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Abstract
Polyploidy is a common mode of evolution in ﬂowering plants. The
profound effects of polyploidy on gene expression appear to be caused
more by hybridity than by genome doubling. Epigenetic mechanisms
underlying genome-wide changes in expression are as yet poorly understood; only methylation has received much study, and its importance
varies among polyploids. Genetic diploidization begins with the earliest
responses to genome merger and doubling; less is known about chromosomal diploidization. Polyploidy duplicates every gene in the genome,
providing the raw material for divergence or partitioning of function
in homoeologous copies. Preferential retention or loss of genes occurs
in a wide range of taxa, suggesting that there is an underlying set of
principles governing the fates of duplicated genes. Further studies are
required for general patterns to be elucidated, involving different plant
families, kinds of polyploidy, and polyploids of different ages.
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Allopolyploidy:
allopolyploids are
formed by
hybridization between
species and/or exhibit
disomic segregration
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It is now known that ﬂowering plant genomes
are fundamentally polyploid. Great strides have
been made in understanding polyploidy (often called genome doubling), and the pace of
discovery has accelerated as the importance of
the phenomenon has become increasingly clear.
In particular, molecular systematic studies have
provided insights into the patterns of polyploid
origins; genome sequences and genome-scale
data have shown that polyploidy is far more
prevalent than expected and has been a key
force in shaping plant genomes; and studies
of synthetic and recently formed natural polyploids have shown that polyploidy can have immediate and profound genetic and epigenetic
consequences.
An example of how this work has transformed our understanding is the realization
that allopolyploidy often leads to unexpected
and unexplained departures from predicted genomic additivity. This includes gene loss (16,
79, 103), widespread modiﬁcation of methylation patterns (65, 91, 113), and nonreciprocal chromosomal exchanges (82, 109). From
an evolutionary or ecological standpoint these
phenomena may be viewed as novel generators
of genomic variation, as demonstrated in Brassica for several environmentally important phenotypic characters, including ﬂowering time
(82), leaf morphology, and seed set (31). Much
of this has been reviewed elsewhere (1, 4, 19,
20, 23, 53, 98, 115) but is reiterated here as a
reminder of the myriad and diverse genomic
responses to polyploidy.
Notwithstanding these rapidly accumulating insights, important questions remain about
every stage of polyploid evolution. How do
individual polyploid plants form from one or
more diploid progenitors? How do recently
formed polyploids become established in natural populations? How do polyploids achieve
discrete evolutionary trajectories separate from
those of their progenitor(s)? To what degree has
polyploidy provided a stimulus for diversiﬁcation in the larger tree of life? Despite the frequency of polyploidy in eukaryotes, and partic-
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ularly in plants, we do not know why polyploidy
is so prevalent, or, conversely, why polyploidy is
not universal if it confers some general adaptive
advantage and promotes lineage diversiﬁcation.
Nor do we understand the dynamics that cause
polyploids, once formed, to return to a functionally diploid state, as in cryptic polyploids
such as Arabidopsis and rice.
What are the essential attributes of polyploidy that make it such an important evolutionary mechanism? Is it the ability of
polyploidy to promote heterozygosity, either
through ﬁxed hybridity or by polysomic inheritance? Is it the presence of duplicate copies, not
only of every gene in the genome, but of every genetic network? Is it the accelerated mutational activity in early generations, through
“genomic shock”? All have been proposed as
key reasons for the success of polyploids, and
all are probably important, but perhaps to varying degrees in different lineages. Finally, are
polyploids in general more “successful” than
their diploid progenitors? This is an exceedingly difﬁcult question to answer, in large part
because “success” is an ill-deﬁned term that can
refer to anything from short-term proliferation
of individuals to long-term effects on lineage
diversiﬁcation.
Answering these and other questions will require comparisons of diploids and polyploids
by researchers in such diverse disciplines as
ecology, population biology, and physiology.
Most of these areas have received far less attention than have the genetics and genomics
of polyploidy (see 107). Nevertheless, even in
these better-studied areas much remains to be
learned. In particular, it is only by moving beyond the idiosyncrasies of a handful of model
systems (most of which are crops) that emergent
properties of polyploidy can be detected. Here
we focus on the genetic end of the organizational spectrum, dealing with gene expression
and epigenetics, the process of diploidization,
and the fates of duplicated genes (Figure 1).
Our aim is to provide an updated entry to the
literature as well as to highlight what we view
as major unanswered questions in these areas.
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Gene Expression Variation Arising
from Polyploidy
The alteration of gene expression patterns is
a prominent cause of variation within and between species and may be the primary source
of developmental novelty (14, 21, 22, 28, 50,
88). Recent large-scale microarray studies in
a range of polyploid plant species have conﬁrmed that gene expression is radically altered
by polyploidy (39, 102, 112; R.A. Rapp & J.F.
Wendel, unpublished). Furthermore, by evaluating synthetic polyploids, several studies have
shown that massive expression changes accompany polyploid formation (although hybridization, rather than genome doubling, per se, may
be a major cause of such changes; see below).
The magnitude of effects varies greatly between
species, but enough data now exist to reveal
some general trends.
By comparing global gene expression
proﬁles in synthetic allotetraploids with their
parental diploid genome donors, work in
Gossypium (cotton; R.A. Rapp & J.F. Wendel,
unpublished) and Arabidopsis (112) has specifically addressed the transcriptional effects of
combining differentiated genomes, with their
divergent regulatory machinery, into a common nucleus. Wang et al. (112) showed that
a synthetic Arabidopsis allotetraploid, formed
by combining A. arenosa with A. thaliana,
exhibits strong expression dominance of the
A. arenosa parent, coupled with suppression
of the A. thaliana genome. The extent of this
suppression is impressive; approximately 94%
of the genes up-regulated in the A. thaliana
parent relative to the A. arenosa parent are
subsequently down-regulated (suppressed)
to the level of the A. arenosa parent after
allotetraploidy. In cotton, comparison of two
synthetic allopolyploids with their parents
(G. arboreum x G. thurberi and G. arboreum ×
G. bickii; R.A. Rapp & J.F. Wendel, unpublished) revealed substantial dominance of the
maternal, G. arboreum expression phenotype.
The amount of dominance varied signiﬁcantly
between the two crosses. In the G. arboreum

