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CHAPTER 11

The future of codon models in studies
of molecular function: ancestral
reconstruction and clade models of
functional divergence
Belinda S. W. Chang, Jingjing Du, Cameron J. Weadick,
Johannes Müller, Constanze Bickelmann, D. David Yu,
and James M. Morrow

11.1 Introduction

Likelihood-based codon models of sequence evo-
lution have been the focus of much excitement
and development in recent years (Anisimova and
Kosiol, 2009). Most attention has centred on the
detection of positive selection in datasets (Yang
and Bielawski, 2000; Bielawski and Yang, 2005;
Yang, 2006), but unfortunately in many cases the
link to adaptive causes can be tenuous at best
(Nielsen, 2009). Given the steady proliferation of
codon models, what novel approaches and insights
can they offer for evolutionary studies of molec-
ular structure and function? Ancestral reconstruc-
tion methods have proven to be a powerful and
innovative approach for studying adaptive evolu-
tion of protein structure and function (Thornton,
2004). Recent advances in codon models incorpo-
rating more realistic assumptions about silent sub-
stitutions (Pond and Muse, 2005; Mayrose et al.,
2007; Yang and Nielsen, 2008), however, offer the
opportunity to reconstruct the evolution of synony-
mous substitutions, a promising but largely unex-
plored application of these models (Du, 2010). On
the other hand, codon-based clade models of evo-
lution (Forsberg and Christiansen, 2003; Bielawski
and Yang, 2004), which were originally proposed
years ago, are now gaining popularity for investi-
gating changes in evolutionary constraint, and are
increasingly being used to infer functional diver-

gence in the evolution of gene families (for e.g.
Hernandez-Hernandez et al., 2007; Liu et al., 2010).
However, these models must be used with caution,
particularly with respect to the specification of the
null model in likelihood ratio tests (Weadick and
Chang, in press). This chapter will consist of (1)
a review of codon-based ancestral reconstruction
methods, followed by an example of an applica-
tion of their use in inferring synonymous evolu-
tion in mammalian rhodopsins, and (2) a review of
clade models of molecular evolution, followed by
a description of a recently proposed clade model
likelihood test of divergence and its application
to teleost short-wavelength visual pigments. Ulti-
mately, the promise of both approaches lies in
the possibility of generating specific hypotheses of
molecular function, which can be then be inter-
preted in the context of data on molecular struc-
ture and function, particularly for genes for which
a variety of biochemical assays and other functional
data exist.

11.2 Ancestral reconstruction

Using comparative genomic information to infer
sequences of ancestral proteins, and then resur-
recting them in the laboratory for comparison to
present day proteins, is a powerful way to study
how the complex and intricate relationship of mole-
cular structure and function may have evolved over
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time (Liberles, 2007). This approach takes advan-
tage of the wealth of data in the genome databases,
providing for a more complete understanding of
present-day molecular function in a unique histori-
cal context (Chang, 2003; Thornton, 2004). Studies
in a variety of molecular systems show that not
only is it feasible to reconstruct ancestral proteins
in the laboratory, but that this can lead to insight
into the evolution of protein function not easily
attainable with other methods (Chang et al., 2002;
Gaucher et al., 2003; Thornton et al., 2003; Ugalde
et al., 2004; Chinen et al., 2005b; Thomson et al., 2005;
Kuang et al., 2006; Skovgaard et al., 2006; Shimizu
et al., 2007; Gaucher et al., 2008; Bridgham et al.,
2009). Moreover, these studies can offer intriguing
hints into the palaeobiology of the ancient organ-
isms in which these resurrected molecules may
have resided (Chang et al., 2002; Gaucher et al., 2003;
Gaucher et al., 2008).

Codon-based ancestral reconstruction methods,
the main focus of this review, are primarily car-
ried out in a likelihood/Bayesian context. Ancestral
reconstruction in a likelihood/Bayesian framework
uses as an optimality criterion a likelihood score,
calculated according to a specified model of evolu-
tion (Felsenstein, 2004). In phylogenetic reconstruc-
tion methods, the likelihood score associated with
a particular topology is usually summed over all
possible ancestral states. Bayesian methods can be
used to infer the most probable ancestral recon-
struction by calculating the posterior probabilities
of particular ancestral states for a specified topol-
ogy. This can be done using the maximum likeli-
hood topology, branch lengths, and model parame-
ters as priors in an empirical Bayesian approach
(Yang et al., 1995; Koshi and Goldstein 1996), or
alternatively the posterior probabilities can be cal-
culated by taking into account the uncertainty in
the maximum likelihood topology and parameters
using Markov chain Monte Carlo simulations, if
a full hierarchical Bayesian approach is adopted
(Huelsenbeck and Bollback, 2001). Although the
hierarchical Bayesian method has desirable statis-
tical properties, it is not widely implemented as it is
computationally much slower, and current imple-
mentations recommend only one ancestral node per
run (Huelsenbeck and Bollback, 2001). In an empir-
ical Bayesian approach, a phylogeny relating the
extant sequences in the multiple sequence align-

ment must be specified. It can either be obtained
from the published literature (e.g. an established
species tree), or inferred from the data at hand using
any number of phylogenetic methods (Salemi and
Vandamme, 2003). In estimating posterior prob-
abilities of ancestral sequences, either marginal
(Yang et al., 1995; Koshi and Goldstein, 1996) or
joint reconstruction approaches (Pupko et al., 2000;
Pupko et al., 2002) can be used, although in practice
these are generally assumed to give similar results
(Yang, 2007). In experimentally resurrecting ances-
tral proteins, many studies have chosen to focus
solely on the most probable ancestral sequence.
However, this can introduce biases in amino acid
composition, which may in turn alter the functional
phenotype of a resurrected protein (Williams et al.,
2006; Pollock and Chang, 2007). In recent years
this concern has been addressed by a strategy of
weighted random sampling of ancestral sequences
from the posterior distribution, rather than only res-
urrecting the most probable ancestor, in order to
assess the distribution of functional phenotypes of
randomly sampled ancestors (Gaucher et al., 2008).

Many of the codon-substitution models cur-
rently available, including those described here and
elsewhere in this book, can be used for ances-
tral sequence reconstruction (see Table 11.1). Early
codon models accounting for variation in the non-
synonymous to synonymous substitution rate ratio
(˘) (Nielsen and Yang, 1998; Yang and Bielawski,
2000; Yang et al., 2000) allowed for variation across
sites and lineages (Nielsen and Yang, 1998; Yang
and Bielawski, 2000; Yang et al., 2000; Yang and
Nielsen, 2002; Yang et al., 2005; Zhang et al., 2005).
Codon-based clade models (Bielawski and Yang,
2004), discussed in more detail in the following
section, can also be used although they have not
been widely implemented for this purpose. Finally,
an alternative Markov-based likelihood method has
also been developed to reconstruct ancestral codon
sequences by first estimating a set of CodonPAM
mutation matrices from a large empirical collection
of vertebrate sequence data (Gonnet and Benner,
1996; Schneider et al., 2005; Cannarozzi et al., 2007),
and using this in lieu of a parameterized codon sub-
stitution matrix (Goldman and Yang, 1994; Muse
and Gaut, 1994). All of these models can be used
for ancestral reconstruction, and are appropriate for
studies interested in protein evolution, where the
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Table 11.1 Programs for codon-based ancestral reconstruction

Method Program Substitution Model Reference and Website

Empirical PAML One-ratio model (Yang, 2007)

Bayesian Codeml Branch models

Branch-site models http://abacus.gene.ucl.ac.uk/software/paml.html

Random sites models

Clade models

Mutation-selection models

FASTML Random sites model (Pupko et al., 2000, 2002)

Empirical codon model (Yang et al., 2000; Schneider et al., 2005)

http://fastml.tau.ac.il/

HyPhy Constant model (one-ratio) (Pond and Muse, 2005; Pond et al., 2005)

NonSynonymous model (random sites)

Proportional model

Dual model http://www.datam0nk3y.org/hyphy/doku.php

LineageDual model

Hierarchical Bayesian MRBAYES One-ratio model (Huelsenbeck and Bollback, 2001; Ronquist and Huelsenbeck, 2003)

Random sites model http://mrbayes.csit.fsu.edu/

Probabilistic Method DARWIN CodonPAM Matrix (Gonnet et al., 2000; Schneider et al., 2005; Cannarozzi et al., 2007)

Ancestor
http://www.cbrg.ethz.ch/darwin/index

Date last accessed for all websites is December 2010.

focus is the evolution of nonsynonymous substitu-
tion rates (dN).

