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Abstract Although evolutionary biologists have long recognized the transfor-
mative evolutionary potential of whole-genome duplications (WGDs) in plants,
identifying the precise phylogenetic location of WGDs presents many challenges.
This chapter reviews some new approaches to map WGDs on a phylogeny, the first
step for understanding the large-scale evolutionary and ecological consequences of
WGDs in plants. Specifically, it examines approaches for using chromosome and
gene copy number data, gene trees, and other genomic insights to identify the
evolutionary location of WGDs. The abundance of genomic sequence data and
advances in phylogenetic methods present unprecedented opportunities to place
WGDs within the plant tree of life. Still, there exist few direct tests to identify and
place WGDs, and analyses of complex data are often susceptible to error.

A central challenge in evolutionary biology is to determine the genetic mechanisms
that generate species diversity as well as new traits, functions, and adaptations. Plant
evolutionary biologists have long recognized the transformative evolutionary poten-
tial of polyploidy or whole-genome duplication (WGD) (e.g., Stebbins 1950; Grant
1963; Levin 2002; Soltis and Soltis 2000; Soltis et al. 2009). However, to study the
evolutionary consequences of whole-genome duplications (WGDs) and link WGDs to
phenotypic changes or diversification, the WGDs must first be placed in a phyloge-
netic context. Unfortunately, the rapid gene loss and genome rearrangements that
frequently follow WGDs erase evidence of WGD (e.g., Wolfe 2001; Doyle et al.
2008). This process of diploidization brings about a paradox of the study of poly-
ploidy; despite its apparent pervasiveness throughout the evolutionary history of land
plants and its evolutionary importance, clear, unambiguous evidence of ancient
WGDs can be remarkably difficult to locate within a phylogeny.
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WGD in plants has been and studied for more than 100 years (e.g., Digby 1912;
Winge 1917). Although sometimes cryptic, evidence of WGDs may be gleaned
from such disparate sources as chromosome counts (e.g., Stebbins 1971), guard
cell size (Masterson 1994), age distributions of gene copies (e.g., Blanc and Wolfe
2004), or large segmental duplications within genomes (e.g., Vision et al. 2000).
Still, it is difficult to infer the phylogenetic location of the WGDs with any pre-
cision from these observations alone. To place WGDs in an evolutionary context
requires a robust, and ideally well–sampled, phylogenetic hypothesis, large-scale
comparative data indicating WGDs, and models and methods to map these data
onto a phylogeny. Only recently have advances in phylogenetics, comparative
methods, and genome sequencing made this possible on a large scale. These
advances have enabled the first studies addressing some of the basic evolutionary
questions about polyploidy, such as the frequency of polyploid speciation (Wood
et al. 2009) or the effect of WGDs on diversification (Vamosi and Dickinson 2006;
Soltis et al. 2009; Mayrose et al. 2011), in a rigorous phylogenetic framework.
This chapter reviews some new approaches to map WGDs on a phylogeny, the first
step for understanding the large-scale evolutionary and ecological consequences of
WGDs in plants.

5.1 Chromosome Evolution

Many early surveys of polyploidy in plants used chromosome counts to estimate
the percentage of polyploid species (e.g., Grant 1963, 1982; Stebbins 1938, 1950,
1971; Goldblatt 1980). This work laid the foundation for understanding the role of
WGDs in plant evolution. However, lacking a phylogenetic context, it is difficult
to estimate the frequency of WGD events, let alone the evolutionary placement of
WGDs simply from the percentage of polyploids (although see Meyers and Levin
2006; Otto and Whitton 2002). For example, if a plant family has 100 species, 50
of which are recent polyploids, this could be the result of as few as one WGD or as
many as 50 WGDs (assuming at most one WGD per lineage). Understanding the
relationships among species is necessary to infer the history of WGD. Further-
more, chromosome number alone is not necessarily indicative of polyploidy. Zea
mays, with a haploid chromosome number of 10, has had multiple WGDs in the
last *20 million years (Gaut and Doebley 1997; Gaut 2001), and Arabidopsis
thaliana, with a haploid chromosome number of five, has experienced 3–5 WGDs
since the origin of seed plants (Vision et al. 2000; Blanc et al. 2003; Bowers et al.
2003; Jiao et al. 2011). Yet few chromosome number surveys would have
considered either polyploid.

