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ABSTRACT Gene duplication is postulated to have played a major role in the evolution of
biological novelty. Here, gene duplication is examined across levels of biological organization in
an attempt to create a unified picture of the mechanistic process by which gene duplication can have
played a role in generating biodiversity. Neofunctionalization and subfunctionalization have been
proposed as important processes driving the retention of duplicate genes. These models have
foundations in population genetic theory, which is now being refined by explicit consideration of the
structural constraints placed upon genes encoding proteins through physical chemistry. Further,
such models can be examined in the context of comparative genomics, where an integration of gene-
level evolution and species-level evolution allows an assessment of the frequency of duplication and
the fate of duplicate genes. This process, of course, is dependent upon the biochemical role
that duplicated genes play in biological systems, which is in turn dependent upon the mechanism
of duplication: whole genome duplication involving a co-duplication of interacting partners vs. single
gene duplication. Lastly, the role that these processes may have played in driving speciation
is examined. J. Exp. Zool. (Mol. Dev. Evol.) 308B:58– 73, 2007. r 2006 Wiley-Liss, Inc.
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According to Ohno’s classic view, the evolution
of genes and genomes is typically conservative in
the absence of gene duplication (Ohno, ’70). Large-
scale genome sequencing has enabled us to test
and characterize this classic hypothesis on the
importance of gene duplication to the evolution of
novelty at multiple levels.

Whole genome duplication (WGD) can be seen as
large-scale gene duplication and this large poten-
tial source of novelty can probabilistically (neither
completely randomly nor deterministically) be
played out in different ways in different popula-
tions, potentially leading to increased rates of
speciation. However, the advantage of WGD is
magnified due to the potential advantage of
duplicating entire pathways, enabling pathway-
level innovation and retention of interacting

partners. However, this involves an interplay
between the capabilities of developing new func-
tion at the individual protein level coupled to that
at the pathway level (or at least in relation to
different individual proteins that may interact
biochemically or genetically). This means that
selection acting at the level of the individual
protein (for example, in its ability to fold or
catalyze a reaction) is important, as is selection
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acting upon pathway-level function dependent
upon the correlated properties of individual
proteins.

Currently, the mechanism of retention of dupli-
cate gene copies is an issue of debate in the
literature. This plays out in several ways. One key
question is the relative importance of neofunctio-
nalization and positive selection (Ohno, ’70) vs.
that of subfunctionalization and purely neutral
processes (Hughes, ’94; Force et al., ’99; Lynch
and Force, 2000) and is now leading to the
emergence of hybrid views (He and Zhang, 2005;
Rastogi and Liberles, 2005). A second debate
involves the relative importance of gene expres-
sion evolution vs. coding sequence function evolu-
tion (see Liberles, 2005 for a discussion).
Ultimately, this all feeds into generating an
understanding of if and how gene duplication
leads to the emergence of new phenotypes and of
biodiversity.

Starting from first principles, our knowledge
of protein chemistry and of population genetics
makes predictions that are testable. Models based
upon these types of principles will be described,
including their predictions. However, from gen-
omes, models for comparative genome analysis can
also predict, as well as characterize, both general
and lineage-specific trends of gene duplication.
Further, the most recent duplicates can give a
snapshot into the evolutionary process that is
being predicted by these models. An analysis of
this using the Arabidopsis genome will be pre-
sented. This mechanistic picture of course ties in
with processes at the whole genome level that feed
through systems biology (selection on proteins
for their ability to interact with other proteins and
to function in coordination with other proteins) to
organismal biology (Ardawatia and Liberles, sub-
mitted manuscript). The whole picture describing
the importance of gene duplication to the evolu-
tion of species, given our current level of under-
standing, is presented.

METHODS

A systematic analysis of recent duplication in
the Arabidopsis lineage was carried out. An all-
against-all BLAST search (Altschul et al., ’97)
with an e-value cutoff of 10e–20 was run on the
TAIR6 Arabidopsis thaliana genome release
(Arabidopsis Genome Initiative, 2000). For each
hit, Ka and Ks were calculated using a previously
described estimation method (Liberles, 2001)
and global PAM distances were calculated using

Darwin (Gonnet et al., 2000). Pairs were consid-
ered of recent origin if Kso0.05 and PAMo30.
These criteria encompassed most recent dupli-
cates (as judged by the Ks spectrum), but was not
too relaxed as a threshold to include duplication
events that were known to occur in other Brassica
species (only one such example was found). The
PAM cutoff eliminated spurious examples of genes
with Ks 5 0, but PAM>30. Families were formed
by single linkage clustering from all pairs. GO
annotations for all significant pairs were collected
from the TAIR GOSLIM-file (Berardini et al.,
2004). Additionally, distance trees were calculated
for all recent duplicates where homologs were
identified in other Brassica species using Darwin
(Gonnet et al., 2000).

RESULTS AND DISCUSSION

Models for individual duplicate
gene evolution

Gene Duplication is one of the primary driving
forces in the evolution of genes and genomes. The
idea that gene duplication has a fundamental role
in the origin of phenotypic diversity has motivated
numerous proposals to explain how a new gene
copy can emerge from its predecessor, and evolve
a novel function. We will begin an analysis of this
process at the level of the individual protein-
encoding gene and move up to the level of the
whole organism.

Models for the evolution and retention of
duplicate gene copies differ in several fundamen-
tal respects, including the time of origin of the
functional novelty, the types of mutational events
that drive the crucial phase of early establishment,
and the rates of molecular evolution in the two
copies (equal vs. asymmetric). Ohno postulated
that gene duplication creates redundant loci that
are free to accumulate mutations that lead to loss
or gain of function, as long as one of the copies still
performs the essential ancestral task (Ohno, ’70).
Under his model, neofunctionalization was identi-
fied as the primary mechanism for preservation
of duplicate copies of genes. Subsequently, Hughes
and Lynch proposed that preservation of duplicate
copies can also occur by subfunctionalization, i.e.,
by the accumulation of degenerative mutations
causing complementary loss of subfunctions in the
two members of the pair (Hughes, ’94; Force et al.,
’99; Lynch and Force, 2000). Lynch also proposed
an alternative model, called DDC or the duplica-
tion–degeneration–complementation model, ac-
cording to which degenerative mutations in
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regulatory elements can increase the probability
of duplicate gene preservation. In this process,
the usual mechanism of duplicate gene preserva-
tion is the partitioning of ancestral expression
patterns rather than biochemical functions or the
evolution of new functions (Force et al., ’99).

