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Enhancers are important cis-regulatory DNA elements that regulate transcription programs by recruiting tran-
scription factors and directing them to the promoters of target genes in a cell-type/tissue-specific manner. The
expression of a gene can be regulated by one or multiple enhancers at different developmental stages and/or
in different tissues. Enhancers are difficult to identify because of their unpredictable positions relative to their
cognate promoters. Remarkably, only a handful of enhancers have been identified in plant species largely due
to the lack of general approaches for enhancer identification. Extensive genomic and epigenomic research in
mammalian species has revealed that the genomic locations of enhancers can be predicted based on the binding
sites of transcriptional co-factors and several distinct features associated with open chromatin. Here we review
themethodologies used in enhancer prediction inmammalian species.We also review the recent applications of
thesemethodologies inArabidopsis thaliana and discuss the future directions of enhancer identification in plants.
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.
Keywords:
Enhancer
Promoter
Transcription co-factor
Open chromatin
Histone modification
1. Introduction

Plant development and responses to environmental and hormonal
cues are carefully regulated by precise orchestration of gene transcrip-
tion programs [1]. The spatiotemporal specificity of gene transcription
can be largely attributed to the binding of transcription factors (TFs)
to regulatory DNA elements [2]. Generally, the presence of regulatory
elements located proximal to the transcription start site (TSS), also
known as the core promoter, is sufficient for the assembly of transcrip-
tional machinery, often leading to low or moderate gene expression.
However, the participation of some promoter-distal regulatory ele-
ments can drastically alter the rate and quantity of mRNA biosynthesis
through poorly understood mechanisms. These distant sequences con-
tain clusters of short, 4–30 base pair (bp) DNA motifs which function
as binding sites for sequence-specific TFs and collectively are referred
to cis-regulatory elements (CREs) (Fig. 1). CREs can function in gene
transcription, repression, chromatin organization and a multitude of
other functions, however, this review will pay particular attention to
the transcription activating CREs, termed enhancers.
ne Regulatory Mechanisms and
pringer.

owards genome-wide predict
016.06.006
Enhancer-bound TFs are capable of recruiting co-activators and
other TFs that interact with different components of themediator com-
plex in order to recruit RNA polymerase II (RNAPII) to the TSS [3]. How-
ever, for distally activated elements to facilitate the interaction between
TFs and RNAPII, the enhancer-associated chromatin must loop over the
intervening sequences, and direct interaction between the enhancer-
bound TF complex, the target gene promoter, and the transcriptional
machinery, in a process that is typically mediated and stabilized by
the chromosome-associated multi-subunit protein complex, cohesin
[4] (Fig. 1). This demonstrates the ability of enhancers to act indepen-
dently of distance, position and orientation with respect to the target
gene(s). Surprisingly, in a few rare cases, enhancers have been implicat-
ed in interchromosomal regulation, by activating transcriptional
programs of target genes found on different chromosomes, although
the legitimacy of these claims remains somewhat contentious [5,6].
Additionally, enhancer-bound transcription factors are responsible for
the recruitment of histone modifying enzymes and ATP-dependent
chromatin remodeling complexes, cofactorswhich aid in the unraveling
of tightly condensed chromatin fibers and thus increase the accessibility
of DNA to other transcription regulatory proteins [7].

