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Flowering plants have strikingly distinct genomes, although they contain a similar suite of expressed genes. The diversity of
genome structures and organization is largely due to variation in transposable elements (TEs) and whole-genome duplication
(WGD) events. We review evidence that chromatin modifications and epigenetic regulation are intimately associated with TEs
and likely play a role in mediating the effects of WGDs. We hypothesize that the current structure of a genome is the result of
various TE bursts and WGDs and it is likely that the silencing mechanisms and the chromatin structure of a genome have been
shaped by these events. This suggests that the specific mechanisms targeting chromatin modifications and epigenomic
patterns may vary among different species. Many crop species have likely evolved chromatin-based mechanisms to tolerate
silenced TEs near actively expressed genes. These interactions of heterochromatin and euchromatin are likely to have
important roles in modulating gene expression and variability within species.

INTRODUCTION

Chromatin modifications play critical roles in the regulation of gene
expression, three-dimensional organization of genomic DNA, re-
combination, and DNA repair. There are a number of distinct chro-
matin modifications and they vary substantially in their effects and
stability. Some chromatin modifications, such as DNA methylation,
are relatively stable and heritable. Other chromatin modifications,
such as histone acetylation or phosphorylation, are quite labile and
may provide important transient functions. The potential for chro-
matin modifications to provide information beyond the primary se-
quenceofDNAhas ledtotheuseof theterm“epigenome” todescribe
the genome-wide pattern of particular chromatin modifications de-
spite the fact that specific modifications have varying stability.

Chromatin modifications influence gene expression during de-
velopment and in response to environmental cues. In some cases,
chromatinmodifiers are likely tobe recruited to achieveandstabilize
alterations in transcription. Several recent reviews have provided
excellent summaries of these activities and point toward the con-
servation of these pathways among flowering plants (Baulcombe
andDean,2014;BondandBaulcombe,2014;PikaardandMittelsten
Scheid, 2014; Probst andMittelsten Scheid, 2015; Vriet et al., 2015;
Xiao and Wagner, 2015). In this Review, we focus on aspects of
chromatin regulation thatmight be variable or drive variation among
closely related species. In particular, we focus on the interaction of
chromatin modifications with transposable elements (TEs) and the
changes in chromatin following polyploidy events in plants with
complex genomes.

Much of what is known about the role of chromatin in plants is
based on studies of the model plant Arabidopsis thaliana, which
has a relatively compact genome. However, as we attempt to

translate thisknowledgetocropspecies,weare facedwithgenomes
that aremuch larger andmore complex. A visual examination of one
megabase from Arabidopsis and maize (Zea mays) reveals striking
difference in genome organization and epigenome patterns (Figure
1).Maize hasmuch lower genedensity and there is an abundanceof
transposons surrounding genes (Schnable et al., 2009). The pres-
ence of CHG (H = A, C, or T) methylation and H3K9me2 are often
associated with TE-associated heterochromatin, and these marks
are prevalent in maize. In contrast, these marks are restricted in
Arabidopsis (Figure 1). In addition, the profile of CHH methylation,
often associated with RNA-directed DNA methylation, is quite dif-
ferent in the two species. Most regions with CHG methylation also
contain high CHH methylation in Arabidopsis, but in maize, CHH
methylation is only observed at a small number of regions andmany
of these are located near genes (Gent et al., 2013, 2014). The above
exampleofmaizeandArabidopsis simply exhibitsdifferences in two
species. A growing set of chromatin profiles in crop species reveals
more interesting patterns of heterochromatin and a variety of ways
that the epigenome is used to organize complex genome structures
(Wang et al., 2009; He et al., 2010; Gent et al., 2013; Makarevitch
et al., 2013; Regulski et al., 2013; Schmitz et al., 2013; Zhong et al.,
2013; Baker et al., 2015; Kim et al., 2015). Much of the variation
among species in genome size and complexity is attributable to two
factors: bursts of TEs and/or whole-genome duplications (WGDs).
These changes in genome structure create the potential for varying
roles of chromatin to organize the information in the genome and
allow continued expression of required genes.

TRANSPOSON-GENOME INTERACTIONS

Transposon Bursts and Genome Turnover

Even though there is marked conservation of gene order and
sequences in related plant species (Devos, 2005), the portion of
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thegenomederived fromtransposons isoftencompletelydistinct.
For example, maize and oat (Avena sativa) are related closely
enough to allow for introgressions of maize chromosomes fol-
lowing interspecies hybridization (Riera-Lizarazu et al., 1996).
However, fluorescence in situ hybridization with maize repetitive
elements provides evidence that oat TEs are entirely distinct from
maize TEs. Similarly, analyses of Arabidopsis lyrata and Arabi-
dopsis alpina, two close relatives of A. thaliana, demonstrate that
TE families, TE abundance, and local TE contents are dramatically
different (Willing et al., 2015). This suggests that extant plant
genomes are survivors of independent “blooms” of TE activity
followed by epigenetic silencing and/or deletion (Lim et al., 2007).
Plant genomes are, then, remarkably dynamic structures that
manage to maintain their essential functions over hundreds of
millions of years. In this Review, we will discuss in more detail the
ways in which these contrasting forces may have influenced the
evolution of gene function in plants.