Although the DDC process is based entirely on
degenerative mutations, there are at least three
ways in which it may play a significant role in
creative evolutionary processes. First, by stabiliz-
ing duplicate genes in the genome, the DDC
process extends the time period during which
genes are exposed to natural selection, thereby
enhancing the chance that rare beneficial muta-
tions to novel functions may arise (as compared to
the situation under the classical model, where a
gene is removed from selection once it has become
nonfunctionalized). Second, the partitioning of
gene expression patterns by the DDC process
may reduce the pleiotropic constraints operating
on single-gene loci, thereby allowing natural
selection to more closely tune the duplicate
members of a pair to their specific subfunctions.
Third, gene duplicates that have unresolved
subfunctions at the time of a reproductive isola-
tion event provide a powerful mechanism for the
development of reproductive incompatibility, i.e.,
speciation. This last process can also enable the
emergence of novel functions in genetically or
biochemically interacting genes/proteins in the
genome.

Based upon population genetic theory, a statis-
tical framework has been presented for the
probability of retention of a duplicate gene in a
genome (Lynch et al., 2001). In examining the
influence of various aspects of gene structure,
mutation rates, degree of linkage, and population
size (N) on the joint fate of a newly arisen
duplicate gene pair from an ancestral locus, it
was found that unless there is active selection
against duplicate genes, the probability of perma-
nent establishment of such genes is usually no less
than 1/(4N) (half of the neutral expectation), and
it can be orders of magnitude greater if neofunc-
tionalizing mutations are common. Relative to
subfunctionalization, neofunctionalization is ex-
pected to become a progressively more important
mechanism of duplicate-gene preservation in
populations with increasing size. However, even
in large populations, the probability of neofunc-
tionalization scales only with the square of the
selective advantage. Ultimately, protein structure
(as discussed below) may play a role in amplifying
the importance of positive and negative selection

through the covarion nature of the folding and
fitness landscapes. Tight linkage also influences
the probability of duplicate-gene preservation, by
increasing the probability of subfunctionalization
but decreasing the probability of neofunctionaliza-
tion (with a high recombination rate doing the
reverse).

The Lynch model supports the idea that deleter-
ious mutations that can never be fixed in single-
copy genes might often accumulate in a nearly
neutral fashion shortly after gene duplication. In
principle, the chance of accumulation of a suffi-
cient number of such mutations in one copy might
eventually lead to its complete nonfunctionaliza-
tion, removing it from the eyes of natural selec-
tion, and setting it on the course of pseudo-
genization. By contrast, the small subset of
duplicate genes that escape this fate (Lynch and
Conery, 2000) might owe their initial preservation
to subfunctionalization by a more balanced dis-
tribution of degenerative mutations, which can
then be followed by a phase of adaptive-conflict
resolution, neofunctionalization or further sub-
functionalization.

Large-scale analyses, based upon the ratio of
nonsynonymous to synonymous nucleotide sub-
stitution rates (Roth et al., 2005; Roth and Liberles,
2006) or MacDonald–Kreitman statistics (Fay et al.,
2001) have indicated small to intermediate degrees
of positive selection (adaptive substitutions) in
embryophytes and in mammals, but these clearly
do not represent the majority of substitutions. In
such studies, there appear to be specific positions
in protein-encoding genes, rather than the genes as
a whole that are under positive selection (Roth and
Liberles, 2006). Even examining substitution as a
neutral walk through sequence in a folded protein
(ignoring positive selection) has shown the sub-
stitutional process to have fairly complex dynamics
(Bastolla et al., 2003). From this, it is relevant to
examine population genomic phenomena, like the
fates of duplicated genes, in the context of physical
models of proteins under increasingly realistic
conditions. A true comparative genomic bench-
marking of modifications to molecular function
that influence organismal fitness would require a
combination of high throughput in-vitro biochem-
istry, genetic manipulation, and in-vivo competi-
tion experiments to properly assess where
subfunctionalization and neofunctionalization have
occurred. This type of analysis is just beginning on
a case-by-case basis.

Analytical models often assume a random map-
ping between genotype and phenotype, because
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the correlation among mutational effects proves
to be mathematically complex. However, such
correlations are crucial to understanding neutral
mutations and mutational stability. To address
these issues, many recent theoretical and compu-
tational efforts have focused on constructing
models of sequence-structure mapping for pro-
teins motivated by polymer physics theory (Wil-
liams et al., 2001; Deeds et al., 2003; Wroe et al.,
2005). Because of the immense sizes of the
systems, all these models involve significant
simplifications (but some of which may be realis-
tic). Many proteins maintain their native struc-
tures while undergoing single and double
mutations at many different sites. Simple protein
models have shown that proteins are surprisingly
robust to site mutations, undergoing little change
in structure, stability and function by significant
numbers of substitutions, supporting what has
been seen through homology modeling with more
sophisticated models and structure determination
of distant orthologs (Taverna and Goldstein,
2002a). Another vital insight is the importance of
kinetic accessibility of the native structures as an
evolutionary selection criterion. Structures that
are more kinetically accessible are expected to be
more plastic with regard to sequence and function
(Taverna and Goldstein, 2002b).

A structurally constrained model based upon the
neutral theory has been developed (Bastolla et al.,
2003). The neutral model has two key underlying
assumptions. First, most mutations in protein
sequences are either disruptive and eliminated by
negative selection or neutral in that they leave
the protein active and their effect on fitness is
much smaller than the inverse of the effective
population size. Second, the rate of appearance of
neutral mutations is constant throughout evolu-
tion. The neutral model predicts that the rate
of fixation of neutral mutations in an evolving
population is equal to the rate of their appearance,
independent of the population size, because the
number of appearing mutations is proportional to
the population size and the probability of their
fixation is inversely proportional to it. Even with a
strictly neutral model, the dynamics of the muta-
tional process are extremely complex.