Mapping chromosome numbers on a phylogenetic hypothesis can help reveal
the frequency and evolutionary placement of WGD events. Informal phylogenetic
observations were first used to deduce ancestral chromosome numbers. For
example, numerous studies surmised a low base chromosome number for angio-
sperms based on the chromosome counts of the ‘‘basal’’ angiosperm lineages (e.g.,
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Ehrendorfer et al. 1968; Stebbins 1971; Walker 1972; Raven 1975). These
observations implied a history of WGD near the root of angiosperms, although
they could not map this precisely; indeed, the relationships among these lineages
were unknown. With the growth of phylogenetic methods and data, more formal
maximum parsimony approaches were used to reconstruct ancestral chromosome
number on the inner nodes of phylogenetic trees (e.g., Stace et al. 1997; Schultheis
2001; Mishima et al. 2002; Guggisberg et al. 2006; Hipp et al. 2007). To do this,
chromosome number can be treated as a discrete variable, and the ancestral states
can be reconstructed using linear or squared change parsimony. If the ancestral
states are far higher than the base chromosome number, then that ancestral node
may represent a polyploid. It is possible to construct elaborate chromosome
number transition matrices for parsimony analyses, for example, allowing chro-
mosome doubling as well as single chromosome changes, or to weight different
changes, like down-weighting chromosome losses, but these analyses are rarely
performed. In any case, parsimony reconstructions often have difficulty accounting
for multiple transitions on a single branch or quantifying uncertainty in ancestral
state reconstructions.

More recently, probabilistic models of chromosome number evolution have
been developed (Meyers and Levin 2006; Mayrose et al. 2010). In a simple for-
mulation, the chromosome models allow transitions that add a chromosome,
remove a chromosome, or double the number of chromosomes (Mayrose et al.
2010). Thus, although the transition matrix among chromosome states (chromo-
some numbers) may be extremely large, the evolutionary process can be modeled
with only a few parameters. The performance of these models has not been
characterized in detail; however, they appear to infer more ancient WGDs than
parsimony methods (Wood et al. 2009) and may also provide quite different
ancestral state reconstructions of chromosome number (Cusimano et al. 2012). In
the future, these models may link chromosome evolution to diversification rates or
phenotypes related to the frequency of WGDs to obtain even more accurate
estimates of WGDs in a phylogeny.

Studies of plant chromosome numbers have provided a wealth of insight into
polyploidy in plants and have contributed substantially to canonical views of plant
speciation and evolution. Yet chromosome number is a sort of summary statistic
for WGD, a simple observation that is meant to represent a complex, large-scale
genomic change, and chromosome number alone may not be sufficient to detect
WGDs. A small chromosome number, as in Arabidopsis thaliana, does not nec-
essarily imply the absence of historical WGDs, and high chromosome numbers are
not necessarily evidence of WGDs. Without additional cytological or genetic data,
it is impossible to distinguish between a WGD and increasing dysploidy, a change
in the chromosome number that is not associated with a change in the amount of
genetic material, based solely on chromosome counts.

Also, as with any phenotype, there are limitations and biases associated with
ancestral state reconstruction (e.g., Schluter et al. 1997; Ané 2008). Often
reconstruction is most difficult for characters with high rates of evolution or high
degrees of homoplasy. Chromosome numbers may be unstable following a WGD
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(see Lim et al. 2008; Chester et al. 2012) and can decrease quickly following a
WGD. Thus, modeling approaches likely will have difficulty for identifying
ancient WGDs. In fact, it appears that the frequency of chromosome loss and
diploidization was not always appreciated in studies that only examined chro-
mosome numbers, and even with large-scale genomic data, the mechanisms for
rapid chromosome loss are not clear (Doyle et al. 2008). This lack of appreciation
for the lability of chromosome numbers may have contributed to the failure to
detect, or even surmise, the extent of ancient WGDs, and also may have
encouraged the idea that WGDs were evolutionary dead ends (e.g., Stebbins 1950).

