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Abstract: Duplication of genes increases the amount of genetic material on which evolution can work and has been considered of major

importance for the development of biological novelties or to explain important transitions that have occurred during biological evolution.

Recently, much research has been devoted to the study of the evolutionary and functional divergence of duplicated genes. Since the

majority of genes are part of gene families, there is considerable interest in predicting differences in function between duplicates and

assessing the functional redundancy of genes within gene families. In this review, we discuss the strengths and limitations of both older

and novel approaches to investigate the evolution of duplicated genes in silico.
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Introduction
In his now classic book Evolution by Gene Duplication,
published in 1970, Ohno claimed that if evolution had been
entirely dependent on natural selection, from a bacterium
only numerous forms of bacteria would have emerged, while
big leaps in evolution would have been impossible without
the creation — through duplication — of many new gene loci
with previously nonexistent functions. During the last few
decades it became clear that, from an evolutionary point of
view, most genes are indeed not unique but are part of larger
families of related genes. These gene families have originated
by duplication of an ancestral gene, after which these
duplicated genes in turn have duplicated. It is now generally
believed that extensive gene duplication has been responsible
for increased genomic and phenotypic complexity (eg
Aburomia et al 2003; Meyer and Van de Peer 2003).
Although there is some evidence that gene duplication is
a continuous and very frequently occurring process (Lynch
and Conery 2000; Gu et al 2002), more and more genomic
data seem to suggest that many duplicates have been formed
during some major, large-scale gene duplication events.
Entire genome duplication events have been postulated for
(members of) the three major eukaryotic kingdoms. On the
basis of a genome-wide analysis of the yeast Saccharomyces
cerevisiae, Wolfe and Shields (1997) postulated a duplication
of the entire yeast genome about 100 million years ago,
although this event was dated much earlier (200-300 million

years ago) by others (Friedman and Hughes 2001). About
13% of the yeast genome still consists of duplicated genes,
resulting from this polyploidy event (Seoighe and Wolfe 1999).

For animals, the first indications about large-scale
duplications early in the vertebrate lineage were found by
the analysis of Hox genes (Holland et al 1994). Hox genes
encode DNA-binding proteins that specify cell fate along
the anterior—posterior axis of bilaterian animal embryos and
occur in one or more clusters of up to 13 genes per cluster
(Gehring 1998). It is thought that the ancestral Hox gene
cluster arose from a single gene by a number of tandem
duplications. The observation that protostome invertebrates,
as well as the deuterostome cephalochordate Amphioxus,
possess a single Hox cluster, while Sarcopterygia, a
monophyletic group including lobe-finned fish such as the
coelacanth and lungfishes, amphibians, reptiles, birds and
mammals have four clusters (Holland and Garcia-Fernandez
1996; Holland 1997), supports the hypothesis of 2 rounds
(2R) of entire genome duplications early in vertebrate
evolution. Additional support comes from the detection and
dating of duplicated blocks in the human genome
(McLysaght et al 2002), large-scale phylogenetic analysis
of gene families (Gu et al 2002) and analysis of gene clusters
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such as the major histocompatibility complex (MHC) region
(Spring 1997; Abi-Rached et al 2002). However, in general,
strong evidence in favour of 2R is hard to find and the 2R
hypothesis is still vigorously debated (Furlong and Holland
2002; Larhammar et al 2002; Spring 2002; Friedman and
Hughes 2003).

A few years ago, ‘extra’ Hox gene clusters were
discovered in fish. Amores and co-authors (1998) described
the existence of seven Hox clusters in zebrafish (Danio rerio),
and additional Hox clusters have also been described for
medaka (Oryzias latipes) (Naruse et al 2000), the African
cichlid fish Oreochromis niloticus (Mélaga-Trillo and Meyer
2001) and the pufferfish Fugu rubripes (Aparicio et al 1997).
All these data strongly point to an additional Hox cluster
duplication in ray-finned fishes that occurred before the
divergence of zebrafish, medaka and pufferfish, at least 100
million years ago (Nelson 1994). Furthermore, mapping data
suggest that duplications are not limited to Hox clusters, and
that large chromosome segments or entire chromosomes are
duplicated (Amores et al 1998; Force et al 1999; Postlethwait
et al 2000; Woods et al 2000). In the meantime, many other
multigene families have been described that have more genes
in fish than in other vertebrates (Wittbrodt et al 1998;
Postlethwait et al 2000; Taylor, Van de Peer, Braasch et al
2001; Taylor, Van de Peer, Meyer 2001). Moreover, tree
topologies clearly support a fish-specific genome duplication
that has occurred early in the evolution of ray-finned fishes
(Taylor et al 2003; Van de Peer et al 2003).