Substantial advancements in computational and molecular biology
techniques have enabled the implementation of genome-wide tools
for analysis of the genomic and functional characteristics of enhancers.
These methods revealed several chromatin features associated with en-
hancers, such as hypersensitivity to DNase I, the presence of specific
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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Fig. 1. A model for enhancer regulation of gene expression. Enhancers are distinct genomic regions that contain clusters of transcription factor binding sites which can enhance or up-
regulate the transcription rate of a target gene(s), regardless of their location, orientation and distance with respect to the target(s). (A) Binding of transcription factors (TFs) to DNA
motifs within the enhancer triggers the recruitment of the mediator complex and stimulates chromatin looping. (B) Cohesin stabilizes the enhancer-promoter interaction.
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transcriptional cofactors, various histone modifications, chromatin
looping, and nucleosome depletion and phasing. When analyzed con-
gruently, enhancer-associated chromatin features lend an attractive
and powerful avenue for the identification of novel enhancers. Howev-
er, most of our current understanding of enhancer function stem from
studies initiated by the Encyclopedia of DNA elements (ENCODE)
project [8], which aimed to characterize and identify all functional
elements, including enhancers, within the human genome. To date, no
such effort has been initiated in any plant species, limiting our under-
standing of these regulatory elements in the context of the plant cells.
Nevertheless, with the wide adoption of high-throughput sequencing
methods coupled with enhancer-associated chromatin feature enrich-
ment techniques, it has become more feasible than ever to answer
basic questions in plant enhancer biology. This review presents the
different methods pioneered by mammalian researchers for the identi-
fication of enhancers, as well as the genomic characteristics of en-
hancers that form the basis of these techniques. We also highlight
studies, seminal and current, confirming enhancer activity through
functional and genomic signature characterization, and discuss the
future directions of enhancer research in plants.

2. Genome-wide features of enhancers

Recent advances in bioinformatics and molecular techniques have
facilitated the adoption of genome-wide tools for enhancer prediction
and identification. Several key chromatin features and enhancer-
associated proteins have been thoroughly dissected in mammalian sys-
tems, enabling the translation of these approaches for use in the context
of plants. A number of fundamental hallmarks have been used to locate
enhancers, which include (i) TF-bound genomic regions; (ii) histone
modifications of nucleosomes adjacent to enhancers; (iii) the presence
of structural, transcriptional, and cofactor proteins, such as cohesin,
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RNAPII and the mediator complex distal to promoters; (iv) transcribed
enhancer RNAs (eRNAs), and (v) open chromatin conformations. Here
we present and discuss the roles of these chromatin features in enhanc-
er biology as determined in mammalian studies as well as the method-
ologies used for their discovery. In addition,we evaluate the advantages
and limitations of thesemethodologies in plant enhancer identification.

2.1. Transcriptional co-factors

One strategy to reveal genome-wide enhancers is by identifying
their underlying chromatin features and associated proteins. To under-
stand how these features are used to identify enhancers, we need to be
familiar with the timing and specific roles of enhancer-associated
proteins during enhancer-mediated transcription. Activation of an
enhancer is strictly initiated by the binding of transcription factors to
their cognate DNA motifs intrinsic to the enhancer sequence [9]. Upon
DNA binding, TFs have been demonstrated to be responsible for
recruiting the mediator complex, a major component of enhancer-
directed transcription [10]. TFs additionally signal for the recruitment
of chromatin remodeling complexes (Fig. 1), and histonemodifying co-
factors such as p300/CBP, proteins which directly regulate chromatin
structure and accessibility [11]. Lastly, enhancers associate with tran-
scriptional machinery such as general transcription factors and RNAPII.
By mapping the locations of these transcriptional cofactors, several
studies have demonstrated the effectiveness of this strategy for enhanc-
er discovery.

A high-throughputmethod is required to reveal protein-DNA associ-
ations accurately and on a genome-wide scale. Chromatin immunopre-
cipitation (ChIP) with antibodies specific to enhancer-associated co-
factors or transcription factors coupledwithmassively parallel sequenc-
ing (ChIP-seq) (Fig. 2A) has become the most common platform for the
identification of the protein binding sites genome-wide [12,13]. It is
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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Fig. 2. Common techniques used in identifying chromatin features associated with enhancers. (A) ChIP-seq using antibodies against TFs or transcriptional co-factors. A putative enhancer,
representing a protein binding site, is typically identified as single peak centered by aDNAmotif recognized by the TF or co-factor. (B) DNase-seq. A putative enhancer, representing a DHS,
is typically identified by a “dual peak”, which is centered by a footprint caused by the binding of regulatory protein(s). (C) ChIP-seq using antibodies against specific histonemodifications.
A putative enhancer, representing a region marked by specific histone modifications, such as H3K27ac, is typically identified by a “dual peak”, which is centered by the enhancer.
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known that different tissues exhibit specific transcriptional programs in
order to preserve their identity. Visel et al. utilized ChIP-seq of the p300/
CPB protein between mouse embryonic, forebrain, midbrain and limb
tissues to identify tissue-specific enhancers [14]. Using this strategy,
Visel et al. were able to reveal ~5000 distinct tissue-specific enhancers
with a high degree of accuracy. This study additionally tested the activ-
ity of 122 enhancers by functional characterization of enhancer se-
quences through the use of enhancer-driven reporter vectors, and
further confirmed that ~88% (107/122) of the tested genomic regions
demonstrated reproducible reporter activation [14]. Another study in
mouse embryonic stem cells examined the genome-wide occupancy
of the mediator complex and cohesin as a means of enhancer discovery
[15]. The majority of shared mediator and cohesin signals co-localized
on active enhancers, a finding whichwas supplemented by knockdown
datasets showing significant transcriptional changes to genes occupied
by mediator and cohesin. Collectively, these studies suggest that the
presence of enhancer-associated cofactors at a specific locus offers
convincing evidence for the positive identification of active enhancers.
2.2. Enhancers and other CREs are found in open chromatin

