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Polyploidy has long been recognized as a major force in angiosperm evolution. Recent genomic investigations not only indicate
that polyploidy is ubiquitous among angiosperms, but also suggest several ancient genome-doubling events. These include ancient
whole genome duplication (WGD) events in basal angiosperm lineages, as well as a proposed paleohexaploid event that may have
occurred close to the eudicot divergence. However, there is currently no evidence for WGD in Amborella, the putative sister spe-
cies to other extant angiosperms. The question is no longer “What proportion of angiosperms are polyploid?”, but “How many epi-
sodes of polyploidy characterize any given lineage?” New algorithms provide promise that ancestral genomes can be reconstructed
for deep divergences (e.g., it may be possible to reconstruct the ancestral eudicot or even the ancestral angiosperm genome). Com-
parisons of diversification rates suggest that genome doubling may have led to a dramatic increase in species richness in several
angiosperm lineages, including Poaceae, Solanaceae, Fabaceae, and Brassicaceae. However, additional genomic studies are
needed to pinpoint the exact phylogenetic placement of the ancient polyploidy events within these lineages and to determine when

novel genes resulting from polyploidy have enabled adaptive radiations.
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As the papers in this issue and other recent reviews illustrate
(e.g., Kim et al., 2005; Friis et al., 2006; Frohlich and Chase,
2007; Jansen et al., 2007; Tang et al., 2008; Doyle, 2008),
through collective progress in paleobotany, phylogeny, and
studies of the evolution of plant development, enormous prog-
ress has been made in understanding Darwin’s “abominable
mystery”’—the “rapid rise and early diversification” of the an-
giosperms. For example, recent phylogenetic analyses suggest
that following initial, early “experiments,” angiosperms radi-
ated rapidly (<5 million years), yielding the five extant lineages
of Mesangiospermae (sensu Cantino et al., 2007; magnoliids
and Chloranthaceae as sisters to a clade of monocots and eu-
dicots + Ceratophyllaceae) (Moore et al., 2007; Saarela at al.,
2007). This rapid radiation ultimately produced ca. 97% of all
angiosperm species. Here we emphasize that polyploidy, often
referred to in the genomics literature as whole-genome duplica-
tion (WGD), has played a dramatic role in the diversification of
most, if not all, eukaryotic lineages, perhaps most impressively
within the angiosperms.
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Researchers have long recognized that polyploidy is an in-
separable part of angiosperm biology. Polyploidy in angio-
sperms has been studied for a century, dating to the work of De
Vries (see Lutz, 1907; Gates, 1909) and to early interest in a
putative chromosome duplication in maize (Zea mays) (Ku-
wada, 1911). Early reviews of polyploidy in plants included
Miintzing (1936), Darlington (1937), Clausen et al. (1945),
Love and Love (1949), and Stebbins (1947, 1950, 1971, 1985).
Following the work of Stebbins (1940, 1947, 1950) in particu-
lar, polyploidy became a major focus of biosystematic research.
As a result, plant scientists have long recognized that polyploid
lineages may have complex relationships with each other and
their diploid ancestors, making application of species concepts
problematic (reviewed in Rieseberg and Willis, 2007; D. Soltis
et al., 2007).

Fueled in part by evidence for ancient polyploidy in genome
sequences of Arabidopsis (e.g., Blanc et al., 2000, 2003; Pater-
son et al., 2000; Vision et al., 2000; Simillion et al., 2002; Bow-
ers et al.,, 2003), and more recently published angiosperm
genome sequences (discussed later), the past decade has seen a
dramatic resurgence in the study of polyploidy (e.g., see vol-
ume edited by Leitch et al., 2004; also reviewed in D. Soltis
et al., 2003; Adams and Wendel, 2005; Tate et al., 2005; Wendel
and Doyle, 2005). There has been renewed interest in the mech-
anisms of polyploid formation and establishment (Ramsey and
Schemske, 1998, 2002; Husband, 2004), the frequency of re-
current polyploidization (e.g., D. Soltis and Soltis, 1999; P. Sol-
tis and Soltis, 2000), the ecological effects of plant polyploidy
(reviewed in Thompson et al., 1997, 2004), and the genetic,
epigenetic, chromosomal, and genomic consequences of poly-
ploidization (e.g., Liu and Wendel, 2003; Bowers et al., 2003;
Osborn et al., 2003; Leitch and Bennett, 2004; Adams and
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Wendel, 2005; Rapp and Wendel, 2005; Paterson et al., 2006;
Leitch and Leitch, 2008; Tang et al., 2008). This research has
resulted in major modifications to many of the traditional tenets
of polyploid evolution.

Despite numerous attempts over the past 70 years to estimate
the frequency of polyploidy in plants, it has proved difficult to
determine the actual frequency of the process in various plant
lineages. Angiosperms, in particular, have received much atten-
tion. Using chromosome numbers and hypotheses for the pre-
sumed dividing line between “diploid” and “polyploid”
chromosome numbers, many estimates of the frequency of
polyploidy in flowering plants have been made. However, these
estimates have varied depending on the base chromosome num-
ber used, as well as on the sample of taxa considered. Miintzing
(1936) and Darlington (1937) speculated that about one half of
all angiosperm species were polyploid, while Stebbins (1950)
estimated the frequency of polyploidy to be 30-35% in angio-
sperms. Grant (1963, 1981), basing his estimate of the frequency
of polyploidy in angiosperms on chromosome numbers for
17138 species available in 1955, hypothesized that flowering
plants with haploid chromosome numbers of n = 14 or higher
were of polyploid origin. Using this cut-off point, Grant inferred
that 47% of all flowering plants were of polyploid origin and
proposed that 58% of monocots and 43% of “dicots” were poly-
ploid. Goldblatt (1980) suggested that Grant’s (1963) estimate
was too conservative; he thought that taxa with chromosome
numbers above n =9 or 10 would have had polyploidy in their
evolutionary history. Using these lower numbers, he calculated
that at least 70%, and perhaps 80%, of monocots are of poly-
ploid origin. Lewis (1980) applied a similar approach to “di-
cots” and estimated that 70-80% were polyploid. However, one
problem with these sorts of approaches is that they do not ac-
commodate reductions in chromosome number that occurred
rapidly on an evolutionary scale. For example, species of Sor-
ghum with n = 5 are recently derived from taxa with n = 10
(Spangler et al., 1999), and Arabidopsis thaliana with n =5 ap-
pears to have resulted from three chromosomal condensations
since its divergence from its common ancestor with A. lyrata
and the more distantly related Capsella rubella (Kuittinen et al.,
2004; Koch and Kiefer, 2005; Yogeeswaran et al., 2005).