In plants, early analyses based on the (at that time)
unfinished genome sequence of Arabidopsis thaliana showed
that large-scale gene duplication, probably a complete
genome duplication, occurred in the evolution of this model
plant (eg Terryn et al 1999; Blanc et al 2000; Paterson et al
2000), an opinion later shared by the Arabidopsis Genome
Initiative (AGI 2000). Vision et al (2000) investigated this
genome duplication by considering large regions (‘blocks”)
of genes that showed statistically significant colinearity with
other regions in the genome. They could reject a single
genome duplication event because of the discovery of many
overlapping blocks, a phenomenon that can be attributed only
to multiple duplication events. By dating these duplicated
blocks, these authors postulated up to four different large-
scale gene duplication events, ranging from 50 to 220 million
years ago. One of these classes, dated approximately 100
million years ago, grouped nearly 50% of all the duplicated
blocks, suggesting a complete genome duplication at that
time (Vision et al 2000). However, the dating methods used
in this study were later criticised (Wolfe 2001; Raes et al

2003). A recent reanalysis of the Arabidopsis thaliana
genome by Simillion et al (2002) considered heavily
degenerated block duplications. These ancient duplicated
blocks can no longer be recognised by directly comparing
both segments because of differential gene loss, but can still
be detected through indirect comparison with other segments.
When these so-called hidden duplications are taken into
account to describe the duplication landscape in Arabidopsis,
many homologous genomic regions can be found in five to
eight copies, suggesting three polyploidisation events in the
evolutionary past of Arabidopsis thaliana. Furthermore,
about 28% of the genes in Arabidopsis are retained
duplicates, resulting from these ancient large-scale gene
duplication events, the youngest one estimated to have
occurred about 75 million years ago (Simillion et al 2002).

Evolution of novel gene functions

Large-scale gene or entire genome duplication events such
as those described above have been considered very
important for biological evolution because they provide a
way to greatly increase the amount of genetic material on
which evolution can work (Ohno 1970; Holland et al 1994;
Sidow 1996; Prince and Pickett 2002; Holland 2003). Indeed,
since duplicated genes are redundant, one of the copies is, at
least in theory, freed from functional constraint and can
therefore evolve a new function. The classical model, put
forward by Ohno (1970), predicts that mutations in the
second copy are selectively neutral and will either turn the
gene into a non-functional pseudogene or, alternatively, turn
the duplicate gene into a gene with a new function, due to a
series of non-deleterious random mutations. This model of
gene evolution has been widely adopted as an explanation
for the evolution of novel genes and gene functions but has
been criticised, mainly because little evidence has been found
for genes that have obtained novel functions this way. Several
alternative models for gene evolution after duplication events
have been proposed (Hughes 1994, 1999; Walsh 1995;
Nowak et al 1997; Gibson and Spring 1998; Wagner 1998;
Force et al 1999). For example, Hughes (1994) and Force et
al (1999) argue that when a gene with multiple functions is
duplicated, the duplicates are redundant only for as long as
each retains the ability to perform all ancestral roles. When
one of the duplicates experiences a mutation that prevents it
from carrying out one of its ancestral roles, the other duplicate
is no longer redundant. According to Force and colleagues’
(1999) ‘duplication—degeneration—complementation’ (DDC)
model, degenerative mutations preserve rather than destroy
duplicated genes but also change their functions — or at least
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restrict them — to become more specialised. Gibson and
Spring (1998) have argued that alteration of a single domain
in a multidomain protein might lead to non-functional
complexes that exhibit a so-called ‘dominant-negative
phenotype’. Their model is based on the observation that,
for several genes, point mutations lead to a much more severe
phenotype than when the (duplicated) gene is simply knocked
out. In this case, one would expect selection against
deleterious point mutations resulting in the retention of the
gene. As a matter of fact, the gene is not only retained, it is
also prevented from diverging too much. Although these
models explain gene retention rather than gene evolution,
keeping the genes around increases the chance for functional
divergence later on, for example, by positive selection (eg
Zhang et al 1998; Duda and Palumbi 1999; Hughes et al
2000) or subfunctionalisation (Li 1980; Piatigorsky and
Wistow 1991; Hughes 1994; Force et al 1999; Stoltzfus 1999;
Wagner 2002). Likewise, processes such as gene conversion
might also retard the functional divergence of duplicated
genes, while at the same time preventing pseudogenisation
of a redundant copy (Li 1997).
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Figure | Overview of the different in silico approaches to study possible
functional divergence at the coding level between two duplicated genes. Simple
approaches are often based on the comparison of only two paralogues, while more
sophisticated analyses are usually based on a larger collection of sequences. See
text for details. ML = maximum likelihood; NED = neutral evolutionary distance;
PAM = point accepted mutations.
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Figure 2 Hypothetical tree depicting a duplication event, followed by speciation.
Paralogues arise through duplication (full arrows), while orthologues arise through
speciation (dashed arrows).