DNA in all eukaryotic organisms is packaged into chromatin, which
is comprised of ~147 bp of DNA tightly wrapped around core histone
octamers, known as nucleosomes. Because nucleosomes are composed
of positively charged amino acids, they have a high affinity for the
negatively charged phosphate backbone of DNA, and due to this strong
affinity, genomic regions with a high density of nucleosome occupancy
are relatively inaccessible to other DNA binding proteins [16]. CRE
sequences must be physically accessible in order to allow TF binding,
and because of this requirement, CREs are highly associated with
nucleosome-depleted regions (NDRs) or regions of ‘open chromatin’
[17,18]. However, certain pioneer transcription factors can bind to re-
gions of high nucleosome density, or “closed chromatin”, and in turn
allow the binding of other TFs, chromatin modifiers and nucleosome
remodelers, and thus create an “open chromatin” state at the targeted
locus [19]. Though in general, dynamic nucleosomepackaging is a direct
consequence of regulatory protein binding to CREs in open chromatin,
histone acetylation, or activation of nucleosome remodeling complexes,
all of which ultimately lead to nucleosome eviction and increased
chromatin accessibility at regulatory sites [20,21].
Please cite this article as: A.P.Marand, et al., Towards genome-wide predict
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NDRs show a pronounced susceptibility to cleavage by deoxyribonu-
clease I (DNase I), and are known asDNase I hypersensitive sites (DHSs)
[22–26]. Thus, the extent of chromatin accessibility can be directly and
reliably measured utilizing DNase I digestion in combination with
next generation sequencing (DNase-seq) (Fig. 2B) [22–27]. A plethora
of studies in human have utilized this strategy in an attempt to charac-
terizeDHSvariability across cell-types in order to construct CRE catalogs
for specific cells lines. One particular study initiated by the ENCODE
project was able to demonstrate that distinct human cell lines exhibit
specific DHS profiles, and thus display differential expression programs,
leading to identification of genes characteristic to these cell-types [28].
New DHSs arise and disappear between distinct cell-types, suggesting
that DHSs play a role in determination and maintenance of cell identity
[28]. A large proportion of these DHSs functionally activate gene expres-
sion programs, which implies that the overlying CRE in a majority of
DHSs function as transcriptional enhancers. Using this information,
many labs have exploited DHSs for direct identification of putative en-
hancer loci. A study of DHSs in mouse brain and neural retina samples
revealed that DNase-seqwas just as capable at discriminating enhancer
loci as p300 and histone 3 lysine 27 acetylation (H3K27ac) ChIP-seq
datasets by evaluating regions near candidate genes as well as
intergenic regions [29]. Moreover, this particular study successfully
demonstrated functional activity of three novel retina-specific en-
hancers surrounding Otx2, a well characterized retina developmental
gene, identified through DNase-seq. Thus, systematic evaluation of
DNase-seq datasets at intergenic loci coupled with a priori knowledge
or gene expression data can allow for identification of CREs, and in
particular, putative enhancers and their locations genome-wide.

