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Inferring a 
phylogeny using 
the likelihood 
function

Model for molecular evolution

A mechanism to propose 
branch lengths

A mechanism to propose trees
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Continuous-Time Markov Chains (CTMC)
{𝑋 𝑡 , 𝑡 ≥ 0}

Stochastic models that follow change in time with an associated probability 

𝑋 𝑡 = Nucleotide at time t 

𝑋 𝑡 = A, C, G, T
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Getting a nucleotide A in Site 1 for taxon 2
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The Markov property
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Conditional probabilities

𝑃(𝑋2(0.7)=A|𝑋5(0.2)=A)=𝑝AA(0.7−0.2)=𝑝AA(0.5))

𝑃 t =
pAA(t) pAG(t) 
pGA(t) pGG(t) 
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Transition rates define CTMC

lim
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Waiting times = Exponential distribution
Expected waiting time for G to substitute A is
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General Time Reversible model (Tavaré, 1986)

a ,
b , c , d , e , f =

are exchangeability parameters

# He Its , #y = are the equilibrium

frequences



JC (69)- The simplest nucleotide substitution model

𝑎 = 𝑏 = 𝑐 = 𝑑 = 𝑒 = 𝑓 = 𝝁

𝜋𝐴 = 𝜋𝐶 = 𝜋𝐺 = 𝜋𝑇 =
1
4

Jokes
Cantor

196 q
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Jukes-Cantor (1969)
The simplest nucleotide substitution model model

𝜋 × P = 𝜋

pij(t) =

1
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e−𝜇t if i ≠ j

Transition probabilities
(conditional)

Stationary distribution

Same but in matrix shape
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Equilibrium (stationary) probabilities

Slides from Paul Lewis
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Equilibrium (stationary) probabilities

Slides from Paul Lewis



Equilibrium (stationary) probabilities

Slides from Paul Lewis

https://plewis.github.io/applets/jc-transition-probabilities/



Branches represent expected number of substitutions
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Exercise: Building new models of substitution rates.
                    After you write the model tell me, what do you think 
                     the rates represent?

Group 1

𝑎 = 𝑏 = 𝑐 = 𝑑 = 𝑒 = 𝑓 = 𝝁
(you can make 𝜇 = 1)

(𝜋𝐴, 𝜋𝐶, 𝜋𝐺, 𝜋𝑇) all free

Group 2
𝑎 = 𝑐 = 𝑑 = 𝑓 = 𝝁 

𝑏 = 𝑒 = 𝜇𝜅
(you can make 𝜇 = 1)

𝜋𝐴 = 𝜋𝐶 = 𝜋𝐺 = 𝜋𝑇 =
1
4

Group 3

𝑎 = 𝑐 = 𝑑 = 𝑓 = 𝝁 
𝑏 = 𝑒 = 𝜇𝜅

(you can make 𝜇 = 1)
(𝜋𝐴, 𝜋𝐶, 𝜋𝐺, 𝜋𝑇) all free

Group 4
𝑎 = 𝑐 = 𝑑 = 𝑓 = 𝝁 

𝑏 = 𝜇𝜅1
e = 𝜇𝜅2

(𝜋𝐴, 𝜋𝐶, 𝜋𝐺, 𝜋𝑇) all free



Exercise: Writing your own model of molecular evolution

Group 1

𝐹81
Felsenstein 1981

Group 2

K2P
Kimura 1980

Group 3

HKY85

𝐻𝑎𝑠𝑒𝑔𝑎𝑤𝑎 𝑒𝑡 𝑎𝑙. 1985

Group 4

TN93

Tamura and Nei (1993)



A note on the reversible adjective

The reversibility property
𝜋𝐴𝑝𝐴𝐺 𝑡 = 𝜋𝐺𝑝𝐺𝐴 𝑡

A

G • Any point of the tree can serve as the root

• Time reversibility is not necessary for substitution
• models



𝑟1𝑃1 𝑡 + 𝑟2𝑃2 𝑡 + ⋯ + 𝑟𝑘𝑃𝑘 t

- Invariant sites (I)
- Gamma (G)



Analogy from Paul Lewis
about a model with 

varying substitution rates 
(illustrated by ChatGPT)

You buy a bunch of different
shirt sizes (substitution rates) 
for a group of different 
women (sites).

It will be more expensive than 
buying a one-size fits all. But 
women will be happier with 
their own size rather than 
one-size fits all. 


