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Transposable elements (TEs) comprise a major portion of many plant genomes and bursts of TE movements
cause novel genomic variation within species. In order to maintain proper gene function, plant genomes have
evolved a variety of mechanisms to tolerate the presence of TEs within or near genes. Here, we review our under-
standing of the interactions between TEs and gene expression in plants by assessing three ways that transposons
can influence gene expression. First, there is growing evidence that TE insertions within introns or untranslated
regions of genes are often tolerated and have minimal impact on expression level or splicing. However, there are
examples in which TE insertions within genes can result in aberrant or novel transcripts. Second, TEs can provide
novel alternative promoters, which can lead to new expression patterns or original coding potential of an alternate
transcript. Third, TE insertions near genes can influence regulation of gene expression through a variety of mecha-
nisms. For example, TEs may provide novel cis-acting regulatory sites behaving as enhancers or insert within
existing enhancers to influence transcript production. Alternatively, TEs may change chromatin modifications in
regions near genes, which in turn can influence gene expression levels. Together, the interactions of genes and
TEs provide abundant evidence for the role of TEs in changing basic functions within plant genomes beyond acting
as latent genomic elements or as simple insertional mutagens. This article is part of a Special Issue entitled: Plant
Gene Regulatory Mechanisms and Networks, edited by Dr. Erich Grotewold and Dr. Nathan Springer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Variation in plant genome architecture and the spatial organization of
genes and transposons

1.1.1. Genomes as a composite of transposons and genes
Most eukaryotic genomes are predominantly composed of non-

coding sequences. These non-coding sequences can include introns,
intergenic DNA, and repetitive elements. A large proportion of the repet-
itive elements are actually derived fromhigh-copy transposable elements
(TEs). Many studies of genome function and chromatin modifications
suggest there are substantial differences between genes and TEs [1].
Recombination tends to occur commonly within genes, but rarely at TEs
[2]. Genes tend to have a set of chromatin modifications such as histone
acetylation and methylation of histone H3 at lysine 4 (H3K4me) that
are associated with active transcription [1]. In contrast, TEs are enriched
for chromatin modifications such as CHG (where H is any nucleotide
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other than G) DNA methylation, H3K9me2, and H3K27me1, which are
associated with transcriptional silencing [1]. While these are useful
simplifications in describing genomes they fail to capture the nuances in
a genome that is a composite of these types of features. There is an
established yet delicate interplay between coding and non-coding se-
quences, which allows for necessary and essential functions to be carried
out. In this review we will consider how TEs interact with plant genes.

1.1.1.1. Classification and annotation of TEs in plant genomes. Throughout
this review we will often collectively refer to all transposable elements
as TEs. However, there are a number of different types of TEs in plant
genomes. Wicker et al. [3] provided an excellent classification scheme
for transposable elements. Briefly, TEs are often broken into two different
type classes based on their transposition mechanism. Class I elements,
generally referred to as retrotransposons, are the most common feature
in plant genomes and often contain long terminal repeats (LTRs) and
transpose via an RNA intermediate using a copy and paste mechanism.
This class of elements can be divided into five orders, each of which can
be subdivided into multiple superfamilies based on their features and
structure [3]. Class II elements, known as DNA transposons, often have
terminal inverted repeats (TIRs) and utilize a DNA intermediate for
movement that employs a “cut and paste”mechanism. DNA transposons
are usually present at much lower levels within plant genomes than
retrotransposons. In addition to TIR elements, the class II transposons
nfluences on gene expression in plants, Biochim. Biophys. Acta (2016),
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also include Helitron elements that lack TIRs. Class I and class II elements
include both autonomous and non-autonomous elements. Autonomous
TEs encode all the necessary factors to facilitate transposition of an ele-
ment itself or for other members of the same family. Non-autonomous
elements require an autonomous element of the same family to provide
the necessary factors for transposition. The patterns of chromatin
modifications often vary for different types of stransposons [4,5] or
for transposons of varying length [5,6].