2.3. Histone modifications associated with enhancers

Following sequence-specific binding of TFs to their cognate motifs
within an enhancer, TFs participate in the recruitment of transcriptional
cofactors. While cofactors lack DNA-binding capabilities, they offer a
range of functional contributions to enhancer activity, such as post-
translational histone modifications [30]. Active enhancers are located in
regions depleted of nucleosomes, but neighboring nucleosomes often
contain histones that aremodified post-translationally by transcriptional
cofactors with methyl- and acetyltransferase activity (Fig. 2C). Re-
searchers have become interested in defining the chromatin landscape
for distinct genomic regions, and with those efforts, several histone-
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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associated features relevant to enhancer characterization have come to
light. Intriguingly, genome-wide studies mapping various histone
modifications via ChIP-seq have identified distinctly reproducible pat-
terns of modifications that appear at defined genomic regions, such as
active enhancers, promoters and transcriptionally repressed loci [31].
Discerning these discrete histone modification patterns genome-wide
can facilitate annotation of genomic enhancers.

Several histone marks have been revealed to be associated with
distinct enhancer states, including: (i) histone 3 lysine 4 mono-
methylation (H3K4me1); (ii) H3K27ac; (iii) histone 3 lysine 27
tri-methylation (H3K27me3); and (iv) histone 3 lysine 79 tri-
methylation (H3K79me3) [32]. Enrichment of some of these
modifications at specific genomic sites, H3K4me1 and H3K27ac in
particular, are usually strong indicators of transcriptionally active
enhancers [33] (Fig. 2C). One particular study in human Treg cells
identified enhancers based on the presence of H3K4me1 while
utilizing H3K4me3 to mark proximal promoters [34]. The authors
additionally cloned a subset of putative enhancers into luciferase
reporter constructs and demonstrated that approximately 50% of
their candidates had significant transcriptional activation activity.
Interestingly, some enhancers may contain H3K4me1, yet may
not be active. Studies evaluating the presence of H3K4me1 with
either H3K27ac or H3K27me3 have suggested that there may be
additional enhancer states which depend on histone modification
status in neighboring nucleosomes [35]. H3K27me3 was proposed
to play a role in regulating enhancer accessibility to TFs by masking
enhancer chromatin, and therefore inhibiting premature TF binding
[36]. The reversibility of H3K27me3 is suggestive of dynamic regulation
at genomic enhancers, and lends to the hypothesis that H3K27me3
along with H3K4me1 may mark bivalent enhancers, or enhancers
which are poised for activation, yet are presently in-active [37]. Thus,
the deposition of H3K27ac in place of H3K27me3 can discriminate be-
tween active and inactive enhancers carrying H3K4me1 modifications.
One such study clearly establishes this hypothesis by evaluating
H3K4me1, H3K27ac andH3K27me3 datasets to identify putative poised
or active enhancers infive different human cell lines supported by eRNA
and gene transcription data sets [35]. The picture of how these modifi-
cations aid in enhancer activation and function is only beginning to
emerge. However, regardless of the mechanism by which histones
becomemodified, thesemarks provide a reliable and consistent pattern
suggestive of genomic enhancers, particularly when used in combina-
tion. Furthermore, by evaluating a host of histone modification marks,
systematic classification of active, repressed or poised putative en-
hancers becomes possible.

2.4. Promoter-enhancer interaction

For an enhancer to actively regulate transcription of its target
gene(s), the enhancer must be in close spatial proximity to the
promoter(s) of its target(s). Themost accepted model for this phenom-
enon is known as DNA looping (Fig. 1). Strikingly, it remains unclear
which factors are responsible for initiating DNA looping, though it has
been proposed that these looping structures are in placewell in advance
of transcription initiation signals [38]. Enhancer loops are known to be
stabilized by a multi-subunit chromosome structural protein, cohesin,
which is also recognized to play a role in gene repression [15]. It has
been suggested that cohesin helps to stabilize enhancer-promoter inter-
actions during enhancer-regulated transcription by scaffolding enhanc-
er and promoter chromatin [39]. The enhancer-associated chromatin
harboring TFs, cofactors and transcriptional machinery loop over the
intervening sequences in order to permit the interaction between the
promoter and enhancer elements (Fig. 1). Recently, several studies
have revealed that enhancer-promoter chromatin interaction networks
are generally distinct between cell-types, which may be a major reason
for cell type-specific transcriptional programs [40]. Furthermore, anoth-
er study was able to show that in human fibroblast cells, networks of
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chromatin interactions are even in place prior to cellular stimulation
by an external signal, and interestingly, stimulation does not significant-
ly alter the chromatin architecture [41]. Thus, methods which can iden-
tify these interactions between promoters and putative enhancers
provide a different and perhaps more direct approach for enhancer
identification and validation.