Another modeling approach involves simple
exact models, which address general principles
of evolution as they permit the exhaustive
enumeration of both sequence and struc-
ture (conformational) spaces (Wroe et al., 2005).
These physical models can then be applied in large
scale to make predictions about the mapping

between substitutions and molecular phenotypes
seen in genomes.

The evolutionary dynamics of protein function
can also be studied using models based upon
protein lattices (Williams et al., 2001). From this
study, population dynamics strongly influence
the frequency of variously observed structures,
where the need to fold into a stable structure and
function (binding) can be used as a selection
criterion to explain some of the properties com-
mon to all proteins. These simple models, increas-
ingly, can be extended into more sophisticated
models (for example, all-atom models that incor-
porate van der Waals effects, electrostatic inter-
actions, amino acid rotamer, and other important
physical principles) at a decreasing computational
cost. However, the simplicity of a purely statistical
potential function still allows one to sample over
many types of structures, and to replicate results.
Despite their approximate character, they feature
a unique sequence–structure relationship akin to
that of real proteins.

Since proteins are robust to site mutations and
plastic in nature in that they accept mutations
without destroying the fold (Taverna and
Goldstein, 2002a,b; Shakhnovich et al., 2005),
the development of an evolutionary model based
upon population genetics theory together with the
evolution of lattice (or real protein-encoding)
genes based upon either purely statistical or
physical (force field) energy constraints is an area
of growing interest. The evolutionary constraints
for proteins include that they should perform a
function and they must be stable enough to
perform that function reliably while resisting
unfolding, aggregation, and proteolysis. Protein
functionality has been modeled by designing
ligands which bind to two overlapping binding
sites in a functional protein with an enzymatic or
binding role (Braun and Liberles, 2003; Rastogi
and Liberles, 2005). In these models, genes can
be duplicated and through evolution, nonfunctio-
nalize, subfunctionalize, or neofunctionalize. For
example, the evolution of duplicates of a pleio-
tropic ancestral gene under the subfunctionaliza-
tion model can be evaluated by incorporating an
idealized sequence–function mapping with enzyme
–substrate binding affinity related to a hydropho-
bic binding pocket surrounded by a general polar
surface of the protein. The measure of pleiotropic
function was defined by the specificity of the
enzyme in the presence of two competing sub-
strates (Braun and Liberles, 2003). This is further
incorporated in a model with explicit peptide
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binding, which suggests under a set of evolution-
ary constraints that subfunctionalization of dupli-
cate genes is important, but has a short half-life as
a transition state to neofunctionalization (Rastogi
and Liberles, 2005).

A further extension of lattice protein models has
examined the retention of functionality in homo-
logous recombinants of proteins (Xu et al., 2005).
From this study, exceptional structures with many
sequence options evolved quickly and tended to
retain functionality, even in highly diverged
recombinants; in contrast, the more common
structures with fewer sequence options evolved
more slowly, but the fitness of recombinants
dropped off rapidly as homologous proteins
diverged.

While most of the processes modeled have
attempted to examine general aspects of protein
evolution, lineage-specific processes affecting gene
duplicates, like repeat-induced point mutation
(RIP) in filamentous fungi, can have major
impacts on the proteome of species, which has
warranted modeling (Braun and Liberles, 2004).
According to most views, this mechanism acts
primarily as a conservative genomic safe guard by
introducing stop codons into duplicated nucleotide
sequences and thereby pre-empting dosage effects.
However, it also performs nonsynonymous nucleo-
tide substitutions. This process impacts the
hydrophobic vs. polar (HP) composition of pro-
teins, based upon the mutational process and the
genetic code. To test for a genome-wide directional
shift in the content of filamentous fungi proteins,
a mapping between HP composition and tertiary
structural phenotype was performed by using
residue packing fraction and predicted thermo-
dynamic stability, leading to the conclusion that
RIP tends to generate more compact and thermo-
dynamically stable tertiary structures.

While direct consideration of physical properties
is clearly important to understanding the process
of gene duplication on a genomic scale, appro-
priate models to do this are still being developed.
From first principles models, predictions can
be made about the probability of retaining
duplicate genes under various sets of evolutionary
conditions. Genomic-scale models are simulta-
neously available for measurement of parameters
seen as evolution has evolved to generate the
genomes that have been sequenced. The current
state of the art of modeling on a genomic scale is
presented in the next section. Ultimately, these
two types of models may be integrated to increase
the power of comparative genomics.

Models for comparative genomics

Probabilistic models have been very successful
in phylogeny (Yang, ’97; Ronquist and Huelsen-
beck, 2003) and it is desirable to be able to use ML
and MCMC approaches also for tree reconciliation
analysis. Hence, probabilistic models of gene
family evolution are required that put gene family
evolution in the context of species evolution.
According to today’s widespread tools for prob-
abilistic phylogenetic analysis, any tree is as good
as another and no prior beliefs on tree structure
are imposed. In the context of gene families, such
a model does not express what we know about
gene family evolution.

Rannala and Yang (’96) departed from common
practice and formulated a prior on the phyloge-
netic trees that would influence the likelihood of
a phylogeny. Their prior was formulated as a
birth–death model (Kendall, ’48) that describes
how taxa underwent speciation and loss and
capture the fact that some trees are more likely
to occur than others. However, the model does not
regard the fact that there might be another
underlying process shaping the phylogeny. Com-
mon intuition, on the other hand, would say that
it is likely that a gene tree reflects the species tree.

Arvestad et al. (2003) formulated the first
probabilistic model of gene evolution that took
the species tree into account and developed
algorithms for computing the probability of obser-
ving a gene tree and an associated reconciliation
to a species tree S. In this model, a gene starts at
the root of S and evolves downward over the edges
in S. We assume that we know the speciation times
in S. A gene is duplicated with a rate lambda,
in which case the gene is turned into two
independent evolving copies. Gene losses occur
with a rate m which, naturally, terminates a gene
from continuing to evolve. When a gene arrives
at a speciation in S, it continues to evolve in two
independent copies toward each child of S. Thus,
we have independent birth–death processes over
the edges in S.

