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Abstract

Polyploidy or whole-genome duplication occurs in some animals and many flowering plants,
including many important crops such as wheat, cotton and oilseed rape. The prevalence of
polyploidy in the plant kingdom suggests it as an important evolutionary feature for plant
speciation and crop domestication. Studies of natural and synthetic polyploids have revealed rapid
and dynamic changes in genomic structure and gene expression after polyploid formation.
Growing evidence suggests that epigenetic modifications can alter homoeologous gene expression
and reprogram gene expression networks, which allows polyploids to establish new cytotypes,
grow vigorously and adapt in local environments. Sequence and gene expression changes in
polyploids have been well documented and reviewed elsewhere. This review is focused on
developmental regulation and epigenetic changes including DNA methylation and histone
modifications in polyploids.
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Introduction

Polyploidy or whole-genome duplication (WGD) describes an organism or cell that contains
two or more sets of chromosomes. Since the report of polyploid evening primrose
(Oenothera lamarkiana) in 1907 [1], polyploidy has been extensively studied from genetics
and evolution [2] to genomics and function [3,4]. Polyploidy is widespread and is
particularly common in angiosperms [5-11] and is a key driver of macro-evolutionary
success [12]. Estimates indicate two rounds of ancestral WGDs occurred before the
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divergence of extant seed plants and angiosperms, giving rise to the diversification of genes
and pathways important to seed and flower development and eventually the dominance of
angiosperms on the planet [13,14]. To date, more than 70% of flowering plants are
considered to be polyploids [15]. In addition, many plant species, such as soybean and
maize, are paleopolyploids (ancient polyploids) [16,17]. However, polyploidy was
traditionally considered an evolutionary dead end [11,12,18]. Polyploidy and aneuploidy
often lead to carcinogenesis or birth defects in humans [19], and aneuploidy impairs
proliferation and alters metabolic properties in mouse cell lines [20] and induces proteomic
changes and phenotypic variation in yeast [21]. Aneuploids generally have larger changes
than polyploids because dosage imbalance affects the stability and interaction of a protein in
a regulatory complex [22].

Polyploids can be divided to autopolyploids and allopolyploids, according to their origin and
composition of chromosomes [8,18]. The former are formed via duplication of a single
genome, whereas the latter result from merging two or more divergent genomes (Figure 1).
The distinction between them is unclear in some polyploids such as sugarcane [23]. As the
frequency of intraspecific mating is much higher than interspecific crossing, autopolyploidy
is predicted to be more common than allopolyploidy [24]. However, allopolyploids are more
common than autopolyploids in nature [9,25]. This is probably because both heterozygosity
and genetic redundancy are fixed in allopolyploids, leading to novel traits and improved
adaptation to compete with progenitors and occupy new habitats [26,27]. However, relative
contributions of ploidy and hybridity to physiology and phenotypes have not been tested
until recently in maize hybrids [28] and Arabidopsis polyploids [29] at various ploidy levels.
While ploidy and hybridization affect cell size and biomass, respectively, both ploidy and
hybridization change seed size and weight [29], suggesting distinctive roles of ploidy and
hybridization in promoting vegetative and reproductive traits.

Polyploidization leads to instantaneous WGD, which is often followed by a diploidization
process characterized by rapid genomic reorganization and massive gene loss [5,9-11]
(Figure 1). This phenomenon has been observed in newly synthesized allopolyploid wheat
[30], Brassica [31] and Tragopogon [32]. Some other allopolyploids, such as cotton [33] and
Arabidopsis [34], do not show many changes in their genomic sequences. Recent
sequencing results revealed relatively stable genome organization in domesticated
allohexaploid wheat [35] and allotetraploid Brassica napus [36]. This discrepancy of
genome stability between resynthesized and domesticated allopolyploids could be explained
by the fact that the exact progenitors of allopolyploid crops no longer exist. Alternatively,
natural selection has eliminated those early allopolyploids associated with many genomic
rearrangements and epigenetic changes.

