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The Root,  also
called the root
node

A bifurcation

A multifurcation

A branch

An interior/internal
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Tree Anatomy

Translating between biology and math jargon
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The two common ways phylogenies are rooted:
1. Rooting by outgroup

Ingroup species are all more closely
related to each other than any are to
the outgroup species.

Point on the phylogeny where outgroup
attaches to ingroup is root of ingroup

Ingroup root is most accurately inferred 
when outgroup is not terribly distantly
related to ingroup members.

2. Rooting by "Molecular Clock"
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The "true" alignment:

ACATATGT
AC---CCT

AGACGT
(Common Ancestor)

ACACGT

ACatACGT AGACCT

ACatATGT

AGCCT

ACCCT



Phylogeny Reconstruction is computationally diÆcult.

Number of Number of Number of

Tips Rooted Trees Unrooted Trees

2 1 1

3 3 1

4 15 3

5 105 15

6 945 105

7 10,395 945

8 135,135 20,395

9 2,027,025 135,135

10 34,459,425 2,027,025



A bifurcating unrooted tree with n taxa has (2n-3) branches

where n � 2.

Number of unrooted topologies for n taxa is:

(2n� 5)� (2n� 7)� : : :� (5)� (3)� (1) =

(2n� 5)!

2n�3(n� 3)!
n � 3

For each unrooted bifurcating topology, there are (2n�3) rooted

bifurcating topologies : : :

=
(2n� 3)!

2n�2(n� 2)!
n � 3



A good introduction ...

"Inferring Phylogenies"
by Joseph Felsenstein
(published by Sinauer
 Associates, August 2003)

covers ...

distance-based
parsimony
maximum likelihood
Bayesian

... phylogeny inference
procedures and more ...



θ – parameters of evolutionary model except for tree
topology and branch lengths (e.g., transition/transversion
parameter, residue frequencies, rate heterogeneity
parameter, etc.)

τ – evolutionary tree topology and branch lengths

X – aligned sequence data

Pr (X | θ, τ ) is the likelihood

maxτ maxθ Pr (X | θ, τ ) is the maximum likelihood

the topology that represents the τ that maximizes the
above is the maximum likelihood estimate of topology
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To calculate likelihood by
summing over possible
internal node states,

"pruning algorithm"

(Felsenstein, 1981,
 J.Mol.Evol.,17:368-376)

is available.
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A   C   G   T

A   -   +   +  +

C   +   -   +  +

G   +   +   -  +

T   +   +   +  -

4-state substitution model



Q will represent a matrix of instantaneous rates of change. For the
general time reversible model, the entries of Q are:

To
From A C G T

A −(aπC + bπG + cπT ) aπc bπG cπT

C aπA −(aπA + dπG + eπT ) dπG eπT

G bπA dπC −(bπA + dπC + fπT ) fπT

T cπA eπC fπG −(cπA + eπC + fπG)

In above matrix: a, b, c, d, e, and f cannot be negative.

With any rate matrix (including above), the transition probabilities
P (t) can be determined from the rate matrix Q and the amount of
evolution t via

P (t) = eQt = I +
(Qt)

1!
+

(Qt)2

2!
+

(Qt)3

3!
+ . . . ,

where I is the identity matrix.
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2003

Contemporaneously Sampled Data
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Branch Length =
   Rate x Time

(the information from
 molecular sequence data)



Substitution rates of RNA viruses (Suzuki & Gojobori 1999)
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1995

Serially Sampled Data



Drummond et al.2001. Mol.Biol.Evol.18:1365

HIV evolutionary rates before & after drug 
treatment as estimated from serially sampled
sequence data



Korber et al.2000.Timing the Ancestor of the  
HIV-1 Pandemic  Strains.  Science 288:1789



Bush et al. 1999.  Science 286:1921-1925



From Hillis et al. 1994