As TEs proliferate in genomes and attain higher copy numbers the
repetitive nature of the sequences can lead to difficulties in annotation
due to their repetitive nature. In addition, many TEs have rearranged
or truncated sequences due to abortive transposition events that lead
to local rearrangements and deletions of internal sequences or nested
insertionswithin other elements,which can lead to difficulties in recogni-
tion and annotation of full-length insertions [7]. The efforts of researchers
to compare the genomic and epigenomic properties of genes and TEs in
different plant genomes can be complicated by the fact that TE annota-
tions are not conducted in a uniform fashion for all plant species. Adding
increased difficulty to the problem is the differences in TE history among
plant genomes. For example, a comparison of the Arabidopsis thaliana,
Arabidopsis lyrata and Arabis alpina genomes reveals major differences
in age distributions of TEs [8]. These differences in TE age structures can
influence classification of TEs when different annotation pipelines are
applied to related species. Currently, there are two main approaches for
identifying TEs in fully sequenced genomes. One is based on sequence
similarity to previously identified TEs. The other is a de novo approach
usually based on searching for repetitive sequences and/or structural
attributes common in TEs [9]. Each of these methods has limitations.
Homology searching, for example using RepeatMasker, is limited in find-
ing previously unknown TEs or TEs that are in low copy, whereas, de novo
approaches can lead to numerous false-positive annotations.We note the
difficulties of TE annotation and the variety of methods used for different
species at the beginning of this review as a caveat to our comparisons of
different species in the sections below. Obtaining consistent annotations
for both genes and TEs in different plant genomeswill increase our ability
to make clear comparisons among plant species.

1.1.1.2. Variation in arrangement of genes and TEs. Plant genomes exhibit
substantial diversity in the organization of TEs and genes (See Fig. 1).
For example, only ~18% of the Arabidopsis genome has homology to
TE sequences [10,11] while nearly 85% of the Zea mays (maize) genome
has homology to TEs [12]. This is even more striking when genome size
is considered. The Arabidopsis genome contains only ~20 Mbp of TEs,
while the maize genome contains almost 2000 Mbp of TEs. In addition,
the distribution of genes and TEs along chromosomes can vary
Fig. 1. Percent of transposon types and genome organization in representative plant genomes. F
from retrotransposons (blue), DNA transposons (orange) or unclassified transposons (gray) is
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substantially as well. Nearly 60% of the Glycinemax (soybean) genome
is composed of transposons [11]. However, the majority of TEs occur
in the middle portion of chromosomes while the gene-rich chromo-
some arms have relatively few TEs [13]. In contrast, the maize genome
has high levels of TEs throughout the entire chromosome [12,14].
While the central portion of maize chromosomes are ~85–90% TEs,
the “gene-rich” regions of the chromosome arms are still 50% TE se-
quences [14]. A large portion (86%) of maize genes have TEs located
within 1 kb, while only 36% of Arabidopsis genes include a TE within
1 kb [15]. In Arabidopsis, fewer than 100 genes contain large TE inser-
tions within introns [16]. In contrast there are several thousand rice
genes with large TE insertions within introns [16] and over 10% of
maize genes contain at least one TE insertion over 1 kb within an intron
[17].

TE insertions within the coding regions of a gene are generally
mutagenic and result in strong loss-of-function alleles. However, inser-
tions into introns or intergenic regions have less clear effects on gene
expression. In this review we will evaluate three possible ways that
TEs might influence gene expression and function beyond insertional
mutagenesis of coding sequences. These include changes in transcript
splicing/processing, providing novel promoters, and positive and nega-
tive influences on gene expression levels.

2. Intragenic TEs influence genic chromatin and transcript structure

2.1. Plant genomes generally tolerate TEs within non-coding portions of
genes

Many plant genes contain TEs located within transcribed regions. In
many cases genes with important functions contain TE insertions, sug-
gesting that these TE insertions can be toleratedwithout compromising
the function of the plant gene [17–19]. The presence of TEs within tran-
scribed regions of plant genes raises several questions. First, is the chro-
matin of these intragenic TEs similar to other non-genic TEs or is it more
similar to genic chromatin? Second, do these intragenic TEs have any
influence on the proper expression and splicing of the genic transcript?
To date, much of the information to address these questions has been
from Arabidopsis, a species with relatively few TE insertions within
genes. However, several recent studies have also provided information
on chromatin, TEs, and gene expression in other plant species.