Polyploidy causes nuclear enlargement, chromosomal rearrangement and epigenetic
changes, leading to reprogramming of transcriptome, proteome and metabolome networks
[5]. Although these changes offer evolutionary flexibility and phenotypic diversity for new
polyploids, they also invoke disadvantages, including increasing errors of chromosome
pairing, reducing mating opportunity, and altering optimized patterns of gene expression and
epigenetic modifications that are inherited from the parents [6,9]. Few mammals are
polyploids, probably due to these disadvantages including disruption of imprinting gene
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expression and sex chromosome balance [8,37,38]. However, ploidy variation is often
tolerated in plants, likely because their plastic genomes have evolved some mechanisms to
mediate these deleterious changes [5]. The plasticity in plants is not only reflected in the
genome structure and function but also in developmental regulation (Figure 1). Every plant
cell is totipotent (equivalent to stem cells in animals) and has the potential to develop a new
plant [39]. This genomic and developmental plasticity is predicted to associate with
epigenetic changes in polyploid plants, which could promote growth, development and
adaptation in response to myriad environmental cues or stress. In this review, we update
views and perspectives of epigenetic (DNA methylation and histone modification) and
developmental regulation in polyploidy (Figure 1).

DNA methylation changes in polyploids

DNA methylation affects molecular processes of plant and animal development, including
transposon silencing, virus defense and gene imprinting [40-42]. In plants, DNA
methylation occurs in CG, CHG and CHH (H = A, T or C) contexts through distinct
pathways. In Arabidopsis, METHYLTRANSFERASE 1 (MET1) and
CHROMOMETHYLASE 3 (CMT3) are responsible for maintenance of CG and CHG
methylation, respectively [43-45]. CHH methylation is established de novo by DOMAINS
REARRANGED METHYLTRANSFERASE 1 and 2 (DRM1 and DRM2) guided by 24-nt
small interfering RNAs (siRNAs) and CHROMOMETHYLASE 2 (CMT2) through
interacting with DECREASE IN DNA METHYLATION1 (DDM1) [46-48]. In addition to
the establishment and maintenance, DNA methylation can be removed by DNA
demethylases DEMETER (DME) [49], REPRESSOR OF SILENCING 1 (ROS1) [50] and
DEMETER-LIKE 2 and 3 (DML2 and DML3) [49,51]. DNA methylation may change,
inducing activation or repression of transposons and genes, in response to developmental
and environmental cues.

Intergenomic interactions between progenitor genomes in allopolyploids are predicted to
induce epigenetic changes including DNA methylation and histone modifications [8]. DNA
methylation variation between allopolyploids and their progenitors has been documented in
many plants [52-57]. Methylation-sensitive amplification polymorphism analysis in
Arabidopsis allotetraploids shows 8.3% of fragments examined are differentially methylated
between F3 synthetic allotetraploids and their parents, A. thaliana and A. arenosa [52]. DNA
methylation change (1.4-7%) is also observed in synthetic allopolyploid Brassica napus
[53,58]. Gene silencing is stochastic during selfing generations in resynthesized Arabidopsis
allotetraploids, and at least several genes are reactivated in both ddm1- and met1-RNAi lines
[57]. In addition, demethylation of centromeric repeats and gene-specific regions are
associated with transposable element (TE) activation in met1-RNA. lines of Arabidopsis
allopolyploids [59]. In Arabidopsis allotetraploids, A. thaliana homoeologs of teosinte-
branched1l and cycloidea3 (TCP3) and its neighboring genes are hypermethylated and
silenced, which can be reactivated by blocking DNA methylation, suggesting a causal role
for DNA methylation in silencing homoeologous genes in allopolyploids [55]. However, in
a natural allotetraploid A. suecica, the A. arenosa MIR172b locus but not that of A. thaliana
is hypermethylated and associated with low expression levels of the A. arenosa allele. These
data indicate genome-specific changes of DNA methylation between homoeologous
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sequences in allopolyploids [54] (Figure 2). These homoeologous sequences coincide with
genomic rearrangements between A. thaliana and A. arenosa, suggesting a correlation
between genetic and epigenetic variation.

