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1. Computing Sequence Distance
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Consider two sequences S and T of same length which have 
the following ungapped alignment:

One may define the distance d(S, T) between them as 

But this distance underestimates the substitution rates since several 
may occur at each (even match) site:
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Jukes-Cantor Model for DNA sequences
• The Jukes-Counter model is to attempt a correction for 
unobserved changes  that are overlain or reversed by others.
• The nucleotide of each site (or position) at the root is random, 

having uniform distribution.
• The sites evolve independently and identically (i.i.d.)
• If the site changes its state on an edge e, it changes with equal 

probability to the other states.  That is, for any different 
nucleotides x and y, 
Pr[ x y]=α(e),  x ≠ y, 

• Under the model, the distance 
d(S, T) is defined as the 
expected number of  substitutions
that occurs at each sites in the
evolution from the least common
ancestor to S and T.



Under the Jukes-Cantor model, the distance d(S, T) 
between S and T becomes  

.
alignment oflength  The
mismatches ofnumber  The

3
41ln

4
3),( ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=TSd

0.75

0.5

0.7945 Branch length

D
iff

er
en

ce
s 

pe
r s

ite



2.  Maximum Likelihood Method

• Given a set of k sequences of n characters each (Data)
• Assume an evolution model M (e.g. Jukes-Cantor):

-- A prior distribution of nucleotides at each site at root
-- The sites evolve independently and identically (i.i.d.)
-- The probability p(x y | t) that a letter x is replaced 

by another y on a branch of length t for any x and y.
• Find a tree H of k leaves labeled with the that maximizes 

the conditional probability
L=Pr[ Data | H, M],

called the likelihood,  under the model M.
• Since sites evolve i.i.d.,  using 

L=∏1≤i≤n Pr[Data(i)| H, M],  



Likelihood calculation
Assume that at the i-th site,  the sequences have 
letters  T, A, A, respectively and  the following tree H:

-- The root X may take one of the 4 possibilities:
A, G, C, T

-- The internal node Y has also 4 possible 
state A,G, C, T.

-- For each pair of specific states, say
X=A, Y=G,

the evolution has the following probability:
p[X=A] p(A A| t) p(A G| s) p(G T| v) p(G A| u).

-- Considering all the possibilities, the probability is

were Δ is the alphabet containing A, G, C, T.
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For example, for three sequences  
S1:  TGGT
S2:  AGGT
S3:  AGCG

We need to consider the following  three different  tree
topologies:

S2S1 S3 S3S1 S2 S2S3 S1

For each tree, say the left one,  the likelihood
Pr[Data | H, M] = P1× P2 ×P3×P4
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For each tree H,  we need to choose 4 branch lengths to 
maximize the likelihood  Pr[ Data |  H,  M] ,  containing  
16 x 16 x 16 x 16 terms,  each of which is a product of  5 
probabilities. 

So,  the maximum likelihood is extremely time-consuming.   

• Preferred by some systematists, but even harder than 
MP in practice. In practice, most systematic 
biologists use ML on small datasets,

• Theoretically, it is NP-hard.

• The main challenge here is to make it possible to 
obtain good solutions to  ML in reasonable time 
periods on large datasets.



3. Consistence among trees and 
distance between trees

It is often to have two or more trees for the same group, 
often from different types of data or from different 
methods.

-- How to put all the trees together to get 
one overall estimate of trees? 
-- How to measure the extend of difference 

between trees?



3.1. Computing consensus trees

Strict Consensus
-- Each node presents a subset of leaf labels. 

Given a set of trees, Strict consensus defines a 
tree that contains exactly all the subsets that are 
on all given rooted trees.



A       B    C    D  E   F    G B    C    D  E   F    G     A

These trees differ only in the placement of A and are 
hence quite similar. Since the only common subset is the 
whole set of labels,  their strict consensus is completely unresolved. 

This shows that limitation of this consensus method.

Remark:  (1)  A consensus tree is not a phylogenetic tree
(2)  Consensus tree can also be defined for a set of unrooted trees.

A       B    C    D  E   F    G



Majority-Rule Consensus
-- Each node presents a subset of leaf labels. 

Given a set of trees, under the majority-rule,
the consensus tree contains all the subsets that
occur in at least half of the given trees.

Theorem:   The majority-rule consensus tree always exists.



3.2.  Distance between trees

Partition metric or Robinson-Foulds distance for unrooted trees

-- Each branch in a unrooted tree gives a partition of the set of leaf 
labels. So, a unrooted tree is uniquely defined by the 
partitions induced by its branches.

-- The Robinson-Foulds distance between two trees
is equal to the  number of partitions that found in a tree 
but not in the other. The Robinson-Foulds distance is 4  for the
following two trees.
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4.  Phylogenetic tree applications:
Ancient Human Migration

• Two Hypotheses: 

• Use DNA variations in population to 
answer 

Where did we come from?
How did we get here?



The latest DNA studies indicate
-- All modern human beings share a common 

female ancestor who lived 140,000 years ago.
-- All humans share a common male ancestor who 

lived in Africa about 60,000 years ago. 
-- These were not the only humans who lived in 

these eras.
-- Modern humans arose in sub-Saharan Africa and 

began migrating, starting about 65,000 years ago, 
to populate first southern Asia, China, Java, 
and later Europe.



• DNA is passed from one generation to the next, the most of
which has two copies from one’s parents. 

• However,  the mitochondria DNA is passed only from mother to
child.  DNA in the Y-chromosome is only from father to child.

-- Only one ancestor in each generation contributed to one’s
mtDNA

-- mtDNA are identical among siblings. The degree of similarity
declines generation-by-generation along the pedigree.

son

momfather



Universal Maternal Ancestor

• All human beings must have an ultimate common 
female ancestor

• But she did not necessarily live along or in a small 
population.
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4. Phylogenetic tree applications:
Tracing HIV transmission
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