2.1.1. Chromatin modifications found at intragenic TEs
In general, plant genes and TEs contain quite distinct patterns for

chromatin modifications. Plant genes tend to have very low levels
of CHG and CHH methylation within the coding regions, but many
or a variety of plant genome the proportion of the genome (as determined by [11]) derived
shown. The genome size for each species is shown as a yellow line.
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expressed plant genes contain moderate levels of CG methylation
over the coding regions [20–23]. This gene body methylation tends
to be found at genes with moderate expression levels and at similar
genes in different species [19]. However, there is limited evidence
for a functional role of this methylation [23]. While CHGmethylation
is rare in plant genes, it can be observed in some species, particularly
when introns are assessed [16,17,19,24]. In Arabidopsis, the CHG
methylation within genes was often present in relatively long introns
[16]. In addition, therewere evenmore examples of long introns contain-
inghigh levels of CHGmethylation in rice, and inmany cases these introns
contained a TE [16]. Similarly, the presence of intragenic CHGmethylation
in maize genes is primarily due to the fact that ~10% of maize genes have
at least one intronic TE insertion and these intronic TEs often contain high
levels of CHG methylation and H3K9me2 [17]. The presence of CHG or
CHH methylation within soybean genes is associated with the presence
of TEs in these genes [25]. There is evidence that the TEs located within
Arabidopsis genes have slightly lower levels of DNA methylation than
intergenic TEs [26], but the levels of DNA methylation are substantially
higher than other genic regions. In contrast, intergenic and intragenic
TEs have very similar patterns of chromatin modifications in maize [17].
The observation of elevated CHGmethylation andH3K9me2 at intragenic
TEs is somewhat surprising as these modifications are traditionally
associated with heterochromatin. This suggests plants genes are
able to tolerate these chromatinmodificationswithin transcribed regions.
When these chromatin modifications are present within promoter re-
gions they are generally associated with gene silencing. The functional
significance of the presence for these heterochromatin marks within
genes will be examined in the next section.

2.1.2. Expression of genes containing TEs
Data from several plant species suggests that plants are able to

express genes containing heterochromatic TEs within introns. In both
maize and Norway spruce (Picea abies), there is evidence that genes
with heterochromatin TE insertions can be expressed at quite high
levels [17,18]. However, there is evidence that genes with TEs in
Arabidopsis and soybean tend to be expressed at slightly lower levels on
average [25,26]. Some Arabidopsis genes with TEs have altered transcript
levels, as measured by the abundance of sequencing reads from exons
downstreamof the TE insertion, in plants having compromised epigenetic
regulation [25]. However, the majority of Arabidopsis genes containing
TEs insertions do not show different gene expression in these mutant
plants [26]. These results suggest that the TE insertions and cognate
chromatin can influence expression of some genes, but inmany examples
gene expression levels are not affected. However, changes in the
chromatin state for TEs located within genes may influence gene expres-
sion. An intragenic TE located in an intron in the VRN-A1 gene in winter
wheat (Triticum aestivum) exhibits changes in non-CG DNA methylation
following vernalization [27]. These changes in DNA methylation for this
intronic TE are associated with expression changes in the VRN-A1 gene
that encodes a MADS transcription factor [27]. In soybean, a comparison
of the paralogs derived from a recent whole genome duplication (WGD)
event found that approximately 6% of pairs were differentially targeted
by CHG methylation [25]. In many cases the paralog with higher CHG
methylation contained a TE and sometimes this gene is expressed at
levels lower than the other paralog. A comparison of retained soybean
and common bean methylation patterns also provided evidence for
changes in CHGmethylation levels that are associated with TE insertions
[25]. A study focused on class II DNA transposons in four grass species
found that different TE families had varying relationships with gene
expression [28]. The Tc1/Mariner and PIF/Harbinger TEs are enriched in
genes with high expression, while CACTA elements are in genes with
significantly lower expression than genes without TEs [28]. The exact
mechanism or chromatin signal that allows for certain TE families to
target active genes has not been fully elucidated. However, there is
evidence that some TE proteins contain domains that can interact with
histone modifications or RNA polymerase subunits in order to target
Please cite this article as: C.D. Hirsch, N.M. Springer, Transposable element i
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integration to active or inactive chromatin [29,30]. TE families appear to
exhibit diverse targeting mechanisms that allow some families to poten-
tially reduce negative fitness consequences for the host through insertion
into silenced heterochromatin, while other families may preferentially
insert within active chromatin in order to escape silencing and increase
their own fitness. The studies on expression of plant genes containing
TEs suggest that plant genes can often tolerate heterochromatin TEs, but
in some cases these may reduce expression of the gene.