X G. thurberi allotetraploid, the level of dominance is about 1:12, meaning that for every
gene expressed at the parental G. arboreum
level in the tetraploid there are 12 expressed at
the G. thurberi level. This ratio is nearer to 1:2
in the G. arboreum × G. bickii allotetraploid,
indicating a weaker, but nonetheless signiﬁcant
effect. Both studies highlight an important
and emergent property of allopolyploidy; with
regard to expression, many genes do not behave
as simple additive combinations of the parental
genomes; that is, in cotton and Arabidopsis,
the best-studied systems to date, genomic
dominance appears to be quite common.
This lack of additivity in gene expression levels raises several fundamental questions about
the mechanistic underpinnings and evolutionary dynamics of gene expression following genomic merger. From a mechanistic standpoint,
what is responsible for nonadditivity in gene
expression, and why does this vary so much
among genes and between different genomic
combinations? Why do the two cotton crosses
demonstrate such a large disparity in degree of
suppression of the gene expression phenotype
contributed by the G. arboreum parent? Is this
a property of genomic divergence, and if so is
it divergence in structural, regulatory, or epigenetic features? From an evolutionary point
of view, how do genomic merger and genome
doubling individually impact expression variation during the formation of allopolyploids, and
what are the potential phenotypic effects of each
of these sources of variation?
The relative importance of these two processes can be addressed by comparing F1 diploid
hybrids and allopolyploid individuals, as has
been done in cotton. In a study of approximately 1400 duplicated gene pairs, one quarter of the cases of genes with biased homoeolog
expression ratios were shown to have arisen immediately as a consequence of genomic merger
(27), with the expression bias maintained following genome doubling. These biases are
also observed in natural cotton allopolyploids
that are ∼1–2 million years old, demonstrating remarkable evolutionary stability for a phenomenon that was saltational in its origin.
www.annualreviews.org • Genome Merger and Doubling in Plants

Synthetic polyploids:
polyploids created in
the laboratory, usually
using the mitotic
spindle inhibitor,
colchicine, but
sometimes (e.g.,
potato) using naturally
unreduced gametes
Homoeolog:
referring to genomes,
chromosomes, or
genes originating from
different genome
donors in an
allopolyploid
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Similar ﬁndings were reported for the proteome of synthesized Brassica allotetraploids
and diploid hybrids, where Albertin et al. (5)
found that ∼89% of protein expression differences could be attributed to hybridization
rather than to polyploidization.
Such results suggest that autopolyploidy
might produce less dramatic expression changes
than allopolyploidy, and this has been observed
in Arabidopsis (112). In potato, around 10% of
the 9000 genes assayed by Stupar et al. (102)
showed expression differences between diploids
and synthetic autotetraploids, and phenotypic
differences were also observed. However, the
expression differences were characterized as
“subtle.” All of this suggests that hybridity may
have a more profound effect than genome doubling, per se, in the case of allopolyploids.
This is not to say that ploidal level does not
play an important role in gene expression, particularly in the early stages of polyploid formation. In maize (6) and Senecio (39), dosage
balance (an even-numbered ploidal level) was
found to play a crucial role in establishing stability in gene expression. When compared to
diploids, triploid individuals from both species
were shown to exhibit radically different and
novel expression proﬁles. In Senecio, Hegarty
et al. (39) showed that tetraploidy returned the
transcription proﬁle back to a state most similar
to that of diploid individuals.
Together, these ﬁndings regarding hybridity
and ploidy point to an interplay between the

“genomic shock” caused by hybridization
and dosage imbalance during allopolyploid
formation. Because triploidy is often thought
to be a necessary “bridge” during allopolyploid
formation (85), and because hybridization is
involved in the incipient stages of any allopolyploidization event, both dosage balance and the
particularities of genomic combination during
merger likely contribute to novel expression
phenotypes. This raises several interesting and
unanswered questions. What level of hybridity
is required to trigger such “genomic shock?”
Could hybridization within species cause
genomic shock? Genotypes within species
cross routinely, but given the variability that
exists within some plant species [e.g., maize
(29)] some genotypic combinations could well
produce dramatic effects when doubled. If the
degree of differentiation between genomes involved in polyploid formation is a determinant
of the amount of change produced by polyploidization, does the genetic distance between
diploid progenitors play a role in promoting or
inhibiting polyploid formation (13, 18)?

