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ReviewGenomic Clues to the Evolutionary Success of
Polyploid Plants
Matthew J. Hegarty and Simon J. Hiscock*

Polyploidy, or the presence of two or more diploid parental
genome sets within an organism, is found to an amazing
degree in higher plants. In addition, many plant species
traditionally considered to be diploid have recently been
demonstrated to have undergone rounds of genome dupli-
cation in the past and are now referred to as paleopoly-
ploids. Polyploidy and interspecific hybridisation (with
which it is often associated) have long been thought to
be important mechanisms of rapid species formation.
The widespread occurrence of polyploids, which are fre-
quently found in habitats different from that of their diploid
progenitors, would seem to indicate that polyploidy is as-
sociated with evolutionary success in terms of the ability
to colonise new environmental niches. A flurry of recent
genomic studies has provided fresh insights into the
potential basis of the phenotypic novelty of polyploid
species. Here we review current knowledge of genetic,
epigenetic, and transcriptional changes associated with
polyploidy in plants and assess how these changes might
contribute to the evolutionary success of polyploid plants.
We conclude by stressing the need for field-based experi-
ments to determine whether genetic changes associated
with polyploidy are indeed adaptive.

Introduction
Polyploidy has attracted scientific study for almost a century,
since de Vries first described the Gigas ‘mutant’ of Oenothera
lamarkiana, which was later shown to be a tetraploid [1,2].
Winge [3] subsequently observed that different chromosome
numbers within genera followed an arithmetic progression
of multiplication (within the Asteraceae, for example, some
species are 2n = 18, others 2n = 36, 54, and so on). This led
Winge to propose a hypothesis of hybridisation followed by
doubling of the chromosome complement. Successful at-
tempts to create ‘synthetic’ polyploids confirmed this hy-
pothesis and helped to demonstrate potential mechanisms
by which polyploidy could arise naturally [4,5]. Today, poly-
ploidy is recognised as a major force in the evolution of
new plant species [6–9], a fact attested to by the prevalence
of polyploid taxa in world flora.

Estimates of the frequency of polyploidy in angiosperms
range from 30–35% [3], to 80% [10], with other studies sug-
gesting closer to 50% [8,11]. In addition, recent studies indi-
cate that many ‘diploid’ species may in fact be ancient poly-
ploids [12,13], with estimates suggesting that over 70% of
angiosperms have undergone at least one round of genome
duplication during the course of their evolution [14]. These
estimates are based on the fraction of existing genera that
display polyploidy and thus, while valuable, provide no
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insights into the frequency of polyploidy during the course
of plant evolution. This issue was resolved by Otto and
Whitton [15] who developed a means of calculating the fre-
quency of polyploidy associated with speciation, and esti-
mated that, at any given time, polyploidy is probably involved
in 2–4% of angiosperm speciation events.

Importantly, polyploid formation can occur recurrently and
independently within populations, to such an extent that
multiple origins are considered the rule, rather than the ex-
ception [16,17]. This further increases the likelihood of poly-
ploid emergence and allows for increased genetic diversity
among polyploid complexes, as polyploid offspring derived
from different parents of the same species can interbreed.
Polyploidy provides an obvious route to the rapid emergence
of new species, as differences in chromosome number will
often (though not always) lead to reproductive isolation
from the parental taxa or ensure that introgressants (see
Table 1 for glossary of terms) are largely sterile, limiting
gene flow between hybrids and their parents [18]. Once
formed, the establishment of these polyploid neospecies
will depend on their ability either to colonise new habitats
or to persist in sympatry with the parental populations. In
the latter case, newly formed polyploids will likely suffer
from ‘minority cytotype disadvantage’ [19,20], whereby
mating opportunities with other polyploids will be rare and
introgression with one or both parental taxa limited. Self-
fertilisation or asexual reproduction (e.g., apomixis) may
enable the polyploids to persist until opportunities for eco-
logical speciation arise, but ultimately these are limiting. Nev-
ertheless, theoretical simulations suggest that, in species
with restricted seed and pollen dispersal, polyploids can per-
sist in sympatry with their progenitors [21,22]. In this model,
reduced seed dispersal allows polyploids to establish a local
majority within the wider population, while limited pollen flow
decreases the likelihood of pollen from the progenitor spe-
cies being more prevalent than polyploid pollen within the
local cluster. Although this model requires testing in natural
populations, it predicts that species with restricted pollen/
seed dispersal will enable polyploid persistence, even if the
frequency of inbreeding/clonal reproduction is low [21].

