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Modelo determinístico de seleção
O que vimos: 

• Modelo de viabilidade (genótipos afetam 
sobrevivência) 

• Alelo vantajoso se fixa e deletério é perdido 

• Vantagem de heterozigoto: alelos mantidos 

• Trajetória depende de: dominância, s 



Tanto deriva como seleção 
podem fixar mutações

Seleção Deriva



Tanto deriva (com mutações) como 
seleção podem manter variação

Seleção Deriva + mutação

mutação

deriva

Heq =
4Nu

4Nu + 1



Uma questão central da biologia 
evolutiva: deriva ou seleção?

Há diferenças entre e dentro de espécies. 

Essas diferenças podem resultar de: 

- deriva 

- seleção



Uma questão central da biologia 
evolutiva: deriva ou seleção?

Evolutionary  Rate at the Molecular  Level 

by 
MOT00 KIMURA 
National Institute of Genetics, 

Japan 

Calculating  the  rate of evolution  in  terms of nucleotide  substitutions 
seems t o  give  a  value so high that many of the  mutations  involved 
must  be  neutral ones. 

COMPARATIVE studies of haemoglobin molecules among change in for a chain consisting of some amino- 
different groups of animals suggest that, during the acids. For example, by comparing the  and chains of 
evolutionary history of mammals, amino-acid substitution man  with those of horse, pig, cattle  and  rabbit,  the 
has taken place roughly at  the  rate of one amino-acid figure of one amino-acid change in x was obtained'. 

Science, 1968

Nature, 1968



60 mil diferenças 
de proteínas entre 
as duas espécies 



60 mil diferenças 
de proteínas entre 
as duas espécies 

Selecionista: diferenças 
resultam de fixação de 
mutações vantajosas 

Neutralista: diferenças 
resultam da fixação (por 
deriva) de mutações neutras



Teoria neutra da evolução evolução 
molecular

Teoria neutra

Removidas Sofrem deriva Se fixam

deletérias neutras vantajosas

Motoo Kimiura 
1924-1994
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Teoria neutra da evolução evolução 
molecular

Teoria neutra

Removidas Sofrem deriva Se fixam

deletérias neutras vantajosas

Foco da teoria neutra
Motoo Kimiura 
1924-1994



A visão neutralista da evolução

As previsões neutralistas: 

1. Seleção negativa (remoção de deletérias) é comum 

2. Seleção positiva é rara 

3. k = µ                   Portanto há relógio molecular 

4.                             H proporcional ao N da população   

Interação de mutação e deriva



!14

Seleção negativa é comum 
(previsão 1)

Funcionalmente importante ->  muda menos 
Funcionalmente menos importante ->  muda mais 

Padrão consistente com ação de seleção negativa

Exemplo usado por Kimura 



Plickers 1 & 2 sobre kn e ks



Seleção negativa é comum (previsão 1): 
taxas sinônimas são maiores

kS > kN 
(dados obtidos comparando humanos e 

camundongos)



Seleção positiva é rara? (predição 2)



O caso da lisozima

kS > KN 

kN/kS = 0,6 para as 
demais linhangens 
de primatas

kN > kS 
kN/kS=3,5  
na linhagem de 
colobinos

Presbytis entellus

colobinos

Seleção positiva é rara? 
(predição 2)



Seleção positiva é rara? 
Quantos genes tem kN/kS > 1?
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Carolin Kosiol1, Tomáš Vinař1, Rute R. da Fonseca2, Melissa J. Hubisz3, Carlos D. Bustamante1, Rasmus

Nielsen2, Adam Siepel1*

1 Department of Biological Statistics and Computational Biology, Cornell University, Ithaca, New York, United States of America, 2 Institute of Biology, University of

Copenhagen, Copenhagen, Denmark, 3 Department of Human Genetics, University of Chicago, Chicago, Illinois, United States of America