In this review, we discuss some older and novel in silico
approaches to study the evolution of duplicated genes, mainly
focusing on the coding part of the gene, in order to find traces
that might imply functional divergence after duplication.
Figure 1 summarises these different approaches, starting from
two paralogues (Figure 2), but extending the set of sequences
according to the method used.

Detecting functional divergence

Relative-rate tests

One of the simplest ways to study the evolution of duplicated
genes is to investigate whether one of the duplicates has
evolved at a faster rate after duplication, compared to a
reference or outgroup sequence, using a so-called relative-
rate test (Margoliash 1963; Sarich and Wilson 1973). An
increase in the rate of evolution could be explained by relaxed
functional constraints eventually turning one of the duplicates
into a pseudogene, due to accumulation of deleterious
mutations. On the other hand, an increase in rate could also
point to positive selection by which the gene evolves a new
function. In general, relative-rate tests can be divided into
two main categories: parametric and non-parametric.
Parametric rate tests use a model of evolution to account for
multiple substitutions, in order to compute branch lengths
more accurately. To this end, many alternatives and
improvements have been proposed over the years, using
distance (eg Wu and Li 1985; Takezaki et al 1995; Robinson
et al 1998) and likelihood (eg Felsenstein 1988; Muse and
Weir 1992) approaches. Non-parametric tests have the
advantage that they are not influenced by the choice of a,
possibly wrong, substitution model (Nei and Kumar 2000).
The non-parametric rate test of Tajima (1993) compares two
sequences with an outgroup sequence and counts the number
of unique substitutions in both lineages. When both genes
evolve under the molecular clock model (Zuckerkandl and
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Pauling 1965), both genes are expected to have accumulated
a similar number of ‘unique’ substitutions. On the other hand,
when one of the duplicates has accumulated a significantly
larger number of substitutions, the molecular clock does not
apply and one of the paralogues is inferred to have
experienced an increased evolutionary rate.

In several studies rate differences between duplicates have
been investigated. Hughes and Hughes (1993) did not detect
any significant rate differences when investigating 17 recently
duplicated genes in the tetraploid frog Xenopus laevis. Cronn
et al (1999) compared 16 paralogous loci in allotetraploid
cotton and did not detect any significant rate difference after
duplication, except for one locus, where pseudogenisation
of one of the duplicates after the alloploidy event was
suspected. In a study of 19 gene families in fish and
mammals, Robinson-Rechavi and Laudet (2001) detected
four families with a significant rate difference between
duplicates. Kondrashov et al (2002) analysed 101 paralogous
pairs in prokaryotes and eukaryotes and found about five
with a significant rate difference. L Zhang et al (2002)
recently compared rates of 105 duplicated gene pairs on
chromosomes 2 and 4 of Arabidopsis thaliana. Only three
of these showed a significant rate difference after duplication
at the protein level. In conclusion, according to most of the
studies only a very small fraction of the duplicates show an
increase in evolutionary rate after duplication, possibly
pointing to relaxed functional constraints or positive
selection. One of the few studies contradicting this finding
was performed by Van de Peer et al (2001), who examined
26 anciently duplicated genes in zebrafish and observed an
accelerated rate in about half of the duplicates, using a non-
parametric rate test. However, only 2 of 14 duplicated fish
genes from the study of Robinson-Rechavi and Laudet
showed an accelerated rate. The drawback of both studies
is, as with others (see above), the small number of duplicates
investigated. Furthermore, the selection of genes might have
been biased. For example, the majority of genes investigated
by Van de Peer et al (2001) are transcription factors. Whether
this bias is responsible for the high fraction of duplicates
that evolve at unequal rates remains to be investigated.