Polyploids may also become established if they are able to
occupy new habitats where the progenitor taxa do not exist.
It has been observed that polyploids are more prevalent at
higher latitudes and altitudes, typically occupying ecological
niches different from those of their progenitors [7,23]. Stud-
ies of arctic Draba species, for instance, showed that the
polyploids occupied broader niches than the diploids [24].
To explain such differences in habitat preferences of dip-
loids and polyploids, it has been suggested that increased
heterozygosity (in allopolyploids) may have been important
in allowing polyploid species to colonise and establish
themselves in areas not favoured by their diploid progenitors
[7,25]. One of the most famous examples of adaptive radia-
tion in angiosperms is the Hawaiian silversword alliance,
which is composed entirely of allopolyploids [26]. Members
of the alliance are highly adapted to particular environmental
niches found on the Hawaiian islands and current evidence
suggests that the original colonisation occurred as a result
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of an allopolyploid formed between two (presumed) diploid
species from the North American mainland [26]. Unfortu-
nately, because these diploid progenitors are not present
in Hawaii, it is impossible to say whether they are unable
to occupy the same niches as their allopolyploid derivatives,
or whether they would simply be outcompeted by them. To
resolve such issues of differential fitness between poly-
ploids and diploids, more field transplant experiments akin
to those of Baack and Stanton [27] and Buggs and Pannell
[28] are needed. Until then, perhaps the strongest anecdotal
evidence of the colonising ability of polyploids comes from
the observation that many of the world’s most noxious and
invasive weeds are polyploid [29].

Grant [8] defined polyploidy as the presence of three or
more chromosome sets within an organism, a state which
can arise in a number of ways. Polyploids are typically
grouped into autopolyploids (where the genomes are from
the same species; Figure 1) or allopolyploids (where interspe-
cific hybridisation is involved; Figure 2). However, these clas-
sifications can be problematic, because autopolyploidy can
involve crosses between two diverged populations of the
same species with genetically distinct, but structurally simi-
lar, chromosomes (‘interracial autopolyploidy’), and there are
also noted instances of allopolyploidy followed by a further
round of genome duplication (‘autoallopolyploidy’). For the
purposes of this review, we will use the broader definitions
and refer to polyploidy within species as autopolyploidy and
that involving interspecific hybridisation as allopolyploidy.

Of the two, it might be predicted that autopolyploidy will
be the more frequent form of polyploidy, because with-
in-species mating is more common than interspecific hybrid-
isation [30]. However, in natural populations, it has been
estimated that alloploidy is more prevalent than autoploidy
[14]. Estimates such as this, however, need to be treated
with caution because of the difficulties associated with iden-
tifying autopolyploids in the field [18,31]. Notwithstanding
this caveat, the apparent prevalence of allopolyploids sug-
gests that they are in some way more successful in establish-
ing themselves than autopolyploids, perhaps because their

Table 1. Glossary of terms.

Allopolyploid: A polyploid produced from a hybrid between two or more

species and therefore possessing two or more dissimilar sets of

chromosomes, e.g. allotetraploid, allohexaploid etc.

Autopolyploid: A polyploid in which chromosome sets are all derived

from a single species, e.g. autotetraploid, autohexaploid etc.

Homeologous chromosomes: Duplicated forms of a single

homologous chromosome, as in polyploids.

Homeologues: Identical forms of a genetic locus/allele, arising from

genome duplication, i.e. polyploidy.

Homologous chromosomes: Chromosomes with the same sequence

of genes/alleles.

Homoploid hybrid: A hybrid with the same number of chromosomes as

its parental species.

Introgressant: A hybrid derived from introgressive hybridisation.

Introgressive hybridisation: Genetic modification of one species by

another through the intermediacy of hybrids; introgression.

Polyploid: An organism with more than two chromosome sets.

QTL: Quantitative trait locus.

Sympatry, sympatric: Originating in, or occupying the same

geographical location.

Transgressive segregation: A phenomenon whereby hybrids exhibit

phenotypes that are extreme or novel relative to their parents.
hybrid origin allows them to more easily overcome barriers
such as minority cytotype exclusion [19,20] and competition
with parental species [32,33].

A number of theories have been proposed to explain why
polyploids are so ubiquitous and successful — for example,
increased heterozygosity, higher selfing rates, reduced in-
breeding depression (due to masking of deleterious alleles)
and increased genetic diversity due to multiple formations
of polyploids within populations (reviewed in [34]). In addi-
tion, a number of recent molecular studies have provided
fresh insights — at the genetic, transcriptional and epigenetic
levels — into the potential mechanisms behind the broader
phenotypic range of polyploid species. Such mechanisms
range from structural alterations in the chromosomes them-
selves to widespread changes in gene expression resulting
from epigenetic factors (e.g., chromatin modifications),
each of which has the potential to modify the phenotype of
a polyploid individual.

Genetic Factors Associated with Polyploidy
One of the major problems faced by diploid (homoploid) hy-
brid neospecies is the possibility that the different parental
chromosomes will be too dissimilar to pair up correctly at
meiosis, leading to hybrid sterility or, at best, a severe reduc-
tion in fertility. In the latter case, a proportion of offspring will
possess recombinant karyotypes and this can lead to an in-
crease in fertility amongst the hybrids while reinforcing re-
productive isolation from the parental taxa [35]. This was
proposed by Grant [8] as one mechanism by which specia-
tion could occur — ‘recombinational speciation’. Another
solution to the problem of chromosome incompatibility is
polyploidisation. The duplication of each parental genome
immediately provides each chromosome with an identical
partner, allowing for correct meiotic pairing. Many allopoly-
ploids are therefore expected to have arisen from initially
sterile hybrids with unbalanced chromosome numbers [30]
or from sterile or partially fertile homoploid hybrids. This lat-
ter scenario appears to be more likely as the level of genetic
divergence between the parental species increases, as
shown in a recent study by Chapman and Burke [36], which
found significantly greater (more than double) levels of diver-
gence between the parents of allopolyploid taxa than
between the parents of diploid hybrids.