Abstract

Genome-wide scans for positively selected genes (PSGs) in mammals have provided insight into the dynamics of genome
evolution, the genetic basis of differences between species, and the functions of individual genes. However, previous scans
have been limited in power and accuracy owing to small numbers of available genomes. Here we present the most
comprehensive examination of mammalian PSGs to date, using the six high-coverage genome assemblies now available for
eutherian mammals. The increased phylogenetic depth of this dataset results in substantially improved statistical power,
and permits several new lineage- and clade-specific tests to be applied. Of ,16,500 human genes with high-confidence
orthologs in at least two other species, 400 genes showed significant evidence of positive selection (FDR,0.05), according
to a standard likelihood ratio test. An additional 144 genes showed evidence of positive selection on particular lineages or
clades. As in previous studies, the identified PSGs were enriched for roles in defense/immunity, chemosensory perception,
and reproduction, but enrichments were also evident for more specific functions, such as complement-mediated immunity
and taste perception. Several pathways were strongly enriched for PSGs, suggesting possible co-evolution of interacting
genes. A novel Bayesian analysis of the possible ‘‘selection histories’’ of each gene indicated that most PSGs have switched
multiple times between positive selection and nonselection, suggesting that positive selection is often episodic. A detailed
analysis of Affymetrix exon array data indicated that PSGs are expressed at significantly lower levels, and in a more tissue-
specific manner, than non-PSGs. Genes that are specifically expressed in the spleen, testes, liver, and breast are significantly
enriched for PSGs, but no evidence was found for an enrichment for PSGs among brain-specific genes. This study provides
additional evidence for widespread positive selection in mammalian evolution and new genome-wide insights into the
functional implications of positive selection.
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Introduction

Positive darwinian selection is an important source of evolution-
ary innovation and a major force behind the divergence of species.
The Neutralist-Selectionist debate of the past 30 years has gradually
given way to a general consensus that both neutral drift and positive
selection play major roles in evolutionary change. Interest has
therefore shifted to questions of which genes positive selection has
affected, how strong was the effect, when did it occur, and what
were its functional consequences. Heightening interest in these
questions is a growing appreciation that methods for detecting
positive selection can also be valuable tools for gaining insight into
gene function [1]. Consequently, a wide variety of methods for
detecting positively selected genes (PSGs) have been introduced,
including comparative or phylogenetic methods, which make use of
patterns of substitutions between species, and population genetic
methods, which primarily rely on patterns of intraspecies polymor-
phism [2,3]. Using these techniques, strong evidence of positive
selection has been found for various genes in various organisms,

including many genes involved in sensory perception, immunity,
host-pathogen interactions, and reproduction (reviewed in [1,3]).

Phylogenetic and population genetic methods for detecting
positive selection serve as complementary tools for functional and
evolutionary analysis. These methods operate at different time
scales, with phylogenetic methods being best suited for detecting
selection that operates over relatively long periods in evolutionary
history, and population genetic methods being best suited for
detecting more recent selection. Population genetic methods can
potentially detect selection operating at individual sites, through the
effects of linkage with flanking alleles, while phylogenetic methods
generally require multiple sites to have been affected in a sequence
of interest. At the same time, decay of linkage disequilibrium at
longer evolutionary time scales can allow phylogenetic methods to
more accurately pinpoint the specific locations of functionally
important substitutions. In some cases, phylogenetic methods also
allow such substitutions to be mapped to particular branches of a
phylogenetic tree, thereby providing useful insights about the
evolutionary histories of the sequences in question.

PLoS Genetics | www.plosgenetics.org 1 August 2008 | Volume 4 | Issue 8 | e1000144
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Citation: Kosiol C, Vinař T, da Fonseca RR, Hubisz MJ, Bustamante CD, et al. (2008) Patterns of Positive Selection in Six Mammalian Genomes. PLoS Genet 4(8):
e1000144. doi:10.1371/journal.pgen.1000144

Editor: Mikkel H. Schierup, University of Aarhus, Denmark

Received January 7, 2008; Accepted June 27, 2008; Published August 1, 2008

Copyright: ! 2008 Kosiol et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding was provided by NSF grants DBI-0644111 (CK, TV, AS) and NSF0516310 (CK, CDB), a Packard Fellowship (AS), and a Microsoft Research New
Faculty Fellowship (AS).

