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1 INTRODUCTION

Gene duplication has emerged as an important process supporting the functional diversi-
fication of genes. Since publication of the seminal book Evolution by Gene Duplication
by Ohno (1970), the hypothesis regarding the importance of gene duplication in the
generation of evolutionary novelty has steadily gained support as we have entered
the genome-sequencing era. It is through the link to functional biology that an ulti-
mate understanding of the preservation and diversification of duplicate genes will be
accomplished.

Genes can diverge in function through accumulation (fixation) of coding sequence
changes, which may influence binding interactions and/or catalysis, through the evolu-
tion of splice variants, and through spatial, temporal, and concentration-level changes in
the expression of the protein product. Governing these processes is an interplay among
mutational opportunity, population dynamics, protein biochemistry, and systems and
organismal biology. This interplay is described systematically in this chapter.

2 SYSTEMS BIOLOGY AND HIGHER-LEVEL ORGANIZATION

At the level of biological systems, two early but still relevant views suggested a role
for gene duplication in constructing pathways. These views are both dependent on a
new function emerging in one of the duplicates, but differ in the manner in which it
occurs. One view, patchwork evolution, involved a conservation of catalytic activity
coupled with the evolution of a new substrate after duplication (Jensen, 1976). An
alternative view, retrograde evolution, suggested that pathways are built up backward,
with product becoming substrate based on recognition of the transition state in the
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active site, with the evolution of a new catalytic activity to generate the substrate for
the downstream reaction after duplication (Horowitz, 1945). In a systematic analysis in
Escherichia coli, Light and Kraulis found some evidence for the retrograde evolution
model, but found the patchwork model to be much more common, possibly because
it is easier to gain new binding specificity than to evolve a new catalytic activity
(Light and Kraulis, 2004). Relatedly, it has been suggested that (also in bacteria) there
are secondary (moonlighting) functions where enzymes with a given catalytic activity
carry it out on multiple substrates with different specificities (Copley, 2003). This
nature of enzymatic activities might generally lead to quick differential optimization
after duplication, especially easily if maintained with different specificities in different
alleles by balancing selection before duplication. Further (as discussed in detail below),
specificity is chemically and evolutionarily difficult to attain, and nonspecific binding
activities may arise easily when there is no selective pressure against them. Whereas
selective pressures are ultimately at the systems level, divergence occurs gene by gene
and mutation by mutation. This process will be dissected.

3 MUTATIONAL DYNAMICS AND SUBSTITUTIONS

Both intramolecular and intermolecular coevolution of sites affects the probability
of fixation of any individual mutation, where genetic background (the sequence at
genetically interacting positions) determines the phenotype of any given mutation. The
evolutionary accessibility of different mutations from a given genetic background is
therefore dictated partly by the mutation rate and the frequency of multiple segregating
mutations as well as the population size as a dictator of strength of selection. The
same evolutionary properties affect both intramolecular and intermolecular interaction,
only with differing degrees of sensitivity to mutation, due to the entropic differences
between the two types of interresidue interaction. For these entropic reasons, it is easier
to knock out a binding interaction than to knock out proper protein folding (although
this happens, too) with a single mutation. This is because although there are a greater
number of sites that influence proper folding, covalent attachment means that there will
also be a greater local effective concentration of intramolecularly interacting residues
requiring a lower affinity interaction to generate the same levels of bound state. If one
views two residues as interacting or not interacting, the probability of interaction at any
given time is dependent on their affinity for each other and how many opportunities
they have to interact (their concentration about each other).

So far, we have focused on the coding properties of a gene. Gene expression is
another important process that is subject to phenotypic divergence through mutation.
The typical gene has approximately 12 transcription factor binding sites [the distribu-
tion of this across genomes is not well characterized, and this number is given with an
approximation of six to eight base pairs (Harbison et al., 2004; Hughes and Liberles,
2007)]. The specificity of binding typically enables transcription factors to discriminate
among many sites with single-base-pair mutations (Lusk and Eisen, 2008). Because of
the small size of transcription factor—binding sites, site loss and de novo site evolution
are reasonably common, and this is explored further below. Due to the periodicity of
standard B-form DNA of about 10 bp, as well as changes in effective local concen-
tration of transcription factors about each other and about the initiation site, it might
be expected that spacing between sites is important in gene regulation, but evidence
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generated so far seems to downplay the role of these effects (Shultzaberger et al.,
2007), leading to a focus on the evolution of the sites themselves.