This gene evolution model is quite simple, but
carries some powerful implications. Contrary to
the parsimony approach to tree reconciliations
(Goodman et al., ’79; Page and Charleston, ’97;
Zhang, ’97; Berglund-Sonnhammer et al., 2006),
alternative reconciliations are modeled and can
be taken into account in for example orthology
analysis. An interesting application of the model
is that a set of gene trees could be used to infer
S and its edge times, thus dating speciations
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without worrying about substitution rates. More-
over, the fact that duplication and loss rates of
genes are explicitly modeled allows a more direct
estimation of these parameters than has been
carried out previously (Lynch and Conery, 2000;
Cotton and Page, 2005).

Similar questions have been addressed without
looking at more than gene family size in different
genomes (Gu and Zhang, 2004; Reed and Hughes,
2004; Hahn et al., 2005). Such a model can be used
to predict gene count in ancestral species without
modeling the actual phylogeny. While giving up on
phylogeny is sacrificing some analytic power, the
simplification has made it possible to also include
models of lateral transfer or gene innovation
(Novozhilov et al., 2005; Csuros and Miklos,
2006) and a separation of gene and genome
duplications (Maere et al., 2005).

The models above are lacking an integral part
of gene evolution: sequence analysis. However, it
has been shown how to integrate the gene
evolution model with standard models of sequence
evolution (Arvestad et al., 2004). A first advantage
is obvious, in that a gene tree is no longer
necessary for analysis. In fact, this model allows
for estimating the gene tree from sequence data
while allowing a species tree to affect the estimate.
Thus, instead of figuring out if an estimated gene
tree agrees well with a species tree, the reconcilia-
tion is an integrated part of the model from the
start.

A second powerful advantage is that an inte-
grated model can give orthology probabilities for
gene pairs without actually deciding on a gene
tree. By integrating over all possible gene trees
and reconciliations, orthology probabilities can
be calculated. While such an integral is impractical
to calculate directly, MCMC methods (Gilks et al.,
’96) offer a natural framework in which the
problem can be addressed.

One of the main advantages with probabilistic
models is that the probabilistic framework makes
integration and extension of models straightfor-
ward, at least in a mathematical sense. Computa-
tionally and algorithmically, integration is not
necessarily straightforward. The integrated model
poses a computational challenge and is today
only really applicable on smaller datasets includ-
ing up to 20 genes, but there is room for both
algorithmic and implementational improvements
to the method.

More interesting opportunities lie in extending
models to capture natural evolution with more
mechanistic detail. For instance, it is currently

required to know all of the genes in a family for
each species analyzed for the model to give
reasonable results. With low-coverage genome
sequencing being common, it is to be expected
that some genes are missed. By modeling gene
sampling as a function of genome coverage, biases
in parameter estimations could be offset.

Further, models that explicitly consider the
biochemistry and physical chemistry of the dupli-
cation and loss process as well as of the sequence
evolution of proteins that fold and function
according to physical parameters as described in
the previous section (also see for example, Dutheil
et al., 2005; Stern and Pupko, 2006; or an
approach that uses methods from Berglund
et al., 2005 to model direct physical interactions
using either purely statistical models or force
fields) are a logical extension of current models.

Additionally, birth and death models have
typically examined a single birth and death
parameter for each gene family (as described
above), or examined processes across gene families
to examine the relative influence of rare large-
scale duplication vs. more common smaller
duplication events (see for example Dehal and
Boore, 2005). In the future, the integration of
lineage-specific methods (see Hahn et al., 2005) to
detect family and lineage-specific innovation with
both sequence-based approaches and gene-tree
to species-tree coupling will enable a simul-
taneous analysis of duplication and sequence
divergence in the context of the tree of life. This
will then ultimately enable a further linking of the
duplication process with existing methods for the
analysis of other processes in gene family evolu-
tion in the context of species trees (see Roth et al.,
2005), ultimately enabling a greater understand-
ing of what makes each species unique (see
for example Francino, 2005 for an interesting
hypothesis).

As modeled and detected using the above
methods, both WGD and individual gene duplica-
tion have been important in shaping genomes.
In the context of pathway and signaling evolution,
the capabilities of WGD are greater because of
the capability of simultaneously duplicating inter-
acting partners. However, in most lineages, such
WGD events seem to have been rarer than single
gene duplication events (as normalized on a per
gene per unit time basis). The next section gives
an overview of the types of gene duplication that
are actually observed, including the functional
consequences, using the Arabidopsis genome as
an example.
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Large- and small-scale duplication
in individual lineages

In plant evolutionary history, genome duplica-
tions have been relatively common. Specifically
focusing on Arabidopsis, the species has experi-
enced at least three ancient polyploidy events
(Vision et al., 2000; Bowers et al., 2003). In
analyzing Arabidopsis and other plant genomes,
the most likely conclusion is that most angios-
perms are to some extent polyploid (Soltis, 2005).
By contrast, most vertebrate lineages have under-
gone only one or two large-scale genome duplica-
tion events in their �500 million year history
(Postlethwait et al., ’98; Gu et al., 2002; McLy-
saght et al., 2002), and extant polyploids are rare
(Gallardo et al., ’99; Soltis and Soltis, ’99).

The extra WGD in plants has been linked to an
observation that grass genomes have fewer highly
conserved regulatory elements that are lost in
complementary ways between duplicate gene pairs
in comparison with mammals to propose that
subfunctionalization has been rampant in plant
genomes (Lockton and Gaut, 2005). A further,
more detailed analysis is needed, with explicit
consideration of expression patterns and functions
of the ancestral state, to differentiate between the
various models of gene duplication fate.

The more recent duplications in the Arabidopsis
genome come from short segmental and single
gene duplication events (mostly tandem duplica-
tions). This process, characterized in Table 1,
created many of the large gene families. When
analyzing these families, different molecular and
cellular functions seem to be duplicated and
retained at different rates compared to the
genome as a whole, given a random chance of
duplication and retention (see Fig. 1). Mitochon-
drial carrier proteins and heat shock transcription

factors show low retention rates of duplicates in
general. MYB transcription factors on the other
hand are more often retained after segmental
duplications. High tandem duplication can also
be detected for the defense-related gene families
germin and major latex protein, as well as the
chlorophyll a�b binding proteins (Cannon et al.,
2004).