However, until recently, all of these codon-based
likelihood phylogenetic methods assumed no selec-
tion acting on synonymous sites, and that the syn-
onymous substitution rate (dS) is constant among
sites (Nielsen and Yang, 1998; Yang et al., 2000),
which is not necessarily true in many cases (Sharp
et al., 1995; Chamary et al., 2006). This is particularly
problematic for studies of synonymous evolution
and codon bias. This has led in recent years to a
number of codon models in which the assump-
tion of constant dS has been relaxed. Pond and
Muse (2005) proposed the first set of random sites
models that estimate dS variation across sites by
inferring dN and dS separately from discrete dis-
tributions of n categories. Pupko’s group (Mayrose
et al., 2007) proposed a similar method accounting
for rate dependency among adjacent sites, but did
not allow for ancestral codon reconstruction. Both
models can be used to test for significant varia-
tion in dS across sites. Some of the most recent
codon models have also incorporated selection on
synonymous substitution rates. Yang and Nielsen
(2008) modelled both selection and mutation effects

in their estimations of synonymous substitution
rates. This work is based on two separate para-
meters for a newly arisen mutant allele: the prob-
ability of mutation (incorporating the effects of
mutation bias) and the probability of fixation
(McVean and Vieira, 1999, 2001; Nielsen et al., 2007).
The fixation probability of a newly arisen mutant
is determined by its fitness change (selective coef-
ficients) and effective population size, which are
concepts adapted from population genetic studies
(Fisher, 1930; Wright, 1931; Kimura, 1957). In the
Yang and Nielsen (2008) model, population size is
assumed to be invariant, and the fitness of each
codon is assumed to be the same among lineages
and sites. A likelihood ratio test comparing mod-
els with and without selection can be used to test
whether selection is acting on synonymous substi-
tution rates. More recently, Zhou and colleagues
(2010) took a different approach to incorporating
selection on dS, dividing synonymous rates into two
categories, conserved and nonconserved, depend-
ing on whether shifts between preferred and unpre-
ferred codons are inferred.

In contrast to earlier models, codon models
developed in the past several years (Pond and
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Muse, 2005; Yang and Nielsen, 2008) now allow
for the detailed investigation of synonymous evo-
lution, an advantage that has yet to be fully
explored in the context of ancestral reconstruction.
Until recently, ancestral reconstruction approaches
have primarily been focused on resurrecting the
evolution of proteins, as earlier methods did not
explicitly model variation in synonymous rates.
However, new developments in codon models have
made possible evolutionary studies of codon usage
bias, by allowing for selection not only at the pro-
tein coding level, but also on synonymous substi-
tutions. In the following section we present work
from our group illustrating the use of these meth-
ods in studies of synonymous evolution in verte-
brate rhodopsins.

11.3 Reconstructing synonymous
evolution in vertebrate rhodopsins

In mammals, natural selection has typically been
assumed to play only a minor role in shaping
codon usage bias (Sharp et al., 1995; Kanaya et al.,
2001; Duret, 2002) due to small effective popu-
lation sizes (Sharp et al., 1995), isochore effects
(Bernardi et al., 1985; Eyre-Walker and Hurst, 2001),
and mutation bias (Nagylaki, 1983; Galtier et al.,
2001; Ponger et al., 2001). However, considerable
evidence has since challenged this assumption,
the bulk of which has focused on the population
genetic, or genomic data from model organisms (for
review see: Sharp et al., 1995; Duret, 2002; Chamary
et al., 2006). A variety of plausible mechanisms
have been proposed to explain selection on codon
usage bias in mammals including increased transla-
tion efficiency/accuracy (Lavner and Kotlar, 2005;
Kotlar and Lavner, 2006; Drummond and Wilke,
2008), mRNA stability (Chamary and Hurst, 2005),
protein folding (Kimchi-Sarfaty et al., 2007; Drum-
mond and Wilke, 2008), and splicing control (Willie
and Majewski, 2004; Parmley et al., 2006).

The development of codon-based likelihood
models that incorporate selection on synonymous
substitutions (Yang and Nielsen, 2008) have made
possible a broader, phylogenetic-based approach.
In a recent study we implemented these new meth-
ods, focusing on a single gene —rhodopsin— for
which sequence data exists from a large number

of mammals, in order to determine if there is any
evidence for selection on synonymous substitutions
(Du and Chang, in press). Rhodopsin, a G protein-
coupled receptor mediating dim-light vision in ver-
tebrates (Menon et al., 2001), is an ideal system
for studying synonymous evolution for a number
of reasons. First, there is a strong codon usage
bias in rhodopsin sequences (Chang and Camp-
bell, 2000). Second, rhodopsin is a highly expressed
gene (Pugh and Lamb, 1993), which has been asso-
ciated with stronger selection at synonymous sites
in previous studies in non-mammals (Sharp et al.,
1995). Third, as the first step in visual percep-
tion, any effects of visual pigment adaptive evo-
lution can be interpreted in light of organismal
biology and visual ecology (Chang et al., 2002). In
our recent work analysing a mammalian rhodopsin
dataset, we detected a pervasive usage bias towards
GC-ending codons, and that synonymous substi-
tution rates are significantly variable among sites
(Du, 2010). Moreover, we also found statistical
evidence suggesting GC-ending codons are pre-
ferred by selection using the recent mutation–
selection models. (Yang and Nielsen, 2008) This
preference of GC-ending codons was found to
be consistent with a variety of mechanisms such
as maintaining mRNA stability, ensuring proper
protein folding, and increasing translation effi-
ciency/accuracy.

Here, we use codon-based ancestral reconstruc-
tion methods to examine when selection may have
acted to increase GC-ending codons during early
mammalian rhodopsin evolution in an expanded
vertebrate dataset. Using the reconstructed ances-
tral mammalian sequences, we then quantify the
intensity of departures at each node from equi-
librium codon usage, using a method originally
developed to measure evolution of codon usage
bias in Drosophila (Akashi, 1995; Akashi et al., 2006).
A control gene, isocitrate dehydrogenase (IDH),
was also investigated in order to determine whether
or not the unusual codon usage patterns found
were unique to rhodopsin. Isocitrate dehydroge-
nase is a housekeeping gene involved in the regu-
latory control of mitochondrial energy metabolism,
with the IDH1 subunit contributing to the reg-
ulatory properties of the enzyme (Panisko and
McAlister-Henn, 2001). With its conserved func-
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tion, sequence, and moderate expression levels
(Warrington et al., 2000), we do not expect to see
significant evidence for selection at synonymous
sites in IDH1. We analysed a rhodopsin dataset
of 27 vertebrate species, with a control gene IDH1
dataset of 19 vertebrate species due to limited data
availability.

As our focus is on the evolution of synonymous
substitutions, we implemented a variety of codon
models, including recently developed mutation–
selection codon models (Yang and Nielsen, 2008),
and models incorporating among-site dS variation
(Pond and Muse, 2005) in our reconstruction of
ancestral sequences. Ancestral reconstruction was
performed in the codeml program of the PAML4.3b
package (Yang, 2007) under six different models:
M0, M0-FMutSel0, M0-FMutSel, M3, M3-FMutSel0,
M3-FMutSel (Table 11.2). M0 refers to a one-ratio
model, which assumes a single ˘ across branches
and sites (Goldman and Yang, 1994), whereas M3
allows ˘ to vary across sites according to a discrete
distribution with n categories (n = 3) (Yang et al.,
2000). The recently developed mutation–selection
models incorporate parameters for mutation bias,
with (FMutSel) or without (FMutSel0) selection on
synonymous rates (Yang and Nielsen, 2008). The
mutation–selection models also allow for either a
single ˘ ratio (M0-FMutSel/0), or variation in ˘

across sites according to a discrete distribution with
two categories (M3-FMutSel/0). All analyses were
run multiple times from different initial ˘ values to
ensure convergence. Models were compared using
likelihood ratio tests, LRT (Table 11.2). For both
datasets, the best-fitting model was found to be
M3-FMutSel. For comparison, ancestral reconstruc-
tion was also performed in HyPhy2.0 (Pond et al.,
2005) under two different models (Table 11.2): the
NonSynonymous model, which only considers dN

variation among sites (similar to M3 in PAML), and
the Dual model, which considers dS and dN varia-
tion under two independent discrete distributions
(three categories in this study). An LRT comparing
the Dual and NonSynonymous models suggested
significant variation in dS across sites for the verte-
brate rhodopsin dataset (Table 11.2).

After inferring the ancestral sequences of early
mammalian lineages, we then investigated depar-
tures from equilibrium codon usage. This was done

using a method originally developed to measure
evolutionary shifts in codon usage bias in Drosophila
(Akashi, 1995; Akashi et al., 2006). As our recent
work suggests that GC-ending codons are under
selection (Du, 2010), such codons were thus clas-
sified as ‘preferred’ (pu) in this analysis, with
AT-ending codons as ‘un-preferred’ (up). Depar-
tures from equilibrium codon usage were measured
by the dpu,up ratio, which is termed the Akashi
ratio in this study (for detailed methods see Fig-
ure 11.1 legend). Using this approach, we found
that many early mammalian lineages showed high
positive dpu,up ratios, across different models, in
the rhodopsin dataset (Figure 11.1, Table 11.3),
indicative of strong substitution biases towards pre-
ferred codons. High positive ratios were found
for the mammalian, therian, and placental ances-
tors. In contrast, the marsupial rhodopsin ances-
tor showed a bias towards unpreferred codons
(negative dpu,up ratio), while the monotreme ances-
tor did not show a strong bias in either direc-
tion (dpu,up ∼ 0). These trends are not recovered in
the IDH1 dataset. Similar patterns in Akashi ratios
were also obtained with the NonSynonymous and
Dual models (Table 11.3). Although these results
are still preliminary, they suggest a major shift in
codon usage toward GC-ending codons in early
mammalian rhodopsin evolution.