Despite the limitations of chromosome numbers alone, data are available for
many thousands of plant species, for example on the online Index to Plant
Chromosome Numbers (IPCN) database (http://www.tropicos.org/Project/IPCN).
Thus, until large-scale genomic sequence data sets become available for thousands
of phylogenetically diverse taxa, chromosome number may provide the best
opportunity to identify putative WGD events, especially recent events, with
phylogenetic precision and to examine the macroevolutionary consequences of
WGD throughout the history of all plants.

5.2 Gene Copy Models

With the availability of large-scale genomic data from an increasing number of
plant species, estimates of copy numbers for gene families are increasingly
available for many plant species. Since WGD should change not only the chro-
mosome numbers but also the copy numbers for all gene families, gene family
copy number should provide more data to estimate a WGD than simply a single
chromosome number. Like chromosome number evolution, ancestral gene copy
numbers can be reconstructed using parsimony methods (Snel et al. 2002; Kunin
and Ouzounis 2003; Mirkin et al. 2003; Csürös 2010; Ames et al. 2012; Librado
et al. 2012). The parsimony models can be implemented in numerous ways,
including weighting gains and losses differently. It is not necessarily easy to find
evidence of WGDs based on the number of gene gains or losses on a branch in the
species tree, but we might expect WGDs will result in far more gains, and sub-
sequently losses, per unit time than are found on other branches. Hahn et al. (2005)
developed a stochastic birth and death model that assumes a homogeneous process
of duplication and loss throughout the species tree. The ML implementation of this
model in CAFÉ
(De Bie et al. 2006), as well as a similar Bayesian approach (Liu et al. 2011),
estimates gene family gain and loss rates across the tree and can identify
anomalous gene families and branches on the tree. These branches may reflect the
effects of WGDs. More complex models that account for heterogeneity in the rates
of duplications and losses across lineages, and in some cases also allow gains of
genes or gene families by lateral transfer, also have been proposed (Iwasaki and
Takagi 2007; Csurös 2010; Ames et al. 2012; Librado et al. 2012).
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In spite of much recent work on developing models of gene family copy number,
all of the gene copy models assume that gene duplications or gene gains are
independent. Thus, a WGD in a plant might be viewed as 20,000 gene duplications
rather than a single duplication event. Consequently, while an increased duplication
rate on a branch or increased loss rates on subsequent branches may suggest a WGD,
there is no definitive test of WGD, and it may be difficult to distinguish WGD from
simply an elevated duplication rate or a large-scale duplication. One approach may
be to create a model that could estimate a rate of doubling for all gene family
numbers. This transition matrix could be applied to different branches to test for
either a rate of WGD greater than zero or different rates between clades or branches.

Although gene copy number provides a more detailed assessment of genomic
content than chromosome numbers, inferring the histories of gene copy number
and chromosome number have similar limitations. For example, gene copies
appear to be rapidly silenced and lost immediately following a WGD (e.g., Tate
et al. 2006; Buggs et al. 2009, 2012; see Chap. 14, this volume), which may
quickly obscure the evidence for WGDs. However, simply obtaining accurate
estimates of gene copy number for extant taxa may be a challenge. Without
complete genome sequencing, it can be difficult to distinguish a gene loss from a
failure to sample a gene. In fact, the lack of complete sequencing across a broad
range of plant species may explain the lack of studies of gene copy number
evolution in plants. Even with complete genome sequences, estimates of gene copy
number depend on the vagaries of the extremely complex genome annotation and
gene family circumscription problems. Furthermore, there are high levels of
intraspecific variation in gene copy number in some plants (e.g., Springer et al.
2009; Debolt 2010; Zheng et al. 2011). It is possible to account for uncertainty in
the gene copy numbers or incomplete sampling in a likelihood model, although
such approaches have not been implemented.