A Genic Perspective
One of the more spectacular recent revelations
with respect to gene expression in polyploids
is that homoeologous genes commonly make
unequal contributions to the transcriptome, as
shown most thoroughly to date in cotton and
in wheat (2, 3, 11, 27, 40, 72). Adams et al. (2)

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1
Schematic of evolutionarily relevant genetic and genomic dimensions to genome merger and genome
doubling. (a) Chance cross-pollination between two divergent species or populations leads to hybridization
and, often, polyploidization. (b) This genomic merger and doubling evokes myriad genetic and epigenetic
responses (center panels; described in the text), giving rise to various evolutionary outcomes including suband neofunctionalization, novel regulatory interactions, and gene loss (not shown). (c) Novel expression
variation in the nascent lineage takes several forms, including transgressive up-regulation or
down-regulation, silencing, unequal parental contributions, and altered expression times and locations.
Illustrated are possible expression patterns for three developmental stages (1, 2, and 3) for a hypothetical
gene in paternal (blue), maternal ( pink), and polyploid ( green) cells, tissues, or organs. In turn, this novel
expression diversity, in conjunction with genetic alterations, generates evolutionarily novel phenotypes and
outcomes, including ecological range expansion, invasiveness, novel pathogen resistance and secondary
chemistry, altered phenologies and sexual systems, and novel morphologies. (d ) Over longer evolutionary
periods (millions of years), the polyploid genome undergoes fractionation and diploidization, as discussed in
the text. This process may be evolutionarily episodic, recurring several times in various lineages, as has been
discovered in many different angiosperms.
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in which homoeolog ratios for approximately
1400 gene pairs were studied during development of cotton “ﬁbers,” which are single-celled
epidermal trichomes on the ovular surface.
Biases in homoeologous expression even
extend to this ﬁne scale, where temporal variation across developmental stages was shown
(40).

demonstrated that 10 out of 40 homoeologs
from the A- and D-genomes of allotetraploid
cotton exhibit biased expression, including
several cases of reciprocal silencing among
adjacent ﬂoral whorls. This demonstration of
unequal contributions of gene duplicates to the
transcriptome has been veriﬁed and expanded
in several subsequent studies, including one
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Subfunctionalization:
partitioning ancestral
functions/expression
patterns between
duplicated genes,
leading to retention of
both genes because
loss of either would be
lethal
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These and other biases in homoeologous
expression have been described as expression
subfunctionalization, which is the partitioning
of ancestral expression domains among duplicate genes (homoeologs in this case). Because
there is little sequence divergence between the
A- and D-genomes in cotton (∼1% in exons)
and because ancestral and derived expression
states in a range of tissues are readily compared among diploids and polyploids, this observation suggests that homoeolog expression
subfunctionalization is controlled by an epigenetic mechanism, a suggestion further bolstered
by demonstrations of expression alteration in
synthetic allopolyploids, whose genomes have
not undergone any subsequent evolution. This
mode of subfunctionalization is of considerable evolutionary interest, as it may enhance
the probability of duplicate gene retention (62)
(see below) following polyploid formation (2,
86). Also, expression subfunctionalization may
act far more quickly than the classic conceptualization of subfunctionalization arising from
stochastic mutations in coding or noncoding regions, presumably a much slower process. From
an evolutionary perspective, it has been hypothesized that expression subfunctionalization may
initially preserve a large number of homoeologous pairs from mutational decay, thus retaining additional raw material for subsequent evolutionary tinkering (2, 86).
Expression subfunctionalization in polyploids can perhaps be considered a special case
of allelic variation in expression. Allele-speciﬁc
expression patterns have been observed in a
wide range of organisms (60, 116), and the diversity of expression among alleles is thought
to be a mechanism underlying heterosis (38).
Polyploidy brings together and preserves new
combinations of alleles, each with characteristic patterns of expression that may be quite
different, particularly in the case of alleles in
allopolyploids formed from different species.
Gene expression is context dependent (90),
and alleles from the diploid progenitor(s) will
experience a novel context in the polyploid.
Here again, comparison among diploids, synthetic diploid hybrids, and synthetic polyploids
Doyle et al.

can distinguish expression subfunctionalization
that is due to hybridity from that due to genome
doubling.
Expression subfunctionalization is undoubtedly an important phenomenon at the transcriptional level, and we have argued that it is
important for duplicate gene retention. Extrapolating from existing studies to a hypothetical
case where complete knowledge of duplicate
gene expression patterns was available for all
genes in nascent polyploids, it is highly probable that every gene pair experiences expression
subfunctionalization. Thus, to the extent that
this buffers genomes against gene loss due to
mutational decay, an a priori case may be made
that this is an evolutionarily highly signiﬁcant
mechanism. At present, however, empirical evidence is largely lacking that expression subfunctionalization has led to the later genesis of
physiological or phenotypic novelty and hence
diversity in plants. This is not to diminish the
possibility, but rather to emphasize a fruitful avenue for future work.
Hints regarding this last point are beginning to emerge. In cotton, comparison of homoeolog expression biases for ∼1400 genes in a
modern synthetic F1 and a 1- to 2-million-yearold allotetraploid showed that most of the 235
genes with shared expression biases between the
F1 and the allotetraploid displayed more extreme biases in the allotetraploid (27). This indicates that, in cotton, the long-term effect of
expression subfunctionalization is an apparent
enhancement of the bias initially established by
genomic merger. However, it remains unclear
whether this process facilitated duplicate gene
retention or evolutionarily relevant functional
diversiﬁcation. Evidence from Arabidopsis indicates that gene retention following polyploidy
(the Arabidopsis lineage experienced its most recent polyploidy event 20–60 mya) can, to some
extent, be explained by expression subfunctionalization (10, 15, 32). However, Casneuf et al.
(15) have shown that paleo-homoeologs in Arabidopsis show more highly correlated expression
patterns (i.e., less subfunctionalization) than do
other types of duplicates, indicating that expression subfunctionalization may have played only

Annu. Rev. Genet. 2008.42:443-461. Downloaded from arjournals.annualreviews.org
by Iowa State University on 11/05/08. For personal use only.