What could be causing these evolutionary
shifts in codon usage bias in early mammalian
rhodopsins? We did not find any evidence for
shifts in the IDH1 gene (Figure 11.1), which is
located on a different chromosome from rhodopsin
in mammals, making it unlikely to be due to
genome-wide mutational pressure to increase GC-
ending codons. Moreover, our recent studies
comparing cognate tRNA abundances, predicted
mRNA stabilities, and rhodopsin 3D structure sug-
gested GC-ending four-fold codons in mammalian
rhodopsin genes might be beneficial for a number
of mechanisms, including increased translation effi-
ciency/accuracy, increased mRNA stability, and
possibly to maintain proper protein folding (Du,
2010). Given the critical role of rhodopsin in dim-
light vision (Menon et al., 2001), the need to increase
translation efficiency and generate greater num-
bers of rhodopsin proteins could be associated with
changes in visual ecology in these lineages. For
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example, a diurnal to nocturnal niche transition
has been proposed early in the ancestral mam-
malian lineage (Jerison, 1971; Crompton et al., 1978).
However, the association between GC increase
of four-fold codons and visual ecology change
along mammalian and placental lineages is, of
course, speculative and in need of further investi-
gation. In addition, it is surprising that, although
the evolutionary patterns of synonymous substitu-
tions differ widely, both the rhodopsin and IDH1
datasets showed significance in the LRT compar-
ing the FMutSel and FMutSel0 models (Table 11.2).
This would suggest that synonymous substitutions
might be under selection in two genes, or that,
alternatively, there might be a sensitivity issue with
respect to the LRT in mutation–selection models.
Further power analyses of mutation–selection mod-
els will be required to address this concern.

In conclusion, new developments in codon-based
ancestral reconstruction methods have allowed us
to investigate changes in codon usage bias in
rhodopsin that may be linked to shifts in the
visual ecology in early mammals. We have inferred

Table 11.3 Akashi ratios∗ calculated for reconstructed mammalian
rhodopsin ancestors

Akashi Ratio
(d pu,up)

Rhodopsin M3 M3-FMutSel NonSynonymous Dual

Ancestors (PAML) (PAML) (HyPhy) (HyPhy)

Mammalian 0.5 0.43 0.68 0.74

Monotreme 0.11 0.1 0.12 −0.02

Therian 0.23 0.38 0.33 0.50

Marsupial −0.62 −0.92 −0.67 −0.84

Placental 0.64 0.67 0.69 0.47

∗ (Akashi et al., 2006)

an obvious evolutionary trend towards increased
GC-ending codons at three early mammalian
(mammalian, therian, and placental) lineages of
rhodopsin. This is consistent with our recent work
suggestive of selection acting on synonymous sites
in order to increase mRNA Stability and trans-
lation efficiencies in mammalian rhodopsins (Du,
2010). This work is just an initial step towards
exploring selection on synonymous substitutions
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Amniota
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Figure 11.1 Schematic vertebrate phylogeny showing calculated Akashi ratios for reconstructed early mammalian ancestral sequences. Akashi ratios
(Akashi et al., 2006) for the rhodopsin (RHO) dataset are shown above the nodes, for the control gene (IDH1) below the nodes. These ratios were
calculated based on ancestral sequences reconstructed under the M3-FMutSel model for both datasets. For synonymous substitutions, changes from
un-preferred to preferred codons were classified as preferred (‘up’), and the reverse as un-preferred (‘pu’). For the Akashi ratio, the difference in the
proportion of ‘up’ and ‘pu’ changes is used to measure the departures from equilibrium codon usage, dpu,up = (up − pu)/(up + pu). The maximum value
for dpu,up is 1, which would indicate that all the synonymous substitutions are preferred changes, with a minimum value of −1 indicating un-preferred
changes. A value of 0 would indicate no departures from equilibrium codon usage. Outgroup sequences for the RHO dataset are the coelacanth and
lungfish, and for the IDH1 dataset are the zebrafish and pufferfish. Average percentages of C and G nucleotides at 3rd positions of four-fold codons in
extant rhodopsin sequences are shown to the right of each vertebrate clade.
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in early mammals. Future investigations might
involve incorporating a Bayesian distribution of
different ancestral states into the calculation of
the Akashi ratio in order to better estimate devi-
ations from equilibrium codon usage, and simu-
lations to assess the significance of the deviations
observed for rhodopsin. Our studies highlight some
of the many as yet unexplored possibilities that new
developments in codon-based ancestral reconstruc-
tion methods offer for evolutionary investigations
of codon bias and other effects on synonymous
substitutions.

11.4 Clade models of functional
divergence

Functional divergence of proteins following events
such as gene duplications can result in complex
patterns of sequence evolution poorly described
by current implementations of the widely used
branch-site codon models (Anisimova and Liber-
les, 2007; Levasseur et al., 2007; Hahn, 2009). In
contrast, clade models, which until recently have
received much less attention, are a collection of flex-
ible codon-substitution models incorporating both
among-site and among-lineage variation in selec-
tive pressure, that can be useful for detecting signa-
tures of functional divergence among clades (Fors-
berg and Christiansen, 2003; Bielawski and Yang,
2004). In this section, we briefly review the devel-
opment and use of clade models, and discuss some
of the pitfalls of clade model usage that led to our
recent work specifying an improved null model for
use with a popular clade model, Clade model C
(CmC) (Weadick and Chang, in press). We apply
these methods in analyses of a fish opsin data set
as a case study, and suggest directions for future
development and validation of clade models.

Two patterns of amino acid sequence variation
are commonly treated as evidence of protein
functional divergence (Gu, 2006; Studer and
Robinson-Rechavi, 2010). Functional divergence
along a particular evolutionary lineage may
result in descendents fixed for one state, and
relatives fixed for another. This pattern, which has
been termed ‘conserved-but-different’ (CBD) or
‘Type-II divergence’, is consistent with purifying
selection acting throughout the history of the

protein, except for a brief period where positive
selection adaptively fixes functionally important
substitutions. Alternatively, functional divergence
along a given lineage may result in descendents
that, as a group, display altered sequence
conservation compared to relatives. This pattern,
referred to as ‘covarion-like’ or ‘Type-I divergence’,
is the predicted result of increases or decreases in
the strength of purifying selection.

Codon-based tests of selection, with their focus
on ˘, the relative rate ratio of nonsynonymous to
synonymous substitutions (dN/dS), can be thought
of in terms of CBD vs. covarion-like substitution
patterns. The Branch-Site Model A of Zhang et al.
(2005) assumes that some sites can switch from
purifying or neutral selection regimes (0 < ˘0 <

1, and ˘1 = 1, respectively) to positively selected
(˘2 > 1) along a pre-defined foreground branch; on
all other branches (background branches), positive
selection is not allowed. In this way, branch-site
tests for positive selection are analogous to tests for
CBD substitution patterns, but at the codon rather
than amino acid level. Less commonly employed
are the clade models, which are codon-based tests
for covarion-like substitution patterns (Forsberg
and Christiansen, 2003; Bielawski and Yang, 2004).
Such models assume a class of sites that experi-
ence divergent selection pressure in different a pri-
ori defined partitions, or clades (i.e. ˘A �= ˘B for
clades A and B). By focusing on entire clades, rather
than individual branches (as is typical for branch-
site models), clade models provide estimates of
long-term divergence in strength of constraint fol-
lowing functional divergence, much like tests of
covarion-like amino acid patterns. Furthermore, as
their focus is not solely on detecting ˘ > 1, clade
models are useful for identifying more subtle sig-
natures of divergence.

Bielawski and Yang (2004) proposed two codon
models for describing functional divergence among
clades, Clade model C (CmC) and Clade model
D (CmD), both of which are implemented in the
codeml program of the PAML software package
(Yang, 2007). Both models assume that some sites
evolve consistently across the entire phylogeny (i.e.
˘ in clade A = ˘ in clade B) and some sites evolve
divergently (i.e. ˘ in clade A �= ˘ in clade B). CmC,
which was modified slightly by Yang et al. (2005),
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models this process using three site classes, apply-
ing to proportions p0, p1, and p2 of the dataset.
The first and second site classes, respectively, con-
sider sites that uniformly experience either purify-
ing selection (0 < ˘0 < 1) or neutral pressure (˘1 =
1), while the third models divergently evolving
sites (˘2, ˘3 > 0, for two a priori defined clades,
referred to as the foreground and background;
note that more than two tree partitions can be
defined, though two is typical). The recommended
LRT for establishing CmC’s goodness-of-fit uses
the M1a random-sites model as its null; M1a lacks
the third (divergent) site class. CmD is more flexi-
bly designed, and can be applied assuming either
two or three site classes, none of which have con-
strained ˘ parameters. Assuming three sites classes
for CmD, the first two capture consistently evolv-
ing sites (˘0 > 0, ˘1 > 0) while the third applies
to divergently evolving sites (˘2, ˘3 > 0). The LRT
used to determine the goodness-of-fit of CmD uses
the M3 random-sites model as its null; under M3,
˘2 and ˘3 are constrained to be equal. For both
CmC and CmD, empirical Bayes’ (EB) methods can
be used to identify specific codons as members of
a particular site class; under CmC, for instance, it
might be found that codon X is placed in the puri-
fying selection site class with high posterior prob-
ability, whereas codon Y is placed in the neutral
site class, and codon Z in the divergent site class.
For CmC, but not CmD, the initial naïve EB (NEB)
approach has since been replaced with a Bayes’
EB (BEB) approach (Yang et al., 2005), which is
designed to be less sensitive to sampling error.