2.1.3. Processing of transcripts from genes containing TEs
The presence of TEs within introns leads to several challenges for

proper processing of transcripts. The analysis of mutant alleles derived
from stockswith active DNA transposable elements has found examples
ofmutant alleles that are caused by thepresence of a TEwithin an intron
that contains splice sites leading to novel transcripts. For example,
Mutator transposon insertions in the introns of Adh1-S [31] or brown
midrib1 (bm1) [32] can produce novel isoforms. Transposon insertions
within exons can also be partially spliced out. A mutant allele of a
maize chromomethylase, zmet2-m1, contains aMutator insertionwithin
an exon that can be partially spliced out, leaving a 40 bp insertion in the
mature transcript [33]. In most cases, isoforms containing splicing
between a gene and transposon will result in the production of non-
functional proteins. There are also examples of alternative splicing
between retrotransposons and plant genes [34]. A recent study, on the
basis of the mantled trait that arises due to somaclonal variation in
palm oil, found evidence that changes in chromatin at an intronic TE
led to alternative splicing [35]. In soybean, an analysis of unstable alleles
influencing seed color revealed the methylation patterns for a TE located
within an intron of the R locus influenced whether splicing occurred
properly [36]. Genome-wide analysis of splicing in maize suggests DNA
methylation near splice sites may influence splicing patterns, although
through unknown mechanisms [37]. There are examples of new exons
in the human genome that are derived from TEs and these are frequently
subjected to alternative splicing [38,39]. While there are examples of
intronic TEs that can lead to altered splicing, it is worth noting that the
majority of TE insertions in introns or untranslated regions do not lead
to altered splicing and have no documented phenotypic consequences
[40]. Many of the intragenic TE insertions in extant plant genomes are
likely to have limited impact on transcripts. If TE insertions have strong
effects on gene function it would likely result in phenotypic differences
that could be subject to selective pressures resulting in reduced allele
frequency for the TE-containing alleles. Many of the examples of altered
splicing patterns are observed in populations segregating for newmutant
alleles.

Plants have activemechanisms for tolerating the presence of hetero-
chromatic TEs within transcribed regions [16,41]. An RNA-binding
protein containing a bromo-adjacent homology (BAH) domain named
INCREASE IN BONSAI METHYLATION2 (IBM2) or ANTI-SILENCING1 (ASI1)
was identified in independent genetic screens in Arabidopsis [16,41].
This gene is required for proper expression of the H3K9 demethylase
IBM1. IBM1 contains a heterochromatic TE insertion within the seventh
intron [16] that is normally tolerated, but in an ibm2mutant background
the transcripts are prematurely terminated at the region containing the
TE. In addition, other Arabidopsis genes with heterochromatin TEs within
introns also exhibit premature termination in ibm2mutant plants [16,41].
The analysis of natural alleleswithout TE insertions provided evidence for
the role of IBM2 to processing specific transcripts with intragenic hetero-
chromatin although the exact mechanism bywhich IBM2 enables proper
expression through heterochromatin has not been elucidated. There is
also evidence for a role of ENHANCEDDOWNYMILDEW2 (EDM2) for prop-
er expression of genes with intronic heterochromatin in Arabidopsis [42,
43]. EDM2 is a plant homeodomain (PHD) containing protein can bind
to histones containing both repressive and active marks such that it
might recognize transcribed regions containing heterochromatin marks
[44,45]. As with IBM2, the exact mechanism by which EDM2 influences
proper expression through intronic TEs that contain heterochromatic
nfluences on gene expression in plants, Biochim. Biophys. Acta (2016),
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chromatin modification has not been determined. Homologs of IBM2 and
EDM2 are found in other plant species and in many cases there are more
genes with heterochromatin TEs in these species. It is possible that loss-
of-function mutations in homologs of these genes would be lethal in
other plant species with more examples of heterochromatic TEs within
genes.

3. TEs as novel promoters

3.1. Transposons can provide novel promoters to drive expression of plant
genes

In the previous section we examined the chromatin and functional
impacts of TEs located within transcribed regions. In this section we
will examine how TEs may impact promoter function. In this review
we use the term promoter to describe the sequence that dictates the
transcription start site (TSS) while the terms enhancer or regulatory
regions are used to describe sequences that influence the expression
level or pattern of nearby genes. The impact of TEs on regulatory regions
will be examined in Section 4 of this review.