Lynch and Conery (2000) calculated a birth
rate for A. thaliana duplicates of 0.002/gene/MY or
about 60 genes per million years. The half live of a
gene duplicate was estimated to be about 17.3 MY
in the same study. Using these numbers we can
expect 250 A. thaliana specific duplicated genes
compared to its closest relative A. lyrata (�5.2
MY; Koch et al., 2000). As described below, the
observed number is significantly higher.

A common form of gene duplicates is tandemly
duplicated genes, created by unequal crossing-over.
A first example for such events is the A. thaliana
trypsin inhibitor locus ATTI with six tandem
duplicated genes (Clauss and Mitchell-Olds, 2004).
Several factors (linkage disequilibrium, low level
of diversity between ATTI1 and ATTI2, and a
presence/absence polymorphism for ATTI5) led to a
rejection of a homogeneous neutral model of
evolution for these duplicates. These duplicates
were also systematically differently expressed when
presented with a herbivore attack.

Another example of functional divergence in a
tandem duplicated locus is in the glucosinolate
biosynthesis pathway. The two 2-oxoglutarate-
dependent dioxygenases AOP2 and AOP3 catalyze
two different reactions, creating either alkenyl
(GS-ALK) or hydroxyalkyl (GS-OHP) glucosino-
lates. A. thaliana ecotypes can be categorized into
GS-ALK (expressing AOP2), GS-OHP (expressing
AOP3), or methylsulfinylalkyl (precursor) accu-
mulating (no functional expression) plants
(Kliebenstein et al., 2001).

Two additional recently duplicated genes (PreP1
and PreP2) have been described biochemically
(Bhushan et al., 2005). These two metallopro-
teases degrade small peptides in mitochondria and
chloroplasts. The two sequences have a PAM
distance of 14 and a Ks of 0.417. Using age
estimates provided by Blanc and Wolfe (2004), an
age for the duplication of about 15 million years
is obtained, which places it close to the divergence
of the Brassica and Arabidopsis lineages. These
two genes show differential expression in a tissue-
specific manner. In addition, they seem to have a
different enzymatic specificity (Bhushan et al.,
2005).

TABLE 1. The distribution of recently duplicated genes on the

five Arabidopsis thaliana chromosomes is shown

] of
genes

] of
families

] of tandem
duplicates

Chromosome 1 135 71 34
Chromosome 2 92 41 8
Chromosome 3 113 56 13
Chromosome 4 157 44 87
Chromosome 5 138 77 45

The first column gives the number of genes from a chromosome that
are involved in a duplicate pair, column 2 contains the number of
families that are formed by these genes, and column 3 shows how
many of the gene pairs are tandem duplicates (separated by less than
20 loci).
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A genome-wide analysis of recent gene duplica-
tions in the A. thaliana genome revealed 446 gene
pairs with Kso0.05 and a PAM distance of less
than 30. These genes formed 189 families contain-
ing 187 tandem (separated by less than 20 loci)
duplicates. The largest family of tandem dupli-
cated genes is on chromosome 4 and consists of
13 genes containing a protein kinase domain, but
of otherwise unknown function. The distribution
of the genes per chromosome is shown in Table 1.
For 68% (303) of these duplicated genes, the
molecular function is unknown, a significant
over-representation compared to the correspond-
ing fraction in the whole genome (38%; 10,417 out
of 27,503 GO annotations). In addition, proteins
involved in proteolysis are over-represented in the
duplication dataset (9.6% compared to 1.2% in the
whole genome). In examining substitution pat-
terns, 127 pairs had a Ka and a Ks of 0, indicating
very recent duplication (or gene conversion).
An additional eight pairs had Ka 5 0 and Ks>0,

while 34 had Ks 5 0, Ka>0. For 122 pairs,
Ka was larger than Ks. Additional work is needed
to elucidate the fate of the duplicated genes,
especially for the pairs with Ka/Ks>1 as well as
the pairs with Ka/Ks 5 0. As seen in Figure 2, most
recently duplicated genes become pseudogenes
and are observed with decreasing frequency at
increasing Ks (this result is qualitatively consis-
tent with the observations of Lynch and Conery,
2000). To confirm that these were actually lineage-
specific duplicates, sequences were compared with
EST and gene datasets from other Brassica species
and the relative branching order of Arabidopsis
duplicates and Brassica homologs was confirmed
phylogenetically. This analysis identified only one
out-paralog (a duplication event that was not
specific to Arabidopsis), with the remainder
appearing to be lineage-specific.

The picture of large-scale and lineage-specific
gene duplication in Arabidopsis leads to a general
question of how gene duplication feeds into
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Fig. 1. (a) The whole genome of Arabidopsis thaliana (27,142 genes) was compared to the GO database (Berardini et al.,
2004) and genes with unknown functions were excluded (11,529 genes). The distribution of known functions in the entire
genome is shown. (b) The recent gene duplicates identified with Kso0.05 and PAMo30 from A. thaliana were compared to the
GO database (Berardini et al., 2004) and genes with unknown function were excluded (323 genes). The distribution of remaining
recent duplicates is shown, where (as described in the text and in comparison with Fig. 1a), there is some deviation from the
GO classifications of the genome in general.
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existing metabolic, signaling, and transcriptional
networks in determining which duplicates are
retained, as will be discussed in the next section.
This process is, of course, different for single gene
vs. large-scale duplication events.

Metabolic networks and duplication

Gene duplication was suggested as a primary
source of new enzymatic activities, as one of the
first theories regarding the evolution of metabolic
pathways, often referred to as retrograde evolu-
tion, was proposed by Horowitz (’45). The theory
was primarily addressing the problem of how one
enzyme could provide a selective advantage to an
organism before the whole pathway had been
completed. It states that during evolution, path-
ways assembled backwards compared to the
direction of the pathway, in response to substrate
depletion, through gene duplication (Horowitz,
’65). Consequently, enzymes which are close to
each other in the pathways should, according to
this scenario, be paralogous.