Much of this genetic variation is partly related to TEs that have diverged between species
[60-62]. In allopolyploid wheat, the reduced number of siRNAs corresponding to TEs
correlates with decreased CG methylation in a retrotransposon family named Veju [56]. In
another study, CCGG sites surrounding Stowaway-like Miniature Inverted—Repeat
Transposable Elements are massively hypermethylated in allohexaploid wheat [63]. These
results suggest that hypermethylation and hypomethylation of transposons can
spontaneously occur in different genomic regions in polyploids. In addition, recent
allopolyploid Spartina anglica undergoes little genetic variation, but 30% of the parental
methylation patterns are altered in the allopolyploids, suggesting that DNA methylation
change but not genetic variation contributes to phenotypic diversity in Spartina
allopolyploids [64,65].

Although DNA methylation changes are primarily observed in allopolyploids [8,34], studies
from autopolyploid Arabidopsis and Cymbopogon also reveal DNA methylation variation
between autopolyploids and their isogenic diploid parents [66,67]. In situ immunodetection
of 5-methylcytosine reveals enhanced genome-wide DNA methylation in autotetraploids
compared with diploid Cymbopogon, which is thought to regulate native secondary
metabolites and body size [66]. Gene expression changes in Arabidopsis autopolyploids are
very limited in some ecotypes such as Ler-0 [34] but more common in other ecotypes [67],
suggesting genotype-dependent regulation [67]. In the autotetraploid Col-0, MRD1 [67] is
expressed more abundantly, which correlates with hypomethylation in 3'-flanking sequences
of MRD1 (Figure 2). An interesting phenomenon of epigenetic regulation in autopolyploids
is associated with an unusual epiallele of a transgene locus after tetraploidization [68,69].
The diploid A. thaliana, transformed with the hygromycin phosphotransferase (HPT) gene,
shows stable hygromycin resistance over several generations of self-pollination or after
outcrossing with diploid wildtype plants [69]. However, outcrossing to tetraploid plants
leads to reduced HPT activity, and autotetraploid derivatives generate progeny with silenced
HPT. This phenomenon is termed polyploidy-associated transcriptional gene silencing
(paTGS). Further study indicates that paTGS is regulated by both DNA methylation and
histone methylation [68].

Interploidy crosses within species often result in nonviable progeny [25,70]. This
reproductive barrier limits gene flow between newly formed polyploids and parents, and
also decreases a survival probability of polyploids because mating opportunities with other
polyploids are rare [9]. However, this reproductive barrier promotes polyploid speciation
and is established in endosperm and is also known as triploid block [71]. Interploidy crosses
affect the ratio of maternal to paternal genome in the endosperm and changes timing of
endosperm cellularization, eventually causing seed abortion [25]. Studies show that target
genes of endosperm-specific AGAMOUS-LIKE (AGL) and Polycomb Repressive Complex
2 (PRC2) are deregulated by interploidy hybridization [72-74]. PRC2 comprises histone
methyltransferase and regulates gene expression by increasing H3K27 methylation.
Inactivation of MEDEA (MEA) or FERTILIZATION INDEPENDENT SEED 2 (FIS2), two
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subunits of PRC2, leads to endosperm over-proliferation and seed abortion [75,76]. A recent
study in A. thaliana found that hypomethylated pollen derived from the metl mutant could
bypass the interploidy hybridization barrier [77]. A hypomethylated pollen genome induces
de novo CHG methylation in FIS2-PRC2 target genes to suppress their expression. The gain
of CHG methylation in these genes compensates the repression function of FIS2-PRC2,
whose expression is altered by interploidy hybridization. These findings provide new
insights into overcoming interploidy hybridization barriers in plant breeding (Figure 1).