Although polyploids do not face many of the problems
associated with karyotypic divergence, rapid chromosomal
rearrangements have been observed in allopolyploid as
well as homoploid hybrid systems [37–42]. In homoploid
hybrids, rearrangements that restore fertility by removing
incompatibilities between the two parental genomes are
selected for at the embryonic level. An ongoing process of
recombination between parental linkage blocks then serves
to reinforce reproductive isolation from the progenitor taxa
and leads to the establishment of the hybrid as a new
species [43]. Despite the prediction that allopolyploids will
not suffer difficulties in meiotic pairing to the same extent
as homoploid hybrids, chromosomal rearrangements have
been observed in allopolyploid hybrids, most notably Spar-
tina, Tragopogon and wheat [38–42]. However, it should be
emphasised that current evidence suggests that chromo-
somal rearrangements are by no means the rule in polyploid
systems, because some polyploids, in particular polyploid
cottons, show no rearrangements [44].

Where chromosomal rearrangements do occur in poly-
ploids, they may arise as a consequence of colinearity of
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Figure 1. Autopolyploidy.

(A) Autopolyploidy resulting from spontane-
ous genome duplication or fusion of unre-
duced (2n) gametes within a single species.
(B) Fusion of an unreduced (2n) gamete with
a normally reduced gamete within a single
species, resulting in the formation of an auto-
triploid. If this triploid can produce viable trip-
loid eggs, fertilisation with a normally reduced
pollen grain will yield a viable autotetraploid.
gene order between closely related parental genomes [45],
leading to potential mispairing between highly homeologous
chromosomes during meiosis [46]. Rearrangements within
one or both parental genomes would reduce this possibility
by making the two genomes non-homeologous. In a similar
manner, loss of non-coding, repetitive DNA regions from
one or both parental genomes — a process that has been ob-
served in new allopolyploid wheat species [38,40] — would
also serve to distinguish between the parental homeologues.
These rearrangements may also be a response to changes in
nuclear-cytoplasmic interactions [47,48] since the cytoplasm
of a hybrid will be derived solely from one parental species
and the nucleus from both. Studies using restriction fragment
length-marker assays in synthetic Brassica polyploids
showed that rearrangement events tended to occur primarily
in the paternally contributed genome [49].

What are the potential mechanisms by which these rapid
genomic rearrangements could occur? One theory, put for-
ward by McClintock [50], is that hybridisation might result
in widespread activation of transposable elements due to
the instability of the new genome — what McClintock termed
‘genome shock’. Transposon activity within the genome can
increase the likelihood of chromosome breakage [51] and
may result in other changes to the genome such as sequence
amplification/gene duplication [52]. This has been proposed
as a more likely mechanism for rapid genomic reorganisation
in allopolyploids than homoploid hybrids [53] because trans-
poson insertions into genomic regions are less deleterious
in polyploids, which possess duplicated copies of every
gene. Nevertheless, retrotransposon proliferation has also
been reported in homoploid hybrid sunflowers [54].

Recombination between parental genomes is also a possi-
bility in allopolyploids if the two genomes are similar enough
to enable bivalent formation, as demonstrated by a study of
multiple independent synthetic lines of Brassica napus allo-
tetraploids [55]. This study showed few genetic changes in
the initial allotetraploids, but subsequent selfed progeny dis-
played segregation for a number of non-reciprocal transloca-
tions between parental homeologues. These translocations
occurred at each successive generation, being detected on
nearly every chromosome by the fifth selfed generation.
Since mispairing of the parental homeologues must occur
in order for these recombinations to take place, this process
may serve to distinguish between the two genomes in
a similar manner to the loss of non-coding repetitive DNA in
wheat allopolyploids (indeed, such translocations may be
one mechanism by which this occurs).

Translating Genotypic Change to Phenotypic
Change in Polyploids
How then can these changes to the genomes of new hybrids
bring about novel phenotypes? In addition to the increased
heterozygosity found in allopolyploid hybrids (due to posses-
sion of multiple alleles for each genetic locus), the potential
also exists for novel combinations of gene regulatory factors
[56]. The union of diverged regulatory networks in a hybrid
has implications for both homoploid and allopolyploid indi-
viduals. In animals, for example, experiments with hybrids
of Drosophila species showed that the activity of gene
enhancers was altered as a consequence of interspecific
hybridisation, leading to loss or gain of function of different
enhancers within the same hybrid individual [57]. Autopoly-
ploids may also undergo phenotypic changes resulting
from alterations to gene regulation: many regulatory net-
works are known to be highly dosage-dependent and a dupli-
cation of the genome would immediately provide (in a tetra-
ploid) two extra dosage levels [56]. It has been theorised
that the triploid endosperm of angiosperms was such an evo-
lutionary success for this very reason — the extra dosage
level imparting a greater level of control over imprinted genes
within the developing seed [58]. In addition to dosage effects,
recombination between divergent chromosomes may lead to
different parental regulatory elements being brought from cis
to trans relative to the genes they control [59] and thus alter
the expression of those genes. The widespread transposon
activation proposed in McClintock’s ‘genomic shock’ theory
could also result in alterations to gene expression because
transposable elements can alter the promoter activity of
a gene if inserted upstream of a coding region [60,61] or
can result in gene silencing due to gene disruption.