Splicing is another mechanism by which genes can diverge through mutation. There
are two types of splicing, constitutive and alternative, with alternative splicing sim-
ply showing a weaker consensus to splicing regulatory sites (Churbanov et al., 2008).
Like transcription factor—binding sites, splicing regulatory sequences are short and
potentially subject to turnover. However, because of the lack of redundancy (unlike
transcription factor—binding sites), loss in the absence of duplication may frequently be
highly deleterious. It has been shown that alternative splicing itself enables a substitu-
tion burst mediated by relaxed selection on and around these regulatory sites (Xing and
Lee, 2005). That gene duplication can also enable such a burst of substitution under
relaxed selection suggests that gene duplication should enable enhanced rates of alterna-
tive transcript generation, and this has indeed now been demonstrated (Jin et al., 2008).

Many other molecular mechanisms can contribute to mutation-driven diversification.
A far from exhaustive list would include glycosylation sites, protein splicing, and RNA
editing—one only needs to think of the effects of duplication and relaxed selection on
any processes generating constraint described in a molecular biology textbook.

Starting with a few examples of several of these molecular processes, we will then
link mutational opportunity to evolutionary mechanism and process. The following
section includes a series of examples of the fates of duplicate genes. These examples
are meant to be illustrative, and we will ultimately address how general the various
processes that underlie the examples actually are.

4 EVOLUTION OF ENZYME ACTIVE CENTERS AFTER DUPLICATION

Mutations in the active center(s) of an enzyme can lead to a change of its substrate
or a change in its kinetics. For example, Vick and Gerlt (2007) demonstrate that a
single-base-pair change leading to D-to-G substitution in the active center of the mono-
functional L-Ala-D/L-Glu epimerase from E. coli introduced the ability to catalyze the
o-succinylbenzoate synthase reaction while reducing the level of the original reaction
(Figure 1). Four additional nucleotide substitutions led to a complete switch of speci-
ficity and kinetics to the new reaction. Consistent with the patchwork model discussed
earlier, a large number of enzymes in the arginine and lysine synthetic pathways are
homologous to each other (Miyazaki et al., 2001).

Mutations in the structure surrounding the active center can lead to fine-tuning the
active center to different but fundamentally similar substrates. For example, residues in
the active centers of Leu-tRNA synthase and Ile-tRNA synthase are mostly conserved;
Leu and Ile are very close chemically. There are a number of variable residues that
do not directly contact the substrate residue in the active center but, rather, shape the
active center, allowing for recognition of the cognate substrate residue. Both tRNA
synthases are highly similar on both the sequence and structural levels. Leu- and Ile-
tRNA synthases probably arose via gene duplication (Brown and Doolittle, 1995). This
demonstrates a shift in substrate specificity following gene duplication.

4.1 Change of DNA-Binding Specificity

Homeobox genes are homeodomain-containing transcription factors that are known
as principal regulators in the formation of the animal body plan during embryo
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Figure 1 (A) Substitutions in the active center of the L-Ala-D/L-Glu (SP2Q filling residues).
(B) Substitution of one nucleotide in codon coding for Asp297 leads to acquiring of
o-succinylbenzoate activity. Further substitutions of Arg24 and Ile19 (located on an unresolved
loop) lead to a complete switch of specificity of the reaction (PDB ID 1JPD).

development. They are often organized in homologous gene clusters such as Hox,
ParaHox, and NK (Garcia-Fernandez, 2005). Hox clusters can contain different
numbers of genes in different species, where new genes in the clusters arise via
duplication and loss in the course of evolution.

It has been shown that the DNA-binding specificity of Hox genes is controlled by a
few key positions in the homeodomain. For example, substitution of Gln to Lys in posi-
tion 50 of the homeodomain alters recognition from TAATCC (recognized by bicoid
class hox proteins) to the TAAT(T/G)(A/G) motif recognized by the Antennapedia and
Engrailed classes (Hanes and Brent, 1989; Treisman et al., 1989; Percival-Smith et al.,
1990). This is shown in Figure 2. Similarly, substitutions in positions 3, 6, and 7 of the
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Figure 2 X-ray and NMR structures of three Hox proteins from Drosophila melanogaster in
complex with its DNA recognition site. Mutation in crucial position 50 of the homeodomain
switches the specificity to a different DNA binding site. GIn50 in Antennapedia (A) contacts
GG on the antisense strand, leading to recognition of the TAATGG core motif, while Lys50
in the bicoid homolog of Antennapedia (B) recognizes TAATCC. The recognition site can be
changed mutagenically (Tucker-Kellogg et al., 1997). (C) Ultrabithorax (a tandem duplicate of
Antennapedia) has the same DNA-binding motif, but it developed an interaction with the Ebx
homeodomain protein mediated primarily by the terminal YPWM motif of Ubx that binds to
the hydrophobic pocket in Ebx (Passner et al., 1999). As a result of the interaction, the complex
cooperatively recognizes the TGATTTATGG/ATAAATCA motif. The disordered flexible linker
(unresolved on the structure) is shown in an extended conformation. (From Baird-Titus et al.,
2006.)
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Figure 2 (Continued)

N-terminus of the homeodomain alter the specificity toward the nucleotide in position
2 of the motif TTATGG — TAATGG (Ekker et al., 1994; Noyes et al., 2008).