3.1.1. Frequent transcription start sites within TEs
There are several lines of evidence to suggest that transposons may

provide novel promoters that would create novel TSSs for nearby
genes. The first line of evidence is derived from the mapping of TSS
sites within sequences that have homology to TEs. There is support for
TE sequences withinmany eukaryotic promoters [46–48], and the anal-
ysis of TSSs has found that manymammalian TSSs actually occurwithin
retroelements [49,50]. Several recent papers have mapped the TSSs in
Arabidopsis and maize [51–53] providing an opportunity to assess
whether certain transcripts initiate within TEs. A recent study experi-
mentally determined the TSSs for over 17,000 maize genes and found
that 180 of these TSSs are within TEs [53, E. Grotewold, unpublished
observation]. As additional TSS mapping data becomes available for
diverse plant species it will be interesting to monitor how TEs have
contributed to TSS evolution among plants.

3.1.2. Cryptic promoters within transposons
The analysis of TE induced allelic variants has provided evidence that

TEs can provide cryptic promoters to drive expression of nearby genes.
Inmany cases these cryptic promoters have variable activity depending
on the chromatin state of the TE. One of the best characterized examples
of epigenetic inheritance is observed at the Agouti viable yellow (Avy)
allele in mice [54,55]. At this locus an IAP element is inserted 5′ of the
Agouti gene. The genetically defined allele can exist in two epigenetic
states. Inmost cases the IAP element has high levels of DNAmethylation
Fig. 2. Suppressible TE alleles with outward reading promoters. Example of a suppressible pheno
blocks expressionwhen the TE is active.When the TE is silenced by chromatinmodifications (m
can suppress the mutant phenotype.
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and is transcriptionally silent. However, in epialleles with low methyla-
tion of the IAP element an outward reading promoter, will become active
and drive expression of a novel transcript that includes the full Agouti
coding region [55]. This leads to ectopic production of the Agouti protein
and visible phenotypes. There is also evidence for IAP elements providing
a novel promoter for the Cabp gene in mice depending on the chromatin
state of the IAP element [56].

In plant species there are several well-characterized examples of
transposons providing a cryptic promoter for nearby genes. Natural
variation for fruit pigmentation in citrus species is due to allelic varia-
tion at the Ruby locus, which encodes a MYB transcriptional activator
of anthocyanins [57]. Alleles that provide fruit color, as observed in
blood oranges, are due to the insertion of a retrotransposon in the
Ruby regulatory regions. Expression of Ruby is driven by a promoter
within the retrotransposon LTR element [57]. Perhaps the best examples
are observed for recessive suppressible alleles generated by Mutator
insertions (illustrated in Fig. 2). AMutator insertion within the promoter
of thehcf106gene inmaize canprovide anoutward readingpromoter [58,
59]. This promoter is only active when Mutator elements are silenced,
leading to a suppressible phenotype. WhenMutator elements are active
the outward reading promoter is silenced and the mutant phenotype is
observed. Similar mechanisms likely contribute to other suppressible
alleles [60–63] and provide examples of transposons that can provide
conditional promoters to drive expression of nearby genes. The analysis
of phenotypes within Mutator active and inactive populations suggests
that there are a substantial number of mutant alleles with suppressible
phenotypes [64]. There are also examples of dominant Mutator-
suppressible alleles but these appear to utilize a distinct mechanism
for suppression [65].