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: acs4@cornell.edu

Introduction

Positive darwinian selection is an important source of evolution-
ary innovation and a major force behind the divergence of species.
The Neutralist-Selectionist debate of the past 30 years has gradually
given way to a general consensus that both neutral drift and positive
selection play major roles in evolutionary change. Interest has
therefore shifted to questions of which genes positive selection has
affected, how strong was the effect, when did it occur, and what
were its functional consequences. Heightening interest in these
questions is a growing appreciation that methods for detecting
positive selection can also be valuable tools for gaining insight into
gene function [1]. Consequently, a wide variety of methods for
detecting positively selected genes (PSGs) have been introduced,
including comparative or phylogenetic methods, which make use of
patterns of substitutions between species, and population genetic
methods, which primarily rely on patterns of intraspecies polymor-
phism [2,3]. Using these techniques, strong evidence of positive
selection has been found for various genes in various organisms,

including many genes involved in sensory perception, immunity,
host-pathogen interactions, and reproduction (reviewed in [1,3]).

Phylogenetic and population genetic methods for detecting
positive selection serve as complementary tools for functional and
evolutionary analysis. These methods operate at different time
scales, with phylogenetic methods being best suited for detecting
selection that operates over relatively long periods in evolutionary
history, and population genetic methods being best suited for
detecting more recent selection. Population genetic methods can
potentially detect selection operating at individual sites, through the
effects of linkage with flanking alleles, while phylogenetic methods
generally require multiple sites to have been affected in a sequence
of interest. At the same time, decay of linkage disequilibrium at
longer evolutionary time scales can allow phylogenetic methods to
more accurately pinpoint the specific locations of functionally
important substitutions. In some cases, phylogenetic methods also
allow such substitutions to be mapped to particular branches of a
phylogenetic tree, thereby providing useful insights about the
evolutionary histories of the sequences in question.

PLoS Genetics | www.plosgenetics.org 1 August 2008 | Volume 4 | Issue 8 | e1000144

“Of ,16,500 human genes with high-confidence 
orthologs in at least two other species, 400 
genes showed significant evidence of positive 
selection”
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Seleção positiva é rara? 
Quantos genes tem kN/kS > 1?

Conclusão: 2,5% dos genes em 
mamíferos sob seleção positiva. 

“Relativamente” rara 
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Mas: Seleção positiva pode ser 
muito mais comum em 

espécies com populações 
maiores 

Genes sob seleção positiva: 
E. coli 56% 
HIV: 75% 

Drosophila: 45% 



Plickers 3 sobre relógio



Taxas de evolução constantes 
(previsão 3)

• Taxas de substituição na hemoglobina

Figura para taxa de evolução em genes 
de hemoglobina de diferentes espécies 
animais. Cada ponto representa um par 
de espécies.



Taxas de evolução constantes 
(previsão 3)

• Taxas de substituição na hemoglobina

Relógio não é 
esperado se 
substituições 
se dão por 
seleção natural

Figura para taxa de evolução em genes 
de hemoglobina de diferentes espécies 
animais. Cada ponto representa um par 
de espécies.



Taxas de substituição são 
constantes? (previsão 3)

• Taxas de substituição em outros genes (  )

Tema de debates atuais



Taxas de substituição são 
constantes? (previsão 3)

• Taxas de substituição em outros genes (  )

Taxa de evolução 
molecular não é 
sempre constante 

- Taxa de mutação 
varia? 
- Seleção ao longo do 
tempo?

Tema de debates atuais
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The molecular clock may be an episodic clock
(molecular evolution/neutral allele theory)

JOHN H. GILLESPIE
Department of Genetics, University of California, Davis, CA 95616

Communicated by G. Ledyard Stebbins, August 22, 1984

ABSTRACT It is argued that the apparent constancy of
the rate of molecular evolution may be an artifact due to the
very slow rate of evolution of individual amino acids. A statis-
tical analysis of protein evolution using a stationary point
process as the null hypothesis leads to the conclusion that mo-
lecular evolution is episodic, with short bursts of rapid evolu-
tion followed by long periods of slow evolution. Such dynamics
are incompatible with the neutral allele theory and require a
revision of the standard interpretation of the molecular clock.