The evolution of homeotic genes in Hox-like clusters demonstrates how gene dupli-
cation followed by a single or a few mutations can create new functions that have
dramatic effects on the phenotype (in the case of Hox genes, the number of body seg-
ments, limbs, etc.). An example of the rearrangement of Hox genes and their regulatory
elements is shown in Figure 3.

4.2 Change of Binding Interface and Interaction Partners

Most proteins do not act alone but, instead, interact with other proteins. This is another
mode of potential divergence for duplicated genes. Protein—protein interactions are in
most cases highly specific and form complex protein interaction networks that exe-
cute metabolic functions and make up regulatory, signal transduction, and intercellular
circuits. Mutations in the protein—protein binding interfaces have a significant impact
on the function of the protein and the network in which it participates. A bacterial
example will be used to illustrate this ubiquitous nature of biological systems.
Two-component systems are the most common signal transduction systems in bac-
teria and are responsible for the sensing and adaptation of the bacteria to a variety
of environments, nutrients, and stresses. The family of two-component systems is
comprised of homologous proteins. The high degree of binding specificity in proteins
making up a two-component system allows for virtually no detrimental crosstalk in
a bacterial cell, which can contain up to 200 different two-component systems. The
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Figure 3 HoxAl and HoxBI genes in mammals. (a) Wild type. HoxAl has a fully functioning
3'retinoic acid response element (RARE, circle). HoxBI has both a HoxI autoregulatory element
(ARE, square) and a RARE, with the functionality of the latter severely reduced. (b) Swapping
coding regions of the gene in mice produce a normal phenotype. (¢) Combing the fully functional
ARE and RARE elements around one of the genes and knocking out another also produces a
normal phenotype. This is believed to be an ancestral form that preceded WGD and subsequently
subfuctionalized so that HoxAI lost ARE and HoxBI retained it but deteriorated its RARE.
(From Trdvik and Capecchi, 2006.)

two components are typically a membrane-localized sensor with kinase activity and a
transcription factor that is phosphorylated. It has been shown that by substituting only
three residues in the kinase, the specificity of the kinase can be switched completely
to another two-component signal transduction pathway, thus drastically changing the
signal transduction logic (Skerker et al., 2008) (Figure 4).

Another interesting feature of the archetypical two-component system is that similar
to Hox clusters, genes coding for its components are clustered on the bacterial chro-
mosome, comprising an operon. That allows for duplication and subsequent divergence
of the entire system cooperatively.

4.3 Change of Regulatory Elements That Control Gene Expression

Changes in the way that genes are regulated affect the timing, level, and tissue speci-
ficity of gene expression. It has been shown in the case of the HoxAl and HoxBl
genes that swapping their coding regions has no detrimental effect in mouse develop-
ment (Tvrdik and Capecchi, 2006) (Figure 3). Moreover, combining elements of the
regulatory region of both duplicates into one delivers a fully functional gene that car-
ries out the function of both genes, resulting in normal mice. This work demonstrates
an apparent case of historical subfunctionalization of regulatory regions. As discussed
later, this appears to be common in the evolutionary trajectories of duplicated genes.

4.4 Instantaneous Change of Regulation of Duplicate Copy

The duplication event itself can radically alter the way in which gene expression is
regulated. For example, in considering the fate of X-linked gene Utp/4, Bradley et al.
(2004) found a retrocopy (UtpI4b) integrated in the intron of autosomal gene Acs/3 on
mouse chromosome 1 (Figure 5). The presence of the retrocopy is essential for proper
spermatogenesis in mice. The retrocopy is regulated by the promoter of the host gene,
and unlike Utpl4, is not affected by X inactivation during spermatogenesis. Thus, as
a result of the retrotransposition event, the second copy switched its promoter, moved
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Figure 4 Change of binding interaction in the two-component system. Shown in red blobs are
three amino acid substitutions described by Skerker et al., (2008) that completely switch from
EnvZ histidine-kinase to OmpR HK signal transduction. The HK homodimer is on the bottom
(green and blue domains), and the response regulator domain (brown, top) was computationally
docked to the 2C2A HK structure by Marina et al. (2005). The phosphotransfer histidine is
shown in magenta. (See insert for color representation of the figure.)

Utpi4b

chromosome 1 |' I
Acsl3 u

!

Utpl4a

chromosome X

Figure 5 Retrotransposition of Utpl4 from the mouse X-chromosome onto the untranslated
exon of gene Acsl3 located on chromosome 1 is depicted.

to a different chromosome with different regulation of chromatin packing, and lost all
introns. This can be considered a case of regulatory neofunctionalization.