4. TEs influences on regulation of gene expression

In addition to the potential to create new transcripts through
alternative splicing, premature termination, or novel promoters,
TEs can influence the expression level or expression pattern of
plant genes [48,50,66–68]. TEs can influence gene expression through
several potential mechanisms including disruption of cis-regulatory
sequences, altered chromatin or providing novel regulatory information
(Fig. 3). While there are examples of alleles with different expression
patterns that are linked to insertions of nearby TEs it can be difficult
to determine the exact mechanism through which the TE influences
gene expression. In part, this is due to our limited understanding of
the specific mechanisms of regulation for many plant genes. For most
genes, the cis-acting regulatory sequences and trans-acting factors
that influence expression have not been fully characterized and therefore
it is difficult to know whether the TE insertion is disrupting this normal
type induced by a TE insertion. A TE insertionwithin the promoter or UTR region of a gene
) anoutward reading promoterwithin the TE becomes active andproduces a transcript that
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Fig. 3.Mechanisms bywhich TEs can influence expression of plant genes. A typical plant gene is diagramedwith a cis-acting regulatory site that provides a binding site (blue square) for a
transcription factor (blue circle) and moderate expression (indicated by black arrow). A TE (red triangle) insertion can have different potential influences on the expression of this gene. In
(A) the TE inserts within the regulatory sequence and prevents binding of the TF which reduces expression of the gene. In (B) the TE inserts upstream of the gene and contains a novel
cis-regulatory site (purple rectangle) that is bound by another transcription factor which results in increased expression or expression in novel tissues or cell types. In (C) the TE is subject to
chromatin modifications (m) that can spread to cover nearby regulatory sequences or the promoter resulting in reduced expression of the gene.
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regulation. In addition, most TEs have chromatin modifications that are
distinct from the chromatin state of nearby regulatory regions. In order
to determine whether the chromatin modifications are important for
influencing expression of nearby genes it is important to be able to com-
pare gene expression between alleles with and without the chromatin
modifications. For some TE families this can be done by comparing gene
expression in stocks with active or inactive TEs but in most cases we do
not have access to stocks with active TEs. Alternatively, gene expression
could be surveyed in plants that have mutations affecting chromatin
state. In many plant species mutations that strongly affect DNAmethyla-
tion or other silencing modifications are not viable which limits
researchers' ability to probe the influence of TE chromatin on expression
of nearby genes [6,69]. In this section we will describe different mecha-
nisms by which transposons may influence gene regulation and will
highlight examples in which a particular mechanism is suspected.

4.1. Insertional mutagenesis of gene regulation by transposons

Transposon insertions can disrupt existing regulatory information
(Fig. 3A). A significant portion of transcriptional regulation occurs via
the binding of trans-acting factors to cis-acting regulatory sequences.
When TEs insert within these cis-acting regulatory sequences they can
disrupt the transcription factor binding and result in aberrant gene
expression. Several dominant alleles resulting from Mutator insertions
provide nice examples of how TE insertions can disrupt proper gene
regulation. The Knotted1, Rough Sheath1 and Liguleless3 genes of maize
encode homeobox genes that are important for maintaining meristem
cell identity, and must be repressed to allow for proper development
of the leaf [70–72]. These genes were all identified through the analysis
of dominant mutations in which Mutator transposons inserted within
the third intron. In all three cases the dominant mutant allele is not
properly repressed during leaf initiation and prolonged expression of
these meristem identity genes results in homeotic transformations
within the leaf. Presumably, there are important regulatory regions
within the third intron of these genes that are required for proper
repression of this set of homeobox genes during leaf initiation and the
TE insertions in this region interfere with this repression, resulting in
ectopic expression. These dominant mutant alleles triggered by TE
insertions into binding sites for repressors provide an insight into how
TEs may disrupt normal gene regulation.

It is likely even more common for TE insertions within enhancers or
promoters to reduce gene expression and result in recessive alleles
(Fig. 3B–C). The loss of pigmentation in certain grape varieties is due
to the insertion of a retrotransposon in the promoter region of a Myb
transcription factor gene [73]. The tb1 locus in maize provides an exam-
ple of an allelic variant that was critical for domestication [74] that is
due to the insertion of a TE within a distal regulatory region [75]. A TE
insertion within the promoter of the ZmCCT locus of maize results in
Please cite this article as: C.D. Hirsch, N.M. Springer, Transposable element i
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reduced expression for this gene and alters photoperiod sensitivity
[76]. A major QTL influencing flowering time in maize, Vgt1, was fine-
mapped to a conserved non-coding region located 70 kb from an Ap2-
like transcription factor [77]. The natural variation at Vgt1 is due to the
presence of a MITE element that has inserted within this region [77].
Vgt1 provides an example in which the exact mechanism is unclear.
The MITE insertion may disrupt the normal function of this regulatory
region by interfering with proper binding of trans-acting factors. How-
ever, the analysis of DNA methylation at this region has found that the
MITE insertion is also associated with changes in DNA methylation
that may affect proper regulation [78]. These examples provide evi-
dence that TEs can disrupt normal regulation of gene expression
through insertions in cis-regulatory regions, and highlight how TE
mutagenesis can reveal mechanisms of endogenous gene regulation.