A similar clade model was proposed by Fors-
berg and Christiansen (2003). Their codon model
assumes among-site variation in ˘ using three site
classes, each with an unconstrained ˘ (˘0, ˘1, ˘2 >

0). Divergence is modelled by allowing a pro-
portion of the dataset, pd, to be re-fit to this ˘

distribution in the two pre-specified clades of the
phylogeny, with the rest having consistent ˘ esti-
mates regardless of clade. Goodness-of-fit is estab-
lished via a LRT against a null model with the con-
straint pd = 0. An EB approach is used to identify
specific codons as either ‘divergent’ or ‘consistent’.
Compared to Bielawski and Yang’s (2004) CmC and
CmD, which assume that divergent sites simply
have ˘2 in clade A and ˘3 in clade B, Forsberg

and Christiansen’s (2003) model can accommodate
more complex forms of among-clade divergence; a
divergently evolving site can be in any of the three
site classes (evolving with either ˘0, ˘1, or ˘2) in
clade A, and then switch to any of the other site
classes in clade B, implying six possible ˘ transi-
tions between the two clades. A possible tradeoff
with this increased ability to model complex forms
of divergence is reduced interpretability, as find-
ing a codon is a high probability member of the
divergently evolving class of sites does not provide
information on the strength of selection affecting
the codon in the two clades. In any case, the clade
model of Forsberg and Christiansen (2003) has not
been widely implemented.

Codon-based clade models, particularly CmC
and CmD, have proven useful for testing for func-
tional divergence in a growing number of datasets
(see Table 11.4), particularly among duplicated
genes. For example, Hernández-Hernández et al.
(2007) used CmD to test for functional divergence
following gene duplication in angiosperm B-class
MADS-box regulatory genes, where they found sig-
nificant evidence in favour of functional divergence
among the PI and AP3 paralogs. These duplicates
form obligate heterodimers that regulate meristem
differentiation during flower development; dupli-
cation and divergence in this gene family thus
appears to have resulted in both molecular and
morphological novelty. While first designed to test
for divergence associated with gene duplication,
the clade models of Bielawski and Yang (2004) have
also been employed to examine evolution associ-
ated with niche evolution (as initially proposed by
Forsberg and Christiansen (2003)). Liu et al. (2010),
for instance, used CmC to study functional diver-
gence in Prestin, a motor protein gene expressed
in the inner ear. They reported large, statistically
significant increases in ˘ when comparing either
echolocating bats or whales to a background parti-
tion of non-echolocating mammals, suggesting con-
vergent changes in selection pressure associated
with the adaptation to new sensory niches.

However, as with any inference method, care
must be taken to ensure the results of clade model
tests are both statistically reliable and biologi-
cally informative. We recently reported a problem
with the LRT commonly used to establish the
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Table 11.4 Studies that employed either Clade model C (CmC) or D (CmD)

Study Data set Test for divergence
among. . .

Model(s) used

Li et al., 2011 Feline cauxins (urinary proteins) Orthologs CmC, CmD

Liao et al., 2010 Rhododendron small heat shock proteins Paralogs CmD

Liu et al., 2010 Mammalian prestins (auditory motor proteins) Orthologs CmC

Wang et al., 2010 Vertebrate plasma membrane transport proteins Paralogs CmC

Wei et al., 2010 Feline major-histocompatibility complex peptide binding regions Paralogs CmC

Hughes et al., 2009b Mammalian UCP mitochondrial anion carriers Paralogs CmC

Hughes et al., 2009a Primate melanocortin receptors Orthologs CmC

Li et al., 2009 Cyprinid cone opsins (visual pigment proteins) Paralogs CmC

Mondragon-Palomino et al., 2009 Orchid class-B MADS-box transcription factors Paralogs CmC, CmD

Zhao et al., 2009 Mammalian rod opsins (visual pigment proteins) Orthologs CmC

Des Marais and Rausher, 2008 Morning glory acanthocyanin pigment pathway reductases Paralogs CmC

Haudry et al. 2008 A variety of gene fragments from selfing and non-selfing grasses Orthologs CmC

Summers and Zhu, 2008 Cichlid prolactin hormones Paralogs CmD

Alverson, 2007 Diatom silicon transporters Orthologs CmD

Hernandez-Hernandez et al., 2007 Eudicot class-B MADS-box transcription factors Paralogs CmD

Li et al., 2007 Bat FoxP2 transcription factors Orthologs CmC

Balakirev et al., 2006 Drosophila β-esterase enzymes Paralogs CmD

Bielawski and Yang, 2004 Primate RNases and globins Paralogs CmD

goodness-of-fit of CmC (Weadick and Chang, in
press). Briefly, CmC and its typically used null
model, M1a, differ not just in whether ˘ is hetero-
geneous between among clades, but also in how
they model among-site ˘ variation. M1a possesses
two site classes (0 < ˘0 < 1; ˘1 = 1), whereas CmC
possesses three (0 < ˘0 < 1; ˘1 = 1; ˘2, ˘3 > 0).
Consequently, a significant LRT could occur sim-
ply because among-site dN/dS variation is better
described by three rather than two site-classes,
and not due to ˘2 �= ˘3, as originally intended in
this test. Among-site heterogeneity is widespread
(Yang et al., 2000), and this confounding differ-
ence appeared likely to cause false-positive LRT
results. In our recent paper we used simulations
to investigate whether the CmC versus M1a LRT
can handle modest among-site variation in dN/dS

(Weadick and Chang, in press). Our simulations
assumed (1) three site classes, and (2) among-
clade homogeneity. The results strongly indicated
an extremely high false-positive rate: 99% of the
LRTs produced significant results at α = 0.05, even
though dN/dS was equivalent among clades. While
we did not explore the performance of CmD
using null simulations, this problem should not
arise with the CmD versus M3 test as it does

not confound clade-divergence and number of site
classes.

To address this issue, we implemented a new
null model for comparison with CmC, the M2a_rel
model (Weadick and Chang, in press). Like CmC,
the M2a_rel model possesses three site classes. The
first two M2a_rel site classes include sites expe-
riencing purifying (0 < ˘0 < 1) or neutral (˘1 = 1)
pressures, and are equivalent to the first two site
classes of CmC. The third site class corresponds to
CmC’s divergent site class, but is represented by
a single dN/dS parameter (˘2 > 0). Since the only
difference between the CmC and M2a_rel models
is whether the third site class is represented by one
(˘2) or two (˘2, ˘3) dN/dS parameters, compar-
ing these models tests whether ˘2 �= ˘3. Applying
this new LRT (with one degree of freedom) to the
same simulated datasets described above showed
much improved results; only 4% of the LRTs were
significant at α = 0.05. The results of our simu-
lations show that M2a_rel is a more appropriate
null model.

Although clade models show much promise for
investigations of functional divergence (Table 11.4),
their statistical properties have received much less
attention than other more widely used codon
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models such as the branch-site models. Work from
our group shows that while some of the ear-
lier clade model tests tended to have extremely
high false-positive rates, our recently proposed
null model has corrected this problem (Weadick
and Chang, in press). In the following section
we present new analyses applying this new clade
model test to a data set of duplicated teleost fish
opsin genes, and point out some of the issues that
can arise when interpreting the results of various
parameter estimates in a biological context.

11.5 Testing for functional divergence
among teleost SWS2 opsins

Short wavelength-sensitive visual pigments in the
SWS2 class absorb light maximally in the violet-to-
blue portion of the visual spectrum (∼ 400–470 nm).
Many fish species possess duplicated SWS2 opsins
that are functionally divergent; SWS2a opsins tend
to be most sensitive to blue light, whereas SWS2b
opsins are most sensitive to violet light (reviewed
in Hofmann and Carleton, 2009). To test for func-
tional diversification associated with this dupli-
cation event, a collection of teleost SWS2 opsin
sequences was obtained from Genbank, amino
acid-translated and aligned using MEGA4 (Tamura
et al., 2007), and phylogenetically analysed using
MrBayes (Ronquist and Huelsenbeck, 2003). A
Bayesian estimate of phylogeny is presented in
Figure 11.2 (see figure legend for further details
on tree estimation). According to this tree, the
SWS2a/SWS2b duplication event is restricted to
fish of the Acanthopterygii superorder (a taxo-
nomic group containing model systems such as
pufferfish, cichlids, and the medaka).

Branch-site analyses (Zhang et al., 2005) were
carried out to examine whether positive selection
affected either the SWS2a or SWS2b opsins along
the lineage immediately following gene duplica-
tion (Table 11.5). When applied to the SWS2a
post-duplication branch (PDB), the Branch-site
Alternative model (BrS-A) collapsed to the null
(BrS-N) (P = 1.000). When applied to the SWS2b
PDB, conversely, BrS-A significantly improved on
BrS-N (P = 0.012), indicating that a small propor-
tion of sites (1.57%) were evolving with dN/dS

well above one (˘2 = 10.54). Three sites were iden-

tified by BEB analysis as members of this posi-
tively selected site class; the inferred substitutions
(bovine rhodopsin numbering) and posterior prob-
abilities for these three sites are A94C (PP = 0.974),
F103M (PP = 0.987), and N195G (PP = 0.976). Site
94, notably, has been implicated in spectral tuning
(Takahashi and Ebrey, 2003; Chinen et al., 2005a;
Yokoyama et al., 2007), and appears to be a major
contributor to the spectral sensitivity difference
between SWS2a and SWS2b paralogs. Whether or
not the other two sites, both of which are located in
the opsin’s extracellular loops, affect any aspects of
opsin function is not currently known.