Another way in which hybridisation could produce pheno-
typic differences allowing niche divergence is through ‘trans-
gressive’ segregation of parental alleles [62]. According to
this model, adaptively important alleles (which are fixed in
the same direction in the parental species) recombine in novel
patterns in the hybrids. Due to complementary interactions
between these genes, the hybrids can possess ‘transgres-
sive’ genotypes/phenotypes which enable them to tolerate
environmental conditions outside the range of either parent
[62]. This tolerance can lead to a new hybrid being ‘pre-adap-
ted’ for survival in novel, often extreme, habitats, thereby
facilitating ecological speciation. This pre-adaptation has
been elegantly demonstrated in studies of homoploid hybrid-
isation in wild sunflowers [63], but the same mechanism is
also likely to be applicable to allopolyploid hybrids.

Interspecific hybridisation between two sunflower spe-
cies, Helianthus annuus and H. petiolaris, has been shown
to have resulted in the formation of three distinct hybrid
taxa, each of which is found in a different extreme habitat
that the parental taxa cannot tolerate. Synthetic hybrids of
the parental taxa were generated and were found to segre-
gate for higher survivorship under extreme environmental
conditions, similar to those in which the wild hybrid taxa
are typically found [63–65]. In each case, the hybrids segre-
gated for particular combinations of parental survivorship
quantitative trait loci (QTLs) that were also identified in the
wild hybrid populations [64]. In a similar manner, the translo-
cation events observed between parental homeologues in
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Figure 2. Allopolyploidy.

(A) Interspecific hybridisation yielding an inviable F1 hybrid (due to problems with meiotic pairing), followed by genome doubling to yield a fertile
allotetraploid. (B) Interspecific hybridisation between two species of differing ploidy to yield a sterile F1 triploid, followed by genome duplication to
produce a viable allohexaploid. The triploid may also backcross to the diploid parent, yielding allotetraploid progeny. This can also occur when the
initial triploid is the result of fusion between one normal and one unreduced gamete from the same species and results in an autotetraploid.
(C) Interspecific hybridisation between two tetraploid individuals resulting in an allotetraploid. Higher ploidies yield the same result as long as
the resulting chromosome complement is balanced. (D) Fusion of two unreduced gametes from different species to produce an allotetraploid.
An allotetraploid may also result from somatic genome duplication in the hybrid zygote. (E) Interspecific hybridisation involving fusion of an
unreduced gamete from a diploid with a normally reduced gamete from a tetraploid.
resynthesised Brassica napus allotetraploids [55] have been
implicated in phenotypic changes such as seed yield [66],
flowering time [67] and disease resistance [68]. It is clear
then that the combination of diverged genomic material in
a hybrid nucleus provides a substantial source of genetic
novelty that can facilitate the evolutionary divergence and
success of a new hybrid species. Conclusive evidence for
true transgressive segregation in allopolyploids has yet to
be forthcoming, but its effects could be reflected in the al-
tered patterns of gene expression commonly described in
polyploids that may play an important role in the genetic
flexibility of allopolyploids.

Changes to Transcriptome As a Consequence
of Hybridisation and Polyploidy
Non-Additive Gene Expression in Allopolyploids
With the advent of techniques for medium- to large-scale
analysis of gene expression, there has been a huge interest
in the impact of hybridisation and polyploidisation on tran-
scription. These studies have provided some intriguing
insights into how altered patterns of gene expression in hy-
brids — especially allopolyploids — might contribute to the
ability of these hybrids to meet a broader range of environ-
mental challenges than their progenitors. Microarray analy-
ses of changes to gene expression in both homoploid and
allopolyploid hybrid systems have shown large-scale
alterations to gene expression on a genome-wide level.
Strikingly, a large proportion of these changes have been
shown to be non-additive, that is to say, the expression level
of the hybrid is not simply a mix of the two parental expres-
sion levels. Such non-additive changes represent a means
by which hybrids can possess phenotypes that are not inter-
mediate to those of the parental taxa. Studies of synthetic
lines of allotetraploid Arabidopsis suecica (which likely
formed naturally from the union of an unreduced pollen grain
from diploid A. thaliana and a normal egg cell from tetraploid
A. arenosa; Figure 3A) using oligonucleotide arrays showed
non-additive changes to the expression of approximately
5% of genes represented on the array [69]. Importantly,
around 56% of these genes were affected similarly in two in-
dependently generated lines of the synthetic allopolyploids.
Wang et al. [69] showed that the affected genes did not
appear to be limited to any particular chromosomal region
and belonged to a broad range of functional categories, with
cell defence, hormonal regulation and aging being particu-
larly prevalent. In both synthetic lines, the majority of non-
additively expressed genes (65% and 76%, respectively)
displayed downregulation compared with the parental mid-
point. An overwhelming proportion of these genes was found
to display higher expression in the A. thaliana autotetraploid
parent compared with the A. arenosa parent, suggesting co-
ordinated repression of the A. thaliana transcriptome. This
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Figure 3. Allopolyploid origins of Arabidopsis suecica, Spartina anglica, Senecio cambrensis and Gossypium hirsutum, four model species for
analysis of genetic and epigenetic changes resulting from allopolyploidisation.