Patchwork evolution (Jensen, ’76; Lazcano and
Miller, ’96) was later suggested as an alternative
to retrograde evolution. This model states that the
number of enzymes was initially small, which
promoted broad substrate specificities to encom-
pass as many diverse functions as possible. As the
number of enzymes grew, through gene duplica-
tion, enzyme specificity increased, for example, as
a result of single domain insertions via neofunc-
tionalization (Bjorklund et al., 2005). Ultimately
either subfunctionalization (increases in specifi-
city) or neofunctionalization (evolving specificity

to bind to new substrates) can be consistent with
the general framework of the patchwork evolution
model. In addition, Jensen suggested that path-
ways may evolve en bloc, i.e., genes whose gene
products catalyze reaction chains are duplicated
en bloc and evolve towards increased substrate
specificities. And indeed, several reaction chains in
different pathways are highly similar, including
for example reaction chains in the citric acid cycle
and in lysine biosynthesis.

Recent studies have shown that there is little
support for the retrograde evolution model while
Jensen’s patchwork evolution model has substan-
tially more support (Alves et al., 2002; Rison et al.,
2002; Light and Kraulis, 2004). Interestingly, an
analogous argument to retrograde evolution can
be successfully applied to the evolution of verte-
brate steroid receptors (Thornton, 2001). Gene
duplicates may rapidly be turned into pseudogenes
unless there is selection for their products.
However, new specificities do emerge. An intri-
guing question is if proteins co-evolve with their
new ligands or if new specificities can arise in the
absence of ligands. According to Thornton’s ligand
exploitation process, the terminal ligand in the
biosynthetic pathway of steroids in vertebrates is
the first one for which a receptor evolved, namely
an estrogen receptor. Subsequently, the family of
steroid receptors appears to have evolved new
ligand specificities in order to accommodate the
intermediate products in the estrogen synthesis
pathway for an increased specificity in signaling
(Thornton, 2001).

Ultimately, the importance of gene duplication
in the evolution of the metabolic network of E. coli
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Fig. 2. A histogram shows the Ks (as a proxy for time) distribution of recent duplicates in Arabidopsis thaliana. Most recent
duplicates appear to become pseudogenes by Ks 5 0.05.
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may be small compared to the impact of horizontal
gene transfer (HGT) (Pal et al., 2005). A recent
study shows that the metabolic network of E. coli
evolves by incorporating horizontally transferred
genes which are predominantly involved in trans-
portation (Pal et al., 2005), and another study
indicates that the horizontally transferred en-
zymes are, on average, highly connected in the
metabolic network (Light et al., 2005). The
presumed large effective population size of ances-
tral E. coli might render pseudogenization more
likely than subfunctionalization according to the
model of Lynch (Force et al., 2001), but the
population genetic basis for a preference of lateral
gene transfer over gene duplication in organisms
of large effective population size remains unclear.
Further, the effect of the operon structure of
bacteria on the DDC process remains to be
modeled.

Protein– protein interaction networks
(PPINs) and duplication

The PPIN of S. cerevisiae is susceptible to
mutations on proteins with many interactions
(hubs) (Albert et al., 2000; Jeong et al., 2001).
Since hub proteins appear to be pivotal for the
robustness of the PPIN, it is conceivable that the
S. cerevisiae genome may contain more genetically
redundant duplicates of the hubs compared to
other proteins. In fact, evolutionary theory has
predicted a set of conditions under which selection
for duplicates as a buffering effect against future
deleterious mutation may act, but this has not
been clearly established as an important mechan-
ism for duplicate gene retention. In contrast, gene
duplications may cause an imbalance in the
concentration of the components of protein–
protein complexes which might be deleterious
(Veitia, 2002; Papp et al., 2003). A neutral
argument that pseudogenization is most probable
when there is no selective pressure to retain the
gene based upon a lack of binding partners can
also be presented.

However, recent studies show that the duplica-
tion rate of hub proteins is similar to that of other
proteins (Ekman et al., 2006; Prachumwat and
Li, 2006). Interestingly, static hubs (Han et al.,
2004), many of which are at the cores of highly
conserved protein complexes, have few paralogs
which originate from relatively recent duplications
(Ekman et al., 2006). The cause for the apparent
decrease of hub duplicates is unclear, but it is
possible that the dosage sensitivity of static, well-

connected (party) hubs has increased in compar-
ison to other proteins through evolution. Addi-
tionally, this may reveal a timing issue, where the
duplication of hub proteins is related to the
frequency of large-scale duplication events as
opposed to smaller-scale lineage-specific events,
where interacting partners are duplicated simul-
taneously.

Interestingly, a recent study by Pereira-Leal
and Teichmann (2005) indicates that the complete
or partial module duplication, i.e., duplication of
protein complexes, has occurred on several occa-
sions during the evolution of S. cerevisiae. With
the exception of these complexes, the large
numbers of interactions of hub proteins cannot
be explained by interactions with many paralo-
gous proteins (Ekman et al., 2006). In fact, after
duplication, interactions are rapidly lost in an
asymmetric manner, where one of the genes loses
most of the original interactions (Wagner, 2001,
2002). The asymmetry is prominent in hubs,
where divergence results in loss of subfunctions
in the duplicated gene, whereas duplicates of
proteins with few interaction partners are more
likely to gain new functions (Zhang et al., 2005).

Transcriptional networks and duplication

At a transcriptional level, regulatory interac-
tions consist of a transcription factor, which binds
to its target gene through a DNA binding site. One
single transcription factor may control several
target genes and one target gene can be regulated
by many different transcription factors.