Initiating TE Activity

Althoughthere isclearevidenceforperiodicbloomsofTEactivity,we
actually know very little about what initiates them in natural pop-
ulations.Horizontal transfer plays an important role in this process in
animals (Daniels et al., 1990;Gilbert et al., 2012; Syvanen, 2012) and
possibly in plants (Diao et al., 2006; Schaack et al., 2010; El Baidouri
etal.,2014).However, it alsoappears thatTEamplificationcanoccur
in theabsenceofhorizontal transfer (Pieguetal.,2006;Ungereretal.,
2006;Deininger, 2011; Estep et al., 2013) andhorizontal transfer can
occur without subsequent TE amplification (Diao et al., 2006). It has
also been suggested that wide hybridization and subsequent WGD
may play a role in TE amplification (Ungerer et al., 2006; Petit et al.,
2010; Madlung and Wendel, 2013; Senerchia et al., 2015). Other
potentially important factors includeabiotic stresses (Kalendar et al.,
2000; Ito et al., 2011;Grandbastien, 2015), viral infection (Wieczorek
and Obrępalska-Stęplowska, 2015), and chromosomal breaks
(McClintock,1950).Since tissueculture isalso frequentlyassociated
withTEactivation,natural conditions thatmimic that conditionmight
also be expected to be a factor (Hirochika et al., 1996; Huang et al.,
2009; Zhang et al., 2014). However, with respect to all of these in-
fluences, it should be emphasized that TE blooms can last for
hundredsof thousandsofyears,suggestingthat factorscontributing
to the persistence of those blooms represent chronic rather than
acute triggers for activity.

Mutants that compromise the efficiency of silencing pathways
can result in global activation of TEs (Lippman et al., 2003; Kato
et al., 2004). Interestingly, in at least one case it appears that long-
term amplification of TEs is associated with a naturally occurring
reduction in the efficiency of symmetric DNA methylation (Willing
et al., 2015). Similarly, gymnosperms such as Norway spruce
(Picea abies) show evidence for both long-term and gradual in-
creases in TE copy number and a reduced quantity of small RNAs
associated with TE silencing (Nystedt et al., 2013).

Selection at the level of individual TEs may also be an important
variable (Lisch and Slotkin, 2011). For example, the ONSEN retro-
transposon promoter lacks CG and CHG sites, which may limit the
ability of the host to stably silence this element via DNAmethylation
(Cavrak et al., 2014). Similarly, many MITE transposons are ex-
ceptionally AT-rich and sometimes prefer to insert into AT-rich

regions (Leetal.,2000;Naitoetal., 2009).Furthermore,at leastsome
TEs are competent to combat silencing by inactivating systems that
have evolved to recognize them (Fu et al., 2013;McCue et al., 2013).
Finally, it is worth considering variation in selection against TE

proliferation at the level of the host. TE proliferation represents
a balance between selection at the level of the gene and selection
at the level of the host (LeRouzic et al., 2007). Effective population
size, mating systems, drift, and cell cycle rates all play a role in the
degree to which selection acts (or fails to act) to prevent TE
amplification (Whitney et al., 2010).

Arresting TE Activity

The daunting task faced by any host is to recognize and heritably
silenceTEswhile avoiding “off-target”effectson legitimategenes.
TEs are remarkably diverse, and it is unlikely that any single
pathway can account for all instances of silencing. However, the
available evidence suggests that most active TEs are eventually
recognized and successfully silenced, and the key variable ap-
pears to be the presence of aberrant transcripts. Some active TEs
are likely to produce transcripts that are intrinsically distinct from
those produced by host genes. This appears to be case for the
retrotransposon Evade (Marí-Ordóñez et al., 2013). In this case,
although low levels of element transcripts are insufficient to trigger
silencing, higher levels of expression associated with high copy
number eventually cause RDR6-dependent production of small
RNAs that can trigger heritable silencing of the elements. Similar
observations have been made for reactivated Athila retroele-
ments, whose resilencing requires RDR6 as well as AGO6 and is
associated with 21- to 22-nucleotide small RNAs derived from
transcripts produced by the active elements (McCue et al., 2015).
Finally, rearranged versions of TEs can also trigger silencing, as is
the case for Mu killer, a variant of the MuDR transposon that
expresses a hairpin transcript that triggers stable and heritable
silencing of one or many MuDR elements (Slotkin et al., 2003;
Slotkin et al., 2005; Li et al., 2010).As thecopynumberof anygiven
element increases, it would seem increasingly likely that that this
TE will be recognized and heritably silenced, either due to in-
creases in intrinsically produced triggers (Marí-Ordóñez et al.,
2013) or due to the production of a single variant that triggers
silencing of all of the active elements (Slotkin et al., 2005). Once
silenced, it is hypothesized that these elements are maintained in
that state via heritably propagated DNA methylation and histone
modifications, as well as tissue-specific reinforcement via trans-
acting small RNAs (Slotkin et al., 2009; Creasey et al., 2014; Kim
and Zilberman, 2014; Sigman and Slotkin, 2016).
Due to the complexity of the population of TEs in any given

