce is  = i(i 
– 1)/2. 



Inference

• Assume we have some DNA sequence data  (X).
• We are interested in a possibly vector valued parameter 

Θ.
• We have p(G | Θ), the density (with respect to a 

multidimensional Lebesgue measure) of genealogies 
(coalescent trees), G.

• We can also easily calculate p(X | G), using standard 
Markov chain theory and a dynamic programming 
algorithm.

This suggests the following representation:



Felsenstein’s Equation
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•Can only be evaluated directly in very simple 
cases.

•Simulation based approaches are typically used 
for real data.



Importance Sampling

So

where Gi, i=1,2,…k, has been simulated from h(G).



MCMC algorithms









Price of Sequencing

• 1990: 1 dollar per base.
• 2000:  0.01 dollars per base.
• 2012: 10-8 dollar per base.





Additional Challenges

(1) Each site in a genome may have 
it’s own tree.

(2) Missing data and errors.
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Recombination



Same chromosome

Different chromosomes

time

A   B

A    B

Consider the ancestral history of a single chromosome 
backwards in time 
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A sample of size one

We will look at a model in which recombination events occur in each generation 
with probability r between two homologous sequences.  Then

P(gene copy does not recombine in m generations) = 

We now look at the similar time scale as for the case of the coalescent process 
without recombination, i.e. we scale by the population size and consider the limit of 
large population sizes.  Set m = 2Nt, R = 2Nr and let N →∞, then

The waiting time to a recombination event is exponentially distributed with 
parameter R = 2Nr.
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Mean waiting time to recombination: R = 2Nr

Mean waiting time to coalescence: 2N



Ancestral recombination Graph for 2 loci and n = 2 
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Ancestral recombination Graph for 2 loci and n = 2 
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Ancestral recombination Graph for 2 loci and n = 2 
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Each site in a genome may have it’s own tree.

 Because of recombination, each position in the genome 
has it own tree – possibly shared with some nearby 
positions. 

 A process on Ancestral Recombination Graphs (ARG) can 
describe the coalescence process with recombination.

 The size of increases of the ARG increases fast with the 
size of the region considered.

 Methods based on full likelihood are very 
computationally intensive, implementation heavy, and 
cannot be applied to large genomics regions.



So we cheat!

 Use statistics that are not sufficient.
 Use approximating models.
 Do both…
 Give up on parametric inferences.



Site Frequency Spectrum



Cheating 1: Composite likelihood

,
Sampling probability of a SNP with site pattern j (a binary 
vector) 

Number of SNPs with pattern j in the data

SNPs within a gene are correlated.  But estimator is 
consistent (Wiuf 2006).



Estimation

,

x = {3, 2}

T = 5τ5+4τ4+3τ3+2τ2.

t = τ4+τ3+2τ2.

τ2 τ3 τ4 τ5

Sampling distribution can be 
calculated analytically or using 
simple simulation schemes.



Data

Directly sequenced polymorphism data from 20 
European-Americans, 19 African-Americans and 
one chimpanzee from 9,316 protein coding 
genes (Bustamante et al. 2005).

Objectives
To detect natural selection in individual genes 

using the frequency spectrum.
To account for demography by estimating 

parameters of a demographic model.



Demographic model

European-Americans African-Americans

Bottleneck

Population growth

migration

Admixture



Estimates

European-Americans African-Americans

Bottleneck and growth: 200-fold 
increase in population size

Divergence time: 

75k yrs

Strong effect of migration: M=16 at present



African-Americans
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European-Americans
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Goodness-of-fit: p = 0.6



Cheating 2: Approximate Bayesian 
Computation



Cheating 3: approximating models 

Sequentially Markov Coalescent (SMC)

- Assumes p(Gi | Gi-1, Gi-2,…) = p(Gi | Gi-1).

- Greatly simplifies calculations.

- At least two versions: SMC (McVean and 

Cardin) and SMC’ (Marjoram and Wall).



Identity-By-State (IBS) tracts

CATGACGTGAGACCAGATATAGCAGATGG

CATGGCGTGAGACCAGATATACCAGTTGG

Tract 1 Tract 2



Identity-By-State (IBS) tracts

Joint probability that a randomly chosen site is the left endpoint 
of an L-base IBS region and that t is the TMRCA of the 
rightmost base pair of the region:

Tb: TMRCA of site b
θ: 4Nµ

Kelley HarrisHarris and Nielsen 2013. PLoS Genetics doi:10.1371



Identity-By-State (IBS) tracts
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Identity-By-State (IBS) tracts



Identity-By-State (IBS) tracts



Liu et al. 2014. Cell 157: 785–794



Polar Bear Physiology
• Diet is extremely rich in fat
• Fasting triglyceride levels: 292 mg/dl
• Fasting cholesterol levels 381 mg/dl



Bear Genomics
Sequencing of 79 polar bear and 
10 brown bear genomes (BGI).

Liu et al. 2014. Cell 157: 785–794



Genes under lineage specific selection in Polar Bears

Liu et al. 2014. Cell 157: 785–794



Coat color

Liu et al. 2014. Cell 157: 785–794



GO analysis of selected genes

Liu et al. 2014. Cell 157: 785–794



Related to cardiovascular function

Liu et al. 2014. Cell 157: 785–794



APOB Apolipoprotein B  
(LDL cholesterol component)

Liu et al. 2014. Cell 157: 785–794



Cheating 4: Back to non-parametrics



Saqqaq Genome



Structure and Admixture Analyses



Admixture components

Mason Liang



Population Genetics of Admixture

• How do admixture components change 
through time?

• What is the relationship between a particular 
distribution of admixture components and 
particular population histories?













In matrix form:



A single admixture event







1000 Genomes Data





Conclusions (admixture components)

• We have analytical formulas for the moments 
of the admixture proportion distribution for 
multiple models.

• These results can be used as an additional 
method for estimating parameters of the 
admixture distribution.

Mason Liang



2. Admixture tracts

Mason Liang

Figure from 23andMe





Black: WF
Red: Coalescent
Blue: SMC
Green: SMC’





Conclusions (tract lengths)

• Tracts lengths are clustered spatially.
• Tracts lengths are not exponentially 

distributed.
• Inferences of demographic parameters from 

tracts will be biased if not taking these two 
factors into account.

Mason Liang



Additional Challenges

(1) Each site in a genome may have 
it’s own tree.

(2) Missing data and errors.
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