Masterson (1994) compared leaf guard cell size in fossil
and extant taxa from a few angiosperm families (Platanaceae,
Lauraceae, Magnoliaceae) to estimate polyploid occurrence
through time. Because guard cell size is often much larger in
polyploids than in diploids, this provided a gross estimate of
whether the fossil taxa were diploid (smaller guard cells than
extant taxa) or polyploid (the same or larger guard cell sizes
vs. extant species). From these comparisons, Masterson (1994)
estimated that 70% of all angiosperms had experienced one or
more episodes of polyploidy in their ancestry. Using an inno-
vative approach for estimating the incidence of polyploidy
based on the distribution of haploid chromosome numbers,
Otto and Whitton (2000, p. 427) suggested that roughly 2—4%
of speciation events in angiosperms may have involved poly-
ploidy. As a result, they suggested that “polyploidization may
be the single most common mechanism of sympatric specia-
tion in plants.”

The older estimates of the frequency of polyploidy discussed
tend to confound the actual process of polyploidization with the
result (i.e., polyploid lineages). Actual WGD events should be
far less frequent than particular chromosome numbers sugges-
tive of polyploidy in any given angiosperm species. As re-
viewed next, through the interplay of genomic and phylogenetic
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approaches, we are on the verge of determining the frequency
of ancient polyploidy events throughout angiosperm history.

A GENOMICS APPROACH TO POLYPLOIDY

Summary of genomes sequenced to date—Investigations of
completely sequenced nuclear genomes have dramatically al-
tered the polyploidy paradigm. They have revealed that flower-
ing plants, and perhaps all eukaryotes, possess genomes with
considerable gene redundancy, much of which is the result of
(ancient) WGDs. Those entire angiosperm genomes that have
been completely sequenced to date—Oryza sativa (rice,
Poaceae; Paterson et al., 2004), Arabidopsis thaliana (Brassi-
caceae; Blanc et al., 2000; Paterson et al., 2000; Vision et al.,
2000; Simillion et al., 2002; Bowers et al., 2003), Populus
trichocarpa (poplar, Salicaceae; Tuskan et al., 2006), Vitis vin-
ifera (grape, Vitaceae; Jaillon et al., 2007; Velasco et al., 2007),
and most recently Carica papaya (papaya, Caricaceae; Ming
et al., 2008)—all show evidence of WGD events.

Complete sequencing of the very small genome (for angio-
sperms, 157 Mb; Bennett et al., 2003) of Arabidopsis thaliana
(Brassicacae; Arabidopsis Genome Initiative, 2000; IRGSP,
2005) revealed numerous duplicate genes and suggested two or
three rounds of genome-wide duplication (Paterson et al., 2000;
Blanc et al., 2000; Arabidopsis Genome Initiative, 2000; Vi-
sion et al., 2000; Bowers et al., 2003; Simillion et al., 2002;
reviewed in Van de Peer and Meyer, 2005), corroborating early
suspicions based on genetic mapping (McGrath et al., 1993;
Kowalski et al., 1994). Analyses of the complete genome se-
quence of A. thaliana suggested three ancient polyploidy events
(Blanc et al., 2003; Bowers et al., 2003). Bowers et al. (2003)
proposed that one of these events (termed o) may have oc-
curred within Brassicales and suggested the other two (termed
[ and y) could be considerably older (but this view has now
been revised; see Fig. 1; Sampedro et al., 2005; Jaillon et al.,
2007; and discussed later).

Sequencing of the nuclear genome of rice (Oryza sativa,
Poaceae) again suggested ancient polyploidy in a plant with a
chromosome number (n = 12) considered by many to be a model
“diploid” (Paterson et al., 2004;Yu et al., 2005), although sec-
ondary associations (loose pairing at meiosis) among homolo-
gous and nonhomologous chromosomes have long been known
(Lawrence, 1931). The exact phylogenetic placement of rice’s
WGD event is unclear; Paterson et al. (2004) estimated that the
WGD occurred after the divergence of Poales from other mono-
cot orders but before the divergence of the major cereals from
one another (see later). However, there is also equivocal evi-
dence of a more ancient genome-doubling event in rice that
might characterize all monocots (Velasco et al., 2007). The
possibility of an ancient genome doubling in monocots is gain-
ing support from analysis of recently sequenced genomes and
new analytical methods (H. Tang, J. Bowers, X. Wang, Univer-
sity of Georgia; A. Paterson, unpublished data).

Sequencing of the Populus (Salicaceae) genome also re-
vealed an independent WGD event after the divergence of the
eurosid I and eurosid II lineages (Fabidae and Malvidae, Can-
tino et al., 2007), but before the divergence of Salix and Popu-
lus (Tuskan et al., 2006). Ancient polyploidy in Salicaceae
(both Populus and Salix) was suggested by Stebbins (1950) and
has been supported by isozyme data (D. Soltis and Soltis, 1990).
It remains to be determined if this genome doubling event will
be evident in other lineages of the now expanded Salicaceae
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Fig. 1. Simplified summary tree for angiosperms (following the general topology of D. Soltis et al. [2000], with modifications reflecting more recent

analyses, including Jansen et al. [2007]; Moore et al. [2007]), depicting putative locations of genome duplication events now inferred for flowering plants
relative to major lineages or species with sequenced nuclear genomes or substantial expressed sequence tag data. Tree redrawn to show Vitis sister to all
other rosids (D. Soltis et al., 2005), and Carica is placed as sister to Brassicaceae; Carica and Brassicaceae represent Brassicales. The o, 3, and y duplica-
tion events of Bowers et al. (2003) have been added to this topology to match what appears to be the best location based on other analyses (see Tang et al.,
2008). The timing and nature of the y event are controversial with estimates of a tetraploid (Velasco et al., 2007) or hexaploid (Jaillon et al., 2007) progeni-
tor ranging from before the divergence of the monocot and eudicot lineages to the last common ancestor of all extant rosids. The a event likely occurred
within Brassicaceae. The position of f is less certain; it may also have occurred within Brassicaceae, or perhaps earlier in Brassicales (see Fig. 5). Blue bars
represent genome duplications inferred from comparative analyses of physical and/or genetic maps. The red bar on the Vitis lineage represents the Velasco
et al. (2007) inference of a second distinct tetraploidy evident in the Vitis genome (but see Jaillon et al., 2007 for a different interpretation). Yellow bars
represent genome-wide duplication events inferred from analyses of paralog pairs found in large EST sets (e.g., Blanc and Wolfe, 2004; Cui et al., 2006).