Histone modifications in polyploids

In eukaryotic cell nuclei, DNA is packaged into a highly compacted structure known as
chromatin through interacting with histones [78]. In response to developmental and
environmental changes, the accessibility of chromatin is dynamically regulated by a suite of
histone modifications, dubbed “histone code’ [79]. Core histones (H2A, H2B, H3 and H4)
can be covalently modified at different positions of amino-terminal tails by different
modifications, including acetylation, methylation, ubiquitination, phosphorylation,
glycosylation, carbonylation, ADP ribosylation, sumoylation and biotinylation [79-81].
These modifications alone or in combination can change the accessibility of chromatin
structures in the vicinity of genes to transcription machinery, leading to transcriptional
activities. Among these modifications, histone methylation and acetylation have been most
extensively studied and mainly occur in lysine and arginine residues on histone tails.
Histone methylation and acetylation can be established and removed by corresponding
enzymes, providing dynamic mechanisms for transcriptional regulation. Different histone
modifications have different effects on gene expression. Histone modifications such as
histone H3K9ac and H3K4me3 are usually found at euchromatin and are associated with
active transcription, whereas marks such as H3K9me2 and H3K27me3 are generally related
to gene repression and are found at heterochromatin [79,81,82].

Synthetic Arabidopsis allopolyploids flower later than the progenitors autotetraploid A.
thaliana (Ler) and A. arenosa, and the natural allotetraploid A. suecica flowers even later
than synthetic lines [34]. The flowering-time variation in these lines is correlated with
different expression levels of FLC, which inhibits early flowering. The upregulation of FLC
in Arabidopsis allopolyploids relative to the progenitors is mediated by increased levels of
H3K9 acetylation and H3K4 dimethylation in the promoters [34] (Figure 2). In addition,
compared with the parents A. thaliana and A. arenosa, Arabidopsis allotetraploids show
morphological vigor, including a larger rosette and increased biomass. Genome-wide and
biochemical analyses reveal that central circadian clock genes (CCAL, LHY, TOCL1 and GI)
mediate expression changes in downstream genes to produce more chlorophyll and starch in
allotetraploids [83]. Repression of CCA1 and LHY in the allotetraploids correlates with
lower levels of H3K9 acetylation and H3K4 methylation in promoters; and upregulation of
TOC1 and Gl is associated with increased levels of H3K9 acetylation and H3K4
methylation. These results show histone modifications play roles in diurnal regulation of
circadian rhythms, which in turn increase expression levels of the genes related to starch
metabolism and photosynthesis, leading to hybrid vigor in allopolyploids and hybrids
(Figure 1).

Curr Opin Plant Biol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song and Chen

Page 6

Nucleolar dominance is an epigenetic phenomenon that describes uniparental ribosomal
RNA (rRNA) gene silencing and is observed in interspecific hybrids and allopolyploids of
many plants and animals [84-86]. Tandem rDNA repeats are recognized as nucleolus
organizing regions (NORS). In allotetraploid A. suecica, endogenous A. thaliana rRNA
genes are silenced but both A. thaliana and A. arensoa rRNA genes transfected in A. suecica
protoplasts are equally expressed [85]. Moreover, the silenced A. thaliana rRNA genes can
be reactivated by backcrossing synthetic A. suecica to tetraploid A. thaliana. These data
argue against the hypothesis that dominant rRNA genes have a superior binding affinity for
a limiting transcription factor [85]. Another study from allopolyploid B. napus shows
inhibiting histone deacetylation or cytosine methylation derepresses silenced B. oleracea
rRNA genes [84]. Further analysis showed that concerted changes in DNA methylation
density and specific histone modifications in the promoters mediate the expression of rRNA
genes, which involves a plant-specific histone deacetylase (HDT1) that is required for H3K9
deacetylation and subsequent H3K9 di-methylation (H3K9me2) [86]. In allohexaploid
wheat (Triticum aestivum, AABBDD), rDNA loci from the A and D genomes are largely
lost during allohexaploid evolution. A recent study shows that NORs from the A and D
genomes start to disappear in the fourth generation and are completely eliminated by the
seven generation in synthetic tetraploids [87]. The elimination of NORs is associated with
increased DNA methylation (CHG and CHH methylation) and histone methylation
(H3K27me3 and H3K9me2). These results suggest histone modification and DNA
methylation are responsible for uniparental rRNA gene silencing or elimination in
allopolyploids and interspecific hybrids.