Interactions between distant chromatin segments can be directly
measured using chromosome conformation capture (3C) and its vari-
ants, including circular chromosome conformation capture (4C), chro-
mosome conformation capture carbon copy (5C), and Hi-C [42]. These
methods are based on cross-linking the points of contact between
in vivo chromatin fragments that are in close spatial proximity within
the nucleus. Many studies aimed to discern the mode of interaction be-
tween the enhancer chromatin and that of the promoter elements by
employing these techniques, and for the most part, have resulted in a
general consensus in agreement with the pre-existing DNA-looping
model. Although5C andHi-Cwere designed to assess the organizational
patterns of the genome, they were not, however, designed specifically
to probe the interaction between an enhancer and its target pro-
moter(s) [42]. A recently developed technique based on 3C, chromatin
interaction analysis by paired-end tag sequencing (ChIA-PET), essen-
tially couples 3C technology with chromatin immunoprecipitation.
Interactions between spatially proximal chromatin segments are pre-
served and enriched by ChIP; this allows the investigation of chromatin
fragments associated with a specific TF or cofactor, which are not only
physically bound to DNA, but also in close contact within the nucleus
via DNA looping. A recent study utilizing this technique focused on
enriching interactions associated with RNAPII [40]. This strategy pro-
vides a logical methodology to identify not only active enhancers, but
their target promoter(s) as well. However, ChIA-PET is a particularly
complex and technically challenging technique and has yet to be real-
ized in plant species owing to these obstacles. Further optimization of
ChIA-PET will be necessary before it can become feasible in plants.

2.5. Transcription of genomic enhancers

Recent genomic advances have enabled the identification of novel
non-coding transcripts derived from genomic enhancers (eRNAs).
Transcription of enhancers was first discovered in 1992 but dissection
of their function was not instigated until the late 2000s [43]. Kim et al.
were able to demonstrate the presence of eRNAs at enhancer loci by
sequencing total RNA (RNA-seq) and positively mapping these non-
coding transcripts to enhancer regions bound by RNAPII via ChIP-seq
[44]. eRNA quantity positively correlated with mRNA biosynthesis of
nearby genes, resulting in speculation that these elements contribute
functionally to enhancer activity [44]. Additionally, when the target pro-
moter of an enhancer was knocked out, this subsequently abolished
eRNA transcription, prompting the hypothesis that eRNAsmay facilitate
enhancer-promoter interactions [45]. Though this claim remains some-
what of a controversy as another study indicated that eRNAsmay not be
relevant to DNA looping since knocking down eRNAs from active
enhancers did not affect promoter-enhancer interactions [46]. A more
recent examination of eRNAs have advocated for a functional eRNA
model in which there are two enhancer states, based on the presence
or absence of eRNAs [47]. Evidence for functional eRNAs stem from
studieswhich revealed that by knocking down eRNAs, expression levels
of nearby genes were subsequently reduced [46,48,49]. Even more
striking, was the discovery that for some enhancers, eRNA sequence is
critical to their function, since modifications to eRNA sequences
negatively alters the expression of their target genes [50]. Additional
evidence for a role of eRNAs in enhancer function was demonstrated
by Cheng et al. who determined the existence of two possible states of
enhancers, transcribing and non-transcribing, where transcribed
enhancers correlated with higher expressed target genes in contrast to
non-transcribed enhancers [47]. In addition, transcribed enhancers
were more associated with genes implicated in cell type-specific
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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processes [47]. It remains unclear how eRNAs function in enhancer-
directed transcriptional regulation, as well as if these elements are
necessary for enhancer function. Future insights into the functional
aspects of eRNAs will serve to clarify these discrepancies.