(APG 1I, 2003). A second, older duplication is shared by the
Populus and Arabidopsis lineages (Tuskan et al., 2006).

Based on analyses of the complete genome sequence of
Vitis, Jaillon et al. (2007) suggested that the common ances-
tor of Vitis, Populus, and Arabidopsis was an ancient
hexaploid (this is now considered the y event) that possibly
arose after the divergence of the monocot and eudicot lin-
eages (see also Sampedro et al., 2005). The exact placement
of the y event remains unclear (hence the ambiguity in its
placement in Fig. 1); y may have occurred before the mono-
cot—eudicot divergence. However, a paleohexaploid signa-
ture is not apparent in rice, favoring a placement after the
divergence of monocots and eudicots. Following the forma-
tion of this hypothetical paleohexaploid, there were subse-
quent, distinct, genome-wide duplication events in the
Brassicales and Populus lineages (Fig. 1). Velasco et al.
(2007) proposed, in contrast to Jaillon et al. (2007), that the
second WGD event evident in Vitis was more recent (Fig. 1).
Velasco et al. proposed that three genome-wide duplications
occurred in the ancestors of both Arabidopsis and Populus:
one shared by all eudicots (and perhaps also monocots), a
second WGD shared by Arabidopsis and Populus (cf. Fig.
1), and additional, single WGDs unique to each lineage. Ve-
lasco et al. (2007) proposed that Vitis has the ancient ge-
nome-wide duplication shared by all eudicots, as well as a
lineage-specific duplication that may be the result of hybrid-
ization. The most ancient of these events is now thought to
correspond to the y event of Bowers et al. (2003).

The nuclear genome of the eudicot Carica papaya (Cari-
caceae, Brassicales) has recently been sequenced (Ming et al.,
2008). Carica arose from a deep split in the order and is dis-
tantly related to Brassicaceae, the family that contains both
Arabidopsis and Brassica (discussed later). There are no recent
genome duplications evident in Carica and nothing corre-
sponding to the Arabidopsis o. or 3 events proposed by Bowers
et al. (2003). Because Caricaceae are estimated to have di-
verged from the Brassicaceae lineage ca. 72 million years ago
(Ming et al., 2008), the absence of recent genome duplication
is in conflict with prior estimates of a much earlier age for the
[ genome duplication, which Bowers et al. (2003) suggested
could correspond to the origin of the eudicots. This apparent
inconsistency is under investigation (J. Bowers, University of
Georgia; A. Paterson, unpublished data). However, Carica
shows evidence of vy, the early event detected in Vitis, Populus,
and Arabidopsis that is now interpreted by Jaillon et al. (2007)
as a possible ancient triplication event. Carica has a reduced
gene number, about 10% fewer genes than Arabidopsis, which
may be largely accounted for by a paucity of genome duplica-
tions relative to other sequenced angiosperms. The data now
suggest that both the o and 3 events occurred within Brassi-
cales and are younger than originally proposed by Bowers
et al. (2003). The o event likely occurred somewhere within
Brassicaceae. However, the position of 3 is less clear; it may
have occurred within Brassicales at some point after the diver-
gence of Caricaceae (Fig. 1; more detail on these duplications
is given later).
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Although it is now clear that genome-wide duplications have
occurred frequently in angiosperms (Fig. 1), the exact number
and precise phylogenetic placement of most of these events re-
main uncertain. Clarifying the timing and placement of these
duplication events, particularly the older ones, will require ad-
ditional genome sequencing, particularly of one or more basal
angiosperms, providing the opportunity for ancestral-state re-
construction of numerous genomic characters (e.g., Pryer et al.,
2002; Jackson et al., 2006). Nevertheless, even as the number
of angiosperm genome sequences increases, the oldest genome
duplications will remain difficult to detect because recurrent
polyploidy events, together with gene loss, chromosomal inver-
sions, and translocations following genome duplication may
obscure evidence of the earliest events in angiosperm history.

Because phylogenetic analyses (e.g., P. Soltis et al., 1999;
reviewed in D. Soltis et al., 2005, Leebens-Mack et al., 2005;
Jansen et al., 2007; Moore et al., 2007) identify Amborella
trichopoda (Amborellaceae) as the probable single sister spe-
cies to all other living flowering plants, complete sequencing of
the Amborella nuclear genome offers the opportunity to clarify
how gene families and genome structure may have evolved
within angiosperms (Leebens-Mack et al., 2006; D. Soltis et al.,
2008a). In addition, because the branching point for Amborella
is located “between” gymnosperms and all other angiosperms, a
genome sequence for Amborella could potentially help charac-
terize genomic features that distinguish angiosperms from other
seed plants. An Amborella nuclear genome sequence would fa-
cilitate efforts to reconstruct characteristics of the “ancestral
angiosperm” (Leebens-Mack et al., 2006; D. Soltis et al.,
2008a)—the most recent common ancestor of the crown clade.