Detecting positive selection

A second way to study the evolution of genes after
duplication in silico is to compare the rate of nonsynonymous
substitutions, ie substitutions leading to amino acid
replacements (K ), with the rate of synonymous substitutions,
ie substitutions that do not lead to amino acid replacement
(K,). The ratio of these two values, called w, provides a

measure for the selection pressure on the protein product of
a gene. A value of w<1 indicates purifying or negative
selection that keeps the amino acid sequence from changing,
since most amino acid changes are disadvantageous, while
w = 1 indicates neutral evolution (Kimura 1983). When w > 1,
this implies that natural selection favours amino acid
replacements, and as a result nonsynonymous substitutions
are fixed at a higher rate than synonymous substitutions. A
value for w significantly greater than 1 can thus be an
indication for the evolution of the gene towards a new
function.

To estimate the number of nonsynonymous and
synonymous rates, different approaches exist. In general,
these can be divided into two classes: approximate (counting)
methods, which estimate K and K for pairs of sequences;
and ‘maximum likelihood’ methods, which are usually based
on an explicit codon-substitution model, using a multiple
sequence alignment and a phylogenetic tree. Approximate
methods are based on counting the number of observed
nonsynonymous and synonymous substitutions per
nonsynonymous and synonymous site, after which a
correction for multiple substitutions is applied. The simplest
methods, such as the one of Nei and Gojobori (1986), assume
equal nucleotide frequencies and no bias in the direction of
change, while others take into account different rates of
transitions and transversions (Li et al 1985; Li 1993; Pamilo
and Bianchi 1993; Comeron 1995; Ina 1995). A recently
developed method also compensates for codon bias and
unequal nucleotide frequencies (Yang and Nielsen 2000).

The first maximum likelihood methods using explicit
codon substitution models that allowed estimation of K and
K, were developed in 1994 (Goldman and Yang 1994; Muse
and Gaut 1994). These methods take into account biases in
codon usage, base frequency and transition/transversion ratio.
Furthermore, the likelihood framework has the advantage
of providing a statistical test to determine whether K is
significantly higher than K. Using a likelihood ratio test
(LRT), one can compare the likelihood values under two
hypotheses: in this case H, where w is fixed to one, and H
where w is estimated as a free parameter. The rejection of
the null model in the LRT, combined with an estimation of
w> 1, indicates positive or adaptive selection (Yang and
Bielawski 2000).

Although different methods have been developed to detect
positive selection based on w, it must be noted that the ratio
of nonsynonymous over synonymous mutations can be used
to detect positive selection only for recently duplicated genes.
Once the gene has adapted to its specific function, purifying
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selection is expected to predominate, allowing the number
of synonymous substitutions per site to catch up and
eventually exceed the number of nonsynonymous
substitutions per site (Hughes 1999; Nei and Kumar 2000;
see section titled, The episodic nature of selection).

Using the methods described above, several examples of
positive selection have been described in duplicated genes
such as the primate ribonuclease (Zhang et al 1998; Zhang J
et al 2002), mammalian immunoglobulin (Tanaka and Nei
1989), pregnancy-associated glycoprotein (Hughes et al
2000) and gastropod conotoxin genes (Duda and Palumbi
1999). A more extensive overview of genes (paralogues as
well as orthologues) for which positive selection has been
detected can be found in Yang and Bielawski (2000).

On the other hand, several large-scale analyses showed
that functional divergence through positive selection was not
as ubiquitous as previously thought. Hughes and Hughes
(1993) detected no positive selection in their analysis of 17
duplicated genes of Xenopus laevis, using the method of Nei
and Gojobori (1986). Lynch and Conery (2000) observed
328 duplicated pairs with w>1 in a maximum likelihood
analysis (Goldman and Yang 1994) of 9870 pairs in several
different eukaryotes. L Zhang and co-workers (2002), using
the same technique, did not detect any genes under positive
selection among 242 duplicated gene pairs on chromosomes
2 and 4 in Arabidopsis thaliana. Kondrashov and co-workers
(2002) found that the large majority of duplicates are under
purifying selection, using the method of Pamilo and Bianchi
(1993) and Li (1993) in an analysis of 4233 recently
duplicated gene pairs in 26 bacterial, 6 archaeal and 7
eukaryotic genomes. Studies looking for positive selection
without restricting it to paralogues had also only limited
success. Endo et al (1996) applied the Nei and Gojobori
(1986) test on 3595 groups of homologous genes and found
only 17 groups of genes to have been under positive selection
(with o> 1 for a majority of all pairwise comparisons within
a group). Sharp (1997), comparing 363 pairs of genes in
mouse and rat, found only one gene, ie interleukin-3, with
o>1.

