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How are sequences related?

time  
(past)

Mutations

Haplotypes

ACCTG...
ACCTG...
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ACCTG...

Ancestral recombinations change trees along the sequences

Problem: Estimate trees only from observed mutations



Previous work: PSMC

[Li and Durbin, 2011]
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Previous work: PSMC

years ago

[Li and Durbin, 2011]

But: Inference from only two sequences limited to times 
beyond 20kya. Also: population splits difficult to model



Multiple sequentially Markovian 
Coalescent (MSMC)

time  
(past)

Mutations

Haplotypes

First Coalescence t 
(hidden state)

ACCTG...
ACCTG...
ACCTG...
ACCTG...

MSMC hidden state: 
triple (t, i, j)

i

t

time

j



Effect of recombination on 
Genealogies

[Sequentially Markovian Coalescent, McVean and Cardin, 2005]

time

x x

Ancestral 
recombination Cut branch Re-coalesce New tree



MSMC: state transitions
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MSMC: mutation probability

Total Branchlength T

First Coalescence t

No mutation 1 - µT A  A  A  A

Singleton within pair µ t A  C  A  A

Singleton outside pair µ A  A  A  T

Double mutation 0 A  T  A  T

Higher Frequency µ A  T  T  A

Missing Data 1 A  A  -  -

Singleton Branchlength TS



Local Inference of first coalescence time 

2 haplotypes,  
similar to PSMC  

[Li and Durbin, 2011]

4 haplotypes

8 haplotypes
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Test with simulations
Example: Exponentially growing and shrinking population size 
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Inferring historical Population Sizes
real time scaling using	


mutation rate per generation 
µ=1.25×10-8 and a generation 

time of 30 years
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Complex pattern of 
neolithic expansions in 
the last 10,000 years 

within Europe, Asia and 
Africa
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Divergence between populations

First Coalescence 
within Population 2

First Coalescence 
within Population 1

First Coalescence 
across both 
populations

• MSMC can infer separate coalescence rates within populations,  

• Given rates within populations, λ11(t) and λ22(t), and across populations, λ12(t), 
compute relative gene flow as ratio

λ12(t)
[λ11(t)+ λ22(t)] / 2

m(t) =

• Idea: Infer separate coalescence rates within and between populations:



Testing gene flow inference with 
simulated split

☜ m(t)=1: perfectly mixed

☜ m(t)=0: perfectly split
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4 haplotypes: good for splits 50-200kya. 	

8 haplotypes: good for splits 5-50kya.
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Implications of higher human 
mutation rate
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split:	


10kya ???

Afr/Non-Afr. 
split: 35kya ???

A higher mutation rate of 2.5×10-8 would push these splits towards 
too recent times

mutation rate per generation 
µ=1.25×10-8
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Transition probability

Probability to remain in state (i,j,t) Probability to change time (and pair) of 
first coalescence

depends on:	

• coalescence rates λ(t)	

• recombination rate r	

• Number of sequences M