CmC analyses (Table 11.6) provided further
evidence for significant among-clade divergence
when the SWS2b clade, but not the SWS2a clade,
was considered separate from the remainder
of the data set (CmC vs. M2a_rel LRT results:
SWS2b P = 0.0118; SWS2a P = 0.1716). These
results appear to complement those of the branch-
site analyses, where post-duplication adaptive
evolution was detected for SWS2b but not SWS2a.
However, the divergent dN/dS estimates of CmC
are quite low for both clades, indicative of strong
purifying selection (˘2 ≈ 0.02, ˘3 ≈ 0.04), and it is
difficult to interpret the difference between these
parameter estimates as biologically meaningful.
Presumably the small difference in dN/dS between
alternative and null models leads to a significant
LRT because the divergent site class is large
(p2 ≈ 60%); the divergence may be slight, but,
over such a large proportion of sites, its effect on
overall likelihood is substantial. Since for most real
datasets the majority of sites experience strong,
pervasive purifying selection (Yang et al., 2000), the
presence of slight among-clade variation in dN/dS

at generally conserved sites could obscure the
detection of biologically meaningful divergence.

By focusing on slight divergence at sites that are
largely conserved across clades, CmC may have
ignored more biologically meaningful divergence
in the other, smaller site classes. The question then
becomes, can the analyses be forced to focus on bio-
logically meaningful divergence patterns despite
their lesser contribution to overall likelihood? One
possible approach would be to change the bound-
aries that constrain ˘ estimation, such that the
non-divergent ˘0 parameter is forced to apply
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Figure 11.2 Phylogeny of selected teleost SWS2 opsins, highlighting the duplication event that produced the SWS2a and SWS2b paralogs. Branch-site
analyses were performed to investigate positive selection along the (SWS2a) and (SWS2b) post-duplication branches. Clade model analyses were carried
out to detect divergent evolution between either of these two clades (shaded boxes) and the remaining SWS2 sequences. The tree was estimated using
Bayesian analysis of codon-partitioned nucleotide sequences. Node support values (posterior probabilities) are provided on the tree. The scale bar indicates
the inferred number of substitutions per site. All sequences were obtained from NCBI Genbank, with the exception of the guppy (Poecilia reticulata)
SWS2A sequence (Genbank Acc #JF303638), which we cloned from a guppy cDNA library by PCR with degenerate primers.

to sites with very low dN/dS across the entire
phylogeny (0 < ˘0 < 0.1), leaving the divergent ˘2

and ˘3 parameters free to apply to sites with higher
dN/dS (˘2, ˘3 > 0.1). Doing so would mean that
sites that are generally subject to strong constraint,

but for which slight, biologically uninterpretable
differences in dN/dS exist between clades, would no
longer be fit to the divergent site class.

By adjusting the starting parameter values
during ML optimization, one can explore ‘sub-
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Table 11.5 Branch-site analyses of SWS2a and SWS2b post-duplication branches

Model lnL np∗ p0 ˘0 p1 ˘1 p2 ˘2 LRT P∗∗

SWS2a Alt. −9588.0634 46 0.7780 0.0764 0.2220 1 0.0000 1.0000 1.0000

Null −9588.0634 45 0.7780 0.0764 0.2220 1 0.0000 1 –

SWS2b Alt. −9582.1639 46 0.7663 0.0747 0.2180 1 0.0157 10.5355 0.0118
Null −9585.3336 45 0.7391 0.0748 0.2104 1 0.0505 1 –

∗np = Number of parameters. ∗∗ LRT’s have 1 degree of freedom.

Table 11.6 Clade model C (CmC) analyses∗ of SWS2a and SWS2b clades

Model lnL np p0 ˘0 p1 ˘1 p2 ˘2 ˘3 P (M2a-rel)∗∗ P (M1a)∗∗∗

CmC-SWS2a −9500.6930 47 0.3276 0.3190 0.0664 1 0.6061 0.0297 0.0197 0.1716 < 10−30

CmC-SWS2b −9498.8440 47 0.3237 0.3220 0.0655 1 0.6108 0.0209 0.0408 0.0183 < 10−30

M2a-rel −9501.6275 46 0.3314 0.3155 0.0671 1 0.6015 0.0256 – – –

M1a −9588.0634 44 0.7780 0.0764 0.2220 1 – – – – –

∗CmC results are from the best of 20 separate analyses, carried out using different ˘ starting values (see Table 11.7).
∗∗LRTs against M2a-rel have 1 degree of freedom.
∗∗∗LRTs against M1a have 3 degrees of freedom.

optimal’ CmC results that resemble this constrained
scenario; we took this approach for the SWS2
data set (Table 11.7). As intended, the majority
of the dataset (p0 ≈ 60%) fit to the strong purify-
ing selection class (˘0 ≈ 0.03). However, the diver-
gent dN/dS estimates, which applied to most of
the remainder of the dataset (p2 ≈ 33%), were
nearly identical (˘2, ˘3 ≈ 0.30). Effectively, the
sub-optimal CmC run in which low dN/dS sites
were prevented from being treated as divergent
collapsed to the M2a_rel null model (P = 0.9723).
Using the CmC versus M2a_rel test, we thus found
no evidence for biologically meaningful dN/dS

divergence among duplicated teleost SWS2 opsins.
Divergence among paralogs in this dataset appears
to have involved the adaptive replacement of criti-
cal amino acids immediately following duplication,
but not in a manner that adjusted the strength of
constraint over the long-term. This example illus-
trates the care that must be taken in interpreting
significant results in a biological context.

The flexibility and power of clade models make
them ideal for detecting site-specific divergence in
selection pressure among clades, and they hold
promise for functional studies of gene duplication

and divergence. Combined with EB site assignment
methods, these models may be able to help illu-
minate the molecular bases of functional diversifi-
cation, and guide biochemical analyses of homolo-
gous yet functionally divergent proteins. Typically
these models have been used to study divergence
within individual gene families, but they may also
be useful for studies at the genomic scale (Studer
and Robinson-Rechavi, 2010). However, the limita-
tions of clade models have not been fully explored,
and future research is needed to firmly establish
the power and accuracy of current clade model
LRTs when faced with complex, biologically real-
istic forms of divergence. One obvious limitation of
current clade models is the lack of incorporation of
among-site rate variation in dN/dS. Additionally, it
would be helpful to know how CmC and CmD per-
form when faced with complicated forms of diver-
gence among clades. CmC and CmD both assume
one class of sites for which dN/dS either increases or
decreases (but not both), but more complex diver-
gence patterns are possible. For instance, some sites
in the divergent clade may switch from purifying
to neutral classes, while others could switch in the
opposite direction. If such patterns are expected for
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Table 11.7 Global and local optima from CmC analyses of the SWS2 opsin data set, with the SWS2b clade set as the foreground clade

Optima lnL Parameter estimates Initial ˘ starting value(s)

Global -9498.8440 p0 = 0.3237, p1 = 0.0655, p2 = 0.6108, ˘0 = 0.3220,

˘1 = 1, ˘2 = 0.0209, ˘3 = 0.0408

0.0, 0.1

Local 1 -9501.6269 p0 = 0.6016, p1 = 0.0671, p2 = 0.3313, ˘0 = 0.0256,

˘1 = 1, ˘2 = 0.3162, ˘3 = 0.3147

0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,

0.9, 1.0, 1.1, 1.2, 1.3, 1.4

Local 2 -9586.9720 p0 = 0.7771, p1 = 0.2196, p2 = 0.0033, ˘0 = 0.0767,

˘1 = 1, ˘2 = 12.1034, ˘3 = 1.0384

1.5, 2.0, 3.0, 4.0

Local 3 -9588.0634 p0 = 0.7780, p1 = 0.2220, p2 = 0.0000, ˘0 = 0.0764,

˘1 = 1, ˘2 = 13.8968, ˘3 = 10.5185

5.0

a given dataset, alternative approaches to detecting
divergence may be necessary, such as the ‘switch-
ing’ codon models of Guindon et al. (2004).

11.6 Conclusions

A major goal of molecular evolutionary biology is to
identify and understand changes in gene function,
such as the functional diversification of proteins.
Exciting developments in likelihood-based codon
models of evolution hold great promise to offer
new insights into the evolution of molecular func-
tion. Clade models, which can be used to reveal
site-specific differences in dN/dS among clades,
represent powerful yet underused tools for docu-
menting functional divergence in protein families.
These models appear to be experiencing a recent
surge in popularity, and developments in new
likelihood ratio tests promise to make them even
more useful in identifying instances of functional
divergence. Moreover, innovative ancestral recon-
struction approaches, which have already proven
so useful in evolutionary studies of protein struc-
ture and function, can now be expanded to the evo-
lution of silent sites. The incorporation of recently
developed models that explicitly model variation
in synonymous rates now offer the opportunity to
identify and reconstruct synonymous substitutions
that may be under positive selection, and to investi-
gate their effect on translational efficiency, splicing
control, and protein folding.