The question remains whether positive selection is more
rare than expected, or whether the developed methodologies
are often incapable of reliably detecting it. At least in one
case, the shortcomings of the w>1 test to detect positive
selection were clearly demonstrated. In a two time-point
study on HIV drug resistance, Crandall and co-workers
(1999) analysed differences in o for the protease gene in
eight patients using the Nei and Gojobori (1986) method.
They showed that in only two cases could positive selection

be detected, while parallel adaptive substitutions leading to
drug resistance were observed in five of eight patients.

Problems in detecting positive selection
Sequence bias

A first problem in detecting positive selection is that the
estimation of K and K is influenced by sequence
composition (eg GC content) and codon biases (Smith 1994).
Several analyses discussed above used a simple method that
does not compensate for biases in sequence content. More
complex methods try to account for these biases and allow
for, in general, more accurate estimations of w (Bielawski et
al 2000).

The episodic nature of selection

Another problem is that positive selection is of an episodic
nature, which means that, after a period of positive selection,
purifying selection usually blurs the substitution pattern
indicative of positive selection (Hughes 1999; Nei and Kumar
2000). As a result, positive selection can no longer be detected
30-50 million years after gene duplication by using the ratio
of K, over K (Hughes 1999; Hughes et al 2000). To address
this problem, three approaches have been used. A first
approximate method evaluates whether nonsynonymous
mutations occur in such a way as to change protein charge
or polarity to a greater extent than is expected under random
substitution. This method involves computation of the
proportion of radical nonsynonymous differences (p,) per
radical nonsynonymous site versus the proportion of
conservative nonsynonymous differences per conservative
nonsynonymous site (p,.). When p, . > p, ., nonsynonymous
differences occur in such a way as to change the property of
interest to a greater extent than expected at random (Hughes
et al 1990). Since this method looks at nonsynonymous sites
only and the resulting amino acid changes, the occurrence
of positive selection should be evident for a much longer
period. It should be noted though, that this method may be
less sensitive to detecting positive selection than looking at
the K /K ratio (Vacquier et al 1997; Hughes 1999).
Furthermore, a recent study showed that this measure is
heavily influenced by the transition/transversion ratio and
amino acid composition of the investigated sequences (Dagan
et al 2002). Therefore, inferences on positive selection based
on this method should be treated with caution.

The second strategy is based on the reconstruction of
ancestral sequences at the internodes of the phylogenetic tree.
Given a substitution model and a tree topology, ancestral
seqﬁ‘ences can be inferred through a variety of parsimony
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(Eck and Dayhoff 1966; Fitch 1971; Maddison and Maddison
1992; Swofford 2002), distance (Zhang and Nei 1997),
maximum likelihood (Schluter 1995; Yang et al 1995; Koshi
and Goldstein 1996; Pagel 1999; Pupko et al 2000, 2002)
and hierarchical Bayesian approaches (Huelsenbeck and
Bollback 2001). By comparing these ancestral sequences, m
can be measured along a specific branch (between two
ancestral nodes, or an ancestral node and an endnode) on
the tree, corresponding with a more specific period in
evolution. Although not explicitly looking at duplicated
genes, Liberles et al (2001) detected about 4% of 8690
chordate and embryophyte gene families investigated to have
at least one branch in which w > 1 using this approach.

A third strategy relies on the above-mentioned maximum
likelihood approach using codon models, which allow for w
to vary among branches of the tree. Using an LRT, one can
compare the likelihood values under two hypotheses: in this
case Hj where w is fixed, and H, where o is estimated as a
free parameter for a specific branch or branches. If o is
estimated to be > 1 for the chosen branch(es) and the LRT
gives a significant result, this is indicative for positive
selection in that branch (Yang 1998). This technique was
successfully applied to duplicated ribonuclease genes,
thereby confirming earlier results (Bielawski and Yang 2003).