Developmental regulation in polyploids

In response to genome shock in interspecific hybrids or after polyploid formation, newly
formed polyploids must overcome genetic redundancy and reestablish new genomic
composition and cytotype, accompanied with orchestration of novel and complex gene
expression networks through genetic and epigenetic modifications [88]. Many duplicated
genes may undergo progressive loss, pseudogenization (loss of function),
subfunctionalization (partitioning of ancestral functions between duplicates) and
neofunctionalization (evolving new function in one of the duplicated genes) [89].

Developmental regulation in allopolyploids is also observed in nucleolar dominance of B.
napus, where B. oleracea rRNA genes are silenced and B. rapa rRNA genes are
transcriptionally active [90]. However, the silenced rRNA genes are reactivated in
reproductive tissues including flower buds, petals, sepals, anthers and siliques, suggesting a
developmental role for reversal of gene silencing in interspecific hybrids and allopolyploids.
Consistent with this finding, tissue-specific gene activation and silencing have also been
described in many allopolyploids, including Arabidopsis [34], cotton [91,92] and
Tragopogon [93]. Study of allotetraploid cotton using 63 gene pairs reveals that nine gene
pairs show tissue-specific subfunctionalization, and 15 gene pairs exhibit tissue-specific
neofunctionalization [92]. These data suggest that nonadditive expression of genes and
reciprocal silencing of homoeologous alleles can occur in a tissue-specific manner and in
resynthesized or natural allopolyploids, suggesting a general role of developmental
regulation in gene expression during polyploidy formation and evolution.
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Arabidopsis autotetraploids show similar phenotypes to their diploid progenitors, but the
analysis of element components in leaves reveals higher potassium uptake in all Arabidopsis
autotetraploids tested [94]. The Arabidopsis autotetraploids also have enhanced salinity
tolerance, which is associated with elevated potassium and reduced sodium accumulation in
leaves. Gene expression changes in roots but not in leaves of autopolyploids may be
responsible for the enhanced potassium uptake. In another study, expression of circadian
clock regulators in leaves of Arabidopsis allotetraploids was altered to promote expression
of downstream genes in photosynthesis and carbohydrate metabolism, which consequently
produced more chlorophyll and starch in the allotetraploids than the parents [83]. Compared
to A. arenosa homoeologs, circadian genes of A. thaliana origin are more sensitive to
expression changes in the allotetraploids. When rootstocks of diploid and autotetraploid
Citrus limonia are grafted with diploid C. sinensis scions [95], the autotetraploid plants are
much more tolerant to water deficit than diploid plants, which is mediated by upregulation
of abscisic acid signaling genes in roots. These data suggest that homoeologous genes could
be differentially regulated in different tissues or developmental stages in response to
developmental and environmental signals.

The current view is that at the genome-wide level there is no obvious bias of homoeolog
expression. However, in any given tissue or developmental stage, there can be expression
bias towards homoeologous loci. This notion is supported by recent genome sequencing
analyses in B. napus [36] and hexaploid wheat [35]. In B. napus, overall expression levels of
homoeologous genes are relatively equal, but ~40% of homoeologs are expressed differently
in roots and leaves [36]. Artificial selection of B. napus promotes optimization of seed oil
biosynthesis, decrease of undesirable glucosinolates and enhancement of pathogen
resistance through gene loss and subfunctionalization. In wheat, RNA sequencing using
different cell types of endosperm at three different developmental stages reflects cell type-
and stage-dependent genome dominance and asymmetric expression of homoeologs [96].
Although three wheat homoeologous genomes contribute relatively equally to the number of
expressed genes in the endosperm, only 28% of the homoeologous triplet loci have the same
expression patterns in different cell types or developmental stages. When homoeologs are
clustered into 25 coexpression network modules in the endosperm, 23 (92%) modules show
subgenomic dominance, but no single homoeologous genome is overly dominant.
Understanding how homoeologs are differentially expressed during growth and development
and how artificial selection affects epigenetic changes in polyploid crops will facilitate plant
breeding and crop improvement.