4.5 How General Do We Expect the Examples Above To Be?

We have seen a collection of examples where different molecular mechanisms inter-
play with different evolutionary processes. Starting from the initial duplication event,
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through mutational opportunities to affect different molecular processes to different
mechanisms on a population and evolutionary scale, we systematically evaluate the
potential for duplicate gene retention.

Initial gene duplication events occur in a single individual. The rate of fixation
of duplicates within a population depends on the effective population size and the
degree of selection. Some treat the initial events as neutral (Force et al., 1999; Lynch
and Force, 2000) with some case-specific positive selection (see below; Perry et al.,
2007), whereas others view duplication events as deleterious (Wagner, 2005). Given
that trisomy in humans is lethal except for chromosome 21 and the sex chromosomes
(and these cases are associated with reduced fitness), duplication of a subset of genes
is clearly deleterious in humans. Different lineages in the tree of life show different
propensities to tolerate gene duplication, and mammals of small effective population
size differ from plants of small effective population size in this regard. Even in plants,
different genes and gene functions are retained differently after duplication events
(Hanada et al., 2008), although this analysis does not yet sort out the role for selection
in the initial duplication event, and further work is needed.

All of the processes above are described as single events in a species. In actuality,
these events occur in a single individual and are then subjected to population-level
processes simultaneous to the process of divergence. Genes that are born identical or
that have not diverged in a mechanism that affects fitness will be born in proportion
to effective population size and will be fixed in inverse proportion to effective popu-
lation size. Once a fitness advantage is gained (where the probability of advantageous
mutation is proportional to effective population size), the probability of fixation is
inversely proportional to less than the effective population size. The degree by which
the probability of fixation based on effective population size is modulated is dependent
on the strength of selection. It is therefore expected that selective processes are more
common in organisms of large effective population size. Selection can also be driven
by mutation rate, with higher mutation rates providing a greater sampling of changes
to access those of adaptive effect.

Whole-genome duplications (WGDs) have an added complexity in sexual organisms.
Perhaps the rarity of whole-genome duplication events is that successful reproduction is
dependent on two individuals with whole-genome duplications finding each other and
mating, coupled to the interplay of population genetics involving the relative fitness of
offspring with a whole-genome duplication compared to individuals without a whole-
genome duplication. This scenario is dependent on the cessation of gene flow between
the two subpopulations.

Moving on to the initial duplication event at the molecular level, a wide variety of
processes can lead to gene duplication. At the grossest level, whole-genome duplication
results in duplication of every gene in the genome. Under this process, each gene
is identical upon arrival, in terms of both coding sequence and regulation. Further,
every interacting partner is duplicated together with the gene itself, resulting in a
doubling of the interactome. The next level down involves other large-scale (e.g.,
whole-chromosome) duplication events, where the gene is identical in coding sequence
and regulation but does not necessarily have any or all of its interacting partners
duplicated. This distinction is important for some of the underlying mechanisms for
duplicate gene retention, as we will see.

Other mechanisms involve duplication of a single gene at a time without interact-
ing partners, but otherwise also involve differences. Tandem duplication is mediated
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by recombination, break-and-repair processes, or polymerase error. Tandemly dupli-
cated genes are probably identical in coding sequence and regulatory elements, but
have a chance of missing a terminal domain and distal regulatory elements. Genes
duplicated by DNA-level transposition will probably be identical in coding sequence,
again with the chance of missing a terminal domain, but will probably be born in a
new gene expression environment. There is a chance of retention of proximal expres-
sion elements. Genes duplicated by retrotransposition will be born identical in coding
sequence except for the lack of introns (eliminating the possibility of splicing-level
divergence). These genes will be born in a new gene expression environment. If the
new environment does not result in expression of the gene, the duplicate that was
created is dead upon arrival.