Positive selection acts locally

Another major reason that might explain the low prevalence
of detectable positive selection lies in the fact that, in general,
o is measured as an average over all sites of a gene. This
implies that, if only a fraction of sites is under positive
selection, their detection is complicated. Not all amino acids
of a protein are functionally important and therefore these
can evolve in a more neutral way, while others do have
important structural and functional roles and are under strong
purifying selection. One can imagine that after duplication
for example, only the domains involved in substrate binding
specificity are under positive selection, while all the other
sites retain their original evolutionary rates, obscuring the
former sites when looking at the K| /K ratio for the gene as
a whole. For example, Hughes and Nei (1988) detected w
values >1 in the antigen recognition region of the MHC,
while other regions of the genes had values for o of less
than 1. Endo and co-workers (1996) recognised the
possibility of region-restricted positive selection as well, and
also used a sliding window method to look for evidence of
positive selection, to avoid averaging over the entire gene,
an approach also followed by Duda and Palumbi (1999).
Fares and co-workers (2002) further improved this kind of

approach by estimating the appropriate window size and by
detecting saturation at synonymous sites.

Positive selection can also be limited to a few dispersed
amino acids. For this reason, methods were developed that
allow detection of positive selection at single amino acid
sites. One method is based on inferring ancestral sequences
for a given tree topology and testing neutrality (w=1) for
each codon site using the numbers of synonymous and
nonsynonymous changes detected throughout the tree. Using
this method, positive selection on specific sites of the human
leucocyte antigen (HLA) gene was detected, yielding two
new putative antigen recognition sites (Suzuki and Gojobori
1999). This method is now also implemented in a publicly
available software package for UNIX® called ADAPTSITE
(Suzuki et al 2001).! Another application of a similar
technique was described by Bush et al (1999), who examined
positive selection in individual codons for the H3
haemagglutinin gene of the human influenza virus A.

In addition, maximum likelihood models were developed
that allow for heterogeneous selection pressure among sites.
They also allow hypothesis testing as described above, using
classes of sites that have different values of w. Models
implementing discrete as well as continuous (gamma, beta)
o distributions are provided. For example, one can compare
(using an LRT) a model in which sites have a continuous
distribution of  values between 0 and 1 with a model having
one extra class of sites in which  is freely estimated. If the
LRT is significant and sites in the extra class have an w > 1,
positive selection on a subset of sites is assumed. This method
allowed the detection of positive selection in several genes,
where earlier methods had failed (Nielsen and Yang 1998;
Yang et al 2000). Using a Bayesian approach, the posterior
probability for each site to belong to a class of w values can
be calculated, and as a consequence the sites under positive
selection can be identified (Nielsen and Yang 1998; Yang et
al 2000).

Recently, methods have been developed to combine
detection of lineage- and site-specific positive detection
(Yang and Nielsen 2002). As in the lineage-specific methods,
a branch can be selected, for which positive selection should
be tested (the so-called ‘foreground’ branch). All other
branches are referred to as ‘background’ branches. Two
models were developed. The first (referred to as the ‘A’
model) is based on four classes of sites: namely, two classes
containing sites with w,=0 (class 0) or w =1 (class 1),
representing sites that are not under positive selection; and
two classes allowing (background) sites of the w, and w,
class to change to a third (estimated) w, > 1 in the foreground
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branch, respectively (sites going from purifying to positive
selection [w;— ,] in class 2 and sites going from neutral
evolution to positive selection [0, w,] in class 3). The
second (B) model allows also for sites under positive
selection in the background lineages, as w, and o, are
estimated freely over the entire phylogenetic tree. These
models have been applied successfully to detect positive
selection after gene duplication in the phytochrome, troponin
C and chalcone synthase gene families, for which the
previous models did not detect positive selection (Yang and
Nielsen 2002; Yang et al 2002; Bielawski and Yang 2003). A
new model is currently under development, which is less
restrictive and allows a class of sites with two independent
estimations of w for the two branches following the
duplication event, in order to model site-specific divergence
in selective pressure following duplication. This model
further refines the possibilities of the previous ones and has
been successfully applied to a number of gene families
(Joseph P Bielawski 2002, pers comm, Oct). These recent
models, together with the Bayesian identification of sites
under positive selection, are very promising and are expected
to allow very detailed study of functional divergence after
duplication.

All maximum likelihood approaches using codon models
described above are implemented in the PAML package
(Yang 1997), which is publicly available for UNIX®,
Windows® and Apple® Macintosh® operating systems.>

One of the most recent developments is the use of ‘stand-
alone’ Bayesian approaches to detect positively selected
mutations at specific sites and lineages. Nielsen (2002) and
Nielsen and Huelsenbeck (2002) developed a method based
on mapping mutations on the phylogenetic tree, which gave
similar results to the Yang and Nielsen (2002) maximum
likelihood approach. However, this approach allows further
exploration of the evolutionary history of the investigated
genes. As an example, they showed, rather unexpectedly,
that in the influenza haemagglutinin protein, positively
selected amino acid changes tended to be mostly
conservative, instead of the expected radical substitutions.