Ultimately, the real power of codon models for
investigations of molecular evolution lies in their
ability to generate hypotheses linking certain sub-

stitutions to specific shifts in molecular function,
which can be then be tested experimentally. Despite
the enormous popularity and widespread use of
codon-based phylogenetic methods of detecting
selection, functional verifications of dN/dS-based
site predictions have been lagging behind, with the
vast majority of claims of positive selection based
on comparative sequence analyses alone (MacCal-
lum and Hill, 2006; Hughes, 2008; Nielsen, 2009).
Only a handful of studies have functionally tested
dN/dS site predictions, in many cases finding func-
tional divergence suggestive of adaptive evolution
(Sun et al., 2002; Ivarsson et al., 2003; Sawyer et al.,
2005; Norrgard et al., 2006; Weinberger et al., 2009).
A notable exception is an often cited experimental
study of rhodopsin evolution in which positively
selected sites were found to have minimal effect
on spectral tuning (Yokoyama et al., 2008). How-
ever, this study assumed that the only adaptive rea-
son for positive selection in visual pigments would
be for spectral tuning. In fact, in vitro assays have
found significant variation in other aspects of visual
pigment function that may have equally important
implications for visual behaviour and ecology (Imai
et al., 2007; Sugawara et al., 2009).

Their study does, however, highlight the neces-
sity for further experimental validation of these
approaches. Forging a link at any level between
positive selection and adaptive evolution is never
an easy task (Gould and Lewontin, 1979; Nielsen,
2009). At the very least, it requires rigorous exper-
imental investigation into the underlying molecu-
lar mechanisms by which particular substitutions
may result in functional change. And for most
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experimental studies, it must be remembered that
functional assays of particular mutations are often
conducted in the background of extant proteins,
and not, in fact, the ancestral proteins in which
the adaptive evolution might have occurred. Ances-
tral reconstruction approaches offer us the exciting
opportunity to recreate in the laboratory the pos-
itively selected substitutions in the context of the
ancestral molecules in which they occurred, and
to investigate possible associations with interesting
functional shifts. The real promise of the future may
lie in experimentally recreating the past adaptive
history of genes, in order to avoid merely telling
just-so-stories of molecular adaptation.

Acknowledgements

This research was supported in part by Discov-
ery grants from the Natural Sciences and Engineer-
ing Research Council of Canada (BSWC), an Early
Researcher Award (BSWC), Univ. Toronto Vision
Science Research Fellowships (CJW, DDY, JMM),
and the Deutsche Forschungsgemeinschaft (grant
no. Mu 1760/2-3; JM, CB).

References

Akashi, H. (1995). Inferring weak selection from pat-
terns of polymorphism and divergence at silent sites in
Drosophila DNA. Genetics 139: 1067–1076.

Akashi, H., W.Y. Ko, S.F. Piao, A. John, P. Goel, C.F.
Lin et al. (2006). Molecular evolution in the Drosophila
melanogaster species subgroup: frequent parameter fluc-
tuations on the timescale of molecular divergence.
Genetics 172: 1711–1726.

Alverson, A.J. (2007). Strong purifying selection in the
silicon transporters of marine and freshwater diatoms.
Limnol Oceanog 52: 1420–1429.

Anisimova, M. and C. Kosiol. (2009). Investigating
protein-coding sequence evolution with probabilistic
codon substitution models. Mol Biol Evol 26: 255–271.

Anisimova, M. and D.A. Liberles. (2007). The quest for
natural selection in the age of comparative genomics.
Heredity 99: 567–579.

Balakirev, E.S., M. Anisimova, and F.J. Ayala. (2006). Pos-
itive and negative selection in the beta-esterase gene
cluster of the Drosophila melanogaster subgroup. J Mol
Evol 62: 496–510.

Bernardi, G., B. Olofsson, J. Filipski, M. Zerial, J. Salinas,
G. Cuny et al. (1985). The mosaic genome of warm-
blooded vertebrates. Science 228: 953–958.

Bielawski, J.P. and Z.H. Yang. (2004). A maximum like-
lihood method for detecting functional divergence at
individual codon sites, with application to gene family
evolution. J Mol Evol 59: 121–132.

Bielawski, J.P. and Z.H. Yang. (2005). Maximum likeli-
hood methods for detecting adaptive protein evolution
in R. Nielsen, ed. Statistical methods in molecular evolution.
Springer-Verlag, New York.

Bridgham, J.T., E.A. Ortlund, and J.W. Thornton. (2009).
An epistatic ratchet constrains the direction of glucocor-
ticoid receptor evolution. Nature 461: 515–U578.

Cannarozzi, G.M., A. Schneider, and G.H. Gonnet.
(2007). Probabilistic ancestral sequences based on the
Markovian model of evolution—algorithms and appli-
cations in D.A. Liberles, ed. Ancestral sequence reconstruc-
tion. Oxford University Press, Oxford.

Chamary, J.V. and L.D. Hurst. (2005). Evidence for selec-
tion on synonymous mutations affecting stability of
mRNA secondary structure in mammals. Genome Biol
6:R75.

Chamary, J.V., J.L. Parmley, and L.D. Hurst. (2006). Hear-
ing silence: non-neutral evolution at synonymous sites
in mammals. Nat Rev Genet 7: 98–108.

Chang, B.S. W. (2003). Ancestral gene reconstruction and
synthesis of ancient rhodopsins in the laboratory. Integr
Comp Biol 43: 500–507.

Chang, B.S. W. and D.L. Campbell. (2000). Bias in phyloge-
netic reconstruction of vertebrate rhodopsin sequences.
Mol Biol Evol 17: 1220–1231.

Chang, B.S. W., K. Jonsson, M.A. Kazmi, M.J. Donoghue,
and T.P. Sakmar. (2002). Recreating a functional ances-
tral archosaur visual pigment. Mol Biol Evol 19:
1483–1489.

Chinen, A., Y. Matsumoto, and S. Kawamura. (2005a).
Spectral differentiation of blue opsins between phylo-
genetically close but ecologically distant goldfish and
zebrafish. J Biol Chem 280: 9460–9466.

Chinen, A., Y. Matsumoto, and S. Kawamura. (2005b).
Reconstitution of ancestral green visual pigments of
zebrafish and molecular mechanism of their spectral
differentiation. Mol Biol Evol 22: 1001–1010.

Crompton, A.W., C.R. Taylor, and J.A. Jagger. (1978).
Evolution of homeothermy in mammals. Nature 272:
333–336.

Des Marais, D.L. and M.D. Rausher. (2008). Escape from
adaptive conflict after duplication in an anthocyanin
pathway gene. Nature 454: 762–765.

Drummond, D.A. and C.O. Wilke. (2008). Mistranslation-
induced protein misfolding as a dominant constraint on
coding-sequence evolution. Cell 134: 341–352.

Du, J. (2010). Investigating Molecular Evolution of
Rhodopsin Using Likelihood/Bayesian Phylogenetic
Methods. PhD dissertation, University of Toronto.



OUP CORRECTED PROOF – FINAL, 31/1/2012, SPi

160 THE FUTURE OF CODON MODELS IN STUDIES OF MOLECULAR FUNCTION

Duret, L. (2002). Evolution of synonymous codon usage in
metazoans. Curr Opin Genet Dev 12: 640–649.

Eyre-Walker, A. and L.D. Hurst. (2001). The evolution of
isochores. Nat Rev Genet 2: 549–555.

Felsenstein, J. (2004). Inferring phylogenies. Sinauer Asso-
ciates, Sunderland, Mass.

Fisher, R. (1930). The distribution of gene ratios for rate
mutations. Proc R Soc Edinb 50: 205–220.

Forsberg, R. and F.B. Christiansen. (2003). A codon-based
model of host-specific selection in parasites, with an
application to the influenza A virus. Mol Biol Evol 20:
1252–1259.

Galtier, N., G. Piganeau, D. Mouchiroud, and L. Duret.
(2001). GC content evolution in mammalian genomes:
The biased gene conversion hypothesis. Genetics 159:
907–911.

Gaucher, E.A., J.M. Thomson, M.F. Burgan, and S.A. Ben-
ner. (2003). Inferring the palaeoenvironment of ancient
bacteria on the basis of resurrected proteins. Nature 425:
285–288.

Gaucher, E.A., S. Govindarajan, and O.K. Ganesh. (2008).
Palaeotemperature trend for Precambrian life inferred
from resurrected proteins. Nature 451: 704–U702.

Goldman, N. and Z.H. Yang. (1994). Codon-based model
of nucleotide substitution for protein-coding DNA
sequences. Mol Biol Evol 11: 725–736.

Gonnet, G.H. and S.A. Benner. (1996). Probabilistic ances-
tral sequences and multiple alignments, pp. 380–391
in R. Karlsson, and A. Lingas, eds. Algorithm theory.
Springer, Berlin.

Gonnet, G.H., M.T. Hallett, C. Korostensky, and
L. Bernardin. (2000). Darwin v. 2.0: an interpreted
computer language for the biosciences. Bioinformatics
16: 101–103.

