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Introdução aos relógios moleculares 

Sumário: 
Introdução aos relógios moleculares e à sua implementação. 
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Relógios moleculares - Neutral rate
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Molecular clock
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Reis et. al 2015 NRG
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The earliest uses of the molecular clock

In 1962, Zuckerkandl and 
Pauling estimated the time of 
divergence of four members 
of the haemoglobin gene 
family (   , ,    and   ) 
by assuming an approximate 
molecular clock. This was 
calibrated using the number 
of observed sequence 
differences (D) between the 
horse and human   -
haemoglobin proteins and 
the divergence time between 
the two species (T), which is 
based on the fossil record.
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The earliest uses of the molecular clock

They took a pair-wise approach to estimating divergence times, which is shown 
schematically for - and   -haemoglobin in panel a. The molecular-clock calibration was 
carried out by dividing twice the known divergence time by the amount of sequence 
divergence (2T/D); the factor of 2 is used here because D is equal to the sum of 
divergence from the common ancestor to the two descendents. This calibration was then 
used to convert other measurements of protein sequence differences to time. For 
example, the formula t = d (T/D) gives the time when the   - and   -chains diverged, 
where d is the amount of sequence difference between   - and    -chains in humans. 
The time estimate obtained will have the same units as the time used for clock calibrations 
(in this case, millions of years).
Zuckerkandl and Pauling also estimated the timing of the human–gorilla divergence using 
  - and   -chains separately (panel b). They calculated the molecular-clock calibration 
to be 11 to 18 million years (Myr) per amino-acid substitution, based on the observation of 
18 differences between human and horse  -haemoglobin proteins and the assumption 
that these two species diverged 100–160 million years ago (Mya). Using an average 
calibration of 14.5 Myr per substitution, the human–gorilla divergence was dated to have 
occurred 14.5 and 7.25 Mya by   - and   -chains, because human and gorilla show two 
and one differences in these chains, respectively. Therefore, Zuckerkandl and Pauling3 
reported a mean date of 11 Mya for the human–gorilla divergence from an analysis of the 
two proteins. One year later, Margoliash5 used the same calibration point to estimate 
multiple species divergence times. These estimates were based on single, slowly evolving 
proteins and were therefore not very accurate. In 1965, Zuckerkandl and Pauling9 
predicted that the accuracy of molecular clocks would be improved by using many proteins 
of different types. Over the past decade, a large number of proteins have been analysed 
to estimate divergence times among the principal groups of mammals and among animal 
phyla35, 39, 60.



Strick clock 
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The simplest clock model is called the strict clock (SC) 
model and assumes a constant rate  of mutation on all 
the branches (Zuckerkandl and Pauling 1962). 

Therefore, a branch of duration li will contain a number 
of mutations xi which is Poisson distributed with 
parameter li.

The SC model (Zuckerkandl and Pauling 1962) has just a 
single parameter  and this simplicity is attractive, but it 
is often too simple because of variations in the mutation 
rate from one lineage to another.



Strick clock 
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Test clock 
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1- Relative ratio test

2- Tajima test

3- Likelihood ratio test
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Problemas com o relógio molecular

-Sobre dispersão , processo aleatório, overdispersed Poisson
distribution – imprecisão

-Pouco exacto – variação associada provoca enviesamentos 
nas estimativas

-Tão correcto quanto nossa capacidade de determinar as 
distancias reais entre as sequencias

- Erro associado aos pontos de calibração geológicos 

-Não universal

-Diferentes genes diferentes velocidades

-Efeitos de linhagem
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Efeitos de linhagem – fontes de variação

1- Taxas de mutação

  a) Eficácia de reparação
  b) Taxa metabólica
  c) Tempo de geração

2 –Tamanho da população efectiva

3 – Coeficientes Selectivos
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1-Taxas de mutação – Eficiencia da reparação (a)

Mutações ocorrem por: erros de replicação e danos não reparados

Associados aos mecanismos de reparação – bateria de enzymas e 
à eficiencia destes (a) 