(A) Fusion of an unreduced (2n) pollen grain from diploid Arabidopsis thaliana with a normally reduced egg cell from tetraploid A. arenosa gives
rise to the allotetraploid A. suecica. (B) Hybridisation between the hexaploids Spartina maritima and S. alterniflora produces S. x townsendii,
which is infertile due to unbalanced chromosome number. Autopolyploidisation of this initial hybrid produces the viable allododecaploid
S. anglica. (C) Hybridisation of diploid Senecio squalidus with tetraploid S. vulgaris forms a sterile triploid, S. x baxteri. Subsequent genome
duplication yields the fertile allohexaploid S. cambrensis. (D) Ancient hybridisation of the diploid species Gossypium herbaceum and G. raimondii
resulted in an inviable diploid F1. Subsequent genome duplication yielded a fertile allotetraploid, which has since diverged into five cotton species,
including G. hirsutum.
idea was in accordance with previous experiments by the au-
thors, who had noted silencing of the ribosomal RNA (rRNA)
genes from the A. thaliana genome in A. suecica allopoly-
ploids as a consequence of nucleolar dominance [70,71].
This phenomenon results largely in masking of A. thaliana
phenotypes in both synthetic and natural A. suecica hybrids,
because a large proportion of the A. thaliana gene copies are
not expressed due to inactivity of the A. thaliana translational
machinery.

Because large-scale changes to gene expression were
not observed in synthetic autotetraploid A. thaliana, when
compared with the allotetraploid A. suecica, Wang et al.
[69] concluded that polyploidisation in itself has little impact
on changes to gene expression, with interspecific hybridisa-
tion instead being the primary cause of altered levels of gene
expression observed in A. suecica. However, in the Arabi-
dopsis system, polyploidy arises prior to hybridisation, so
this system cannot provide any information regarding the ef-
fects of genome duplication on an already hybrid nucleus. By
contrast, interspecific hybridisation more frequently results
in unbalanced, sterile F1 hybrids, and polyploidisation pro-
vides a means by which hybrid fertility can be restored
(autoallopolyploidy).

So what happens to gene expression in cases where
hybridisation precedes genome duplication? Study of the
allohexaploid origin of Senecio cambrensis (Welsh ragwort)
has provided an opportunity to ‘decouple’ the events of hy-
bridisation and polyploidy. S. cambrensis has formed on at
least two occasions in the British Isles within the last century
[72] as a result of hybridisation between the endemic ground-
sel S. vulgaris (tetraploid) and the invasive species S. squa-
lidus (diploid), itself the product of homoploid hybridisation
between species native to Mount Etna, Sicily [73]. Hybridisa-
tion between the two taxa results in the formation of a sterile
triploid, S. x baxteri that can then give rise to fertile allohexa-
ploid offspring via the union of unreduced gametes (Fig-
ure 3C). Initial microarray experiments that analysed changes
to gene expression in the two hybrid taxa, relative to the par-
ents, suggested that expression levels were more greatly
perturbed in the triploid S. x baxteri than in the allohexaploid
S. cambrensis [74]. The immediate alteration to gene expres-
sion resulting from hybridisation suggested a transcriptional
form of ‘genome shock’ [50], as first proposed by Comai
et al. [75]. The Senecio data also suggested that genome
duplication, leading to the formation of the allohexaploid,
had an ‘ameliorating’ effect on this hybridisation-induced
‘transcriptome shock’ [76]. Further analyses using synthetic
S. cambrensis allohexaploids produced via colchicine treat-
ment of S. x baxteri shoots revealed that this ameliorating ef-
fect was an immediate consequence of genome duplication
and that many of the genes involved were affected similarly
in both the synthetic allohexaploids and also in wild S. cam-
brensis [76]. These studies support the findings in Arabidop-
sis that interspecific hybridisation results in widespread
changes to gene expression and also demonstrate that sub-
sequent genome duplication can have a distinct secondary
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effect on gene expression. This may be a general phenome-
non in cases where hybridisation precedes genome duplica-
tion during allopolyploid formation as similar observations
were made in synthetic wheat allohexaploids [77].

Non-additive changes to gene expression in hybrids could
result in phenotypic novelty and consequently lead to speci-
ation and a new evolutionary direction. In the Arabidopsis
system, for example, the formation of the allotetraploid
A. suecica results in altered regulation of the flowering genes
FRI and FLC [78]. In this case, the FRI locus of the A. arenosa
genome enhances expression of the A. thaliana FLC locus,
leading to inhibition of early flowering. Indeed, natural allo-
polyploid A. suecica displays even later flowering than the
synthetic lines, suggesting that this phenotypic change may
have arisen due to allopolyploidy and then was fixed by
natural selection. A change in flowering time would immedi-
ately enhance the reproductive isolation of the new allopoly-
ploid from its parents. Reducing the possibility of introgres-
sion back to the tetraploid A. arenosa parent in this manner
would be an important factor in the establishment of early
A. suecica as a true species.