Conclusions and prospects

A general feature of polyploidy is genetic redundancy and intergenomic interactions, which
induce genetic and epigenetic changes, leading to reorganization of genome and regulatory
networks that allow polyploids to establish new species and adapt in ecological niches.
Many conclusions about epigenetic and developmental changes in polyploids have been
obtained from results using a few genes and limited methodologies and techniques.
Understanding the complexity of polyploid genomes and epigenomes requires the
sequencing of many polyploid genomes. To date, few polyploid genomes have been
sequenced, and using next-generation sequencing platforms alone often cannot effectively
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discriminate homoeologous genes and genomes in allopolyploids. The sequences of extant
‘progenitor’ genomes cannot resolve de novo changes after polyploid formation and within
polyploid species. As more polyploid genomes are sequenced, more detailed mechanisms
and functions for gene expression and morphological changes will be revealed. Furthermore,
each polyploid cell contains more DNA molecules and likely transcribes more RNA
molecules than a diploid cell. Conventional transcriptome analysis can only estimate relative
transcript abundance for each gene in a given tissue or cell type, which underestimates the
differences of total MRNA amount on the per-cell basis. This could under- or over-estimate
upregulated or downregulated genes in polyploid cells. Developing high-throughput
sequencing in single cells will provide new insights into genetic and epigenetic changes and
developmental regulation of polyploidy, which could help develop tools to effectively
improve production of many polyploid plants and crops to meet the growing demand for
food, feed, biofuel and a better environment.
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Figure 1.
Genetic and epigenetic mechanisms for gene expression and developmental changes in

polyploids and hybrids. A bottleneck for allopolyploid formation is prezygotic and
postzygotic barriers, the latter of which is related to hybrid incompatibility and ‘genome
shock’ in the endosperm (EN) and embryo (EM). The hybrid incompatibility is partly
mediated by small RNAs that can sense the dosage and divergence between maternal and
paternal genomes in endosperm that contain 2:1 (maternal:paternal) genome ratio. These
siRNAs (short-waved lines) can induce methylation (MC) of TE-associated genes and alter
their expression in the endosperm including chalazal endosperm (CZE) that controls the
endosperm cellularization process. Whether or not siRNAs in the endosperm are transferred
into the embryo remains to be tested. After overcoming the hybrid incompatibility, the
newly formed allopolyploids may undergo (1) genetic changes including various genomic
rearrangements, (2) epigenetic changes that affect gene expression through histone
modifications, DNA methylation and small RNAs, (3) dosage regulation and (4)
orthologous/homoeologous protein interactions. Some of these changes are not mutually
exclusive. A consequence is additive and nonadditive (deviated from the mid-parent value)
gene expression, including gene activation and silencing. These induced genetic and
epigenetic changes in homoeologous genes can affect embryogenesis, growth vigor,
transition from vegetative to reproductive development, gametogenesis and seed
development in response to developmental and environmental cues, some of which can be
selected and maintained in the new allopolyploid species.
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Figure 2.
A model for epigenetic regulation of gene expression in polyploidy. When a diploid (AA)

becomes an autotetraploid (AAAA) through genome doubling, the expression of
homologous genes can be affected. For example, gene X is silenced due to DNA
hypermethylation and repressive histone markers in promoters, whereas gene Y is
upregulated by loss of DNA methylation in the promoter. In allotetraploid (AABB), derived
from hybridization between two diploids (AA and BB), epigenetic modifications contribute
to nonadditive expression of homoeologous genes. Gene X of AA parent is repressed by
DNA hypermethylation and histone modifications in the promoter, but the expression of
homoeologous gene X’ of BB parent is not affected in the allotetraploid. Other
homoeologous genes (Y and Y”) are both expressed because of DNA hypomethylation and
active histone marks. DNA methylation can be induced via small RNA-dependent and
independent pathways. The nonadditive expression of homoeologous genes (X and X”) and
activation of both homoeologous genes (Y and Y’) could help newly formed allotetraploids
establish new cytotypes, develop more vigorously and adapt in local environments.
Epigenetic modifications of homoeologous loci could be regulated by environmental stress
and developmental signals (see Figure 1). Arrow thickness corresponds to gene expression
level. AA and BB indicate parental genomes (species).
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