ANRV361-GE42-20

ARI

3 October 2008

10:17

a weak role in preserving paleo-homoeologs.
Other mechanisms, such as the retention of
dosage-sensitive genes (106) and the buffering
of critical functions through redundancy (17),
have also been suggested. Even without knowing the speciﬁc mechanism(s) involved, there
is clearly some disconnect between the observation of high levels of expression subfunctionalization in recent homoeologs of cotton
and wheat (11, 72) and the apparent absence
of such subfunctionalization among Arabidopsis paleo-homoeologs. It is difﬁcult to resolve
these two contradictory observations; however,
they may simply reﬂect differences in the time
since polyploid formation, lineage-speciﬁc differences between these species, or may highlight our poor understanding of the processes
that return polyploid genomes to a diploid state.

EPIGENETICS
What controls the altered gene expression observed in polyploids? Any or all of the molecular mechanisms associated with epigenetics (44)
could be involved. Here we use a broad circumscription of the term, applicable to any molecular or morphological phenotypic change occurring in the absence of nucleotide change
in the coding sequence or upstream promoter
of the affected gene. Such a deﬁnition encompasses an array of molecular mechanisms, including DNA methylation, histone modiﬁcation, small RNA-mediated gene silencing, and
nuclear/chromosomal context with respect to
location. Often, epigenetic phenomena are operationally deﬁned solely by the absence of nucleotide change, as is commonly the case in
studies involving synthetic polyploids created
from extant diploid progenitors.
The best-studied epigenetic phenomenon
in polyploids is methylation. Methylationsensitive isoschizomers have been used in
conjunction with Ampliﬁed Fragment Length
Polymorphism (AFLP) methodologies to assay
polyploidy-induced changes in DNA methylation in several species. Results have been very
variable. At one extreme, in synthetic Gossypium allohexaploids and allotetraploids, plants

in the ﬁrst through third polyploid generations displayed no nonadditive banding patterns
across 22,000 AFLP bands (56). In contrast,
in both wild and resynthesized allohexaploid
wheat, nonadditivity was found for 20% of
bands (25). In Spartina anglica, an invasive allopolyploid European grass formed from a cross
between the native S. maritima and the introduced North American S. alterniﬂora, 30% of
the parental methylation patterns were nonadditive both in the hybrids and allopolyploids, suggesting that methylation changes
were due to hybridity (91). Polymorphic methylation changes accompanied polyploidization
in 47 synthetically resynthesized lines of Brassica napus, with an average of 9% nonadditivity
across those lines; reexamination four generations later showed additional changes at a much
lower ∼3% frequency (31, 61). Similarly, synthetically reconstituted Arabidopsis suecica, from
a doubled A. thaliana by A. arenosa cross, yielded
an average of 8% nonadditivity across three F3
generations (65).
Although the number of polyploid systems
studied in this manner remains low, a possibly notable feature of the results to date is that
the species that are relatively static with respect
to polyploidy-induced methylation (Gossypium,
Brassica, Arabidopsis) are eudicots, whereas the
more “active” taxa (Triticum, Spartina) are
grasses. GC content is elevated in grasses, and
genomic regions rich in GC have high levels of
methylation, so it is possible that grasses, with
their high GC, rely on methylation more heavily than do lower-GC eudicots (30, 35, 49) to
regulate some aspects of gene expression.
Methylation is the only epigenetic phenomenon that has been studied in several polyploid species, but other mechanisms also regulate gene expression in nascent allopolyploids.
Wang et al. showed that synthetic Arabidopsis polyploids continued to suppress some loci
even after their DNA methylation machinery
was knocked out (113). Reactivation of two
genes was observed, but others remained silenced. Perhaps these results are not surprising,
given the demonstration from using knockouts
in A. thaliana that various epigenetic marks are
www.annualreviews.org • Genome Merger and Doubling in Plants
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linked, such as methylation and histone modiﬁcation, each of which has the ability to silence
genes (68, 83, 87). Because of this linkage, a
potentially valuable approach would be to examine histone and chromatin states in various
polyploid/diploid systems using methods such
as chromosomal immunoprecipitation on microarray chips (ChIP-on-Chip) (58, 89, 95, 110,
118).
Our understanding of gene regulation has
been revolutionized by the discovery of the
roles of small RNAs (miRNA and siRNA). Yet
the only study of miRNA expression in a polyploid is from the allotetraploid Gossypium hirsutum, and it enumerates the miRNAs expressed
in a heterogeneous mixture of tissues without
reference to evolutionary questions regarding
the signiﬁcance of miRNA controls in the evolution of polyploids (119). Clearly, much remains to be learned about such issues as how homoeologous copies from closely related diploid
progenitors, showing near-identity at the sequence level, could be regulated by small RNAs.