4.2. Chromatin-based regulation of gene expression by transposons

Transposons can influence expression of genes by changing the local
chromatin states. TEs are generally marked with high levels of hetero-
chromatic marks that may interfere with transcriptional regulation.
If these marks are confined to the transposon itself, then they will
interfere with the potential for enhancers within the transposon to
exert influence on the nearby genes. However, if the chromatin marks
are not confined to the transposon, but can spread to flanking sequences
they may influence gene regulation. Hollister and Gaut [79] noted that
heavily methylated transposons in Arabidopsis promoters are associated
with reduced gene expression levels. They also found evidence that
heavily methylated transposons near genes are often subjected to purify-
ing selection [79]. These results suggest that the chromatin state of TEs
near genes may influence expression of nearby genes. An alternative
explanation is that TEs may preferentially insert into genes with low
expression levels [80]. The analysis of natural variation has provided
conflicting evidence on whether the presence of the TE is associated
with expression [79,80]. The analysis of chromatin modifications near
TEs has found evidence for the ability of heterochromatin to spread
outside the borders of the transposon [4,81]. This spreading of hetero-
chromatin varies for different TE families [4] and could result in reduced
expression for nearby genes.

There are a number of examples in which the chromatin state for a
transposon near a gene has been linked to expression for the nearby
gene. Hypermethylation of a LINE element can lead to silencing of a
nearby Anaphase-Promoting Complex (APC) 13 gene in Arabidopsis
[82]. Sex determination in melons is associated with a methylated TE
inserted near the CmWIP gene and revertants are associated with a loss
of methylation for this TE [83]. The chromatin state for a retrotransposon
insertion can influence expression for the nearby FAE1 gene in yellow
mustard [84]. One particularly intriguing example of how chromatin
modifications at a TE can affect gene expression is found at the ROS1
nfluences on gene expression in plants, Biochim. Biophys. Acta (2016),
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locus in Arabidopsis [85,86]. The expression of ROS1, a DNA demethylase
gene in Arabidopsis, is influenced by the DNA methylation level of a
helitron element located upstream of ROS1. This provides a feedback
loop for sensing DNA methylation levels and adjusting expression
of a demethylase [85,86].

The FWA locus in Arabidopsis provides an example of how TE inser-
tions and chromatin might influence expression of different epialleles
during development. FWA is normally silenced throughout vegetative
growth in plants, but is expressed in an imprinted fashion (solely from
the maternal allele) in endosperm tissue [87]. Epialleles of FWA due to
reduced methylation of a SINE element in the promoter are expressed
in vegetative tissues and result in a late-flowering phenotype [88,89].
The imprinted expression of the maternal allele of FWA likely results
from demethylation of the adjacent TE in the central cell [87]. Indeed,
many genes with imprinted expression are located near TEs that under-
go targeted demethylation in the central cell [90–94]. The analysis of
allelic variation for imprinted expression within Arabidopsis provides
evidence that epigenetic variation at nearby TE insertions can result
in variable imprinting [95]. These imprinted genes provide examples
for how developmentally induced changes in chromatin of TEs can
influence expression of nearby genes.

Recent studies have found that changes in the chromatin state of TEs
near genes may play a role in response to environmental conditions.
Many stress-responsive genes in Arabidopsis contain TEs in the promoter
region. In addition, these TEs are actively demethylated when the genes
are up-regulated [96].Many rice genes that are induced by lowphosphate
stress exhibit increased levels of DNAmethylation at transposons near the
promoter [97]. However, in this study it appears that the change of
chromatin at the nearby TE is a result of altered expression rather than
a cause of the altered gene expression.

4.3. Transposons as a source of novel regulatory information

Changes in gene expression are a critical source of phenotypic diver-
sity and adaptation [98]. A fundamental question is how genes acquire
novel cis-regulatory sequences that provide new expression patterns
in response to environmental or developmental cues. In many cases, it
would be difficult for single nucleotide polymorphisms (SNPs) to create
new binding sites for transcription factors. TEs are one possible sources
of novel cis-regulatory information that could influence expression of
nearby genes (Fig. 3).