EST data and lineage-specific duplications—In addition to
complete sequencing of the nuclear genome, other major
sources of genomic data are the numerous expressed sequence
tags (ESTs) that are now available for many flowering plants. A
recent survey of GenBank revealed over 50 million ESTs, rep-
resenting diverse eukaryotic lineages. The thousands of ESTs
available for many plants provide a useful “snapshot” of each
genome. The rapidly growing EST data sets for diverse angio-
sperms can be employed to assess ancient polyploidy using a
genomics method to estimate whether a genome duplication
event may have occurred in a lineage, as well as the approxi-
mate age of these gene duplication events (Lynch and Conery,
2000). This method evaluates the frequency distribution of per-
site synonymous divergence levels (K,) for pairs of duplicate
genes. A genome-wide duplication event results in thousands of
paralogous pairs—all simultaneously duplicated. Evidence of
past genome duplications can be seen as peaks in the distribu-
tion of K, values for sampled paralogous pairs (Lynch and Con-
ery, 2000; Blanc and Wolfe, 2004; Schlueter et al., 2004; Cui et
al., 2006). Importantly, this method does not require informa-
tion on the position of genes within the genome, and therefore
it can be applied to any species for which there are moderate to
large EST sets. However, caution must be used in interpreting
K, values, and it is important to use statistical testing to identify
significant deviations from background duplication process
(Schlueter et al., 2004; Cui et al., 2006). There are clear exam-
ples in which well-known genome duplication events were not
detected in K| distributions (Blanc and Wolfe, 2004; Paterson et
al., 2004). As duplicated genes undergo divergence and death
processes, it becomes increasingly likely that polyploidy events
will go undetected (Cui et al., 2006). Finally, processes such as
a sudden proliferation of tandem gene duplications (Blanc and
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Wolfe, 2004) or a single chromosome duplication could pro-
duce a K, peak through a large-scale process distinct from a true
polyploid event.

We summarize the many genomes thought to be ancient poly-
ploids using analyses of complete genome sequences, as well as
ESTs, on a modified summary tree for angiosperms (Fig. 1).
Genetic investigation of other taxa using other methods sug-
gests additional ancient polyploidy events. For example, “dip-
loid” members of Brassica are, at the least, ancient tetraploids
(Kowalski et al., 1994; Lan et al., 2000; Quiros et al., 2001; Fig.
1) and perhaps ancient hexaploids based on analyses of linkage
maps with a number of genes clearly represented multiple times
(e.g., Lagercrantz and Lydiate, 1996; Lukens et al., 2004). There
are also other lineage-specific duplications (see later).

Blanc and Wolfe (2004) investigated 14 model plant species
(mostly crop species with known recent polyploid history) for
which large EST data sets were available and found spikes in the
distributions of older paralogous pairs (with higher K values) in
nine species, including Zea (maize), Glycine (soybean), Gossy-
pium (cotton), and Solanum (tomato and potato). Schlueter et al.
(2004) similarly employed the analysis of K, distributions to sets
of paralogous pairs identified in large EST data sets for eight
major crop species, including Glycine, Medicago (alfalfa), Sola-
num, Zea, Sorghum, Oryza, and Hordeum (barley), and inferred
multiple independent genome duplications in Fabaceae, Solan-
aceae, and Poaceae over the last 14—60 million years.

When the K approach was applied to ESTs from a suite of
basal angiosperms via the Floral Genome Project (see Albert et
al., 2005), evidence was found for episodes of ancient genome-
wide duplication in Nuphar advena (Nymphaeaceae), Persea
americana (avocado; Lauraceae), Liriodendron tulipifera (yel-
low poplar or tulip tree; Magnoliaceae), and Saruma henryi
(Aristolochiaceae) (Cui et al., 2006). In addition, Cui et al.
(2006) detected independent genome duplications in the basal
eudicot Eschscholzia californica (California poppy; Papaver-
aceae) and the basal monocot Acorus americanus (sweet flag:
Acoraceae), both of which were distinct from duplications doc-
umented for core eudicots and Poaceae (Fig. 1).

More than one genome-wide duplication event is evident in
Nuphar (Nymphaeaceae). One of these is likely restricted to
Nymphaeaceae (Nymphaeales), but another may correspond to
the oldest duplication so far discovered in angiosperms—the
latter may date to the common ancestor of all angiosperms ex-
cept Amborella, which so far lacks evidence of ancient poly-
ploidy (Cui et al., 2006; see later) (Fig. 1). Analysis of K values
also provided evidence for genome-wide duplication in both
Persea (Lauraceae) and Liriodendron (Magnoliaceae). One of
these is shared by both families, corroborating evidence based
on isozyme data (D. Soltis and Soltis, 1990) for an ancient poly-
ploidy event (about 100 Mya) in their common ancestor. There
is weak although inconclusive evidence of a still older WGD in
Persea, which may correspond to the event suggested for the
common ancestor of all angiosperms except Amborella. Alter-
natively, this WGD could perhaps even predate the angiosperms
(see later). Testing these and similar hypotheses will minimally
require comprehensive transcriptome sequencing for additional
basal angiosperms and a complete Amborella genome sequence
(D. Soltis et al., 2008a).

Are all angiosperms of ancient polyploid origin?—All an-
giosperm nuclear genomes studied except that of Amborella
have yielded evidence for multiple genome-wide duplications
(Fig. 1). In contrast, other seed plant lineages (with the exception
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of Gnetales) have little evidence of polyploidy (Grant, 1981; D.
Soltis et al., 2005). As such, the major question is no longer
“How many angiosperms are polyploid?”, but rather “How
many episodes of genome duplication have various lineages ex-
perienced?” and “Did specific genes resulting from genome du-
plication serve to fuel adaptive radiations?”

Despite its relatively high chromosome number of 2n = 26,
very few duplicate gene pairs were detected in Amborella based
on the initial 8629 ESTs analyzed by Cui et al. (2006), and no K|
signal for ancient genome duplication was observed. The An-
cestral Angiosperm Genome Project (AAGP) has now produced
more than 20800 conventional Sanger ESTs and 800000 ESTs
generated via 454 sequencing technology (http://www.454.com/
enabling-technology/index.asp) for Amborella. This K, analysis
identified 279 paralogous gene pairs with sequence length
greater than 300 bp: more than four times the 69 pairs identified
by Cui et al. (2006). Even with this greatly expanded EST data
set, there is no evidence for an early genome duplication in Am-
borella (Fig. 2; AAGP, unpublished data). However, the lack of
evidence for ancient polyploidy in Amborella K distributions
does not preclude the possibility of ancient polyploidy in either
this lineage or in the genome of an early angiosperm or angio-
sperm precursor. The absence of a polyploidy K| signal in Am-
borella could also occur if evidence of ancient WGD has been
eroded by gene death and/or saturation of synonymous substitu-
tions (see Cui et al., 20006) to the point where it is now undetect-
able in analyses of EST samples. Alternatively, the earliest
duplication peak detected in the Nuphar analysis (Fig. 2; dis-
cussed before) may trace back to an early genome duplication
that occurred in the common ancestor of Nuphar and all extant
angiosperm lineages other than Amborella. Complete sequenc-
ing of the Amborella nuclear genome is needed to test these al-
ternative hypotheses (D. Soltis et al., 2008a).