5 MUTATIONAL OPPORTUNITIES AFTER DUPLICATE GENE BIRTH

Whereas the birth process itself may introduce changes to the gene that result in func-
tional modification, subsequent to birth, random changes occur independently in each
copy that lead to divergence. The opportunity to effect functional change through either
gain or loss of function without creating a nonfunctional gene in either duplicate is
expected to be proportional to the number of sites where such changes can possibly
happen. The easiest events to envision are loss of a transcription factor binding site
and loss of a binding site from the protein. The average gene has 12 transcription
factor—binding sites of typical length six to eight base pairs, where one or two muta-
tions in a site will alter or knock out transcription factor binding. The average protein
interacts with one to three other proteins under a power-law distribution (Luscombe et
al., 2002). The size and nature of an interaction interface ranges from two to five amino
acids for modifying enzymes (Puntervoll et al., 2003), with larger sites for transient
and obligatory interactions. For transient interactions, the average recognition site is
widely variable in size and typically has shown a significant energetic contribution,
from 12 to 15 amino acids (Chakrabarti and Janin, 2002), but fewer in other studies
(Bogan and Thorn, 1998). Each amino acid site corresponds to potential changes in
roughly 2.5 nucleotide positions (from the genetic code). Larger interaction interfaces,
including among obligate interactions, tend to be driven by hydrophobic interactions,
while smaller interfaces, including transient interaction interfaces, are more driven by
electrostatic interactions (Bradford et al., 2006). The role of the remaining residues not
contributing to the binding affinity is thought largely to be to exclude solvent (Bogan
and Thorn, 1998). These residues are less constrained evolutionarily and do not affect
specificity (Caffrey et al., 2004; Guharoy and Chakrabarti, 2005). Even among the bind-
ing interface residues that contribute to the binding affinity, the degree of amino acid
sensitivity between similar amino acids is unclear. It has been suggested that a small
subset of electrostatic residues may drive specificity in a sea of hydrophobic interactions
driving affinity (Pechmann et al., 2009). Changes in untranslated regions can also affect
mRNA stability, but have not been factored into the view described above. This quick
back-of-the-envelope calculation with a few unknowns shows that it should be easier
to change a gene expression profile than a binding profile, but not overwhelmingly so
(roughly, one- to tenfold more likely). In fact, evidence suggests that subfunctionaliza-
tion of gene expression is typically the first thing to happen, but followed subsequently
by change (potentially neofunctionalization as well as subfunctionalization) in protein
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function (He and Zhang, 2005). However, the back-of-the-envelope calculation above,
based on the mean, will be sensitive to the underlying distributions, with many fold-
and gene-specific effects (see below). Additionally, the affinity of the transcription
factor to a regulatory region can be determined by the enrichment of different motives
rather than by singular sites (Badis et al., 2009).

While the foregoing estimations deal with loss or modification of existing binding
sites, surface regions can evolve new binding interactions that were not present in the
ancestor. This has been suggested for leptin in primates in the absence of duplication
(Gaucher et al., 2003), but represents a mechanism that should be even more accessible
to duplicate genes. Although it is generally thought that binding interactions will evolve
more easily than catalytic activities, many binding interfaces include residues that are
buried in pockets or exposed only upon conformational shifts in binding.

6 EVOLUTIONARY MECHANISMS

We have mentioned several possible evolutionary mechanisms acting upon available
mutations at different levels. Next, we examine these mechanisms systematically; they
are summarized in Figure 6.

6.1 Pseudogenization

Pseudogenization, the most common fate for duplicate genes, arises from the random
neutral accumulation of mutations, most of which are deleterious. Eventually, the gene
no longer functions. For the products of small-scale duplication (SSD) events, a fraction
of genes will be born without the expression elements necessary to have a function
that confers fitness. The same applies to genes born missing terminal domains.

6.2 Subfunctionalization

Subfunctionalization is a mechanism that involves a combination of neutral mechanisms
and negative selection to relax the redundancy of duplicate copies via complementary
loss of functional attributes between the duplicates. The functions of a protein, whether
expression domains, binding interactions, alternative splice forms, or other features, are
viewed modularly, with evolutionary dynamics characterized by mutational opportuni-
ties for loss of different modules. Genes that have more regulatory regions, including
those that regulate development, will be more prone to subfunctionalization. Because
this mechanism does not involve positive selection, it has been viewed as more impor-
tant in smaller effective population-size lineages. Some products of tandem duplication
or DNA-level transposition will be born subfunctionalized.

6.3 Neofunctionalization

Neofunctionalization involves the development of new functions. This can include the
development of de novo transcription factor—binding sites, the modification of existing
sites to change the specificity, affinity, or kinetics, the modification or gain of binding
interactions, the modification or gain of splice regulatory elements, and a number
of other events. The frequency of neofunctionalization depends on the frequency of
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Figure 6 Schematic depicting the processes of neofunctionalization, subfunctionalization, and
dosage compensation. Neofunctionalization can occur either pleiotropically or nonpleiotropi-
cally, depending on whether the new function occurs in a region that also carries out the
original function. Subfunctionalization can occur alone or together with neofunctionalization.
In the bottom panel, the decay of binding interactions driven by changes in stoichiometry is
shown.

neofunctionalizing events. Because of the complexity of interacting mutations not only
within but between genes, neofunctionalization rates may show a time lag and are
more complex than the simple rate of instantaneously beneficial mutations within a
population. Further, a new function at the molecular level does not necessarily implicate
a selectable advantage and positive selection. Some new molecular functions will be
evolutionarily neutral.