DIPLOIDIZATION
What becomes of the newly formed polyploid
genome or the variation that is created during
the earliest stages of polyploid evolution? The
term “diploidization” is often used to describe
the process by which raw polyploids [“neopolyploids” in the sense of Ramsey and Schemske
(84)] become stabilized. This term could therefore include all responses to polyploidy, including the genetic and epigenetic effects discussed
above, and has been used that way, for example, in a recent review of allopolyploidy (64). As
noted above, it appears in general that doubling
the genome is a less radical change than combining two genomes (20). If so, then polyploids
derived from two very similar genomes may require less evolutionary resolution than those
derived by wider hybridization. For example,
allopolyploids formed by wide hybridization are
expected to undergo many of the regulatory
changes described above, in at least some cases
also experiencing sequence loss and structural
rearrangements (e.g., 31).
450
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From the standpoint of chromosome behavior, genetic allopolyploids are by deﬁnition diploids with extra sets of chromosomes,
showing diploid chromosomal behavior including bivalent formation and disomic segregation.
Chromosomal diploidy is not always achieved
immediately, even in interspeciﬁc allopolyploids (84), and karyotypic changes can occur
through recombination between homoeologs
(e.g., 31). Disomic segregation can preserve
the contributions of progenitors indeﬁnitely,
unless one homoeologous locus is lost or undergoes concerted evolution (e.g., gene conversion) to the other homoeolog. In contrast, hybrid polymorphism can be lost by segregation
in polyploids with tetrasomic (or polysomic, for
higher polyploids) inheritance. Genome-wide
neutral allele coalescence proﬁles are therefore
expected to differ for the two kinds of polyploids. Genetic allopolyploids should have uniform coalescence times across neutrally evolving loci. Polyploids of hybrid origin but with
tetrasomic inheritance should have a bimodal
coalescence pattern (34), with some loci retaining contributions from both parents (deep coalescence) and others retaining alleles from only
one parent (shallow coalescence).
It is generally assumed that because
polysomic associations can lead to meiotic aberrations, the polysomic condition is a transient
stage leading to chromosomal diploidization
and disomy. This may well be true in allopolyploids, which though disomic may exhibit
multivalent formation in early stages after formation (77, 84). But is this also true of autopolyploids? Can it be assumed that older polyploids with disomic behavior did not experience
polysomic segregation through much of their
history? To test that hypothesis, genome-wide
studies of gene coalescence, or data on chromosomal behavior and segregation ratios of natural polyploids of known ages, are required. Instances of old polyploids with disomic behavior
do not provide evidence one way or another—
their ancestry is often unknown (e.g., Glycine
max, Arabidopsis thaliana), and even if progenitors were identiﬁed, the chromosome behavior
of the polyploid at its formation would remain
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unknown. Thus it remains unclear whether genetic autopolyploids must necessarily undergo
chromosomal diploidization. In fact, many autopolyploids appear to undergo meiosis with no
chromosomal irregularities, and thus selection
for chromosomal diploidization in at least these
species is expected to be weak.
What is known is that exchange among
chromosome sets occurs in many polyploids,
including allopolyploids. Moreover, although
homoeologous exchanges may occur more frequently during early stages of allopolyploid
evolution (84)—well documented, for example, in synthetic Brassica napus (31, 109), the
process continues over millions of years. In
Nicotiana, homoeologous chromosome complements are readily observed by genomic in
situ hybridization (GISH) in young allopolyploids (e.g., N. tabacum, 200,000 years old), but
not in older allopolyploids (e.g., N. quadrivalvis,
1 million years old; N. nesophila, 4.5 million
years old), presumably due to homogenization of repeated sequences across homoeologues (55). The chromosomes of older polyploids are mosaics of homoeologous segments,
and although it is not known exactly how this
occurred, it must have involved mixing
of homoeologous chromosome complements.
Translocations between homoeologous chromosomes have been detected in N. tabacum
[(55) and references therein]. In Oryza, exchange leading to a mosaic pattern of homoeologous segments is very well documented,
with homogenization occurring across “paleologs” (paleo-homoeologs) involving genes as
well as repeated sequences (114). In Glycine, after around 10 million years the doubled number
of chromosomes (relative to generic allies) still
betrays its polyploid past, but homoeology is
segmental, not chromosomal (96); in Arabidopsis thaliana scrambled homoeologous segments
occur in a “diploid” number of chromosomes
in a small genome.
The reduction of the Arabidopsis genome
has involved the loss of around 80% of homoeologous genes from the most recent polyploid event, and recent work has shown that the
loss has been nonrandom, with many duplicated

segments showing preferential gene loss from
one homoeolog (106). Although it is not known
whether all of the losses involve the same homoeologous genome, this might be expected to
be the case because, as noted above, in synthetic
allopolyploids the contribution of one parent
may be preferentially repressed (112).