Other methods to detect functional

divergence

Several methods have been developed to detect functional
divergence after duplication on the premise of rate shifts at
specific positions or regions of the protein. It is postulated
that when new functions are acquired by amino acid
substitutions, the selective constraints upon these positions

will also change, which in turn will lead to a difference in
substitution rate at these sites (the so-called type I functional
divergence) (Gu 1999). One of the first methods to detect
such rate changes was developed by Gu (1999, 2001) and
uses a coefficient of statistical divergence (6,) to measure
the functional divergence between two paralogous clusters
of a tree. 0, is defined as the decrease in rate correlation
between the two clusters and was initially estimated using a
simple algorithm based on a Poisson model of molecular
evolution. Gu also developed a probabilistic model with two
possible states for each site: S, when the site is ‘functional-
divergence-unrelated’, meaning that the evolutionary rate of
that site is the same between two clusters; and S , (‘functional-
divergence-related’), when there is no rate correlation
between clusters and altered functional constraints are
hypothesised. In this model, 6, can be interpreted as the
probability P(S) of a site being in the ‘functional divergence
state’. Using a maximum likelihood approach, 6, and the
other parameters of the model (the gamma shape parameter
a and branch lengths) are estimated, after which an LRT
can be used to discern between the null hypothesis that there
is no rate difference between the same sites of two clusters
(H,:8,=0) and the alternative hypothesis H,:6,>0. The
method also allows analysis of three or more clusters at the
same time and incorporates a Bayesian approach to predict
sites that are likely to be responsible for the functional
divergence. It was successfully applied to several vertebrate
gene families (for an overview see Gaucher et al 2002). In
addition, methods to detect type II functional divergence are
proposed. In type II divergence, there is no detectable rate
difference between clusters, but sites have functionally
diverged shortly after duplication at certain sites, resulting
in radical amino acid property differences at these positions
between clusters, although the functional constraint (which
is reflected by the evolutionary rate) became similar again
as soon as these changes had occurred (Gu 2001). The
algorithms were recently embedded in a software package
called DIVERGE, featuring a graphical user interface for
Windows® and Linux®operating systems.? This program also
allows mapping of these sites on a 3-D structure, if available,
to facilitate the understanding of the functional importance
of discovered critical sites (Gu and Vander Velden 2002).
Gaucher et al (2001) used statistical quantiles to detect
functionally important sites in elongation factors by
comparing the bacterial EF-Tu proteins with their eukaryotic
(and functionally diverged) EF-1a counterparts. Sites that
had a rate difference between the two groups of more than 2
standard deviations from the mean in the distribution of rate
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differences per site were considered to be candidate sites
responsible for the difference in function. Subsequently, they
mapped these positions on the known tertiary structure of
these proteins. By correlating this position with the known
functional divergence of the proteins, they were able to
propose putative functions (eg tRNA and cytoskeleton
interaction) for these sites.

Liberles (2001) proposed two alternative measures of
adaptive evolution. The first method consists of calculating
the ratio between the number of point accepted mutations
(PAM) and the neutral evolutionary distance (NED) (Peltier
et al 2000). The latter distance is based on the proportion of
conserved twofold degenerate codons. These codons are
chosen because the differences between each of these codons
are represented solely by transitions at the third codon
position (Peltier et al 2000), making the NED more clock-
like than K, where transitions and transversions, which occur
with different probabilities, are considered. Nevertheless, in
general, it is expected that PAM/NED ratios are similar to
K, /K ratios, as also observed by Liberles (2001). The second
method, the sequence space assessment (SSA) statistic,
measures the fraction of amino acid sites that have undergone
substitution along a certain branch, compared with the total
number of sites that are variable at one or more branches in
the tree (normalised for the number of taxa).

Dermitzakis and Clark (2001) modified a method
designed by Tang and Lewontin (1999) that measures within-
protein rate heterogeneity in duplicated genes. This method,
called the paralogue heterogeneity test, was developed
particularly to detect subfunctionalisation (see Introduction)
at the protein domain level. In other words, it detects whether
in one paralogue, one region of the protein has evolved more
rapidly than that same region in the other paralogue. The
method works by comparing each paralogue to a respective
orthologue (Figure 1) using an approach where a Q-value is
measured for each site in the alignment. This Q-value is a
measure for the density of sequence variability in the region
around that site. By comparing the Q-values of both
paralogues, regions that differ in variability can be
determined. The software tools also contain a script to
perform randomisation tests to calculate the significance of
the obtained results. The authors applied their method to
several mouse and human gene families and detected several
cases in which two regions of a protein evolved at a different
rate in two paralogues, which may point to
subfunctionalisation. A similar method, using user-defined
regions, was also described by Marin et al (2001).