Timing of Neofunctionalization The classical model (which still may be the most
common) suggests that when neofunctionalization occurs, the relaxation of selective
constraints associated with gene duplication paves the way. However, there is some
evidence for increased substitution preceding duplication events leading to duplicate
gene retention (Johnston et al., 2007). There are several mechanisms that have been
characterized associated with this. One mechanism is fixation of selectively balanced
alleles (Sato et al., 2001), where alleles that benefit the heterozygous individual indi-
vidually are fixed at different loci. Another mechanism involves enzymes that catalyze
side reactions, where duplication allows subfunctionalization of the main reaction and
side reaction and optimization of the side reaction without pleiotropic constraint.

Selection for Increased Dosage as a Form of Neofunctionalization In addition to
changes to transcriptional (and translational) regulatory regions, gene duplication can be



&

EXPECTATIONS FOR RETENTION PROFILE AND FOR SUBSTITUTION PROFILE 13

a mechanism to increase the dosage of a gene, where increased dosage is beneficial. An
example of this that has been suggested in the human population is salivary amylase I,
which apparently varies in copy number in correlation with starch consumption (Perry
et al., 2007).

Dosage Compensation Duplicating a gene that instantaneously leads to a doubling
of expression is potentially deleterious for several reasons (Wagner, 2005; Drummond
and Wilke, 2008). Beyond any deleterious effects due to the cost of expression or
mistranslation (or gain of low-affinity interactions at higher protein concentrations), it
is thought that stoichiometric imbalance is deleterious (Aury et al., 2006). Thus, when
two or more interacting partners are duplicated, there is expected to be a selective pres-
sure to retain such duplicates together in a genome for long evolutionary periods. Loss
of one of the copies or down-regulated expression of one copy is then expected to lead
to positive selection for the loss of interacting partner duplicates (or down-regulated
expression) [see Hughes et al. 2007 for a discussion]. Subfunctionalizing mutations are
expected to be deleterious and also lead to loss of interacting partners to restore sto-
ichiometric balance in interactions. Additionally, subfunctionalizing interactions have
the potential to cause dominant negative effects in genes retained through dosage com-
pensation. Thus, as we discuss subsequently, dosage compensation is expected to yield
very different evolutionary signals from those generated by neofunctionalization and
subfunctionalization.

Selection for Genetic Redundancy Another mechanism that has been proposed for
the retention of duplicate genes is that of serving as a backup copy and, as interactions
diverge, playing a role in providing genetic redundancy to generate a more robust
system. Under this mechanism, duplicated genes play a buffering role as backup copies
for future mutation. The expectation of this mechanism is strong negative selection on
coding sequence and function, and it does not explain the burst of substitutions that are
typically observed after a duplication event. Further, it has been argued that although
the most robust systems are those in chordates, the small effective population sizes and
low mutation rates in chordates would not provide strong enough selection for such a
weak secondary selection type of mechanism (Forster et al., 2006; Elena et al., 2007).

6.4 Interplay Between Mechanisms

Clearly, these mechanisms are not all mutually exclusive, although some clearly are.
For example, subfunctionalization of binding interactions or transcriptional domains
would not be compatible with dosage compensation as a mechanism. However, if
one views neofunctionalizing changes as rare, any mechanism that increases, even
temporarily, the retention time of a duplicate gene has the potential to serve as a
transition state for neofunctionalization. This has been established most clearly for the
interplay between subfunctionalization and neofunctionalization.

7 EXPECTATIONS FOR RETENTION PROFILE
AND FOR SUBSTITUTION PROFILE

The different mechanisms present different profiles expected for time-dependent reten-
tion probabilities and time-dependent substitution (dN ) and selective pressure (dN/dS)
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probabilities. Although relaxation of selective constraint and positive selection can be
difficult to differentiate, the expectation from both the neofunctionalization and sub-
functionalization models is a burst of substitution after duplication and a declining death
rate with time (Figure 7). The substitution process will probably include greater levels
of substitution when the events occur in the coding sequence than when they occur
transcriptionally. The retention process is typically characterized by a Weibull distribu-
tion for neofunctionalization and an exponential distribution for periods between 0.02
and 0.15 dS units, followed by a concavely declining hazard function after this point,
with an initial waiting time for complementary loss events that appears like neutral
loss (Hughes and Liberles, 2007).

In contrast, mechanisms that involve retention of the coding sequences will impose
immediate negative selection and will not show a burst of substitution. The dosage
compensation mechanism will show immediately high retention rates followed by
cooperative loss driven by positive selection once one interacting partner is lost. The
loss dynamics of the genetic robustness model are less clear but will probably show
retention of duplicated genes where loss is more deleterious at higher rates.