Still, gene copy number does not always provide direct evidence for the location
of gene or WGDs. For example, take the case in Fig. 5.1, in which an outgroup has a
single gene copy, and two sister taxa each have two gene copies. The parsimonious
explanation for these data would be that a gene duplication preceded the most
recent common ancestor of the sister taxa, although it is possible that there were
independent duplications in each sister lineage. In this case, the gene topologies can
provide much more insight into the history of duplication than simply looking at
copy number and can easily distinguish between the two duplication scenarios in
Fig. 5.1. The additional information from evolutionary history of the genes can
further help identify the placement of historical duplications and WGDs.

5.3 Gene Tree Reconciliation

The general problem of gene tree reconciliation is based on the observation that
population-level processes, such as coalescence (lineage sorting), as well as
evolutionary events, such as gene duplications and loss, recombination,
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hybridization, or lateral gene transfer can result in gene topologies that differ from
the phylogeny of the species in which the genes evolve (e.g., Maddison 1997). The
general challenge of gene tree reconciliation is to find the evolutionary scenario
that best explains the gene tree topologies. For the case of WGD, we might ask if a
collection of gene trees is consistent with a WGD event, or at least a large number
of duplications, at a particular point in the species phylogeny. While this approach
seeks to directly map the location of gene duplications, and thus provide more
direct evidence of WGD than simply examining changes in chromosome or gene
copy numbers, in practice it often is complicated by the number of different
scenarios that can cause gene tree incongruence and the inherent difficulty of
accurately inferring a gene tree from only a gene sequence alignment (for more
detailed, general reviews see Eulenstein et al. 2010; Doyon et al. 2011b).

5.3.1 Parsimony Approaches

Much of the initial work in gene tree reconciliation was based on optimizing a par-
simony criterion; that is, finding a mapping of a gene tree topology onto the species tree
that implies the fewest evolutionary events. The gene duplication model was first

Fig. 5.1 Gene copy number data and corresponding gene trees. The gene copy number data
mapped on a species tree implies at least one gene duplication, but do not specify the location of the
duplication(s). Gene tree 1 implies a single duplication preceding the most recent common ancestor
of A and B. Gene tree 2 implies independent duplications in the lineages leading to A and B
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introduced by Goodman et al. (1979; also see Page 1994 and Guigó et al. 1996) to find
the minimum number of gene duplications needed to explain the incongruence
between a gene tree and species tree. To do this, a gene tree can be embedded into a
species tree through least common ancestor mapping (lca-mapping), which maps
every node in the gene tree (tips and internal nodes) to the most recent node in the
species tree that could have contained the gene node (Fig. 5.2). A duplication occurred
if a parent and child node in the gene tree share the same lca-mapping in the species
tree. The lca-mapping identifies the most recent possible location of the gene dupli-
cation in the species tree, but this often is not the only possible location of the gene
duplication. In many cases, the duplication could have preceded the lca-mapping,
although the earlier placement of the duplication may imply additional gene losses.
However, as in the gene copy number analyses, gene losses are often difficult to
distinguish from incomplete sampling.

This simple gene reconciliation can provide a direct estimate of the phyloge-
netic location of gene duplication events with a precision that is impossible with
chromosome or gene copy number data. Also, it does not even require the presence
of duplicated, paralogs genes; incongruence between a single-copy gene tree
topology and the species phylogeny may be evidence of a hidden history of gene
duplication and loss. On the other hand, gene duplications and losses are not the
only explanation of gene tree incongruence. For example, incomplete lineage
sorting or reticulation also can confound gene tree topologies. In this case, the
gene duplication model may mistakenly imply a large number of duplications

Fig. 5.2 An example of
lca-mapping of gene
duplications. The parent and
child nodes in the gene tree
(h and t) map to the same
node (X) in the species tree.
This implies a single
duplication occurring prior to
or at node X in the species
tree
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preceding rapid cladogenesis in the species tree, where we might expect high
levels of incomplete lineage sorting.