PATTERNS OF GENE
RETENTION AND LOSS
Fates of Duplicated Genes:
Are There Patterns?
Polyploidy increases the number of genes by
whole-genome multiples. Because the diploid
progenitors of the polyploid were functional
with a single set of genes, at formation the
nascent polyploid is logically viewed as having
an “extra” set. Is this redundancy advantageous,
deleterious, or neutral? What is the spectrum
of consequences of having a suddenly doubled suite of genes and genomes provided by
polyploidy? Are the answers to these questions
consistent among plant lineages or between
polyploidy events within a single species?
Traditional views maintained that allopolyploidy promoted the ﬁxation of homoeologous
loci, referred to by some as ﬁxed heterozygosity (52). It was suggested that this increased
heterozygosity was itself advantageous (36, 52,
100). Classical views also suggest that genome
duplication is potentially advantageous as a primary source of genes with new functions (76,
101). However, such functions take time to
evolve. Analysis of whole genome sequences
shows that the majority of genes are restored to
singleton status following genome duplication,
reducing the time available for such adaptive
divergence to occur.
Analyses of large EST sets and genome sequences show that retention/loss of duplicated
gene copies is not random. Some genes duplicate and reduplicate, whereas others are iteratively returned to singleton status (17, 93),
and speciﬁc gene functional categories preferentially retain or lose copies (10). Classiﬁcation of genes into functional groups based
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on shared protein functional (Pfam) domains
permits genome comparisons across broad taxonomic distances for which orthology is not
readily established. This approach has been
used to quantify the tendencies of individual Pfam domains to occur among duplicates
or singleton genes resulting from independent
genome duplication events that occurred 20–60
and ∼70 mya in the lineages of Arabidopsis (12)
and Oryza (80), respectively, to one another and
to independent genome duplications in yeast
(117) and Tetraodon (45).
Although the members of most gene functional groups are randomly distributed between
singleton and duplicated genes, in angiosperms
nonrandom patterns of both gene retention and
gene loss are evident (81). For example, in Arabidopsis, 16 domains showed highly signiﬁcant
enrichment in singletons, and 4 in duplicates.
For Oryza, 12 domains showed highly significant enrichment in singletons, and 2 in duplicates, both of which are more frequent than
would be expected to occur by chance. These
ﬁndings generally support tendencies suggested
by broader Gene Ontology (GO) categories
used in prior studies, which showed that genes
involved in signal transduction and transcription are preferentially retained in duplicate, and
that duplicate genes involved in DNA repair are
preferentially lost (10, 66). However, analyses of
Pfam domain-based groupings (81) sometimes
reveal heterogeneity within the broader GO
categories used in other studies (10, 66), for example, showing one abundant protein-protein
interaction domain (LRR) to be usually preserved in duplicate whereas two less-abundant
domains (SET, TPR) are usually restored to singleton state.
Classical views about the possible advantages of genome duplication (76, 101) focus
largely on one extreme in a spectrum of possible
fates for duplicated genes, speciﬁcally the subset of genes for which duplicate copies are preserved for a long time. However, as noted above,
the fully sequenced angiosperm genomes available to date show nonrandom patterns of both
gene retention and gene loss following genome
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duplication. Nonrandom gene loss, reﬂected as
genes or gene functional groups that are consistently restored to singleton status [duplicationresistant (81)], represents an underexplored dimension in the spectrum of duplicated gene
fates. It may be no coincidence that this dimension was found only recently, with the complete
sequencing of multiple angiosperm genomes—
the antiquity of genome duplication in most
animals and microorganisms precludes detection of nonrandom gene loss, because most
genes have been returned to singleton status
(81). Early estimates suggest that duplicationresistant genes number in the hundreds and
are widely distributed across the genome, although their loss may sometimes be as members of larger blocks rather than as single genes
(106).
Retention/loss of gene functional groups
has been convergent following independent
genome duplications. A total of ﬁve and two domains showed highly signiﬁcant enrichment in
singleton and duplicated genes, respectively, in
both Oryza and Arabidopsis, a correspondence
unlikely to occur by chance (81). By calculating for each gene functional group (Pfam domain) the fraction(s) of cases in which only one
member of a duplicate pair (singletons) is retained following a particular genome duplication, one can compare the fates of most genes
across a pair of genomes. These fractions are
closely correlated in Arabidopsis and Oryza, with
lesser but still highly signiﬁcant correlations
of the angiosperms to yeast and to Tetraodon.
The ﬁnding that many gene functional groups
show convergent patterns of retention or loss
following independent duplications that are
separated by hundreds of millions of years of
evolution (81) is supported by postduplication
convergence of gene copy number in divergent yeasts (92), and by the ﬁnding that genes
from the same metabolic pathway show similar
retention/loss trends in Paramecium (7). Collectively, these observations suggest that an underlying set of principles of molecular evolution, largely obscure at present, contribute
to the fates of genome duplications across
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divergent taxa. Elucidating the molecular
mechanism and evolutionary forces that shape
this process remains an important avenue for
future research.
Pooled data from multiple genomes may
reveal duplication-resistant gene families that
previously were undetectable. The most extreme possible case of duplication resistance, a
gene functional group adaptive when only one
group member is present in a genome, would
provide too little information to be inferred
as duplication-resistant within a single genome
by statistical methods requiring evaluation of
several members of a functional group (81).
However, if a gene is repeatedly restored to
singleton status following several independent
duplications in different genomes, then duplication resistance might be inferred. For example, 17 Pfam domains occurring in only 1–3
Arabidopsis or Oryza genes (too few to detect
signiﬁcant patterns in any one genome) were
inferred to be duplication resistant by pooling
data for independent duplications in the two
genomes (81). Such pooling across additional
duplications in Populus, Medicago, Glycine, Lycopersicon, Vitis, and Carica will permit further tests
of the Arabidopsis-Oryza inferences and identify additional candidate duplication-resistant
genes, even single genes that are convergently
restored to singleton status.
At present, relatively little is understood
about the temporal dynamics of long-term
fractionation of polyploid genomes that leads
to genic diploidization, notwithstanding both
its theoretical underpinnings and the extensive data that have been generated on present
gene content in several model genomes, as discussed above. Some neopolyploids show rapid
gene loss (26, 48, 79), whereas others show
scant evidence (56) but a surprisingly high incidence of instantaneous (with the onset of polyploidy) expression subfunctionalization (2, 3).
One of the challenges in understanding the
evolution of polyploid genomes is to reconcile
this latter observation with the empirical reality of long-term genome fractionation: Are the
early responses of genomes to polyploidization
part of the process of adaptation to the dupli-

cated state, or merely symptoms of imminent
extinction?

The Evolution of Genes in Modern
Populations is Influenced by the
Presence of 20- to 60-MillionYear-Old Duplicated Copies at
Unlinked Loci