One of the most enduring generalizations that emerged from
early comparative studies of protein sequences is that each
protein evolves at a nearly constant rate over lineages (1, 2).
This observation has been used as one of the major argu-
ments in support of the neutral allele theory (3), and it is
responsible for the concept of a "molecular clock" (2). Al-
though a superficial examination of the protein sequence
data does suggest that proteins evolve at a constant rate,
more sophisticated statistical analyses have called this gen-
eralization into question (4-6). The prevailing point of view
appears to be that, although proteins do not evolve at a con-
stant rate, the deviations are not large enough to seriously
threaten either neutrality or the molecular clock.

In this paper, it will be shown that the analyses of protein
sequence data may have been distorted by unrecognized bi-
ases that have led to gross underestimates of the variability
in the rates of evolution. If the biases are taken into account,
the inferred dynamics of molecular evolution appear to be
much more erratic than suggested both by neutral allele
models and by the molecular clock hypothesis.

Statistics of Star Phylogenies

The statistical analysis of protein sequence data is extraordi-
narily difficult. For complex phylogenies, the most severe
problem stems from the unknown biases introduced by the
algorithms for reconstructing ancestral sequences. Howev-
er, Kimura (3) recognized that there is one setting in which
much can be learned about the moments of the numbers of
substitutions that occur on each branch of a tree. This is the
case of a "star phylogeny," where the sequences are from
species that are derived from a radiation that occurred in a
short time relative to the length of the lineages. For such
clades, the problems associated with inferring evolutionary
trees may be avoided by assuming that all lineages stem
simultaneously from a single common ancestor. I begin by
briefly describing the estimation procedure developed by Ki-
mura for star phylogenies and will interpret the results in
subsequent sections.
Given a star phylogeny, let Xi be the number of substitu-

tions that have occurred on the ith of n lineages stemming
from the common ancestor. Whereas a desirable goal would
be to achieve a good estimate of the distribution of the Xi,

because of the paucity of data we must be satisfied with esti-
mates of the first two moments, assuming that the Xi are
identically distributed, but not necessarily independent, ran-
dom variables. Kimura's (3) method of estimating these mo-
ments uses Dij, the number of amino acids that differ be-
tween species i and j. The method would be straightforward
if Dij equalled Xi + Xj. However, because of multiple substi-
tutions at a single site, this equality is violated. Therefore,
the first step is to correct the Dij for multiple substitutions
and then to proceed as if Dij = Xi + Xj. Here, I use Day-
hoff's (7) empirically derived acceptable point mutation cor-
rection for the Di. For the data that will be examined, the
differences between sequences are so small (typically 10%)
that the effect of this correction (or any of the other pub-
lished corrections) is trivial. Once the corrections are made,
the moments are estimated using the new Dij and the three
estimation formulas given by Kimura (3). The mean of Xi
may be estimated by

M= Dij.n(n - 1) i~

It is easy to see that the expectation of M is

E(M) = E(X1).

Similarly, a second order moment of the Xi may be estimated
by

(n - )(n - 2) (<D M

The expectation of S2 is

E(S2) = Var(X1) - Cov(X,,Xj).
Finally, the index of dispersion, the ratio Var(X1)/E(X1), may
be estimated by

R = S2/M.

Unlike the previous two estimators, R is biased. The bias
decreases as the number of lineages increases. Table 1 gives
the values for M, 52, and R for the five proteins considered
by Kimura. The values are slightly different from those in
Kimura's book because of the use of the Dayhoff rather than
the Zuckerkandl and Pauling (1) correction used by Kimura.
Of particular interest in Table 1 are the estimates ofR. It is

commonly held that if the rates of evolution are constant
and/or if neutrality is the mechanism of evolution, then the
Xi will be independent Poisson random variables and, thus,
the index of dispersion will be 1. To test this, Kimura argued
that, under the Poisson assumption, (n - 1)R is x2 distribut-
ed with (n - 1) degrees of freedom and thus provides a con-
venient test statistic. Of the five proteins examined in the
table, two show a significant departure from the Poisson as-
sumption based on this criterion. The significance of this ob-
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be to achieve a good estimate of the distribution of the Xi,

because of the paucity of data we must be satisfied with esti-
mates of the first two moments, assuming that the Xi are
identically distributed, but not necessarily independent, ran-
dom variables. Kimura's (3) method of estimating these mo-
ments uses Dij, the number of amino acids that differ be-
tween species i and j. The method would be straightforward
if Dij equalled Xi + Xj. However, because of multiple substi-
tutions at a single site, this equality is violated. Therefore,
the first step is to correct the Dij for multiple substitutions
and then to proceed as if Dij = Xi + Xj. Here, I use Day-
hoff's (7) empirically derived acceptable point mutation cor-
rection for the Di. For the data that will be examined, the
differences between sequences are so small (typically 10%)
that the effect of this correction (or any of the other pub-
lished corrections) is trivial. Once the corrections are made,
the moments are estimated using the new Dij and the three
estimation formulas given by Kimura (3). The mean of Xi
may be estimated by