Clearly, the presence of transcription at enhancer loci can serve as a
genomic signature of an active enhancer. It should be noted that inmost
of the studies examined, not all enhancers exhibit local transcription. In
fact, some studies have suggested that eRNA production may be a coin-
cidence of spurious transcription by RNAPII at enhancer-promoter
proximal sites [51]. However, there has been growing evidence pointing
to the contrary [52,53]. In the cases where eRNA transcripts were iden-
tified,most, if not all of their cognate genomic sequencewere verified as
active enhancer loci. The field of eRNAs remains a controversial and
hotly debated topic,with newevidence emerging almost daily. However,
the fact remains that these elements can be used to positively identify
the locations of enhancers genome-wide. At the time of this review, no
systematic evaluation of plant eRNAs has been conducted, resembling a
lapse in our understanding of these mysterious elements. Nevertheless,
eRNAs provide another potential mark for prediction and identification
of plant enhancers.

3. Enhancer trapping in plants

Several enhancers such as the tb1, b1, Bx1, Vgt1 and KRN4 loci in
Maize were some of the first plant enhancers identified, specifically
through genetic mapping, though this technique is not a general
approach or specifically designed for enhancer identification [54–58].
Enhancer traps represent the first general methodology developed for
direct identification and functional validation of enhancer activity. The
first enhancer traps were initially developed in Drosophila using the
lacZ reporter fused to a weak promoter [59]. Early plant enhancer trap-
ping methods were developed based on T-DNA insertion lines carrying
promoter-less antibiotic resistance genes [60,61]. Newer generation
enhancer traps contain a minimal promoter including a TATA box and
a transcription start site, which is fused to the 5′ end of a reporter
gene, typically β-galactosidase (GUS) or green fluorescent protein
(GFP). The minimal promoter is unable to drive transcription of the
reporter gene unless in the presence of a transcription activating CRE
[62]. Thus, identification of enhancers through this method relies on
the insertion proximity of the T-DNA construct to a putative enhancer.

Enhancer traps have proven useful for enhancer identification in
plants. Using this approach Fridborg et al. (2004) identified enhancers
responsible for pathogenmediated responses in Arabidopsis [63]. Trans-
formed Arabidopsis plants carrying the GUS reporter gene fused to a
Cauliflower mosaic virus 35S minimal promoter displayed strong GUS
signals when subjected to Tobacco Rattle Virus (TRV) [63]. Two en-
hancers located 1.1 kb away from the T-DNA insertion were identified
and cloned, in addition to their target gene, aWRKY transcription factor,
termed TRV-induced gene (TRI). Enhancer traps have been implement-
ed in several plant species, including Arabidopsis thaliana [64,65], rice
(Oryza sativa) [66,67], poplar (Populus trichocarpa) [68] and tobacco
(Nicotiana tabacum) [69], owing to the functionality of these traps in
heterologous species.

Unfortunately, enhancer traps have a fewmajor limitations. Report-
er gene activation is dependent on the proximity of the reporter
construct to an active enhancer. Cellular expression of the reporter
gene only indicates that a potential enhancer is near by the insertion
site. Since enhancers can act in a distance and orientation independent
manner, revealing the physical location of the enhancer with respect to
the insertion is often a major challenge associated with trapping lines.
Isolation of the enhancer sequence from a trapping line is often associ-
ated with tedious cloning and functional assays [70]. Furthermore, in
order to simply tag a putative enhancer, enormous numbers of trans-
genic lines need to be generated which is a considerably laborious and
time-consuming effort, and is only feasible in species where transfor-
mation protocols are well-established. Collectively, these drawbacks
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reduce the throughput of enhancer trapping, a major bottleneck in the
efforts to identify and predict enhancer loci genome-wide for many
plant species. As a result, only a handful of enhancers have been isolated
using this technique in plants [54,71–74].