TEs themselves are subject to complex regulation and require proper
cis-regulatory sequences for this regulation. TEs can exhibit stress-
responsive transcription or mobilization [99–102]. The tobacco Tnt1
element can be induced by biotic or abiotic stress [100]. Many TEs can
be activated by tissue culture [103,104]. The mPing DNA transposon in
rice can be activated in response to cold or salt stress [105,106]. There
are examples of TEs with developmentally regulated gene expression.
Many TEs in Arabidopsis are activated in the vegetative nucleus of pollen
cells [107]. Some animal transposons contain silencers that can trigger
recruitment of Polycomb proteins [108]. For a TE to maintain proper
regulation in response to stress or developmental cues the cis-acting
regulatory sites would need to be located within the TE itself such that
the cis-acting regulation would move with the TE. Local enhancers
locatedwithin the TEwould need to act upon the TE promoter to condi-
tion proper expression of the transposon. However, it is quite possible
that these cis-acting regulatory sites would also be able to influence
expression of nearby genic promoters as well. The concept that TEs
may act to influence expression of nearby genes fits with McClintock's
suggestion that TEs can play important roles in the response of genomes
to environmental stress and controlling gene expression [109–111].

The ONSEN retrotransposable element of Arabidopsis provides an
excellent example of a TE with complex regulation that can influence
the regulation of nearby genes. ONSEN elements are transcriptionally
silent but can be activated by heat-stress [112,113]. The activation of
ONSEN requires DNA binding sites for heat-shock factors [100] and is
Please cite this article as: C.D. Hirsch, N.M. Springer, Transposable element
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also influenced by chromatin modifications [112]. ONSEN elements
can also affect the heat-responsive expression for nearby genes [112].
When ONSEN elements are inserted nearby genes will be up-regulated
in response to heat, but natural variant alleles lacking the ONSEN inser-
tion do not show heat-responsive expression [112]. There is evidence
for TEs influencing expression of nearby genes in other plant species
as well. Rice harbors numerous mPing insertions near the 5′ ends of
genes and many of these have little effect on expression in control
conditions [105]. However, mPing itself is up-regulated in response to
cold stress and nearby genes also exhibit cold-responsive expression
when mPing elements are present [105]. Similar regulation of expres-
sion has been observed for rice genes located near mPing insertions
[105]. A genome-wide analysis of TEs near stress-responsive genes in
maize found evidence for a ~ 20 TE families that are associated with
stress-responsive expression of nearby genes [114]. In most cases,
expression of the TEs themselves is responsive to the same stress condi-
tions and they appear to provide enhancers that influence the expression
of nearby genes [114].

We have highlighted several mechanisms bywhich transposons can
influence plant gene expression that are well supported in the litera-
ture. However, there are additional mechanisms by which transposons
may influence gene expression that have not been aswell characterized
to date. For example, some transposable elements have been “domesti-
cated” by plant genomes and now play important roles in plant devel-
opment or gene regulation [115,116]. There is also evidence that
siRNAs generated from TEs can influence the expression of genic
mRNAs [117]. In both of these examples the TEs can act in trans to affect
the expression of genes located at unlinked genomic positions through
providing regulatory protein or siRNA sequences.

5. Concluding remarks

Transposons have the potential to play diverse roles in shaping plant
genomes. While many TE insertions within genes can result in loss-of-
function mutations there are also opportunities for TEs to influence
transcripts. Here, we have evaluated a variety of mechanisms by which
TEs can interact with plant genes to shape transcripts and expression
levels. TEs located within plant genes bring a set of chromatin modifica-
tions associated with heterochromatin, but are largely tolerated. Plants
have evolved mechanisms to allow for proper transcription and process-
ing through heterochromatin TEs located within introns. However,
changes in the chromatin state of these intragenic TEs can result in aber-
rant splicing patterns and novel function for genes. TEs can also affect
gene expression through providing novel promoters or influencing regu-
lation. It is possible that a substantial portion of gene regulatory variation
originates from transposon-mediated changes. Over time, the regulatory
information may be subject to selection while the rest of the transposon
sequence decays past the point of detection as a TE. Understanding the
mechanisms by which TEs influence gene expression could shed light
on the evolutionary basis for regulatory diversity in flowering plants. A
more complete understanding of the roles of TEs in generating expression
diversity could also allow for novel approaches for generating expression
diversity for response to abiotic stress or developmental cues in crop
plants.
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