M= Dij.n(n - 1) i~

It is easy to see that the expectation of M is

E(M) = E(X1).

Similarly, a second order moment of the Xi may be estimated
by

(n - )(n - 2) (<D M

The expectation of S2 is

E(S2) = Var(X1) - Cov(X,,Xj).
Finally, the index of dispersion, the ratio Var(X1)/E(X1), may
be estimated by

R = S2/M.

Unlike the previous two estimators, R is biased. The bias
decreases as the number of lineages increases. Table 1 gives
the values for M, 52, and R for the five proteins considered
by Kimura. The values are slightly different from those in
Kimura's book because of the use of the Dayhoff rather than
the Zuckerkandl and Pauling (1) correction used by Kimura.
Of particular interest in Table 1 are the estimates ofR. It is

commonly held that if the rates of evolution are constant
and/or if neutrality is the mechanism of evolution, then the
Xi will be independent Poisson random variables and, thus,
the index of dispersion will be 1. To test this, Kimura argued
that, under the Poisson assumption, (n - 1)R is x2 distribut-
ed with (n - 1) degrees of freedom and thus provides a con-
venient test statistic. Of the five proteins examined in the
table, two show a significant departure from the Poisson as-
sumption based on this criterion. The significance of this ob-
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Taxas de substituição são 
constantes? (previsão 3)



Plickers 4 sobre taxa de 
heterozigose
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Crow e Kimura, 1964
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Variação genética é proporcional ao 
tamanho populacional (previsão 4)

  

Interação de mutação e deriva

H pode ser estimado a 
partir de dados 

Podemos testar a 
hipótese neutra: 
- N previsto faz sentido? 
 



Variação genética é proporcional ao 
tamanho populacional (previsão 4)?



H proporcional a N (previsão 4)
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Esse resultado coloca em dúvida uma previsão importante 
da teoria neutra. Há algo errado com o modelo.
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Interação entre seleção e deriva: 
modelo

!

!

!

p0=0.01
s=0.1
h=1
N=500

p0=0.01
s=0.1
h=1
N=50

p0=1/2N
s=0.01
h=1
N=5



Em modelos com seleção e 
deriva:

• Mutações vantajosas podem ser perdidas

• Mutações prejudiciais podem se fixar

• Mudanças mal-adaptativas serão mais comuns quando há mais 
deriva (ou seleção é mais fraca).

• Para mutações “quase neutras” (que tem efeitos 
pequenos sobre valor adaptativo) seleção só 
prevalece em populações grandes



A teoria quase neutra

Tomoko Ohta

“A teoria quase neutra pode ser resumida da 
seguinte forma. Tanto a deriva genética como a 
seleção influenciam o comportamento de 
mutações fracamente selecionadas. A deriva 
predomina em populações pequenas, e a 
seleção em populações grandes. A maioria das 
novas mutações é deletéria, e a maioria das 
mutações de efeito pequeno devem ser muito 
fracamente deletérias. Há seleção contra essas  
mutações em populações grandes, mas se 
comportam como neutras e populações 
pequenas”
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Explicação: em populações maiores, mais variação 
fracamente deletéria é removida
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ex., s=0.01 é 
removido 
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Há muitas mutações quase 
neutras?

Ilha: Anas luzonica Continente: Anas zonorhyncha

Johnson and Seger, 2001. 
Mol Biol Evol.

Mas: “Molecular evolutionary consequences of island colonisation” diz que não. 

http://dx.doi.org/10.1101/014811 

http://dx.doi.org/10.1101/014811
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EuropeusAfricanos

Lohmueller et al., 2008. Nature
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Há muitas mutações quase 
neutras?

were to each other (see Methods). Requiring that each human
gene had a high-confidence 1:1 ortholog in at least two other
species reduced the total number of ortholog sets to 16,529. These
sets contain a human gene and either five (42% of cases), four
(28%), three (15%) or two (15%) non-human orthologs.