genome aswell as an ongoing competition between TEs and their
hosts, it is quite possible that the initiation of TE silencing in any
given plant will be the result of a wide variety of triggers. These
could include small quantities of small RNAs produced by ele-
ments themselves whose titer reaches some threshold as copy
numbers increase (Marí-Ordóñez et al., 2013), preexistingpoolsof
trans-acting small RNAs derived from previously silenced ele-
ments (Bousios et al., 2016), novel sense-antisense transcript
combinationsdue tonested insertions (LischandSlotkin, 2011), or
novel rearrangements such as is observed withMu killer. There is
also evidence for variation in chromatin marks at TEs of differing
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lengths (Zemach et al., 2013) or differing families (Eichten et al.,
2012; Wang et al., 2015).

Living with a New Genome Structure

Theproliferation andsubsequent silencingof aTE familywill result
in a reshaped genome. There could be a number of new het-
erochromatin-euchromatin boundaries potentially changing the
chromatin “neighborhood” for many genes and creating the op-
portunity for TE-associated chromatin to influence nearby genes
(Figure 2). Even within species there is evidence for major dif-
ferences inTEcontent amongdistinct haplotypes (FuandDooner,
2002; Wang and Dooner, 2006). The complex patchwork of eu-
chromatin and heterochromatin (visualized in Figure 1) must be
relatively stable to allow for normal gene function and plant
species have likely evolved mechanisms to preserve gene func-
tion even when being closely associated with TEs. In this section,
we will consider the interactions of genes and TEs both in terms
of how chromatin variation at these TEs may influence gene
expression and how gene expression may influence the TE
chromatin.

Immediately following the proliferation of a TE family, it is
expected to generate substantial allelic diversity for specific
insertions amongdifferent individuals in apopulation. Thespecific
signals that trigger TE silencing will also likely segregate in the
population; therefore, some TE insertions will be exposed to this
signal in trans while others will not. This will result in potential
epiallelic variation where TEs are silenced in some individuals but
remainactive inother individuals,whichwill create thepotential for

TEsneargenes tohavevaryingeffectson theexpressionofnearby
genes. Selection upon both genetic variation (TE presence/ab-
sence) and epigenetic variation (TE chromatin state) at each site is
expected to shape the allele frequency and chromatin state at TEs
in subsequent populations. TEs can influence genes through
a variety ofmechanisms (Lisch, 2013; Figure 2). Oliver et al. (2013)
reviewed a number of examples in which TEs influence genes and
plant phenotypes. Inmany cases thesemay have relatively simple
genetic mechanisms of creating loss-of-function alleles or in-
terfering with cis-regulatory elements. However, there are also
examples in which the chromatin state at the transposon influ-
ences the expression level of the nearby genes. The expression of
theFWAgene inArabidopsis is influencedby theDNAmethylation
level for a SINE element located around the transcriptional start
site (Soppe et al., 2000; Kinoshita et al., 2004). A recent study
documented that tissue culture in oil palm (Elaeis guineensis)
induces alterations in the DNA methylation level of a retro-
transposon inserted within an intron of the DEFICIENS gene,
which were associated with proper splicing and termination
patterns for thisgene (Ong-Abdullahetal., 2015). TheBNS locus in
Arabidopsis (Saze and Kakutani, 2007), the FAE1 locus in Sinapis
alba (Zeng and Cheng, 2014), and the CmWIP1 locus in melon
(Cucumismelo; Martin et al., 2009) provide additional examples in
which the chromatin state at a TE is linked to expression of
anearbygene. It is likely that the influenceofTEchromatin stateon
nearby genes has been underestimated due to the difficulties in
analyzing chromatin state at highly repetitive sequences. The
handful of known examples was identified by careful genetic
analysis of phenotypic variation followed by locus-specific

Figure 1. Striking Differences in Genome and Epigenome Organization in Different Plant Species.