Duplication of several MADS-box genes, which control flo-
ral organ identification and development, also suggests genome
doubling early in angiosperm history or perhaps prior to crown
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angiosperm origins (Kim et al., 2004; Kramer et al., 2004;
Buzgo et al., 2005; Zahn et al., 2005; reviewed in Irish, 2006;
Kramer and Zimmer, 2006; P. Soltis et al., 2006; D. Soltis et al.,
2007). For example, gymnosperms have only one B-function
lineage, whereas all angiosperms have at least two such lineages
(homologs of AP3 and PI). The two B-function gene lineages,
which include homologs of AP3 and PI, respectively, appear to
have originated via duplication of a single B-function gene at
some point prior to the origin of the angiosperms (Kim et al.,
2004). An ancient duplication event of comparable timing oc-
curred in the C-function lineage, forming two lineages in angio-
sperms, one with AG homologs (with roles in stamen and carpel
identity), and the other with D function (with a role in ovule
formation) (Kramer et al., 2004). Similarly, duplication of SEP
genes resulted in the AGL2/3/4 (SEP1/2/4) and AGL9 (SEP3)
lineages in the common ancestor of the angiosperms (Zahn
et al., 2005). WGD is also favored by analysis of protein—protein
interaction networks among MADS domain proteins (Veron
et al., 2007). Interestingly, the latter study suggests that het-
erodimerizing factors appear to derive from duplication of ho-
modimerizing ancestors. Duplications of these key floral organ
identity genes may have been important in the origin of the
flower, but the exact timing of these gene duplications remains
unclear. Given that some of these MADS-box gene duplications
are thought to be quite old (over 260 million years, well before
the origin of the crown angiosperms; see Kim et al., 2004) and
others more recent, were there several genome-wide duplication
events along the stem lineage leading to the crown angiosperms?
Similar questions also apply to early events in angiosperm di-
versification. Phylogenetic studies have revealed duplication of
MADS-box genes within the basal eudicot clades; these genes
include the AG, AP3, API, and SEP gene lineages (Kramer et
al., 1998, 2004; Litt and Irish, 2003; Zahn et al., 2005; reviewed
in Kramer and Zimmer, 2006; Irish, 2006). Could these corre-
spond to a genome-wide duplication event early in eudicot evo-
lution (e.g., the y event; Fig. 1)? MADS protein—protein
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Fig. 2. A greatly expanded Amborella expressed sequence tag (EST) data set provides much greater power for detecting ancient genome duplication
events. (A) K, analysis of Amborella trichopoda based on 28 000 conventional ESTs (Sanger), and approximately 800000454 ESTs; this facilitated the
assembly of 701 gene pairs. Although this expanded Amborella EST data set provides much greater power to detect ancient polyploidy than was available
for the estimation in Cui et al. (2006), there is still no evidence for genome duplication based on this K| analysis. (B) K| analysis of 134 gene pairs identified
from 8442 Nuphar ESTs (adapted from Cui et al. [2006]) shows three components to the K| plot, including background duplication (green), and two
significant older (one in black and one in yellow, Fig. 2) components representing likely ancient polyploidy events.
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interaction data imply successive duplications from angiosperm
origins through the rosid-asterid split (Veron et al., 2007).
Forthcoming asterid genome sequences for Mimulus and one or
more species of Solanaceae may help resolve this question.

Reconstructing ancestral genomes prior to genome dupli-
cation—Now that WGD is known to be both frequent and
ubiquitous across angiosperm history, a major challenge is the
reconstruction of the ancestral genomes of lineages prior to ge-
nome duplication. Reconstruction of the ancestral genomes of
lineages prior to genome duplication improves our ability to
resolve correlated gene arrangements among taxa (Bowers
et al., 2003), which in turn provide a valuable framework for
inference of shared ancestry of genes and for the utilization of
findings from model organisms to study less well-understood
systems. Such alignments have also revealed patterns of dif-
ferential gene loss following genome duplication, differential
gene retention associated with evolution of some morphologi-
cal complexity, and unexpectedly large variation among taxa in
DNA substitution rates (Tang et al., 2008).

Such reconstructions are challenging, however, because
whole-genome duplication may be followed, over evolutionary
time, by genome downsizing (paralog extinction and the loss of
noncoding DNA), rearrangement through intra- and interchro-
mosomal movement of genetic material, and continual gene-
duplication events that do not involve WGD. However,
reconstruction of ancestral genomes can potentially be achieved
through comparative analysis of genome content and structure
for extant species, combining information from gene duplica-
tion histories (developed through analysis of sequence similari-
ties or gene trees) and chromosomal gene locations to identify
duplicated blocks of genes or DNA sequence dispersed among
the chromosomes in one or more species. Sequence analysis
tools are not directly applicable to this problem because all
pairs of duplicates in doubled genomes were generated at the
same historical moment. A rapid (linear-time) algorithm to find
the ancestral genome that minimizes the genomic distance
(minimum number of inversions and translocations) to a pres-
ent-day genome has been available for some time (El-Mabrouk
and Sankoff, 2003). Unfortunately, there are numerous rather
different solutions that are equally parsimonious. A new proce-
dure—guided genome halving—seeks to counteract this prob-
lem by guiding the reconstruction using one or more reference,
or outgroup, genomes (Zheng et al., 2006, 2008a—c; Sankoff
et al., 2007). The principle behind the guided genome halving
approach is that each time a choice between two equally good
construction steps is encountered by the halving algorithm, the
outgroup information comes into play to see if one of the
choices corresponds more to the structure of the reference
genome(s).