Functional divergence at the regulatory

level

Although this review focuses on the analysis of the protein-
coding part of a gene, novel gene functions arise not only by
modification of the coding region, but also by changing its
expression. As the expression of genes is, at least partly,
dependent on the presence of transcription factor binding
sites in regulatory regions, mutations in these elements can
alter the expression domain of genes. For example,
subfunctionalisation has been proposed to act mainly at the
regulatory level, where the reciprocal loss of different
regulatory elements can lead to functional divergence through
expression in, for example, different organs or stages of
development (Force et al 1999). The in silico investigation
of promoter regions of duplicated genes should allow the
evolution of transcriptional control after duplication to be
unravelled. The most straightforward approach would be to
align promoters using standard alignment tools, and look
for patterns of loss and gain of regulatory motifs.
Unfortunately, these alignment methods are rather rigid and
when, for example, the motif position or order is changed,
or sequences are too divergent, methods based on sequence
alignment have serious difficulties aligning homologous
regulatory regions. New techniques such as the detection of
over-represented motifs by word counting or probabilistic
methods and especially methods such as phylogenetic
footprinting, which take into account the phylogenetic
relationships of genes, do consider this dynamic nature of
promoters and allow investigation of whether loss or gain of
certain regulatory motifs might have led to the functional
divergence of duplicated genes. Nevertheless, although recent
developments seem promising, unambiguous identification
of regulatory elements is generally far from straightforward.
The delineation of promoters is even harder, owing to its
complex nature, and in silico promoter prediction is still in
its infancy (Rombauts et al 2003).

Conclusions

The function of a gene is usually determined by a rather
complex combination of the three-dimensional structure of
the protein it encodes and its spatio-temporal expression
determined by its cis-regulatory elements. In addition, other
processes such as post-transcriptional and post-translational
modifications, transport and cellular context also play an
important role in the definition of a gene’s function.
Duplicated genes provide an excellent tool to study gene
function and functional divergence. After duplication, one
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gene copy is redundant and, freed from functional constraint,
can evolve a new function. Numerous models have been put
forward to explain the retention and functional divergence
of genes, and the study of these processes, bringing together
fundamental evolutionary research and more applied
functional genomics, has now become a rapidly growing field
of research. Although the in silico determination of functional
difference between two duplicated genes is inevitably
compromised by the complex nature of what defines a gene’s
function, much progress has been made in the last few years
and many novel approaches have become available, as
discussed here, to study the functional diversification of
genes. By formulating testable working hypotheses, these
in silico methods can speed up and focus research in many
different fields of evolutionary and molecular biology.
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Glossary

alloploidy fusion of the genomes of two different species

codon bias the preferential usage of certain codon(s) above others coding
for the same amino acid; this difference exists between organisms and/
or genes

colinearity conserved gene order and content between different genomic
segments

differential gene loss reciprocal deletion of genes in duplicated segments

gene conversion a process preventing divergence of homologous loci in a
species (also called non-reciprocal recombination)

homologues genes that share a common ancestor

in silico method to study questions in molecular biology using computational
means rather than laboratory experiments on cell or tissue cultures (in
vitro) or on living organisms (in vivo)

nonsynonymous substitutions nucleotide substitutions that lead to amino
acid replacements

orthologues homologous genes that originated through speciation (see
Figure 1)

paralogues homologous genes that originated through duplication (see
Figure 1)

polyploidy doubling of the copy number of each chromosome in a species

positive selection selection fixing advantageous mutations

pseudogene mnon-functional gene due to the accumulation of deleterious
mutations; the process in which a functional gene becomes a pseudogene
is called pseudogenisation

purifying selection selection against deleterious mutations (also called
negative selection)

subfunctionalisation process in which duplicated genes divide functions
originally exerted by the ancestral gene

synonymous substitutions nucleotide substitutions that do not lead to amino
acid replacements

transitions substitution of a purine (A,G) by another purine, or a pyrimidine
(C,T) by another pyrimidine

transversions substitution of a purine (A,G) by a pyrimidine (C,T) or vice
versa
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