Theorganizationofgenes (green) andTEs (pink) isshown forportionsof themaizeandArabidopsisgenomes (annotations fromTAIR10 [ftp://ftp.arabidopsis.
org/home/tair/Genes/TAIR10_genome_release/] and maize RefGen2.0 [ftp://ftp.gramene.org/pub/gramene/maizesequence.org/release-5b/]). The relative
abundance of three chromatinmodifications, CHGDNAmethylation (red), CHHDNAmethylation (black), andH3K9me2methylation (blue), are also shown
(primarymaize data are fromWest et al. [2014], Arabidopsis DNAmethylation is fromSchmitz et al. [2011], andH3K9me2 data are fromStroud et al. [2014]).
Whereas Arabidopsis is quite gene rich and only has limited regions with CHG or H3K9me2, maize has fewer genes and the majority of the genome is
decoratedwithCHGmethylation andH3K9me2.While CHGandCHHoften occur together in Arabidopsis, CHGandH3K9me2 are closely related inmaize,
and there are limited regions with high CHH in maize, most of which is close to genes.
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examination of chromatin. There are additional examples in which
TE insertions have been shown to influence gene expression and
are heavilymethylated (Xiao et al., 2008; Studer et al., 2011; Butelli
et al., 2012; Castelletti et al., 2014), but in these examples, it is not
clear whether the chromatin state itself is important for the altered
phenotype.

Onemechanism bywhich TE chromatin could influence nearby
geneswould be through the spreading of silencingmarks from the
TE to flanking low-copy or genic sequences (Figure 2). Genomic
analyses of Arabidopsis provided evidence for an evolutionary
trade-off between silencing of transposons and maintaining ex-
pression for nearbygenes (Hollister andGaut, 2009;X.Wangetal.,
2013; Diez et al., 2014). There is evidence for spreading of DNA
methylation from transposons to adjacent sequences in Arabi-
dopsis (Ahmed et al., 2011) and maize (Eichten et al., 2012). This
effect has not been observed for all transposon families, and the
spreading distance seems to have limited range (;500bp to 1 kb).
The spreading of heterochromatin from TEs to adjacent se-
quences could interfere with cis-regulatory elements and/or
promoters and result in altered expression. The analysis of DNA
methylation in several genotypes of maize identified a number of
differentially methylated regions that occur at the edge of
methylated-unmethylated boundaries, providing evidence for
the variable spreading among haplotypes (Li et al., 2015a). An

alternative mechanism by which TE chromatin might influence
gene expression could be through alterations in the TE chromatin
itself. Epiallelic variation for chromatin within a transposon could
result in changes in outward reading promoters within the
transposon or alter access to cis-regulatory informationwithin the
TE itself (Barkan and Martienssen, 1991; Figure 2). There are
examples of tissue-specific or stress-responsive expression
patterns for alleles containing TE insertions providing evidence for
cis-regulatory information (Selinger and Chandler, 2001; Naito
et al., 2009; Ito et al., 2011; Butelli et al., 2012; Makarevitch et al.,
2015)
While many of the analyses on TE-gene relationships have

focused on how TE chromatin influences genes, there is recent
evidence suggesting that chromatin plays important roles in
mediating the influence of genes on nearby TEs as well. The total
portion of methylated DNA seems to be associated with genome
size (Mirouze and Vitte, 2014), largely due to the fact that TEs
driving genome size increases are highly methylated. In-
terestingly, the level of CHH methylation does not seem to scale
with genome size. For example, maize has lower total levels of
CHHmethylation than Arabidopsis despite having a genome that
is >15-fold larger (West et al., 2014). Gent et al. (2013) noted that
regions of high CHH methylation, termed “CHH islands” were
often found near highly expressed genes. The majority of the

Figure 2. Potential Interactions between TE Chromatin State and Expression of Nearby Genes.