It is clear that the dynamics are slightly different between WGD events and SSD
events (Maere et al., 2005; Blomme et al., 2006; Hughes and Liberles, 2008). It is
unclear at this stage if this is due to the underlying mutational process or to other
features of WGDs. In both cases, there does appear to have been a burst of sub-
stitution immediately following duplication, consistent with the subfunctionalization
and neofunctionalization mechanisms. Following SSD, the retention pattern is clearly
Weibull-like in mammalian genomes. Model-based gene family analysis will enable a
more detailed description of underlying processes in different families (see Chapter 10).

One pattern that has emerged is that subfunctionalization and/or dosage compen-
sation might be relatively more important in chordates for whole-genome duplication
events (Blomme et al., 2006; Hughes et al., 2007), whereas neofunctionalization is
relatively more important in chordates for smaller-scale stochastic events (Hughes
and Liberles, 2008). Further initial subfunctionalization events result in genes that
eventually neofunctionalize (He and Zhang, 2005).

To complement comparative genomic data analysis, lattice and framework modeling
systems have been developed to understand both the time-dependent retention pro-
files observed under different evolutionary mechanisms and the time-dependent dN /dS
ratios observed in different protein regions during different evolutionary mechanisms.
These frameworks will enable creation of better models, consistent with different evo-
lutionary scenarios, which can then be tested in gene families and genome-specific
data.

8 ROLE OF PROTEIN FUNCTION AND PROTEIN FOLD

It has previously been reported that some protein functions, especially those that func-
tion extracellularly, evolve particularly rapidly after a gene duplication event, whereas
other functions, such as those with various immune functions, evolve particularly
rapidly after a speciation event (Seoighe et al., 2003). In addition to these protein
function-specific differences, it has been observed that different protein folds present
different dynamics and relative propensities to subfunctionalize and neofunctionalize.
It is expected that a protein with a larger surface area (and necessarily a smaller surface
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Figure 7 (A) Time (dS)-dependent decay of retained duplicate genes as fit by an exponential
and a Weibull distribution in four mammalian genomes. The gray bars show the growth of
gene pairs under negative selection with increasing time. (B) In the human genome, the time
(dS)-dependent decay of dN/dS for duplicate genes from a relaxed level of selection to an
orthologous substitution rate is modeled. (From Hughes and Liberles, 2007.)
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area/volume ratio) will have a greater opportunity to evolve new binding functions on
its surface. Because chordate proteins tend to be larger than bacterial proteins, this
is one possible explanation for the unexpectedly high rates of neofunctionalization in
chordates of small effective population size. A possible explanation from the other
perspective is that if neofunctionalization is an important process for duplicate gene
retention, the folds that are more likely to neofunctionalize rather than nonfunctionalize
after gene duplication will be enriched more in species of small effective population
size than in species of large effective population size, where a less evolvable fold will
also readily neofunctionalize. A prediction of this hypothesis is that chordate genomes
will be enriched with the most evolvable folds from a natural distribution, even after
correcting for differences in protein surface area.

Ultimately, protein function and protein fold are intertwined, as the protein fold
delimits or determines the accessible functions for a protein. From this, disentangling
what selection is acting on becomes difficult, and both are clearly important.

9 SPECIES-SPECIFIC DETAILS

Evolution also shows lineage-specific characteristics. Some of this will be due to
changes in the underlying process. For example, a lineage-specific change in effec-
tive population size or a loss of a DNA repair enzyme will, respectively, alter the
relative importance of selection vs. drift on a lineage and will increase the mutation
rate (Ota and Penny, 2003). These factors will affect the relative likelihood of differ-
ent fates for genes duplicated on that lineage. Additionally, lineage-specific selection
driven by changes at other loci as well as differences in the environment leading to dif-
ferential selective pressures on the organism and resulting adaptation will create gene
family-specific effects on specific lineages. This is seen in massive lineage-specific
expansions or contractions of particularly gene families. The olfactory receptors are
now a classic example of this (Glusman et al., 2001).

10 CONCLUSIONS AND LARGER-SCALE EFFECTS

Ultimately, the interplay between population genetic dynamics and biochemistry dic-
tates the fate of duplicate genes. This interplay occurs over many levels of biological
organization, and we have tried to integrate this into a larger understanding of the pat-
terns of duplication that we observe in genomes today as well as in their reconstructed
history.