Changes to gene expression could also influence how
polyploid species interact with other organisms, such as pol-
linators, pathogens or herbivores. Autopolyploidy has been
shown to result in non-uniform effects on plant–herbivore in-
teractions, with autopolyploids of Heuchera grossulariifolia
displaying improved resistance to some herbivores, but
increased susceptibility to others [79]. Similar effects have
been observed in allopolyploid hybrids of Nicotiana. In this
study, three independent lines of synthetic allotetraploids
were assessed for inheritance of anti-herbivore defence
mechanisms [80]. The results showed that parental defence
systems were flexibly inherited in the allopolyploids: the ini-
tial jasmonate signalling mechanism was present in all three
synthetic lines, but assorted downstream responses either
were absent in some of the hybrids or showed changes in
magnitude. The authors concluded that this would allow
for rapid divergence within allopolyploids over a few genera-
tions, consistent with models predicting that initial allopoly-
ploids function as generalists but are able to exploit novel
ecological niches as a result of increased genetic flexibility
[15,81]. It is crucial, therefore, that future research combines
the results of molecular studies with field experiments to
test these models by performing common garden fitness
assays of resynthesised polyploids alongside their diploid
progenitors.

The transgressive phenotypes observed in interspecific
hybrids are a key factor in the ecological divergence of these
taxa, and changes to gene expression may provide another
route by which these phenotypes can arise in addition to
transgressive segregation of parental QTLs. Analyses of
non-additive gene expression in wild and synthetic allohex-
aploid S. cambrensis and the intermediate triploid hybrid
S. x baxteri showed that a proportion of non-additively ex-
pressed genes also displayed expression levels that were
substantially (>1.5-fold) different from those of progenitor
species [82]. Similar results were recorded in intervarietal
diploid hybrids of maize [83], confirming that such transgres-
sive patterns of gene expression can arise immediately as
a consequence of hybridisation. However, further experi-
mentation will be required to link these expression changes
to transgressive phenotypes and thus to ecological diver-
gence in natural populations, as has been done for studies
of homoploid hybrid sunflowers [84].
Alterations to Location of Gene Expression
While microarray analyses have provided insights into the
large-scale changes to gene expression in both established
and newly formed hybrids, other techniques have provided
startling insights into the ways in which allopolyploidy may
lead to altered gene expression. Studies of wild allotetra-
ploid cotton (Figure 3D) by Adams et al. [85] using cDNA
single-strand conformation polymorphism (cDNA-SSCP) to
distinguish parental gene copies showed that 11 out of 16
analysed gene pairs displayed evidence of organ-specific
gene silencing in at least one tissue out of the 10 surveyed.
In other words, different parental gene copies were switched
on or off in a tissue-specific manner. Some of the gene pairs
showed reciprocal silencing of parental gene copies in
different organs compared with the diploid progenitors (Fig-
ure 4). This process, known as subfunctionalisation, had
been proposed as a potential mechanism by which dupli-
cated genes could be maintained in polyploid genomes
(reviewed in [86,87]), in contrast to the classical model of
Ohno [88] which states that duplicated genes are subject
to silencing and then lost as a consequence of accumulated
mutations. In the genetic model of subfunctionalisation [89],
the two gene copies suffer deleterious but complementary
mutations, such that both copies are necessary for a normal
phenotype. The form of subfunctionalisation shown by
Adams et al. [90] arises through divergent expression of
the two gene copies.

While wild allotetraploid cotton arose w1.5 million years
ago and has since diverged into several lineages, recent
evidence from resynthesised allotetraploids [91] has shown
that altered gene expression patterns can arise rapidly and
thus may be a factor in the ecological divergence of neopo-
lyploids from their progenitors, since selection may act upon
favourable expression patterns. This possibility is even more
interesting in light of the observation in wild allotetraploid
cotton that differential expression of the parental gene cop-
ies (though not involving total gene silencing) could be in-
duced by abiotic stress [92], potentially allowing the hybrid
to express whichever parental gene copy allows the opti-
mum response to a stressor. This suggests a mechanism
by which allopolyploids could effectively ‘put the best foot
forward’ when confronted with a new environmental chal-
lenge [59]. Again, there is the need to perform direct fitness
comparisons of allopolyploids and their diploid progenitors
using field experiments to determine whether this does
indeed lead to a fitness advantage.

Mechanisms of Gene Expression Change in Polyploids
What mechanisms serve to bring about the dramatic
changes in gene expression observed in allopolyploid hy-
brids? Novel assortments of gene-regulatory systems (e.g.,
the flowering-time genes of Arabidopsis) and transgressive
segregation of parental QTLs have already been discussed
as drivers of speciation in A. suecica and Helianthus, respec-
tively. However, a number of other processes are also
believed to be involved in alterations to the hybrid transcrip-
tome (reviewed in [92]). The phenomenon of nucleolar domi-
nance, whereby the rRNA genes of one parent are silenced in
the hybrid, had previously been observed in A. suecica [70]
and its downstream effects on expression of other parental
genes confirmed by microarray analysis [69]. In this form of
nucleolar dominance, the repression of A. thaliana rRNA
genes is not connected to competition for limiting transcrip-
tion factors, as some models have predicted [93]. Instead,
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the available evidence suggests that epigenetic changes,
such as DNA methylation and histone modifications, serve
to remodel the chromatin structure of the A. thaliana rRNA
genes into an inactive state, blocking RNA polymerase I tran-
scription [94].