(A) and (B) A simple model in which a new TE insertion occurs near a gene. The new TE insertion accumulates chromatin modifications associated with
silencing.
(C) to (E) Various scenarios of altered TE chromatin and gene expression are illustrated.
(C) The silencing chromatin marks present within the TE could spread to surrounding sequences and alter the accessibility of cis-regulatory elements
resulting in reduced gene expression.
(D) Loss of heterochromatic chromatin modifications near the edge of the transposon could result in activation of an outward reading promoter that would
influence gene expression.
(E) The loss of heterochromatic modification within the TE could expose cis-regulatory that would then alter expression of a nearby gene. The loss of
heterochromaticchromatinmodifications in theTEcouldbeastochasticeffectorcouldbedue tospreadingofeuchromatin fromahighlyactivenearbygene.
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“heterochromatic” portion of the maize genome, defined by
H3K9me2 and CHG methylation, contains very little CHH meth-
ylation (Figure 1). TheCHHmethylation region ismore often found
at the borders between heterochromatin and euchromatin that
occur near genes or conserved noncoding sequences (Gent et al.,
2014; Li et al., 2015c). The analyses of mutants that affect CHH
methylation suggest that the function of these CHH islands is to
protect/ensure the silencing of TEs from the open chromatin of
nearby genes. Similar findings have been reported for changes in
DNAmethylation in response to phosphorous stress in rice (Oryza
sativa; Secco et al., 2015). A limited number of loci (n=175) exhibit
altered methylation in plants grown in low-phosphorous stress
conditions (Secco et al., 2015).Manyof these are due to increases
inCHHmethylationatTEs locatedneargenes thatareupregulated
under low phosphorous. By assessing the timing of transcriptional
andmethylation changes under stress and recovery conditions, the
authorsprovidedevidencethatCHHmethylation is targeted to these
regions after gene expression has been increased and often is no
longermaintained if thegeneexpression returns to low levels (Secco
et al., 2015). Interestingly, similar experiments in Arabidopsis found
very few changes in DNA methylation, likely due to the lack of TEs
located near genes that undergo transcriptional activation under
phosphorous stress. This suggests that DNA methylation and
possibly other chromatin modifications play important roles in
maintaining TE-gene boundaries in plant with complex genomes
and that theprimary functionof theseboundariesmaybe tokeep the
gene activity from activating the TE.

CHROMATIN DYNAMICS FOLLOWING WGDs

WGD events are expected to result in significant genetic re-
dundancy. Autopolyploid events will result in full doubling of
chromosomesalongwith theirTEsandareexpected toprovide full
redundancy. In contrast, allopolyploid fusions will occur when the
full genome complement from two related species is brought
together. In these examples it is expected that quite similar
complements of genes and regulatory networks will be brought
together resulting in high levels of redundancy. Over longer
periods of time, much of the redundancy generated by WGD
is expected to be resolved through loss of function in one of
the copies, subfunctionalization of the duplicates, or neo-
functionalization of one gene. Temporal aspects of chromatin
dynamics inWGDeventsworthconsideringare theperturbationof
chromatin and regulatory mechanisms immediately following
a WGD event and the role of chromatin in the longer-term loss of
function or subfunctionalization of duplicate genes.

Chromatin Perturbation by WGD in Early Generations

Newly formed allopolyploids often exhibit a number of changes
relative to the parental lines including genomic sequence
changes, gene expression changes, and altered chromatin
(reviewed in Renny-Byfield and Wendel, 2014; Song and Chen,
2015). Numerous studies have found evidence for altered DNA
methylation patterns in newly synthesized allopolyploids (Lee and
Chen, 2001; Shaked et al., 2001; Kashkush et al., 2002; Madlung
et al., 2002; Lukens et al., 2006; Gaeta et al., 2007; Parisod et al.,
2009; Xu et al., 2009; Yaakov and Kashkush, 2012; Madlung and

Wendel, 2013). In some of these studies, the authors focused on
assessing the DNA methylation levels for genes with altered ex-
pression, and it is difficult to ascertain whether the altered DNA
methylation levels are a cause or an effect of the gene expression
change. In other cases, studies have focused on changes at
transposable elements in newly synthesized polyploids, including
changes in DNA methylation, transcription, and transposition
(Kashkush et al., 2003; Madlung et al., 2005; Parisod et al., 2009).
Studies of transgene expression in diploid and autotetraploid
Arabidopsis plants provide evidence for unexpected epigenetic
shifts in autopolyploids as well (Mittelsten Scheid et al., 2003;
Baubec et al., 2010).
The reactivation of TEs in newpolyploidsmay provide a clue for