Duplication has played a key role in the
evolution of interactions in the regulatory net-
works. Both transcription factors and the target
genes have been extensively duplicated. Following
duplication, interactions may be inherited from
the ancestor to the duplicate or new interactions
may be gained through divergence. According to
a study by Teichmann and Babu (2004), approxi-
mately half of the interactions have been gained
through sequence divergence after duplication,
whereas one-third of the interactions have been
inherited from the ancestral gene. Only a minority
(�10%) of the interactions between transcription
factors and target genes consist of genes that lack
homologs. Inherited interactions after duplication
of the target gene comprise approximately 20%
of the interactions in both E. coli and yeast. On
the other hand, conserved interactions of tran-
scription factor duplicates are more common in
yeast (22%) than in E. coli (10%), perhaps because
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yeast have more genes that are regulated by
multiple transcription factors, or perhaps because
the action of positive selection is stronger in
E. coli. Simultaneous duplications of transcription
factor and target gene, which is probably facili-
tated by having adjacent locations on the chromo-
some, is also responsible for a minor number
of inherited interactions. However, duplication
alone is not sufficient to explain the large numbers
of target genes for some transcription factors. In
fact, transcription factor binding sites can evolve
easily from random DNA and the development of
better models that combine sequence evolution
and the specificity of transcription-factor DNA
interactions will expand our understanding of this
type of regulatory evolution (Berg et al., 2004).

Given the process by which large-scale gene
duplication leads to the evolution of new metabolic
and signaling pathways, new protein–protein
interactions, and new transcriptional networks,
it clearly has the capability to present a foundation
for the evolution of biological novelty. This novelty
potential can be exploited in different ways in
different lineages, dependent upon the time taken
to exploit or resolve the redundancy from duplica-
tion, potentially driving biodiversity. The next
section will explore the impact that such duplica-
tions may have had on speciation rates and the
evolution of biodiversity on Earth.

WGD and organismal evolution

Radiations abound throughout the evolutionary
history of organisms and involved such crucial
transitions as that from single-celled organisms to
complex multicellular animals and plants. The
points that have long sparked the interest of
researchers are the pivotal radiations at the base
of the Metazoa, including the Chordata–Vertebrata
split.

One of the early hypotheses brought forward by
Ohno (’70) was that two rounds of WGD occurred
at the cusp of vertebrate evolution (Urochordata—
Craniata), leading to the relatively large size and
complexity of the vertebrate genome (2R hypoth-
esis). This basic tenet is still hotly debated, and
observations made with recently available genome
mining tools have resulted in conflicting evidence.
The accumulation of complete genomic sequences
clearly showed that significant portions of the
vertebrate genome consist of duplicated gene loci,
thus making de novo origins of genes a much more
rare event. Also, the now refuted speculation that
because some gene families have four representa-

tives in vertebrates (e.g., Hox clusters) but just one
in invertebrates, that this would be general
seemed to support this hypothesis (Garcia-
Fernandez and Holland, ’94; Popovici et al., 2001),
but has subsequently proven to be an overly
simplistic view. Studies comparing the complete
human and Drosophila genome sequences though
revealed that less than 5% of homologous genes
follow this rule (Friedman and Hughes, 2003).

Recently, Dehal and Boore (2005) showed by
determination of the evolutionary history of all
gene families of tunicate (invertebrate), fish,
mouse, and human (vertebrate) and by analysis
of the relative position of the resulting paralogs in
the vertebrate genome (prior to the fish-tetrapod
split), that there is evidence of two distinct WGD
events early in vertebrate evolution (Urochordata–
Craniata). According to current evolutionary
theory, the invertebrate tunicate (Ciona intestina-
lis) is a close basal chordate relative of vertebrates
(Lit), and thus is better suited for comparison than
the more distant Drosophila (Dehal et al., 2002).
Dehal and Boore again found evidence that the
simple notion of quadrupling of certain gene
families of single invertebrate origin in verte-
brates is not supported, and that early observa-
tions to that respect are anecdotal. However,
based on the combined evidence of gene families,
phylogenetic trees and genomic map position
conclusive evidence for the 2R hypothesis is
presented, supporting earlier studies (Lundin,
’93; Spring, ’97; Meyer and Schartl, ’99; Wang
and Gu, 2000; Taylor et al., 2001; Larhammar
et al., 2002; McLysaght et al., 2002; Panopoulou
et al., 2003 among others). After the generation of
gene clusters containing all genes descended by
shared single ancestry, the authors inferred
evolutionary relationships of each gene cluster.
Then, gene trees were compared to organismal
trees, allowing for dating each duplication in
relation to organismal lineage divergence. By
further examination of the human genomic map
position of only those genes derived from a
duplication event at the base of vertebrates, a
clear image of tetra-paralogs emerged. Due to the
fact that some pairs of those sets extend over
longer regions than others, the authors speculate
that two rounds of auto-tetraploidization hap-
pened, as opposed to a single octoploidy. Further-
more, they rather conservatively allude to the
effect of WGD on subsequent organismal radia-
tions and rapid and extensive evolutionary
change. While the authors do not deny the fact
that WGDs drive macroevolutionary change, they
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feel unsure as to what extent. Interestingly, they
observe a general massive gene loss after duplica-
tion, indicating that few genes might have been
involved in the increased vertebrate complexity
(this rapid loss and neofunctionalization of a few
genes is predicted by many of the models pre-
sented earlier, see Rastogi and Liberles, 2005).
Additionally, they speculate about the potential
loss of constraint on certain genes having played
some role in the evolution of vertebrate complexity
beginning.

Earlier studies conducted by Panopoulou et al.
(2003), based on a comparison of gene catalogs
from amphioxus (Branchiostoma floridae, even
closer related to vertebrates than Ciona) to over
3,400 single-copy genes orthologs of C. elegans,
D. melanogaster, S. cerevisae, and C. intestinalis
show an increased gene duplication activity after
the separation of amphioxus and vertebrate
lineages, supporting the 2R hypothesis. Contrarily
to most studies, Panopoulou et al. (2003) actually
use molecular clock approaches to estimate the
duplication time of certain segments. Based on
a large number of amphioxus genes, the cepha-
lochordate–vertebrate split was placed at
647–654 MYA. The majority of the human ortho-
logs dated via this method were duplicated
between 300 and 680 MYA (mean 488 MY).
Clearly, the accuracy of molecular clocks is still
debatable, and currently estimated phylum diver-
gences vary around a mean of 800 million years
(Wray et al., ’96; Nikoh et al., ’97; Ayala et al., ’98;
Valentine et al., ’99). However, a crucial evolu-
tionary event for early metazoan history lies
within the estimated timeframe of the 2R WGDs.