Beyond genomes, duplication appears to affect speciation rates and the derivative
clade-specific biodiversity. Based on fossil records showing the often rather sudden
appearance of morphological variation, Mayr (1963) proposed the founder effect model
of speciation, which later contributed to Eldredge and Gould’s (1972) development
of the punctuated equilibrium theory. Again, these ideas were postulated before the
availability of sequence, or whole-genome data, and therefore relied largely on two con-
cepts: (1) the idea that phenotypic variation is essentially an expression of underlying
reproductive isolation (biological species concept) or of an independent evolutionary
trajectory of a unit of organisms (other species concepts), and (2) the observation that
in an evolutionary trajectory, many novel phenotypes seem to occur relatively fast and
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without intermediate forms (e.g., the Cambrian explosion). This could not be readily
explained by the gradual evolutionary processes proposed by Darwin and others, for
this would mean a slow shifting of populations from one equilibrium point to another,
eventually launching subpopulations onto their own evolutionary path through a series
of “intermediate” stages. Discovery of the imprint of whole-genome duplications in
the sequences of a variety of organisms seemed to provide plausible molecular mech-
anisms for a burst of innovation (i.e., new phenotypes), and a number of authors have
speculated about a link between whole-gen(om)e duplication and radiation/speciation
[see Roth et al. (2007) for a review]. The reasons for such speculation evolve primar-
ily around the ideas of increased cladogenesis and gen(om)e diversification rates after
duplication events. Yet only a few studies have actually correlated rates of speciation
with rates of gen(om)e evolution after duplication.

The crux of calculations that include speciation events lies in the very complicated
nature of defining a species. Presently, the majority of recognized species is still based
on a very narrow definition of “phenotype,” which is clearly influenced by our own
perceptional biases. While the addition of subsets of molecular sequence data may
increase our resolution to distinguish similarities and differences, it may also obscure
relationships, due to the opportunistic and disjunct nature of our sampling (on organ-
ismal and molecular levels). Thus, it is very likely that we underestimate the number
and evolutionary time frames of organismal units on their own evolutionary trajectory.
By extension this will obscure the role of ge(nom)e duplication as a process of speci-
ation. For example, recent studies on polyploid plants found that there is definitively
a substantial contribution of polyploidy to cladogenesis, yet the authors acknowledge
that phylogenetic uncertainties may render this result too conservative (Wood et al.,
2009).

Therefore, we may better be served to evaluate the role of gen(om)e duplication
on the “first responder” level of populations, taking the dynamics of genealogical
history into account. These dynamics are naturally influenced by repetitive population
size variation and fragmentation at different spatiotemporal scales, and although these
parameters cannot be observed directly on an evolutionary scale, they can be included
in models of evolution.

From the standpoint of population dynamics, and depending on reproductive strate-
gies, each duplication event may affect one individual or a local set of siblings of a
population. Assuming that the bearer(s) of duplication are reproductively fit (i.e. the
duplication event is selectively neutral, advantageous, or only slightly deleterious),
either one or both potential parents from that subpopulation may carry the duplicated
set of genes. However, duplication may introduce immediate reproductive barriers in
a subpopulation, thus decreasing the likelihood of an F; from mixed parental ploidy
or gene number (Kelleher et al., 2007). Furthermore, it would mean that inbreeding of
siblings with duplicated genes is likely when population connectivity is high (low dis-
persal). In this particular case, each subsequent perpetuation of the duplicated genetic
line may then best be understood and modeled as a founder effect scenario. How-
ever, far too few studies exist regarding the actual potential of reproductive isolation
of individuals after duplications. It stands to reason that there are varying degrees of
“severity” in duplications of genetic material, ranging from internal gene duplications
to whole-genome duplications.

The cessation of gene flow between segments of a population does not eliminate
their competition in a population-like paradigm. If the initial duplicates are identical (as
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in the extreme case of whole-genome duplication), the phenotype of the organism may
initially be similar. In this scenario, even if the individual(s) with duplication events
are reproductively isolated, they run the risk of elimination from the “population.”

Organismal groups seem to have a vastly different tolerance to polypoloidization
and duplication events. For instance, while many vertebrate groups are certainly pale-
opolyploid, they have largely returned to diploidy, and higher vertebrates (e.g., humans)
seem to be particularly negatively affected by duplications. Plants, on the other hand,
appear to perpetuate polyploidy on a much more frequent basis. It is currently not well
understood if the process of diploidization is due to changes in master chromosome-
pairing genes or through a more general loss of pairing ability between homeologs
due to loss of genes (Semon and Wolfe, 2007). Although these are certainly molecular
mechanisms to lose polyploidy, the time frame of the loss should again be a function
of population size, and cannot be divorced from the organism’s life history parameters.
For example, in slowly reproducing organisms with few offspring, the likelihood of
losing selectively neutral duplicates is higher than in an organism with many offspring
(which may all carry the duplication).

Although still in its infancy (especially for nonmodel organisms), the simultaneous
study of genomewide variation within and between species (population genomics) may
reveal new mechanisms influencing the faith of genomic duplications. Particularly
interesting is the additional insight into the variability of noncoding sequence across
individuals, reducing the bias associated with population genetic analyses based on
targeted protein-coding genes (Begun et al., 2007). Additionally, and in line with
the issues mentioned previously, individuals of populations are the first responders to
duplications, and such comprehensive data may allow for a better understanding of the
fitness effects associated with different levels of duplications.
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