manyof thealterations of geneexpressionobserved inpolyploids.
Anumberof studieshave found that transposonscanbeactivated
in newly formed polyploids (Kashkush et al., 2002, 2003;Madlung
et al., 2005). There is evidence for novel or reduced expression of
small interfering RNAs (siRNA) in some of these newly formed
polyploids as well (Ha et al., 2009; Kenan-Eichler et al., 2011;
Ghani et al., 2014; Li et al., 2014; Shen et al., 2014). There are
several possible explanations for the presence of novel small
RNAs in polyploids (Figure 3). One simple explanation could be
that the two parental genomes are expected to have accumulated
small RNA pools to allow for recognition and silencing of their
unique TE complement. However, when these two genomes are
brought together, they may either trigger aberrant novel silencing
patterns or they may fail to generate the full small RNA comple-
ment. This raises the question, whywould the early generations of
polyploids not simply contain the full siRNA complement of both
parents? Recent findings in Arabidopsis suggest that accessory
cells in the male and female gametophytes may play very im-
portant roles in generating siRNA pools and reinforcing silencing
ofTEs (Slotkinetal.,2009; Ibarraetal.,2012;KawashimaandBerger,
2014). Studies also suggest that some small RNAs are maternally
inherited/expressed (Brennecke et al., 2008; Mosher et al., 2009),
which could potentially contribute to directional genome changes
observed in polyploids (Song et al., 1995), and the observation that
successful generation of an allopolyploid can only be achievedwith
one species as maternal parent (Comai et al., 2000). The initial
formation of a polyploid will have siRNA pools differing from both
parents, and there are someexamples inwhich there aredifferences
in silencing of TEs in newly synthesized polyploids based on the
directionof thecross (Parisodetal.,2009). Inadditionto thispotential
for parent-of-origin requirement for proper inheritance of siRNAs,
there is also evidence that F1 hybrids within plant species have
unexpected inheritance of small RNAs (Groszmann et al., 2011;
Barber et al., 2012; Li et al., 2012). The hybridization of two species
mayhaveevenmoredrasticconsequence for the levelof expression
of small RNAs, which could perturb epigenetic regulation. These
observations of perturbations in the small RNA content and in DNA
methylation patterns in wide crosses within species have led to the
suggestion that hybrid vigor in the F1 and inbreeding depression in
subsequentgenerationscould involvealterations tosmallRNAsand
chromatin (He et al., 2010, 2013; Groszmann et al., 2011; Barber
et al., 2012; Chodavarapu et al., 2012; Greaves et al., 2012; Shen
et al., 2012; Li et al., 2012, 2015b).
Thealterations inchromatin stateatTEscouldaffect expression

of numerous genes (Kashkush et al., 2003). Many of the parental
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speciesofpolyploidscontaincomplexgenomeorganizationswith
interspersed TEs and genes. As discussed above, altering the
chromatin state at TEs could result in expression changes at
nearby genes. In these cases, a large set of gene expression
changes observed in new polyploids would be the result of local
chromatin changes at nearby TEs, and the ability to protect genic
chromatin fromspreadingofnearbyTEschromatinwouldstabilize
the polyploidy event. An intriguing aspect of this model is that the
local chromatin states could show some instability, which could
provide abundant opportunities for variation andselectionof gene
expression states ofmany genes in newly synthesizedpolyploids.

Chromatin-Based Long-Term Contributions to Regulatory
Diversity of Duplicate Genes

Beyond the early stages of polyploids, chromatin modifications
are also expected to play important roles in shaping the eventual

genome and transcriptome of stabilized polyploids. Many plant
genomes contain evidence of multiple WGD events (Adams and
Wendel, 2005; Schmutz et al., 2010) that are supported by co-
linearity of retained paralogs within a genome, but there is also
strong evidence for fractionation (Schnable et al., 2011). Frac-
tionationdescribes the lossofonememberofaduplicatepair such
that two subgenomes arising from a WGD event will retain some
pairs of duplicate genes but in many other cases there will only be
a single gene retained. In some cases, there is evidence of sub-
genomedominance such that oneof the twosubgenomes ismore
fractionated resulting in a higher degree of gene loss (Thomas
et al., 2006; Woodhouse et al., 2010; Wang et al., 2011). Ancient
WGD events tend to retain relatively few pairs of duplicate genes,
while more recent WGD events will often have many examples
of retained duplicate pairs. The evolutionary fate of duplicate
genes (Prince and Pickett, 2002; Conant and Wolfe, 2008) likely
involves gene balance, nonfunctionalization through silencing or

Figure 3. Illustration of Potential for Altered siRNA, TE, and Gene Expression in Newly Formed Allopolyploids.

Two parental species with varying TE content and homologous siRNA populations are diagrammed. These are brought together in the same nucleus in the
allopolyploid, and in this case we diagram novel (pink) or reduced/loss of (blue) siRNA levels for specific TEs. This could lead to altered chromatin at
the TEs as well as increases or decreases in the expression of adjacent changes.
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fractionation (if they continue to have redundant function), sub-
functionalization, or neofunctionalization. Chromatin modifications
may play important roles in genome dominance and generation of
diversity among retained duplicates in crop genomes.