Here we use the complete nuclear genome sequences of Pop-
ulus (Salicaceae) and Vitis (Vitaceae) to attempt to reconstruct
the ancestral genome of Populus prior to genome duplication
(Fig. 3) as an example of the process of reconstructing ancestral
genomes. Paralogous gene pairs in Populus and their single or-
thologs in Vitis, where these exist, were used as input. Both
Vitis and Populus are rosids, with Vitaceae sister to all other
rosids and Salicaceae a member of Malpighiales (in the eurosid
I or Fabidae clade); APG II, 2003; Cantino et al., 2007). We
scaled up the guided genome-halving algorithm to handle the
very large number of genes analyzable in the Populus and Vitis
data, introducing all pertinent information derivable from the
outgroup (Vitis) into the halving algorithm as applied to Populus.
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The comparison reveals blocks of genes that have remained un-
altered over the perhaps 109—124 million years since the two
lineages shared a common ancestor (Fig. 3) (Wikstrom et al.,
2001; D. Soltis et al., 2008b). A recent putative WGD event in
Vitis (per Velasco et al., 2007) might be problematic in these
comparisons, but there was no evidence of this in the analyses
we conducted.

Many large, duplicated gene blocks observed in two large
segments of the Populus genome match to one segment in the
Vitis genome, attesting to the high degree of conserved synteny
(gene order within blocks of sequence) and colinearity (order-
ing of the syntenic blocks) during divergence of the Vitis and
Populus lineages, as well as retention of duplicate blocks dur-
ing the diploidization of the ancestral Populus tetraploid (Fig.
3). Nevertheless, details of some of the reconstructed chromo-
somes cannot be assigned a high degree of confidence. For ex-
ample, much of chromosome 7 consists of short syntenic blocks
concatenated by the program based on a “minimum inversions
plus translocations” criterion. This juxtaposes genes that are in
fact nowhere adjacent in the Vitis and Populus data. Improve-
ments to existing algorithms, now underway, will exploit new
evidence from additional related genomes.

HAVE ANCIENT POLYPLOIDY EVENTS RESULTED IN
INCREASED SPECIES RICHNESS?

Given the many purported benefits of polyploidy (e.g., Levin,
1983, 2000, 2002) and the suggested relationship of genome
duplication to speciation (Werth and Windham, 1991; Lynch
and Force, 2000; Lynch and Conery, 2000), rates of diversifica-
tion may be higher in polyploid lineages than in diploid groups
(due either to increased rates of speciation, decreased rates of
extinction, or both). The identification of ancient WGD events
at many points in angiosperm phylogeny provides the opportu-
nity to assess the correspondence between inferred genome du-
plication events and large diversifications, and hence the role of
polyploidy in “macro-diversification.”

Anecdotal data suggest that polyploid lineages are ““success-
ful,” but a statistical association of polyploidy and species rich-
ness has not been rigorously tested. To address this question,
we compared species richness in clades that are ancient poly-
ploids with sister clades that are not. The overall diversification
rate (r) for angiosperms was estimated based on the methods
described in Magallén and Sanderson (2001). Because the esti-
mation of this parameter is contingent on the rate of extinction
(g), which is an unknown, we estimated r across a range of ex-
tinction rates (Alfaro et al., 2007). We also calculated values of
rover arange of plausible age estimates for crown group angio-
sperms (132 Mya, based on first unambiguous occurrence in the
fossil record [Hughes, 1994)]; 170 Mya based on recent mo-
lecular age estimations [Wikstrom et al. 2001; Moore et al.,
2007]; 250 Mya based on other estimates based on molecular
sequence data [Sanderson and Doyle, 2001; Magallén and
Sanderson, 2005]). Next we calculated the probability of ob-
serving the extant number of species in several putative clades
of polyploid origin given these estimated global rates for angio-
sperms, conditioned on the assumed age of the crown group
(e.g., rg.132, see Table 1). All calculations were done using GEI-
GER 1.0-91 (Harmon et al., 2008).

Current standing diversity of each polyploid clade was tabu-
lated based on values taken from Stevens (2001), as well as
Olmstead et al. (in press), and Wojciechowski et al. (2004).
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Fig. 3. Reconstruction of the preduplication ancestor of Populus. The data contain 2940 genes with two copies in Populus and at most one copy in
Vitis. Of these, 211 “singleton” genes were excluded from the analysis: no two of copies of a singleton have an immediately neighboring gene, an “adja-
cency,” in common. The reconstruction algorithm finds the genome that minimizes the genomic distance, i.e., the number of rearrangements (inversions
and translocation), from the ancestral tetraploid to the modern Populus genome, while simultaneously minimizing the distance from the diploid version of
the ancestor to Vitis. The 10 reconstructed chromosomes, containing only the 2020 genes on Vitis chromosomes, are shown in wrapped form. Added after
the reconstruction: adjacencies present in the original data three times, i.e., twice in Populus and once in Vitis, are indicated by triple dashes (=), those pres-
ent twice by double dashes (=), those present once by single dashes (-), and those for which there is only indirect evidence from the rearrangement analysis
by a blank space. Intrachromosomal breakpoints in comparison with one of the Populus copies indicated by vertical.

Absolute ages of groups were taken from Wikstrom et al. enough across clades of interest (Figs. 4—7) to pinpoint poten-
(2001). We selected these ages because they represent estimates tial duplication events. In these instances, we used the age of
from the most comprehensive taxon sampling to date. How- the next most inclusive node that would include the inferred

ever, taxon sampling by Wikstrom et al. was not always dense duplication event (e.g., age of Fabaceae, when the duplication

TaBLE 1. Significant departure in diversification rates of the major plant clades from the global diversification rate estimates. Boldfaced P values indicate
significantly higher species diversity than expected under the global rate (r_3,) of angiosperms based on a minimum age of 132 Myr, a global rate
(rg.170) based on a mean age of 170 Myr (Wikstrom et al., 2001; Moore et al., 2007), a global rate (rg_,5,) based on a maximum age of 250 Myr
(Sanderson and Doyle, 2001; Magallén and Sanderson, 2005), and a current standing diversity of 261 750 species®. € is the extinction rate.