Epigenetic modifications are hypothesised to play a role
in silencing duplicated genes in circumstances where the
activity of both copies might be counterproductive [95]. For
example, there are many classes of protein that are dimeric
or polymeric in nature. Studies in Drosophila have shown
that different gene homeologues can encode different mono-
meric subunits of these complexes and, when these subunits
are assembled, protein complexes formed from subunits of
different origins (heterodimeric proteins) may be functionally
compromised [96]. If this is the case in allopolyploids, in-
creased fitness could result from silencing of one genomic
copy of the subunit-encoding genes, thus preventing heter-
odimer formation. The timing and relationship of the mecha-
nisms involved in silencing as a consequence of allopoly-
ploidy are still being examined, though some preliminary
information from Arabidopsis suggests that DNA methyla-
tion acts upon a different subset of heterochromatic genes

X
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Figure 4. Subfunctionalisation as a consequence of altered expression
patterns in allopolyploids.

Parental gene copies (red and blue) are differentially expressed in the
allopolyploid hybrid. Only the gene copy from the A genome contribu-
tor is expressed in flowers, while only the copy from the B genome
parent is expressed in stem and leaf. Both parental copies are equally
expressed (purple) in root tissue. This form of subfunctionalisation has
been demonstrated most clearly in allotetraploid cotton (Figure 3D and
see [85]).
during hybridisation than those affected by histone acetyla-
tion [95]. The authors suggest that the chromatin structure of
these loci is remodeled by histone acetylation (immediately
preventing transcription) in early polyploid generations
and, thereafter, histone and DNA methylation serve to
reinforce gene silencing in a stable manner.

Epigenetic regulation of gene expression in polyploids
through cytosine methylation has received a great deal of at-
tention in recent years. Much of the initial research has been
carried out in synthetic lines of A. suecica, which were found
to display considerable phenotypic variation in the F2 gener-
ation and several cases of unstable phenotypes compared
with the F1 [97]. An analysis of gene expression using cDNA-
amplification fragment length polymorphism (AFLP) showed
that a number of genes were potentially silenced in the allo-
tetraploid lineages. Southern blot assays using methylation-
sensitive restriction enzymes indicated that thesegeneswere
methylated in the hybrids. Subsequent analysis [98] sug-
gested that there were no gross changes to the overall level
of cytosine methylation in the allotetraploid genome; there-
fore, the researchers tested the possibility that the hybrids
were undergoing reorganisation of their methylation state. Us-
ing methylation-sensitive AFLP (MSAP), they discovered that
8.3% of loci scored showed differential methylation between
the parents and the F3 synthetic allotetraploids. The majority
of these (76.9%) were consistent across the four allotetraploid
individuals studied, with 62.5% of this group showing deme-
thylation and the remainder displaying an increase in methyl-
ation [98]. These results suggested that the methylation pat-
tern of allopolyploids is subject to widespread modification
in a concerted manner.

Similar results were reported in studies of the allododeca-
ploid Spartina anglica [41], which forms via hybridisation of
the hexaploids S. alterniflora and S. maritima. The initial
hybridisation results in the sterile hybrid S. x townsendii, sub-
sequent to which genome duplication produces the fertile S.
anglica (Figure 3B). Using MSAP analysis, Salmon et al. [41]
observed even higher levels of methylation change than
those observed in A. suecica, with nearly 30% of parental
fragments displaying altered behaviour in the initial hybrid
S. x townsendii and/or the allopolyploid S. anglica. The au-
thors speculated that this might be due to the possible allo-
polyploid nature of the parental species themselves, along
with the higher ploidy of the final hybrid. Interestingly, most
of the methylation changes (71.4%) were conserved between
the initial hybrid and S. anglica, adding further weight to the
argument that it is hybridisation, rather than polyploidy, that
is the primary factor in driving epigenetic changes to gene
expression in allopolyploids. However, some fragments dis-
played differential methylation between S. x townsendii and
S. anglica, including the reappearance of parental bands
absent in S. x townsendii. This fluctuation in methylation
state may provide an answer to why genome duplication
has a secondary effect on gene expression [76], a possibility
that we are currently testing by subjecting synthetic lines
of allohexaploid S. cambrensis to MSAP analysis (Hegarty,
M.J., Edwards, K.J., Abbott, R.J., and Hiscock, S.J., unpub-
lished data).

While chromatin remodeling can account for some of the
transcriptional changes arising as a consequence of allo-
polyploidy, some silenced genes are not reactivated in
plants with impaired methylation and acetylation pathways
[99]. Instead, each gene may be regulated via interactions
between homeologous loci. This phenomenon, known as
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paramutation, produces heritable changes in expression due
to trans-regulation of one allele by its counterpart and was
observed in tetraploid A. thaliana containing both active
and inactive alleles of a transgene encoding hygromycin
phosphotransferase [100]. The tetraploids showed trans-in-
activation of the active allele by the silenced copy in cases
where a plant heterozygous for the two forms had been
selfed. This effect was not observed in diploid A. thaliana
and indicated that both active and inactive alleles go through
meiosis together. Such pairing-based trans-inactivation is
consistent with findings in tetraploid tomatoes, where the
ratio of paramutagenic alleles to paramutable alleles causes
variation in the frequency of the silencing effect [101]. Para-
mutation effects can therefore vary depending upon the
ploidy level and parental genome dosages in an allopolyploid
individual.