During the Cambrian period, there was a frenzy
of evolutionary innovation, marking a sharp
transition in the fossil record with the appearance
of numerous metazoan body plans, including the
ones of living fauna. Accurate dating methods
indicate that the so-called Cambrian Explosion
happened during a very short period—from ca.
530 to 520 MYA, spanning only 1.7% of the
duration of the animal fossil record (Bowring
and Erwin, ’98). Early metazoans were already
found in the Neoproterozoic, and bilateral traces
date back to ca. 610 MYA (Hoffman et al., ’90;
Brasier and McIlroy, ’98). Valentine et al. (’99)
however emphasize, that based on fossil, phyloge-
netic, and morphological evidence an estimated
metazoan origin at 700 MYA may be possible.
By the end of the 10 million years of Cambrian
explosion, all but one of the phyla with fossilizable
skeletons had appeared. The earliest unmista-

kenly metazoan body fossils were recovered from
phosphorite deposits on the Yangtze in China,
dating to ca 570 MYA (Xiao et al., ’98).

Valentine et al. (’96, ’99) point out that mini-
mum Hox gene array studies (analysis using a
parsimony reconstruction of Hox gene presence
and absence) suggest that much of the basic gene-
regulatory machinery required to set up metazoan
body plans was in place significantly before the
explosion. This might have been related to WGD
events at the base of metazoan development, and
would give support to the claim that the ‘‘explo-
sion’’ itself was of limited biological significance,
as all important, preparative events in metazoan
evolution had occurred earlier.

Additionally, this scenario lends further support
to the ‘‘punctuated equilibrium’’ observation
made by Gould and Eldredge (’77) and the founder
effect model of speciation proposed by Mayr (’63).
Taken all above-mentioned evidence into account,
it would also support a traceable scenario, where
WGDs are followed by radiation and the emer-
gence of novel life forms and strategies.

Another hypothesized WGD, initially based on
the observation of a duplication of Hox gene
clusters in zebrafish, relates to the origin of fishes
(Amores et al., ’98). Taylor et al. (2003) tested this
hypothesis further, which postulates a WGD after
the divergence of ray-finned and lobe-finned
fishes, but before teleost radiation. In their study,
different phylogenetic analyses were used to
produce topologies identifying zebrafish duplicates
and their orthologs in other fish species. Genes
were then mapped by using a radiation hybrid
panel and checked for synteny. Their results
indicate a large number of fish genes being
duplicated before the divergence of zebrafish and
pufferfish ancestors. Although based on individual
gene studies, leaving open the possibility of
multiple independent gene duplications, the
author feels that single gene duplication events
are not to be expected to produce multiple,
multigene blocks of paralogy. Models described
in the second section can be expanded to give a
probabilistic view of the correlated timing of these
events. Based on the results of Taylor et al. (2003),
and the fact that the Euteleostei are a species-rich
clade, including 22,000 extant taxa, they speculate
about a potential causal link of WGD and specia-
tion, without alluding to the supposed timeframe
of the speciation event(s).

Donoghue and Purnell (2005) take the fish
example to challenge the notion of a connection
between WGD and bursts of character acquisition,
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on the grounds of undersampling of taxonomically
and anatomically intermediate fossils. According
to them, the observed pattern of sudden morpho-
logical change and evolutionary bursts is due to
sampling error. In fact more inclusive sampling
of fossil taxa (e.g., 11 intercalate clades between
teleosts and their nearest living relative) shows no
support for linking gen(om)e duplications and the
evolution of vertebrate complexity. This is an
interesting, although very Darwinian observation,
and the mere presence of additional, now extinct
morphologically intermediate taxa does not chal-
lenge the possibility of their rapid occurrence, nor
the occurrence of new body forms or radiations
of those morphologically intermediate fossils. The
fact that morphological change does not always
develop abruptly also does not interfere with the
possibility that gen(om)e duplications may lay at
the base of species-rich clades. Fossil evidence,
although an additional source of information will
not solve this discussion.

The real problem in all arguments supporting
or countering the connection between gen(om)e
duplication and species radiation is that no studies
have considered to correlate rates of duplicated
gene evolution and rates of speciation (and any
potential lag time between WGD events and
phenotypic innovation). Under the scenario of
gene duplication, changed (e.g., accelerated) rates
of genetic evolution for the ‘‘surviving’’ neo- or
subfunctionalized genes should be expected. Late-
ly, several studies demonstrated a connection
between speciation net rates, and genetic change
(Barraclough and Savolainen, 2001; Webster et al.,
2003), indicating that rapid genetic evolution
results may result in higher speciation rates.

The continued surveying has in its essence led
to three putatively confirmed WGD throughout
the history of the Deuterostomia. Although none
of the results listed above, if considered alone,
provide full support for a connection of WGD
coupled with following radiation, when combined
with a variety of evidence, support for this
connection can be observed throughout the evolu-
tionary history of life on earth (Holland et al., ’94;
Ruddle et al., ’94; Sidow, ’96; Stellwag, ’99; Depew
et al., 2002; Aburomia et al., 2003; Wagner et al.,
2003).

CONCLUSION

The development of increasingly sophisticated
integrative models that examine the process of
gene duplication, with explicit consideration of

evolutionary processes at the species level coupled
to a structurally constrained molecular-level ana-
lysis, are improving our understanding of how
genes and genomes evolve and how this leads
to the evolution of new function. Comparative
genomic analysis is enabling these models to be
tested in large scale and is increasingly being
coupled to in-vitro biochemistry and ancestral
sequence reconstruction to understand the pro-
cess at that level of detail. Integrating this knowl-
edge enables an understanding of systems biology
from an evolutionary perspective, which can feed
into an understanding of how organisms evolve to
utilize novel ecological niches. At the species level,
there appears to be a correlation between WGD
events and speciation rate, providing a potential
mechanistic link to the generation of Eukaryotic
biodiversity on Earth.
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