Likelihood Ratio Tests for Positively Selected Genes
We performed a series of nine different LRTs to identify genes

under positive selection on particular branches or clades of interest
in the six-species phylogeny. In particular, we tested for selection
on any branch of the tree (Figure 1A); on the branch leading to,
and on any branch within, the primate clade (Figure 1B,C); on the
branch leading to, and on any branch within, the rodent clade
(Figure 1D,E); and on each of the four individual branches within
the primate clade (Figure 1F–I). These LRTs were all based on
widely used site or branch-site models of codon evolution
[31,26,27] (see Methods). The test for all branches was applied

to all 16,529 ortholog sets. For the branch- and clade-specific tests,
ortholog sets were discarded if they did not contain adequate in-
group or out-group data for the test in question, which somewhat
reduced the number of tests (Text S1, Table S1).

The PSGs identified by each test ranged in number from only
seven (the hominid branch) to 400 (the test for all branches;
FDR,0.05 in all cases). As in previous studies, the numbers of
genes identified by the tests for individual primate branches were
small, primarily due to weak power caused by low levels of inter-
species divergence. The inclusion of additional non-primate
mammals does not appear to have improved the power of these
tests substantially, but it does allow a distinction to be made
between selection on the branches to the hominids and to
macaque. The tests for selection on the branch to the primates and
in the primate clade also yielded fairly small numbers of PSGs, but
the tests for selection in, or on the branch to, the rodents identified
somewhat (nearly three-fold) larger numbers. In general, even with

Table 1. Numbers of ortholog sets.

containing containing containing containing containing

all chimpanzee macaque mouse rat dog

Human + $ 2 orthologs 17,489 15,315 14,973 14,266 12,823 13,696

Incomplete transcripts 6,113 5,317 5,219 5,037 4,562 4,938

Recent duplications 2,273* 745 816 1,476 1,319 1,089

After duplication removal 16,529 14,570 14,157 12,790 11,504 12,607

*Recently duplicated genes are removed, but orthologs sets are retained if they still contain a human gene and $2 orthologs.
doi:10.1371/journal.pgen.1000144.t001

Figure 1. The LRTs used to detect positive selection in the six mammalian genomes. (A–I) Panel A shows the test for selection on any
branch of the phylogeny, and panels B–I show the lineage- and clade-specific tests, with branches under positive selection highlighted. The numbers
below each subfigure represent the number of positively selected genes identified by each LRT (FDR,0.05) and the total number of ortholog sets
tested. In (A), branch lengths are drawn proportional to their estimates in substitutions per site, and each branch is labeled with the corresponding
estimate of v. All tests are based on an unrooted phylogeny; the trees are rooted for display purposes only. Nominal P-value thresholds for FDR,0.05
were: (A) 1.161023, (B) 9.161025, (C) 7.761025, (D) 2.961024, (E) 2.861024, (F) 2.561025, (G) 5.461025, (H) 1.861025, (I) 5.961025.
doi:10.1371/journal.pgen.1000144.g001
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Em rosa: kN/kS 
para ramo

6 mamíferos 
16,500 genes

Kosiol et al., 2008. Plos Genetics

Text



• Exemplos sugerem que sim!

• Populações grandes: seleção mais eficaz 
remove deletérias -> explica “paradoxo da 
variação”. 

• Resolve problemas da teoria 
neutra: (1) relógio irregular (2) H baixo 
para espécies com grande tamanho 
populacional

Há muitas mutações quase 
neutras?



Mensagens da aula
- Muita mudança evolutiva deve-se à deriva. Como prevê 

teoria neutra (TN), há muita seleção negativa. 

- O relógio é “relativamente constante”. Mas tem 
irregularidades. A previsão da TN é só aproximada.  

- Há menos variação (H) em populações com N grande do 
que esperado pela Teoria Neutra 
- Duas explicações: mutações fracamente deletérias e tamanho 

efetivo 

- Há evidências para o maior acúmulo de variantes 
fracamente deletérias em populações menores