Perhaps the most difficult problem underlying the gene reconciliation approaches
is that, in many cases, the incongruence between a gene tree and the species phy-
logeny may simply be due to error. The gene tree model will interpret any topological
error as evidence of duplications. Consequently, this approach often implies far more
duplications rather than biologically plausible (e.g., Rasmussen and Kellis 2011).
The errors in the gene tree tend to place erroneously large numbers of duplications
near the root of the species tree, which may falsely suggest large-scale duplication
events at the origins of major clades (Hahn 2007; Burleigh et al. 2010). In the
parsimony context, several strategies have been proposed to ameliorate the problems
of gene tree error. First, poorly supported clades in the gene tree may be collapsed.
Several algorithmic approaches have extended the gene duplication model to deal
with reconciling nonbinary trees (Berglund-Sonnhammer et al. 2006; Chang and
Eulenstein 2006; Durand et al. 2006). Also, several approaches have been developed
to allow minor modifications of the gene tree topology if they reduce the number of
implied duplications (e.g., Chen et al. 2000; Chaudhury et al. 2011, 2012; Gorecki
and Eulenstein 2012). For example, Chaudhury et al. (2012) introduced an algorithm
that, given a gene tree and a species tree, finds a gene topology in a subtree pruning
and regrafting (SPR) neighborhood of the original gene tree that minimizes the
number of implied duplications. These local rearrangements can massively reduce
the number of estimated gene duplication events.

In spite of the many issues related to gene tree reconciliation, simple and
informal gene tree reconciliations have been effective at helping to identify the
phylogenetic location of WGDs in plants. These approaches are usually limited to
small gene trees with paralogs, that is, gene trees in which at least one duplication
must have occurred. In a simple three-taxon approach, a gene tree is constructed
with a pair of paralogs genes from a test taxon, and the best homologs from a sister
taxon and from an outgroup taxon (e.g., Bowers et al. 2003). If paralogs from the
test taxon form a clade, they diverged after the common ancestor with the sister
taxon; if they do not, they diverged before the most recent common ancestor. This
three-taxon phylogenetic approach provides only a limited phylogenetic context
for the duplications, but it has been used to determine the timing of WGDs in
Arabidopsis relative to its divergence from pines, rice, and other eudicots (Bowers
et al. 2003) and rice relative to its divergence from pines, Arabidopsis, and other
monocots (Vandepoele et al. 2003; Chapman et al. 2004). More recently, Jiao et al.
(2011) counted the gene trees that were consistent with different scenarios of
WGD to infer WGDs at the root of angiosperms and seed plants.

5.3.2 Parsimony Methods to Identify WGDs

The gene duplication problem described above treats each duplication indepen-
dently. Although it may identify places in the species tree with high numbers of
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gene duplications, it does not attempt to find large-scale duplication events.
Several proposed approaches attempt to identify the minimum number of gene
duplication events, where an event may include duplications of many or all genes,
rather than simply the number of duplications. One indirect approach is to examine
all the possible locations of each gene duplication and find a mapping that mini-
mizes the number of locations (nodes) on the species tree where gene duplications
occur (Guigó et al. 1996; Page and Cotton 2002; Burleigh et al. 2009; Luo et al.
2009). This approach does not directly infer WGDs; but ideally, it can identify
places in the species tree that are possible locations of clusters of many duplica-
tions. With a limited number of gene trees, this approach appears to be effective at
identifying some locations of ancient WGDs in plants (Burleigh et al. 2009).
Unfortunately, with a large number of gene trees, it is likely that all possible
duplication mappings will require duplication events at every node in the species
tree. In this case, every possible mapping of gene duplications will be equally
optimal, and this approach will be uninformative.