No. extant

Clade species  Ageb €= 0.0, rg.13 = 0.03690 £=0.3, rg.in = 0.03619 £=0.5, rg.i3 = 0.03475 £=0.7, rg.in = 0.03186 £=0.9, rg.3 = 0.02457
Brassicaceae 3710 22 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Cleomaceae 300 22 <<0.001 <<0.001 0.002732658 0.01243294 0.0866002
Within Fabaceae— 7000 63 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Core Poaceae 10000 15 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Solanoideae 1925 39 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001

£=0.0, 76,17 = 0.02866 £=0.3, .17 = 0.02811 £=0.5, rg.17 = 0.02698 £=0.7, .17 = 0.02475 £=0.9, rg.17= 0.01908
Brassicaceae 3710 22 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Cleomaceae 300 22 <<0.001 <<0.001 <<0.001 0.002709716 0.03925442
Within Fabaceae— 7000 63 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Core Poaceae 10000 15 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Solanoideae 1925 39 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001

£=0.0, rg.s = 0.01948 £=0.3, rgas = 0.01911 £=0.5, rgas = 0.01835 £=0.7, rgas = 0.01683 £=0.9, rgas = 0.01297
Brassicaceae 3710 22 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Cleomaceae 300 22 <<0.001 <<0.001 <<0.001 <<0.001 0.008363369
Within Fabaceae— 7000 63 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Core Poaceae 10000 15 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001
Solanoideae 1925 39 <<0.001 <<0.001 <<0.001 <<0.001 <<0.001

2Based, in part, on Stevens (2001, http://www.mobot.org/MOBOT/Research/APweb/welcome.html)
bBased on estimates of Wikstrom et al. (2001)
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event occurred after the origin of the crown group). By doing
this, we provided a conservative estimate of diversification
rates for each of the clades.

Successfully conducting this exercise is difficult in that it re-
quires both reliable genomic data for ancient polyploidy, plus a
sufficient breadth of data to be able to place the WGDs with
confidence on a phylogenetic tree. Unfortunately, for most pu-
tative examples here, the exact placement of the genome dupli-
cation events proposed is not yet clear. Although the data and
analyses presented certainly suggest that ancient polyploidy has
led to a dramatic increase in species richness in several clades,
until additional genomic studies are conducted to pinpoint the
placement of those WGD events, the results should be consid-
ered preliminary. Nonetheless, in all but a few cases (calcula-
tions involving Cleomaceae), p-values were found to be highly
significant (<<0.001; Table 1), suggesting exceptionally high
diversification rates in these polyploid clades.

Poaceae—The estimated age of a genome duplication event
characterizing Poaceae (70-50 million years before present:
Blanc and Wolfe, 2004; Paterson et al., 2004; Schlueter et al.,
2004; Malcomber and Kellogg, 2005) is not only close to the
molecular estimates for the age of the family (ca. 89 and 83 mil-
lion years for stem and crown group Poaceae, respectively;
Janssen and Bremer, 2004; see also Bremer, 2002), but also
similar to the age of grass fossils (55 million years; Crepet and
Feldman, 1991) assignable to the PACCMAD (Panicoideae,
Arundinoideae, Centothecoideae, Chloridoideae, Micrairoi-
deae, Aristidoideae, Danthonioideae) and BEP (Bambusoideae,
Ehrhartoideae, Pooideae) clades (Grass Phylogeny Working
Group, 2001). The precise phylogenetic placement of the ge-
nome duplication is still unclear (as represented by angled line;
Fig. 4), but if this event coincided with, or was close to the ori-
gin of core Poaceae (indicated by the slash mark on the tree), it
would agree with the hypothesis that polyploidy promotes spe-
ciation. Core Poaceae are a very large group (658 genera and
9998 species), whereas the three early-branching subclades of
Poaceae (Anomochlooideae, Pharoideae, Puellioideae) are all
very small, as are the three families most closely related to
Poaceae—Flagellariaceae, Joinvilleaceae, and Ecdeicoleaceae
(Marchant and Briggs, 2007) (Fig. 4).

Brassicaceae and Cleomaceae—Recent data indicate that a
genome-wide triplication occurred in Cleomaceae indepen-
dently of WGD events in Brassicaceae (Schranz and Mitchell-
Olds, 2006). Strengthening support for the occurrence of these
doubling events well within Brassicales is the recent genome
sequence for Carica of Brassicales, which shows no evidence
of genome duplications more recent than y (discussed earlier;
Ming et al., 2008). Hence, the data suggest independent WGDs
occurred in both Cleomaceae and Brassicaceae (Fig. 5). Virtu-
ally all families of Brassicales are very small—most have fewer
than 15 species. In contrast, Capparaceae (480 species), Cleo-
maceae (300 species), and particularly Brassicaceae (3710 spe-
cies) are all species-rich. Genome-scale data are not yet available
for Capparaceae, but evidence for genome duplication in Cleo-
maceae and Brassicaceae is suggestive of an association be-
tween polyploidy and diversification.

Fabaceae—A genome-wide duplication event within the le-
gumes has been documented and is postulated to have occurred
immediately prior to the radiation that yielded approximately
7000 species (Lavin et al., 2005; Pfeil et al., 2005; Cannon
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Fig. 4. Placement of inferred genome duplication event detected in
Poaceae by Paterson et al. (2004); summary tree modified from that of the
Grass Phylogeny Working Group (2001). The precise phylogenetic place-
ment of the genome duplication is still unclear (as represented by angled
line), but if this event coincided with, or was close to the origin of core
Poaceae (indicated by the slash mark on the tree), it would agree with the
hypothesis that polyploidy promotes speciation. The numbers beside each
taxon are the number of genera/species.

et al., 2006). However, the placement of this duplication event
is much more problematic than those reviewed here. The short
branches along the backbone of the tree for the Fabaceae, par-
ticularly in the papilionoids, makes placing this duplication and
determining the sister group of the clade having the duplication
difficult. Because the radiation of the family was so rapid, the
uncertainty of the timing of the polyploid event puts just about
every node within reach of the event (J. Doyle, Cornell Univer-
sity, personal communication). Considering the placement of
the WGD in the common ancestor of Hologalegina and phase-
oloids (Pfeil et al., 2005; J. Doyle, personal communication),
the baphioids, a clade of only five genera and fewer than 20
species, are the immediate sister to the remaining papilionoids,
a clade of 7000 species. If this placement is correct, it would
again favor the hypothesis that genome duplication may be as-
sociated with diversification (Fig. 6).