As researchers have utilized complete genome sequences and
high-quality transcriptomes thatallowresolutionofduplicategene
pairs, it hasbecomeclear thatmanyallopolyploidsexhibit genome
dominance such that one of the two subgenomes plays a greater
functional role than the other (Thomas et al., 2006; Wang et al.,
2006; Flagel and Wendel, 2010; Woodhouse et al., 2010, 2014;
Schnable et al., 2011;Wang et al., 2011; Freeling et al., 2012). This
was initially observed through the analysis of the retention of
genes in the two subgenomes, but subsequent work has found
evidence for preferential transcription and functional impact of
genes in one subgenome (Schnable and Freeling, 2011; Schnable
et al., 2011). While subgenome dominance has been observed in
many plant polyploids, the underlying mechanisms are not un-
derstood (Freeling et al., 2012). One suggestion is that chromatin
modifications could differentiate the two subgenomes. While
there are many examples of genes with differences in DNA
methylation or histone modifications between the two sub-
genomes of maize, the meta-profile of DNA methylation or
H3K27me3 for maize genes in subgenomes 1 and 2 does not find
global differences that would explain the dominance of sub-
genome 1 (Eichten et al., 2011; Makarevitch et al., 2013; West
et al., 2014). This suggests that while the genic portion of the two
subgenomes is affected by genome dominance, it may not be the
direct target. Instead, there is growing evidence that differences in
TEcontent andchromatinmayprovide thedifferentiationbetween
the subgenomes. A recent analysis of subgenome dominance in
Brassica rapa found differences in 24-nucleotide small RNA
coverage of transposons located near genes in the two sub-
genomes (Woodhouse et al., 2014). Woodhouse et al. (2014)
suggest that subgenomedominancemayarise fromdifferences in
TE silencing trade-offs in the two parental genomes. It seems that
chromatinmodifications and siRNAsmayplay an important role in
genome dominance that is observed in polyploids, but these
effects may be mediated by flanking sequences rather than
chromatin differences within the coding regions of genes.

Despite the process of fractionation, many crop genomes are
repletewith examples of retained gene duplicates. Inmany cases,
these duplicates genes could have redundant function and the
process of fractionation may still be occurring (Schnable et al.,
2011). In other cases, these duplicate pairs may have undergone
subfunctionalization or neofunctionalization. These processes
could involve alterations to the function of the gene product or
changes in the expression pattern (Blanc andWolfe, 2004). In the
context of this Review, we are interested in the potential con-
tributions of chromatin modifications to divergence in expression
of the duplicate gene pairs. While it is possible that gene ex-
pression patterns had already diverged in the two parents of
a polyploid, it is likely that most duplicate gene pairs had similar
expression patterns prior to the polyploid fusion event. The
analysis of expression levels for retained duplicates in extant crop
species finds widespread divergence in expression of the
homoeologs (Pont et al., 2011; Schnable et al., 2011; Roulin et al.,
2013;Schmitz et al., 2013;Renny-Byfieldet al., 2014;Woodhouse
et al., 2014). A recent investigation found that 98% of retained

duplicate pairs in maize have subfunctionalized tissue-specific
expression patterns or have diverged consistently in expression
level (Pophaly and Tellier, 2015). Soybean (Glycine max) provides
agoodsystem for studying thedivergenceof expression following
a recent (;13 million years ago) WGD event (Lin et al., 2010;
Schmutz et al., 2010; Roulin et al., 2013). The analysis of gene
expression in seven tissues suggests that approximately half of
the retained duplicates from the recent WGD event exhibit di-
vergent expression patterns while the others have similar ex-
pression (Roulin et al., 2013). The factors driving the divergence of
expression for the retained duplicates are largely unknown.
Analysis of the soybean methylome reveals that many duplicates
have similar levels of DNAmethylation, but;6%of the pairs have
divergent non-CG methylation levels that are associated with
altered expression (Schmitz et al., 2013). Many of the methylation
differences in the duplicate soybean genes can be attributed to
transposon insertions that are present in one member of the pair
(Schmitz et al., 2013; Kim et al., 2015). These studies along with
data from specific wheat (Triticum aestivum) loci (Shitsukawa
et al., 2007; Hu et al., 2013; Zhang et al., 2015) and maize (West
et al., 2014) suggest that DNA methylation does not play a major
global role in differentiating subgenomes, but it can contribute to
locus-specific divergence of retained duplicates.
While the majority of this section has focused on the potential

role for chromatin and small RNAs in gene regulation following
WGD events, there is also a likely role for chromatin in the reg-
ulation of smaller duplication events. Gene duplication can occur
viaunequal crossing-over or transposition andhasbeenclassified
into different typesbasedonduplicationmode (Wanget al., 2012).
It was further shown that duplicated genes arising from different
modes have distinct patterns in gene body DNA methylation
(Y.Wang et al., 2013). Gene copies that are located in nonsyntenic
genomicpositions relative tootherspeciesoftenhavesignificantly
elevated levels of DNA methylation in maize (Eichten et al., 2011;
West et al., 2014). It is not known whether this is due to many of
these “genes” being transposons or due to the plant host rec-
ognizing these insertions as transposons and targeting silencing
chromatinmodifications. Tandemly duplicated genes arising from
unequal crossover can also exhibit substantial epigenetic di-
versity. The large family of F-box proteins in Arabidopsis provides
evidence for diversity of chromatin states within complex loci
containing these genes (Hua et al., 2013).