Neofunctionalization:
the evolution of a new
function in a
duplicated gene

Under classical models, gene duplication is proposed to be a primary source of genetic material
available for evolution of genes with new functions (76, 101, 104); one member of a duplicated
gene pair may mutate and acquire unique functionality with the ﬁtness of the organism insulated by the homoeolog (neofunctionalization),
or the pair may subdivide the ancestral function (63, 108). Such models agree with theory
(43) in predicting that in natural populations,
higher levels of polymorphism would occur in
duplicated genes than in singletons, and that
the ability of duplicates to provide functional
compensation for one another would erode as
their functions diverged (111).
However, several ﬁndings raise perplexing
questions about this classical functional divergence model. Analysis of 17 nonallelic duplicates in Xenopus laevis shows evidence of
purifying selection on each duplicate gene
(41). For three recently duplicated (ca. 0.25–
1.2 million years) Arabidopsis genes, both
progenitor and derived copies show significantly reduced species-wide polymorphism
(73). Paleo-duplicated yeast genes provide a
discernible degree of functional compensation
for a very long time (37) and even appear to
undergo gene conversion (33).
Contrary to classical predictions that
duplicated genes may be relatively free to
acquire unique functionality, among both Arabidopsis ecotypes and Oryza subspecies singlenucleotide polymorphisms encode less radical
amino acid changes in genes for which there
exists a duplicated copy at a paleologous locus,
than in singleton genes (10). Genes encoding
long and complex proteins are preferentially
preserved in duplicate, and evolve conservatively. Genes for which an ancient duplicated
www.annualreviews.org • Genome Merger and Doubling in Plants
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copy has been preserved are 25% and 112%
longer, on average, than singletons in Arabidopsis and Oryza, respectively, and a much
higher fraction of the coding regions comprises
identiﬁable domains. The greater retention
in duplicate of longer and more complex
proteins, together with their lower tolerance
of nonsynonymous mutations, suggest that
the immediate beneﬁts of buffering crucial
functionality (i.e., ensuring that the functions
of essential genes and domains are met even
after mutation of one copy) are accrued by the
presence of a second copy, regardless of the potential advantage conferred by the possibility of
future neofunctionalization. The tendency for
duplicated gene copies to accumulate only less
severe amino acid substitutions than do singletons in natural populations is in contrast to the
widely held belief that a primary advantage of
polyploidy is the freedom for duplicated genes
to acquire new functions (76, 101, 104). However, it is consistent with recent results about
the evolution of recently evolved duplicates
(41, 73) and with long-term functional compensation (24, 37, 105). Genetic buffering may
be especially important for surviving the early
genomic shock that can immediately follow
polyploid formation (26, 48, 78, 79, 94, 99).
However, such buffering still markedly affects
diversity among modern ecotypes of A. thaliana
and subspecies of Oryza sativa (10), species
whose genomes were shaped by duplications
that occurred 60 million years or more prior
to speciation (12, 80).
What mechanisms might preserve the sequence of thousands of pairs of genes at paleologous sites across a genome for 60 million
years or more? Occasional nonhomologous associations between chromosomes are observed
during mitosis in many taxa, including recently
formed polyploids (84) and even in diploids
such as rice (51), and might periodically permit homogenization processes to act between
paleologs. Mechanisms such as gene repair (57)
and gene conversion (75) have been suggested
to occur between ancient duplicated genes (33),
but can be difﬁcult to quantify (120).
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The availability of genome sequences for
closely related paleopolyploid taxa offers the
opportunity to take a phylogenetic approach
to making inferences about concerted evolution of genes, identifying cases in which ancient paralogs that inhabit a common nucleus
are more similar than recently diverged orthologs in different species. By applying this
approach to genome sequences for two Oryza
subspecies, Wang et al. (114) reveal appreciable gene conversion in the ∼0.4 million years
since their divergence, with a gradual progression toward independent evolution of older
paralogs. Sequence similarity analysis in proximal gene clusters suggests more conversion
between younger than older paralogs. Domainencoding sequences are more frequently converted than nondomain sequences, suggesting
a sort of circularity: Sequences conserved by
selection may be further conserved by relatively frequent conversion. The prevalence of
concerted evolution among homoeologous and
tandem paralogs is surprising but consistent
with previous ﬁndings for genes involved in olfaction, immune response, HLA, MHC, sex or
reproductive isolation, mating type, multiallelic
systems, and tissue- or time-speciﬁc expression
(9, 93) and involving a wide range of species including yeast, ﬂies, plants, and mammals. Is the
preservation of duplicated sequences merely an
accident, an occasional aberrant result of the
mechanics of DNA recombination and repair?
Or, could it have become an integral part of the
adaptation of polyploid genomes to the duplicated state?

Might Genome Duplication be Truly
Cyclical in the Angiosperms?
In taxa that lack major obstacles to genome
duplication such as sex chromosomes, might
the purported beneﬁts of genome duplication,
followed by their gradual deterioration resulting from genetic divergence, impart cyclicality
to this process? Most angiosperm lineages
sequenced to date have experienced more than
one whole genome duplication event; the only
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exceptions are grape (46) and papaya (70), the
latter with incipient sex chromosomes (59).
The sequences of most duplicated genes may
be sheltered as a consequence of concerted
evolutionary mechanisms (for example, gene
conversion) during the period of instability
immediately following genome duplication.
Sheltering may be especially important for
avoiding the deleterious effects of Muller’s
ratchet (74) under asexual reproductive systems, perhaps partly explaining why so many
apomicts (8) and other clonally propagated
angiosperms are polyploids. For domain-rich
genes, which tend to be preferentially preserved in duplicate (17), the exons might be
subject to concerted evolution for much longer
time periods.
However, since ectopic recombination in
plants is dramatically reduced by even small
variations in DNA sequence (54), one can envision an exponential decline in conversion frequencies with eventual independence of these
once-conserved sequences. Is each angiosperm
genome on a sort of timeline? Does the occasional genome duplication reinvigorate an otherwise continuously declining supply of raw
material remaining available for the evolution
of novelty, with a continuously declining ability to shelter essential genes and functions with
duplicated copies? Conversely, is there a minimum period between polyploid events in a
single lineage, measured by time or by degree of diploidization? Answers to questions
such as these may require in-depth structural
and functional analysis of a broad sampling
of natural polyploid lineages resulting from
polyploidizations that range from recent to
ancient.