Roedores menos eficentes que os hominidios

mtDNA menos eficiente que o DNA nuclear

A própria eficiencia de reparação está sujeita a mutação e 
aos mecanismo de selecção natural e deriva- 

nem no máximo da eficácia nem minimo nivel tolerado
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1-Taxas de mutação - Taxa metabólica (b)

Taxa metabólica – radicais de oxigénio

Ectotermicos<Endotérmicos

Pequeno tamanho corporal > grande tamanho corporal

mtDNA>Nuclear
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1-Taxas de mutação - Tempo de geração (c)

Maior ou menor número de replicações por unidade de tempo

Correlacionado com o tamanho corporal 

e relacionado coma taxa de mutação em vertebrados 

Gerações curtas>gerações longas
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Neutralist model – molecular clock

gk /=
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Tamanho corporal
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2-Tamanho da população efectiva
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2-Tamanho da população efectiva
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3-Constrangimentos selectivos

Constrangimentos – variação temporal nos constrangimentos 
(ex: pseudogenes)

Coeficientes selectivos 
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3-Constrangimentos selectivos
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Immunoglobulin (IG) heavy chain variable region genes (Vh) -
Phylogenetic tree of 10 group A human VH genes

Nei, M. Mol Biol Evol 2005 22:2318-2342

All sequences except 
for Xenopus 11.1b 
were taken from Shin 
et al. (1991) and 
Matsuda et al. (1993). 
The Xenopus gene 
used here is the one 
of the closest out-
group genes.   = 
pseudogene. The 
branch lengths are 
measured in terms of 
the number of 
nucleotide 
substitutions with the 
scale given below the 
tree. 
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Rates of nucleotide substitution per site per year 
x10-9 for mammalian globin pseudogenes and their 

functional homologues

Functional gene

Gene Pseudogene Position 1 Position 2 Position 3

Mouse 3 5.0 0.75 0.68 2.65

Human 1 5.1 0.75 0.68 2.65

Rabbit 2 4.1 0.94 0.71 2.02

Goat   4.4 0.94 0.71 2.02

average 4.7 0.85 0.7 2.34
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Temporal framework?



Fossil calibrations
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Geological and Biogeographic calibrations
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Relógios molecular para o Hawai (dados das aves
Hemignathus vires e H. wilsoni em a e b e Drosophila em c)



Calibrations 
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relógios moleculares provisórios

Cytochrome b 2% por MY



uncorrelated relaxed clock (RC) model (Drummond et al. 2006)
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Each branch has its own mutation rate i,

these per-branch rates are independent of one another. 

In current implementations of the uncorrelated RC model, 
the rates i are drawn independently and identically 
from a well-defined rate distribution, for example:
a lognormal distribution (Drummond et al. 2006), 
exponential distribution (Drummond et al. 2006; To et al. 2016), 
a normal distribution (Sagulenko et al. 2018), 
gamma distribution (Volz and Frost 2017; Didelot et al. 2018). 



Bayesian clock 
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Reis et. al 2015 NRG
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Reis et. al 2015 NRG



Bayesian clock 

32Octávio S. Paulo – FEM 32

Reis et. al 2015 NRG



Bayesian clock 

33Octávio S. Paulo – FEM 33

Ho et. al 2014 MolEco



Bayesian clock 
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Ho et. al 2014 MolEco



Bayesian clock 
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Ho et. al 2014 MolEco



Bayesian clock 

36Octávio S. Paulo – FEM 36
Reis et. al 2015 NRG



Dated phylogenies 
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1- Dated phylogenies can be built directly from the 
genetic data using Bayesian phylogenetic methods 
implemented in BEAST

2 - Two-step approach: 

The first step (standard phylogenetics):  RAxML, PhyML, 
FastTree, IQ-Tree

The second step (phylogeny dating) can be performed, for 
example, using:
LSD (To et al. 2016), 
node.dating (Jones and Poon 2017), 
treedater (Volz and Frost 2017), 
TreeTime (Sagulenko et al. 2018), 
BactDating (Didelot et al. 2018). Didelot et. al 2021 MBE



Tip-dating principle
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Rieux & Balloux 2016 MolEco



Árvores 
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ksdfksda

Barbara-Montoya et. al 2021 BMC EE
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Species origin
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Árvores 
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Tiley et. al 2020 TiG
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