CONCLUSION

Chromatin modifications play important roles in many plant
processes. While chromatin states are a critical part of tran-
scriptional responses during development (reviewed in He et al.,
2011; Holec and Berger, 2012; Grimanelli and Roudier, 2013;
Pikaard andMittelstenScheid, 2014; Xiao andWagner, 2015) or in
response to the environment (reviewed in Baulcombe and Dean,
2014;BondandBaulcombe, 2014;PikaardandMittelstenScheid,
2014; Probst and Mittelsten Scheid, 2015; Vriet et al., 2015), they
also play critical roles in creating order in the genome, allowing for
the maintenance of proper transcription and genome stability in
the face of varying TE landscapes and polyploid changes. We
suggest that diverse plant species have evolved variations in the
specific mechanisms of chromatin regulation that have allowed
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them to survive the repeated transposon bursts or polyploidy
fusions. Understanding the diversity of chromatin regulation de-
tails in plants with complex genomes will be critical to un-
derstanding how to engineer traits in cropplants.Wealso suggest
that chromatin-based regulation will play critical roles in creating
diversity within many crop species. Transcriptional variation of
different alleles due to the chromatin modifications of nearby TEs
is likely to result in allelic or epiallelic diversity. The perturbation of
chromatin following polyploidy fusion events may also create
ample opportunity for selection to act uponchromatin and identify
optimal new epialleles. Increasing our understanding of the
sources of chromatin diversity is likely to improve our ability to
select or engineer ideal crop varieties and to stabilize the per-
formance in these lines.
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Wieczorek, P., and Obrępalska-Stęplowska, A. (2015). Suppress to
survive—implication of plant viruses in PTGS. Plant Mol. Biol. Rep.
33: 335–346.

Willing, E., Rawat, V., Mandáková, T., Maumus, F., James, G.V.,
Nordström, K.J., Becker, C., Warthmann, N., Chica, C., and
Szarzynska, B. (2015). Genome expansion of arabis alpina linked
with retrotransposition and reduced symmetric DNA methylation.
Nat. Plants 1: 14023.

Woodhouse, M.R., Cheng, F., Pires, J.C., Lisch, D., Freeling, M.,
and Wang, X. (2014). Origin, inheritance, and gene regulatory
consequences of genome dominance in polyploids. Proc. Natl.
Acad. Sci. USA 111: 5283–5288.

Woodhouse, M.R., Schnable, J.C., Pedersen, B.S., Lyons, E.,
Lisch, D., Subramaniam, S., and Freeling, M. (2010). Following

tetraploidy in maize, a short deletion mechanism removed genes
preferentially from one of the two homologs. PLoS Biol. 8:
e1000409.

Xiao, H., Jiang, N., Schaffner, E., Stockinger, E.J., and van der
Knaap, E. (2008). A retrotransposon-mediated gene duplication
underlies morphological variation of tomato fruit. Science 319:
1527–1530.

Xiao, J., and Wagner, D. (2015). Polycomb repression in the regula-
tion of growth and development in Arabidopsis. Curr. Opin. Plant
Biol. 23: 15–24.

Xu, Y., Zhong, L., Wu, X., Fang, X., and Wang, J. (2009). Rapid al-
terations of gene expression and cytosine methylation in newly
synthesized Brassica napus allopolyploids. Planta 229: 471–483.

Yaakov, B., and Kashkush, K. (2012). Mobilization of Stowaway-like
MITEs in newly formed allohexaploid wheat species. Plant Mol. Biol.
80: 419–427.

Zemach, A., Kim, M.Y., Hsieh, P.H., Coleman-Derr, D., Eshed-
Williams, L., Thao, K., Harmer, S.L., and Zilberman, D. (2013).
The Arabidopsis nucleosome remodeler DDM1 allows DNA meth-
yltransferases to access H1-containing heterochromatin. Cell 153:
193–205.

Zeng, F., and Cheng, B. (2014). Transposable element insertion and
epigenetic modification cause the multiallelic variation in the ex-
pression of FAE1 in Sinapis alba. Plant Cell 26: 2648–2659.

Zhang, D., Wang, B., Zhao, J., Zhao, X., Zhang, L., Liu, D., Dong, L.,
Wang, D., Mao, L., and Li, A. (2015). Divergence in homoeolog
expression of the grain length-associated gene GASR7 during
wheat allohexaploidization. The Crop Journal 3: 1–9.

Zhang, D., et al. (2014). Tissue culture-induced heritable genomic
variation in rice, and their phenotypic implications. PLoS One 9:
e96879.

Zhong, S., Fei, Z., Chen, Y.R., Zheng, Y., Huang, M., Vrebalov, J.,
McQuinn, R., Gapper, N., Liu, B., Xiang, J., Shao, Y., and
Giovannoni, J.J. (2013). Single-base resolution methylomes of to-
mato fruit development reveal epigenome modifications associated
with ripening. Nat. Biotechnol. 31: 154–159.

Chromatin Modifications in Complex Plant Genomes 325