CONCLUSIONS
What are the key attributes that make polyploidy such a prevalent phenomenon? Is polyploidy even a single phenomenon, given the
likelihood that different features of polyploidy
may predominate among various lineages? All
polyploids by deﬁnition have in common a

larger than diploid number of genomes, hence
the widespread use of the term “genome doubling” as a synonym for polyploidy. But is this
synonymy warranted? Are the most important
evolutionary properties of polyploidy due to
genome doubling, per se, or is hybridization—
genome merger–just as important? Furthermore, are all of these important properties even
shared by all polyploids?
There are numerous genetic and genomic
differences among various types of polyploids,
and it is likely that these differences are more
signiﬁcant than the commonality of possessing multiple genomes. One principal distinction has to do with the genetic and genomic degree to which a given polyploid is hybrid. This
quantitative distinction may be critical, in that
the interactions established by the initial conditions propagate from the time of initial origin through periods of stabilization and longerterm evolutionary outcome.
Based on the still-limited number of available examples, when genomic shock occurs in
nascent polyploids, hybridity is a more significant source of genetic and epigenetic disruption than is genome doubling. However, F1
hybrids between Tragopogon dubius and T. porrifolius and between T. dubius and T. pratensis show
genetic proﬁles that are additive of their diploid
parents, demonstrating that hybridity alone is
not responsible for the genomic changes observed in the allotetraploid derivatives of these
crosses, T. mirus and T. miscellus, respectively
(103). Polyploids that do not merge differentiated genomes presumably do not experience
the full beneﬁt of genomic shock—if indeed
it is a beneﬁt. Most mutations are detrimental, so most hybrid-induced mutation is likely
not adaptive. Perhaps intraspeciﬁc hybridization (one deﬁnition of autopolyploidy) is a safer
path to a doubled genome than interspeciﬁc
crossing—our increasing appreciation of the
prevalence of autopolyploidy certainly supports
the notion that this is a very successful evolutionary pathway (97). However, interspeciﬁc
crossing (one deﬁnition of allopolyploidy) may
more frequently produce a novel evolutionary
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trajectory. In other words, “nothing ventured,
nothing gained.”
Two potential beneﬁts of hybridization
are heterosis and the evolution of adaptive
transgressive traits, be they physiological or
morphological. Polyploidy promotes both, but
different types of polyploids are expected to
differ in their ability to do so. Classic disomic
allopolyploids are ﬁxed for heterozygosity
at homoeologous loci and therefore may be
more likely to experience such phenomena as
allele-speciﬁc expression subfunctionalization
and its attendant evolutionary possibilities. In
contrast, a polysomic autopolyploid possesses
a greater than diploid number of alleles at its
origin, but these remain vulnerable to segregational loss; also, the ability to experiment
with subfunctionalization and genetic novelty
likely is more limited in autopolyploid systems.
Transgressive effects should also be preserved
by ﬁxed hybridity in disomic systems more
effectively than in polysomic autopolyploids.
Indeed, experimental analysis of autopolyploid
sugarcane populations suggests that pyramiding of individually favorable alleles may yield
diminishing or even negative returns (69, 71).
Thus the breadth of the original cross and
the genetic system of the polyploid should
together have a major effect on the creation
and retention of evolutionary novelty.
The discussion of preservation of duplicate
genes over longer evolutionary timescales in
plants usually has been framed in terms of extensively diploidized taxa, such as A. thaliana
and O. sativa. The genome donors of these taxa
are unknown, as is the degree to which hybridity shaped their evolution. The fact that overlapping patterns of gene loss and retention are
observed among plants, animals, and yeast suggests that there are widely applicable principles
that guide adaptation of genomes to duplication. As noted above, little is understood about
the temporal dynamics by which this long-term
fractionation occurred, and hence the study of
more recently generated polyploids, both natural and synthetic, holds promise for connecting genome fractionation to the early responses
of genomes to polyploidization. Thus, it would
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be useful to know more about how the process
of gene retention and loss plays out in a wider
range of polyploid examples, and over wider
timescales (e.g., young polyploids), including
plants with polysomic segregation.
Indeed, a general conclusion of the state
of genetic and genomic research in polyploid
evolution is that more models are needed to
complement “classic” systems such as wheat,
cotton, and Brassica and newer models such as
Arabidopsis. We need to extend from a few models (mostly crops) to encompass natural systems
that represent a diversity of plant families, as
well as ages, stages, and types of polyploids.
Progress is certainly being made, and studies of
recently formed polyploids in Senecio (39) and
Spartina (91) hold great promise for revealing
the dynamics of polyploid evolution in an ecological context, as do young polyploids such as
Tragopogon, where studies of the transcriptome
have been initiated (67, 103). Somewhat older
allopolyploids such as perennial Glycine species
are also being exploited in studies of gene expression (47) and offer future promise. Some
species that are classics in their own right, but
as population genetic and evolutionary models rather than genomic ones, such as autopolyploid Chamerion (42), are excellent subjects for
studies of gene expression and genomic change,
and undoubtedly will make future contributions
in these areas.
Broadening the sampling of polyploids,
and performing comparable surveys and experiments across taxa, will ultimately reveal
whether polyploidy is characterized by emergent, widely applicable principles, or, conversely, whether different classes of polyploids,
or even different genotypes of the same polyploid, behave idiosyncratically. In addition, this
broadly comparative approach will help provide
the necessary links between initial conditions
at the onset of genome merger and genome
doubling and the long-term evolutionary outcomes evident in modern, sequenced genomes.
Only with this information can the genetic and
genomic aspects of the question “Why are polyploid plants so successful and prevalent” be addressed in a meaningful way.
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