Gould, S.J. and R.C. Lewontin. (1979). The spandrels of
San Marco and the Panglossian paradigm: a critique of
the adaptationist programme. Proc R Soc Lond B Biol
Sci 205: 581–598.

Gu, X. (2006). A simple statistical method for estimating
type-II (cluster-specific) functional divergence of pro-
tein sequences. Mol Biol Evol 23: 1937–1945.

Guindon, S., A.G. Rodrigo, K.A. Dyer, and J.P. Huelsen-
beck. (2004). Modeling the site-specific variation of
selection patterns along lineages. Proc Natl Acad Sci
USA 101: 12957–12962.

Hahn, M.W. (2009). Distinguishing among evolutionary
models for the maintenance of gene duplicates. J Hered
100: 605–617.

Haudry, A., A. Cenci, C. Guilhaumon, E. Paux, S. Poirier,
S. Santoni, J. David, and S. Glemin. (2008). Mating sys-
tem and recombination affect molecular evolution in
four Triticeae species. Genet Res (Camb) 90: 97–109.

Hernandez-Hernandez, T., L.P. Martinez-Castilla, and
E.R. Alvarez-Buylla. (2007). Functional diversification
of B MADS-box homeotic regulators of flower develop-
ment: Adaptive evolution in protein-protein interaction
domains after major gene duplication events. Mol Biol
Evol 24: 465–481.

Hofmann, C.M. and K.L. Carleton. (2009). Gene duplica-
tion and differential gene expression play an important
role in the diversification of visual pigments in fish.
Integr Comp Biol 49: 630–643.

Huelsenbeck, J.P. and J.P. Bollback. (2001). Empirical and
hierarchical Bayesian estimation of ancestral states. Syst
Biol 50: 351–366.

Hughes, A.L. (2008). The origin of adaptive phenotypes.
Proc Natl Acad Sci USA 105: 13193–13194.

Hughes, D.A., A. Hinney, H. Brumm, A.K. Wermter, H.
Biebermann, J. Hebebrand et al. 2009a. Increased con-
straints on MC4R during primate and human evolution.
Hum Genet 124: 633–647.

Hughes, D.A., M. Jastroch, M. Stoneking, and M. Klin-
genspor. 2009b. Molecular evolution of UCP1 and the
evolutionary history of mammalian non-shivering ther-
mogenesis. BMC Evol Biol 9: 4.

Imai, H., V. Kefalov, K. Sakurai, O. Chisaka, Y. Ueda, A.
Onishi, et al. (2007). Molecular properties of rhodopsin
and rod function. J Biol Chem 282: 6677–6684.

Ivarsson, Y., A.J. Mackey, M. Edalat, W.R. Pearson, and
B. Mannervik. (2003). Identification of residues in glu-
tathione transferase capable of driving functional diver-
sification in evolution. A novel approach to protein
redesign. J Biol Chem 278: 8733–8738.

Jerison, H.J. (1971). More on why birds and mammals
have big brains. Am Nat 105: 185–189.

Kanaya, S., Y. Yamada, M. Kinouchi, Y. Kudo, and T.
Ikemura. (2001). Codon usage and tRNA genes in
eukaryotes: Correlation of codon usage diversity with
translation efficiency and with CG-dinucleotide usage
as assessed by multivariate analysis. J Mol Evol 53:
290–298.

Kimchi-Sarfaty, C., J.M. Oh, I.W. Kim, Z.E. Sauna,
A.M. Calcagno, S.V. Ambudkar et al. (2007). A ‘silent’
polymorphism in the MDR1 gene changes substrate
specificity. Science 315: 525–528.

Kimura, M. (1957). Some problems of stochastic processes
in genetics. Ann Math Stat 28: 882–901.

Koshi, J.M. and R.A. Goldstein. (1996). Probabilistic recon-
struction of ancestral protein sequences. J Mol Evol 42:
313–320.

Kotlar, D. and Y. Lavner. (2006). The action of selection
on codon bias in the human genome is related to fre-
quency, complexity, and chronology of amino acids.
BMC Genomics 7: 67.



OUP CORRECTED PROOF – FINAL, 31/1/2012, SPi

REFERENCES 161

Kuang, D.H., Y. Yao, D. MacLean, M.H. Wang, D.R.
Hampson, and B.S. W. Chang. (2006). Ancestral recon-
struction of the ligand-binding pocket of Family C G
protein-coupled receptors. Proc Natl Acad Sci USA 103:
14050–14055.

Lavner, Y. and D. Kotlar. (2005). Codon bias as a factor in
regulating expression via translation rate in the human
genome. Gene 345: 127–138.

Levasseur, A., L. Orlando, X. Bailly, M.C. Milinkovitch,
E.G. Danchin, and P. Pontarotti. (2007). Conceptual
bases for quantifying the role of the environment on
gene evolution: the participation of positive selection
and neutral evolution. Biol Rev Camb Philos Soc 82:
551–572.

Li, G., J. Wang, S.J. Rossiter, G. Jones, and S. Zhang. (2007).
Accelerated FoxP2 evolution in echolocating bats. PLoS
One 2:e900.

Li, Z., X. Gan, and S. He. (2009). Distinct evolutionary pat-
terns between two duplicated color vision genes within
cyprinid fishes. J Mol Evol 69: 346–359.

Li, G., J.E. Janecka, and W.J. Murphy. (2011). Acceler-
ated evolution of CES7, a gene encoding a novel major
urinary protein in the cat family. Mol Biol Evol 28:
911–920.

Liao, P.C., T.P. Lin, W.C. Lan, J.D. Chung, and
S.Y. Hwang. (2010). Duplication of the class I cytosolic
small heat shock protein gene and potential functional
divergence revealed by sequence variations flanking
the {alpha}-crystallin domain in the genus Rhododendron
(Ericaceae). Ann Bot 105: 57–69.

Liberles, D.A. (2007). Ancestral sequence reconstruction,
pp. 266. Oxford University Press, Oxford.

Liu, Y., J.A. Cotton, B. Shen, X. Han, S.J. Rossiter, and
S. Zhang. (2010). Convergent sequence evolution
between echolocating bats and dolphins. Curr Biol
20:R53–54.

MacCallum, C. and E. Hill. (2006). Being positive about
selection. Plos Biol 4: 293–295.

Mayrose, I., A. Doron-Faigenboim, E. Bacharach, and
T. Pupko. (2007). Towards realistic codon models:
among site variability and dependency of synony-
mous and non synonymous rates. Bioinformatics 23:
I319–I327.

McVean, G.A. T. and J. Vieira. (1999). The evolution
of codon preferences in Drosophila: A maximum-
likelihood approach to parameter estimation and
hypothesis testing. J Mol Evol 49: 63–75.

McVean, G.A. T. and J. Vieira. (2001). Inferring parameters
of mutation, selection and demography from patterns of
synonymous site evolution in drosophila. Genetics 157:
245–257.

Menon, S.T., M. Han, and T.P. Sakmar. (2001). Rhodopsin:
Structural basis of molecular physiology. Physiol Rev
81: 1659–1688.

Mondragon-Palomino, M., L. Hiese, A. Harter, M.A. Koch,
and G. Theissen. (2009). Positive selection and ancient
duplications in the evolution of class B floral homeotic
genes of orchids and grasses. BMC Evol Biol 9: 81.

Muse, S.V., and B.S. Gaut. (1994). A likelihood approach
for comparing synonymous and nonsynonymous
nucleotide substitution rates, with application to the
chloroplast genome. Mol Biol Evol 11: 715–724.

Nagylaki, T. (1983). Evolution of a finite population under
gene conversion. Proc Natl Acad Sci USA 80: 6278–6281.

Nielsen, R. (2009). Adaptionism-30 years after Gould and
Lewontin. Evolution 63: 2487–2490.

Nielsen, R. and Z.H. Yang. (1998). Likelihood mod-
els for detecting positively selected amino acid sites
and applications to the HIV-1 envelope gene. Genetics
148:929–936.

Nielsen, R., V.L. B. DuMont, M.J. Hubisz, and
C.F. Aquadro. (2007). Maximum likelihood estimation
of ancestral codon usage bias parameters in Drosophila.
Mol Biol Evol 24: 228–235.

Norrgard, M.A., Y. Ivarsson, K. Tars, and B. Mannervik.
(2006). Alternative mutations of a positively selected
residue elicit qain or loss of functionalities in enzyme
evolution. Proc Natl Acad Sci USA 103: 4876–4881.

Panisko, E.A. and L. McAlister-Henn. (2001). Subunit
interactions of yeast NAD(+)-specific isocitrate dehy-
drogenase. J Biol Chem 276: 1204–1210.

Parmley, J.L., J.V. Chamary, and L.D. Hurst. (2006).
Evidence for purifying selection against synonymous
mutations in mammalian exonic splicing enhancers.
Mol Biol Evol 23: 301–309.

Pollock, D.D. and B.S. W. Chang. (2007). Dealing with
uncertainty in ancestral sequence reconstruction: sam-
pling from the posterior distribution. Pp. 85–94 in
D.A. Liberles, ed. Ancestral sequence reconstruction.
Oxford University Press, New York.

Pond, S.K. and S.V. Muse. (2005). Site-to-site varia-
tion of synonymous substitution rates. Mol Biol Evol
22:2375–2385.