Another approach seeks to find a gene duplication mapping that implies the
fewest gene duplication episodes (Guigó et al. 1996; Page and Cotton 2002;
Bansal and Eulenstein 2008; Luo et al. 2009). Given a single gene tree and species
tree, any set of gene duplications, from the same or different gene trees, that occur
on the same node in a species tree can be explained by a single gene duplication
episode (or event) as long as none of the gene duplications in the set have an
ancestor–descendant relationship with each other (Fig. 5.3). This approach appears
to help identify WGDs, which should be very large episodes, but the largest
episode is simply the largest episode found on any single gene tree (Page and
Cotton 2002; Burleigh et al. 2010). In practice, the mapping that minimizes the
number of episodes is determined by only the largest gene trees. Furthermore,
randomizing the leaf labels (taxon names) on the gene trees can result in gene tree
mappings that imply fewer episodes (Burleigh et al. 2010). Thus, although the
notion of finding gene tree mappings that are consistent with large-scale dupli-
cations is desirable, it is not clear that this problem has been properly formulated.

5.3.3 Likelihood-Based Approaches

If the gene trees are accurate, the parsimony criterion for mapping gene dupli-
cations appears to perform well when the rates of duplication and loss are low
(Åkerborg et al. 2009; Doyon et al. 2009). However, these approaches do not
consider branch lengths in the gene or species trees, and they have a limited ability
to allow multiple duplications and losses on a single branch. Perhaps more
important, it is difficult to incorporate the parsimony criterion into a rigorous
statistical framework to examine evolutionary hypotheses associated with gene
duplication. Numerous likelihood-based models of gene duplication and loss for
reconciling gene trees and species trees have been proposed (e.g., Arvestad et al.
2003, 2004, 2009; Åkerborg et al. 2009; Doyon et al. 2009, 2011a; Rasmussen and
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Kellis 2011; Gorecki et al. 2011). Most modeling approaches are based on using
birth–death processes to model duplications and losses of genes as they evolve
within a species tree (e.g., Arvestad et al. 2003, 2004, 2009; Åkerborg et al. 2009;
Rasmussen and Kellis 2011). Also, Doyon et al. (2009, 2011a) introduced a rec-
onciliation algorithm that calculates the likelihood of possible reconciliations
based on a constant duplication and loss rate model, and this appears to produce
similar reconciliations as a parsimony approach. Gorecki et al. (2011) used a
Poisson model to identify the most likely distribution of reconciliations across
branches in the tree based on the species branch lengths and the gene tree
topologies.

Most of the likelihood model-based approaches require as input a species tree
with branch lengths. The method of Gorecki et al. (2011) also requires gene tree
topologies. Thus, it may be susceptible to the same problems with gene tree error
as parsimony approaches. Several approaches, however, take a gene sequence
alignment as input and use a Markov chain Monte Carlo (MCMC) approach to
simultaneously obtain the posterior distributions of gene tree topologies and gene
duplication and loss mappings (e.g., Arvestad et al. 2004, 2009; Åkerborg et al.
2009; Rasmussen and Kellis 2011). This approach provides an elegant, although
computationally difficult, way to incorporate gene tree uncertainty into the gene
tree reconciliation. Rasmussen and Kellis (2011) demonstrated that this approach
can produce more accurate gene trees and consequently greatly reduce the number
of implied duplication events compared to a parsimony approach.

Fig. 5.3 Examples of gene duplication episodes. Duplications in the gene trees are noted with a
* followed by their location in the species tree. Both gene trees have three duplications, one at the
root node and two at species node C. In gene tree 1, the two duplications at species node C can be
explained by a single duplication episode (since there is not a parent–child relationship between
the duplication nodes). However, in gene tree 2, the two duplication episodes must have occurred
at species node C since one duplication preceded the other
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The computational complexity of these likelihood-based approaches raises con-
cerns that they may have difficulty exploiting the magnitude of new genomic data.
Yet, in many ways, they still greatly simplify the complexity of genome evolution.
Rasmussen and Kellis (2012) have described the first models of both duplication and
coalescence, and other modeling approaches estimate the effects of hybridization and
coalescence, but not duplication and loss (e.g., Meng and Kubatko 2009; Gerard et al.
2011). These represent important steps in simultaneously accounting for the many
processes that affect gene tree topologies. Still, all of the modeling approaches for
duplications and losses assume that the genes and all gene duplications are inde-
pendent. Thus, they may detect branches in the species tree with high rates of
duplication or loss, but they do not directly assess the likelihood of WGDs. The
development of such models that allow for simultaneous duplications across many
genes can allow for rigorous statistical tests of the placement of WGD events.