Solanaceae—A WGD event in Solanaceae has been dated
from ca. 50-52 million years before present (Schlueter et al.,
2004). Bell et al. (2005) estimated that the age of stem Solan-
aceae is approximately 49—-68 Myr and the crown group 32-50
Myr, in agreement with the estimated age of the duplication as
having occurred within Solanaceae. This WGD event charac-
terizes either the clade corresponding to Solanoideae, or per-
haps more likely, what has been referred to as the x = 12 clade
(Olmstead et al., in press) (Fig. 7). The x = 12 clade comprises
the Solanoideae and Nicotianoideae. Members of Solanaceae
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Fig. 5. Placement of inferred genome duplication events in Brassi-
cales—the o and 3 events occurred in Brassicales, with the o event possi-
bly occurring early in the diversification of Brassicaceae (indicated by
slash mark). The precise phylogenetic placement of the 3 genome duplica-
tion is unclear (as represented by angled line), but 3 likely occurred after
the divergence of Caricaceae (see text). An additional triplication event
(indicated by slash mark) took place in Cleomaceae (Schranz and Mitch-
ell-Olds, 2006); summary tree modified from D. Soltis et al. (2005) and the
Angiosperm Phylogeny Website (Stevens, 2001). The numbers beside each
taxon are the number of genera/species.

outside of the x = 12 clade have a range of chromosome num-
bers, most from x = 7-11, but there are no relic x = 6 lineages
that could be potential parents of the x = 12 clade (Olmstead
et al., in press). Hence, our results are consistent with a WGD
event that occurred in the ancestor of the x = 12 clade or So-
lanoideae clade (Fig. 7). However, as with the other examples
noted, more precision is needed in ascertaining the placement
of this ancient duplication.

If this duplication event occurred in either the ancestor of the
x =12 clade or the Solanoideae, this ancient WGD event likely
had a major impact on diversification. Solanoideae is by far the
largest clade within Solanaceae, comprising 61 genera and 1925
species (Stevens, 2001); other clades in Solanaceae are consid-
erably smaller.

ADDITIONAL EVIDENCE AND CONCLUSIONS

Clues regarding the importance of polyploidy in angiosperm
diversification may come from studies of recent radiations. Is-
land floras, particularly those inhabiting volcanic chains, may
form microcosms for understanding processes behind larger-
scale diversifications. Dispersal to volcanic archipelagoes in-
volves the colonization of newly formed habitats that change
dramatically over relatively short periods of time with island
subsidence. This cycle of environmental instability can repeat
itself when further dispersal occurs to younger islands as they
form. Early angiosperms may have experienced similar envi-
ronmental instabilities after the Cretaceous-Tertiary (K-T)
Boundary (McElwain and Punyasena, 2007).

The Hawaiian flora has the highest incidence of polyploidy
known, and most Hawaiian species are paleopolyploid, hav-
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Fig. 6. Putative placement of inferred genome duplication event in
Fabaceae detected by Lavin et al. (2005) and Pfeil et al. (2005). The precise
phylogenetic placement of the genome duplication is still unclear (as rep-
resented by angled line), but one strong possibility for the timing of this
event is indicated by the slash mark on the tree; the location of the loss of
the chloroplast inverted repeat is also indicted by a slash mark; summary
tree modified from Wojciechowski et al. (2004). The numbers beside each
taxon are the number of genera/species.

ing evolved polyploidy prior to the dispersal of their ancestors
to Hawaii (Carr, 1998). Both polyploid hybrid and allopoly-
ploid Hawaiian radiations have been studied in detail. The
species-rich and morphologically diverse Hawaiian endemic
mints, which are high polyploids (2n = 64, 66), descend from
a relatively recent hybridization event between two different
polyploid North American lineages, one with bird-pollinated
flowers, the other with insect-pollinated ones (Lindqvist et al.,
2003). Their morphological and ecological variation is exten-
sive; plants range from subalpine vines to rainforest shrubs,
flowers may have either bird- or insect- pollinated anatomies,
and seed dispersal patterns may depend on either dry or fleshy
fruits. In another example, it has been shown that the Hawai-
ian silverswords, with their incredible vegetative diversity,
are recent allopolyploids, and the presence of two divergent
genomes in their colonizing ancestor may have helped pro-
mote adaptive radiation in the alliance (Barrier et al., 1999).
Molecular studies of polyploid genome formation have indi-
cated that phenomena such as substantial intragenomic rear-
rangement and altered gene regulatory relationships, and in
allopolyploids, fixed heterozygosity, can contribute to evolu-
tionary flexibility (e.g., Levin, 1983, 2000, 2002; P. Soltis and
Soltis, 2000; Wendel, 2000; Wendel and Doyle, 2005; Tate
et al., 2005). Polyploid radiations in modern unstable island
environments may therefore provide clues as to why some
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Fig. 7. Putative placement of inferred genome duplication event in

Solanaceae detected by Schlueter et al. (2004). The precise phylogenetic
placement of the genome duplication is still unclear (as represented by
angled line), but one possibility is that this event coincided with the origin
of Solanoideae (indicated by the slash mark on the tree); summary tree
modified from Olmstead et al. (in press). X = 12 refers to the X = 12 clade
of Olmstead et al. (in press). The numbers beside each taxon are the num-
ber of genera/species.

angiosperm lineages (e.g., Poaceae and Fabales) underwent
high diversification long after their first appearance in the fos-
sil record.

Nowhere else in the history of life is the influence of poly-
ploidy more apparent as a possible diversifying force as it is
among the angiosperms. Only the tetraploidization event in
the stem lineage of ray-finned fish may come close, having
potentially resulted in >20000 living species (Le Comber and
Smith, 2004; Gregory and Mable, 2005). Despite clear evi-
dence for WGD underlying all vertebrates (Muffato and Crol-
lius, 2008), many fewer lineage-specific polyploidy events
have been detected than among angiosperms, which have a far
shorter combined evolutionary history. Much of this disparity
can be attributed to the different nature of plant vs. animal
development vis-a-vis compensation for gene dosage (Grant,
1981; Mable, 2004). Subfunctionalization of gene duplicates
has been shown to be a prominent molecular evolutionary
force for coping with WGD in both flowering plants and ray-
finned fish (e.g., Adams et al., 2004; Adams, 2007; Woolfe
and Elgar, 2007); still, the angiosperms have diverged into
many more habitats, life forms, and biotic interactions, and as
such, the importance of their polyploid heritage cannot be un-
derestimated as a force of truly global impact. Future work
addressing the influence of polyploidy from the population to
whole-lineage levels will clearly be important for understand-
ing these phenomena.
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