Pond, S.L. K., S.D. W. Frost, and S.V. Muse. (2005). HyPhy:
hypothesis testing using phylogenies. Bioinformatics
21: 676–679.

Ponger, L., L. Duret, and D. Mouchiroud. (2001). Determi-
nants of CpG islands: Expression in early embryo and
isochore structure. Genome Res 11: 1854–1860.

Pugh, E.N. and T.D. Lamb. (1993). Amplification and
kinetics of the activation steps in phototransduction.
Biochim Biophys Acta 1141: 111–149.



OUP CORRECTED PROOF – FINAL, 31/1/2012, SPi

162 THE FUTURE OF CODON MODELS IN STUDIES OF MOLECULAR FUNCTION

Pupko, T., I. Pe’er, R. Shamir, and D. Graur. (2000). A fast
algorithm for joint reconstruction of ancestral amino
acid sequences. Mol Biol Evol 17: 890–896.

Pupko, T., I. Pe’er, M. Hasegawa, D. Graur, and N.
Friedman. (2002). A branch-and-bound algorithm for
the inference of ancestral amino-acid sequences when
the replacement rate varies among sites: application to
the evolution of five gene families. Bioinformatics 18:
1116–1123.

Ronquist, F. and J.P. Huelsenbeck. (2003). MrBayes 3:
Bayesian phylogenetic inference under mixed models.
Bioinformatics 19: 1572–1574.

Salemi, M. and A.M. Vandamme. (2003). The phylogenetic
handbook: a practical approach to DNA and protein phy-
logeny. Cambridge University Press, New York.

Sawyer, S.L., L.I. Wu, M. Emerman, and H.S. Malik.
(2005). Positive selection of primate TRIM5alpha iden-
tifies a critical species-specific retroviral restriction
domain. Proc Natl Acad Sci USA 102: 2832–2837.

Schneider, A., G.M. Cannarozzi, and G.H. Gonnet. (2005).
Empirical codon substitution matrix. BMC Bioinformat-
ics 6: 134.

Sharp, P.M., M. Averof, A.T. Lloyd, G. Matassi, and J.F.
Peden. (1995). DNA sequence evolution—the sounds of
silence. Phil Trans Roy Soc B Biol Sci 349: 241–247.

Shimizu, H., S.I. Yokobori, T. Ohkuri, T. Yokogawa,
K. Nishikawa, and A. Yamagishi. (2007). Extremely
thermophilic translation system in the common
ancestor commonote: Ancestral mutants of glycyl-
tRNA synthetase from the extreme thermophile
Thermus thermophilus. J Mol Biol 369: 1060–1069.

Skovgaard, M., J.T. Kodra, D.X. Gram, S.M. Knudsen,
D. Madsen, and D.A. Liberles. (2006). Using evolution-
ary information and ancestral sequences to understand
the sequence-function relationship in GLP-1 agonists. J
Mol Biol 363: 977–988.

Studer, R.A. and M. Robinson-Rechavi. (2010). Large-scale
analysis of orthologs and paralogs under covarion-like
and constant-but-different models of amino acid evolu-
tion. Mol Biol Evol 27: 2618–2627.

Sugawara, T., H. Imai, M. Nikaido, Y. Imamoto, and
N. Okada. (2009). Vertebrate rhodopsin adaptation to
dim light via rapid meta-II intermediate formation. Mol
Biol Evol 27: 506–519.

Summers, K. and Y. Zhu. (2008). Positive selection on a
prolactin paralog following gene duplication in cich-
lids: adaptive evolution in the context of parental care?
Copeia 2008: 872–876.

Sun, H., S. Merugu, X. Gu, Y.Y. Kang, D.P. Dickinson, P.
Callaerts et al. (2002). Identification of essential amino
acid changes in paired domain evolution using a novel
combination of evolutionary analysis and in vitro and
in vivo studies. Mol Biol Evol 19: 1490–1500.

Takahashi, Y. and T.G. Ebrey. (2003). Molecular basis of
spectral tuning in the newt short wavelength sensitive
visual pigment. Biochemistry 42: 6025–6034.

Tamura, K., J. Dudley, M. Nei, and S. Kumar. (2007).
MEGA4: Molecular evolutionary genetics analysis
(MEGA) software version 4.0. Mol Biol Evol 24:
1596–1599.

Thomson, J.M., E.A. Gaucher, M.F. Burgan, D.W. De
Kee, T. Li, J.P. Aris et al. (2005). Resurrecting ances-
tral alcohol dehydrogenases from yeast. Nat Genet 37:
630–635.

Thornton, J.W. (2004). Resurrecting ancient genes: exper-
imental analysis of extinct molecules. Nat Rev Genet 5:
366–375.

Thornton, J.W., E. Need, and D. Crews. (2003). Resur-
recting the ancestral steroid receptor: Ancient origin of
estrogen signaling. Science 301: 1714–1717.

Ugalde, J.A., B.S. W. Chang, and M.V. Matz. (2004).
Evolution of coral pigments recreated. Science 305:
1433–1433.

Wang, M., X. Zhang, H. Zhao, Q. Wang, and Y. Pan. (2010).
Comparative analysis of vertebrate PEPT1 and PEPT2
genes. Genetica 138: 587–599.

Warrington, J.A., A. Nair, M. Mahadevappa, and
M. Tsyganskaya. (2000). Comparison of human adult
and fetal expression and identification of 535 house-
keeping/maintenance genes. Physiol Genomics 2:
143–147.

Weadick, C.J. and B.S. W. Chang. (2011). An improved
likelihood ratio test for detecting site-specific functional
divergence among clades of proteincoding genes. In
press.

Wei, K., Z. Zhang, X. Wang, W. Zhang, X. Xu, F.
Shen et al. (2010). Lineage pattern, trans-species
polymorphism, and selection pressure among the
major lineages of feline MHC-DRB peptide-binding
region. Immunogenetics 62: 307–317.

Weinberger, H., Y. Moran, D. Gordon, M. Turkov,
R. Kahn, and M. Gurevitz. (2009). Positions
under positive selection–key for selectivity and
potency of scorpion alpha-toxins. Mol Biol Evol 27:
1025–1034.

Williams, P.D., D.D. Pollock, B.P. Blackburne, and
R.A. Goldstein. (2006). Assessing the accuracy of
ancestral protein reconstruction methods. PloS Comput
Biol 2: 598–605.

Willie, E., and J. Majewski. (2004). Evidence for codon
bias selection at the pre-mRNA level in eukaryotes.
Trends Genet 20: 534–538.

Wright, S. (1931). Evolution in Mendelian populations.
Genetics 16: 97–159.

Yang, Z.H. (2006). Computational molecular evolution.
Oxford University Press, Oxford.



OUP CORRECTED PROOF – FINAL, 31/1/2012, SPi

REFERENCES 163

Yang, Z.H. (2007). PAML 4: Phylogenetic analysis by
maximum likelihood. Mol Biol Evol 24: 1586–1591.

Yang, Z.H. and J.P. Bielawski. (2000). Statistical methods
for detecting molecular adaptation. Trends in Ecol Evol
15: 496–503.

Yang, Z.H. and R. Nielsen. (2002). Codon-substitution
models for detecting molecular adaptation at individual
sites along specific lineages. Mol Biol Evol 19: 908–917.

Yang, Z.H. and R. Nielsen. (2008). Mutation-selection
models of codon substitution and their use to estimate
selective strengths on codon usage. Mol Biol Evol 25:
568–579.

Yang, Z.H., S. Kumar, and M. Nei. (1995). A new method
of inference of ancestral nucleotide and amino acid
sequences. Genetics 141: 1641–1650.

Yang, Z.H., R. Nielsen, N. Goldman, and A.M. K.
Pedersen. (2000). Codon-substitution models for
heterogeneous selection pressure at amino acid sites.
Genetics 155: 431–449.

Yang, Z.H., W.S. W. Wong, and R. Nielsen. (2005). Bayes’
empirical Bayes’ inference of amino acid sites under
positive selection. Mol Biol Evol 22: 1107–1118.

Yokoyama, S., T. Tada, H. Zhang, and L. Britt. (2008).
Elucidation of phenotypic adaptations: Molecular
analyses of dim-light vision proteins in vertebrates.
Proc Natl Acad Sci USA 105: 13480–13485.

Yokoyama, S., N. Takenaka, and N. Blow. (2007). A novel
spectral tuning in the short wavelength-sensitive (SWS1
and SWS2) pigments of bluefin killifish (Lucania goodei).
Gene 396: 196–202.

Zhang, J.Z., R. Nielsen, and Z.H. Yang. (2005). Evaluation
of an improved branch-site likelihood method for
detecting positive selection at the molecular level. Mol
Biol Evol 22: 2472–2479.

Zhao, H., B. Ru, E.C. Teeling, C.G. Faulkes, S. Zhang, and
S.J. Rossiter. (2009). Rhodopsin molecular evolution in
mammals inhabiting low light environments. PLoS One
4:e8326.

Zhou, T., W.J. Gu, and C.O. Wilke. (2010). Detecting
Positive and Purifying Selection at Synonymous
Sites in Yeast and Worm. Mol Biol Evol 27:
1912–1922.