5.4 Other Genomic Data

From availability of large-scale genomic data, evidence of cryptic ancient WGDs
often comes from either identifying large, syntenic (duplicated) blocks within a
single genome, or by looking at the age distribution of duplicated genes within a
chromosome (see Van de Peer 2004). Since these approaches use only data from
a single species and are focused more on identifying ancient WGDs than placing
the WGDs in an evolutionary context, I will not cover them in detail. The presence
of duplicated chromosomal segments may provide direct, unambiguous evidence
of WGDs that may be difficult to obtain from simply gene copy numbers or gene
trees (Vision et al. 2000). However, in practice, rapid gene losses and rear-
rangements after polyploidy can make it extremely difficult to detect such dupli-
cations, and different methods of detecting duplicated blocks and using different
criteria for defining a syntenic block can greatly affect interpretations of the history
of large-scale duplications (see Durand and Hoberman 2006). Although simply
examining the genome of a single species cannot reveal the phylogenetic context
of a WGD, the dates of the ancient divergences can be estimated based on the
molecular divergence of paralogs. It may be possible to map the evolution of large
duplicated segments on a tree, but in plants, this may require extending the tax-
onomic sampling of species with adequate genomic mapping data. Perhaps the
greater contribution of these duplicated regions is that they can define sets of
paralogs that originated from WGDs, and this information can be used to validate
mappings of duplications from gene copy number or gene reconciliation analyses.

The rapidly increasing abundance of large-scale transcriptome data sets for
plants provides an opportunity to define WGDs based on the age distribution of
duplicated genes (see Cui et al. 2006). The methods first can define pairs of most
recent gene duplicates using methods such as an all-by-all BLAST. If gene
duplication and loss occur at a constant rate, the frequency of duplicated genes in a
genome will decrease exponentially with time. In contrast, a large-scale duplication
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event, like a WGD, should result in an overrepresentation of duplicated gene pairs
at the time corresponding to the large-scale duplication event. In practice, in a plot
of the age distribution, usually represented by synonymous substitution distance, of
duplicated genes, peaks in the age distribution curves or evidence of multiple
distributions, may indicate WGDs. Again, it is difficult to precisely place a WGD
just from the pairwise divergence of duplicated sequences, but with data available
from many taxa, comparisons of these age plots from related species can be
informative. In some cases, analyses of the age distribution plots have failed to
detect known WGDs (e.g., Blanc and Wolfe 2004; Paterson et al. 2004). However,
unlike gene tree reconciliation methods, they will not be misled by incomplete
lineage sorting or gene tree error.

5.5 Conclusions

New genomic sequence data and advances in phylogenetic methods presents
unprecedented opportunities to place WGDs within the plant tree of life. Still, there is
much work to do. Although numerous data sources and methods may provide evi-
dence of WGDs, there exist few statistical tests of WGD. A rigorous statistical
framework still must be developed to examine hypotheses about the locations of
WGDs. Also, examinations of the phylogenetic placement of WGDs often are based
on available data; data sets are rarely generated solely for the purpose of placing the
location of WGDs. Thus, there has been little discussion about the optimal methods
or optimal data sets for mapping WGDs. Indeed, this is a complex issue. For example,
gene trees may allow direct observations of the patterns of gene duplication and loss,
but they also are susceptible to many errors and biases that may not be problems with
simpler data, such as gene copy number. Ideally, learning more about the evolu-
tionary context and implications of WGDs in plants (e.g., their effect on diversifi-
cation rates and their relationship to phenotypes such as life history or mating system)
will also help to identify and place WGDs in plants.
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