It has been suggested [102] that many paramutation phe-
nomena could be the result of different repeat sequences in
homeologous gene copies triggering abnormal production
of small interfering RNAs (siRNAs), leading to alterations in
RNA-mediated gene silencing within allopolyploids. Given
the inter-relationship between siRNAs, microRNAs (miRNAs)
and other epigenetic mechanisms, such as histone acetyla-
tion and DNA methylation, it has been speculated that
RNA-mediated regulation of gene expression may be simi-
larly affected in allopolyploid systems. Indeed, a study of
synthetic wheat allotetraploids provides evidence for the in-
volvement of this mechanism, because reactivation of trans-
posons in the synthetic lines was correlated with upregula-
tion or downregulation of neighbouring genes, depending
on whether the readout transcripts were in the sense or anti-
sense orientation [103]. In addition to the theory that differ-
ences in repeat regions between parental homeologues
might lead to aberrant siRNA production, it has also been
proposed that incompatibilities between divergent parental
genomes could result in three specific effects in polyploids.
The interaction of the two genomes could result in either
changes to the accumulation of siRNAs and miRNAs, or
changes to the efficiency of the siRNA/miRNA biosynthetic
machinery, or alterations to the specificity of the targets
[92]. In the first such scenario, transcription will be affected
differently depending upon the fidelity of the small RNAs
for their targets. Low fidelity, where small RNA accumulation
is increased (due to ploidy change), will result in silencing/
downregulation of both parental transcripts, but high fidelity
will affect only targets from one parent. These proposals
remain predictions for the moment for, as Chen and Ni [92]
rightly point out, there is still much that remains to be under-
stood about the expression of small RNAs in allopolyploid
systems.

Conclusions
The advent of new molecular tools to investigate both geno-
mic and transcriptional effects of hybridisation and poly-
ploidy has provided a great deal of fresh insight into the com-
plex genetic alterations that occur during these important
evolutionary processes. These insights have, as always
with more rigorous scientific probing, raised as many ques-
tions as they have answered. It is now possible to say that
we understand some of the genetic changes that can occur
as a consequence of hybridisation and polyploidy, but only
with the caveat that we are still in the process of elucidating
how and why they occur. It is also unclear why some effects
are observed in particular plant systems and not others;
in cotton, for example, there is no evidence for the wide-
spread chromosomal rearrangements or changes to DNA
methylation that have been observed in other allopolyploids
[44]. Another important question relates to whether the tran-
scriptional changes (affecting hundreds of genes) observed
in microarray experiments manifest themselves at the pro-
tein level. Recent evidence from proteomic studies suggests
that changes in protein levels are indeed observed: in a study
of synthetic Brassica allopolyploids, Albertin et al. [104] iden-
tified a large number of proteins (305 in stem, 200 in root)
displaying non-additive changes to translation when com-
pared with the parental taxa. In silico analysis showed that
these proteins belonged to no single particular functional
class and that different subunits of the same functional path-
way could be affected in opposite directions, mirroring data
from gene expression analyses.

The impact of polyploidy at the phenotypic level has the
potential to be vast. Recent genomic and transcriptional
studies of polyploid plants have generated genetic models
to explain why polyploidy could be such a potent adaptive
force in plant evolution. The time has now come to test these
models using field-based transplant experiments similar to
those used so elegantly to demonstrate the adaptive signif-
icance of hybridisation in the evolution of homoploid hybrid
sunflowers [63–65]. Future studies of polyploidy must there-
fore strive to correlate genetic changes, occurring at the level
of the genome and transcriptome, with changes occurring at
the phenotypic level and at the level of individual fitness to
determine whether the genetic and epigenetic changes
observed in polyploids are indeed adaptive.

Acknowledgments

We thank three anonymous reviewers for their constructive comments

on improving this manuscript and Christopher Thorogood for

producing Figure 4. Research in S.J.H.’s lab is supported by the

Natural Environment Research Council (NERC), the Leverhulme Trust,

and the Lady Emily Smyth Research Station, University of Bristol.

References
1. Lutz, A.M. (1907). A preliminary note on the chromosomes of Oenothera

lamarkiana and one of its mutants, O. gigas. Science 26, 151–152.

2. Gates, R.R. (1909). The stature and chromosomes of Oenothera gigas De
Vries. Arch. Zellforsch 3, 525–552.

3. Winge, O. (1917). The chromosomes: their number and general importance.
C.R. Trav. Lab. Carlsberg. 13, 131–275.

4. Clausen, R.E., and Goodspeed, T.H. (1925). Interspecific hybridization in
Nicotiana. II. A tetraploid glutinosa-tabacum hybrid, an experimental verifi-
cation of Winge’s hypothesis. Genetics 10, 279–284.
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