4. Plant enhancer prediction and identification based on open chro-
matin signatures

The presence of sequences hypersensitive to DNase I cleavage,
specific post-translational histone modifications, and nucleosome
positioning and phasing, have all been suggested as distinct hallmarks
of active or latent enhancers in mammalian systems [23,26,75–78].
Until recently, it has been unknown if these genomic and chromatin
characteristics of enhancer held for plant species.

4.1. DHSs in plants

Recently, some of the first plant DNase-seq studies have been con-
ducted in rice [79], A. thaliana [26,80,81] and Brachypodium distachyon
[82]. The first set of plant DHSs were identified in rice by evaluating
chromatin accessibility in both callus and seedling tissues [79]. Surpris-
ingly, a staggering 42% and 45% of DHSs were located in intergenic re-
gions from the callus and seedling libraries, respectively, providing the
first genome-wide DHS-based observations of chromatin architecture
in plants [79]. Shortly after, a similar approach was used to examine
the genome-wide properties of open chromatin between flower and
leaf tissues in A. thaliana [26]. In contrast to the discoveries in rice, out
of all DHSs identified in A. thaliana, approximately 15% were located in
intergenic regions, representing likely distal enhancers, or other active
CREs. DHSs within 1000 bp upstream of genes account for 45% and
27% of the total DHSs in Arabidopsis and rice genomes, respectively
[25]. These results suggest that plant species with compact genomes
such as Arabidopsis, may contain fewer distal CREs than those with
large complex genomes.

TheDHS studies in rice and Arabidopsis also demonstrated that DHSs
are depleted of bulk nucleosomes [26,79], similar to the experimental
reports in mammalian species. Genes associated with flower-specific
DHSs in Arabidopsis were enriched with functions related to flower,
seed, and fruit development. In addition, flower-specific DHSs were
highly correlated with the binding sites associated with two floral regu-
lators, AP1 and SEP3. Protein-binding footprints as a consequence of TF
binding can be potentially revealed based on the analysis of high-quality
DNase-seq datasets [26]. These analyseswere not exclusive to promoter
DHSs, but however, included a broad set of DHSs within genomic re-
gions including the 5′ untranslated region (UTR), 3′UTR, exons, introns,
and intergenic sequences. Given that enhancers can be distributed over
many genomic features and are typically distant from their target genes,
DHSs located outside of the promoter regions are attractive targets as
putative enhancers.

4.2. DHS-based enhancer prediction and validation

Identifying putative enhancers can be achieved by sifting through
genome-wide DHS datasets for regions classically associated with
enhancers such as intergenic and intronic sites. However, for true
validation of an enhancer, biochemical assays are needed to establish
functional activity. We were able to identify and validate leaf- and
flower-specific enhancers by utilizing a subset of intergenic DHSs in
A. thaliana [83]. The sequence of each predicted enhancer was cloned
into aGUS-based reporter vector. The constructswere then transformed
intowild type Arabidopsisplants and assayed for GUS expression. A total
of 14 predicted enhancers were selected for validation. Ten of the 14
enhancer candidates (71%) consistently generated GUS signals in differ-
ent tissues with different signal intensities. Among the 14 predicted en-
hancers selected for validation, three were leaf-specific DHSs and three
were flower-specific DHSs. All three leaf-specific enhancers generated
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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Fig. 3.RNA polymerase II localization at intergenic DHSs inArabidopsis. DHSswere aligned
by their midpoint coordinates and the normalized RNA Pol II scores were averaged using
all intergenic DHSs (n = 7515). Random positions (n = 7515) without DHSs of similar
length and composition as the DHS dataset was used as a control. The RNAP II signal
rapidly decays as the distance from the DHS center increases, suggesting that intergenic
DHSs are strongly associated with RNA Pol II.
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distinct GUS expression patterns exclusively localized in leaves, but not
in flowers. Two of three flower-specific enhancers generated GUS
signals in flowers. These results showed that DHS-based enhancer pre-
diction is a promising avenue for enhancer identification and provides a
general approach for enhancer prediction in any plant species with a se-
quenced genome. In addition, tissue-specific enhancers can be reliably
predicted based on tissue-specific DHSs.

4.3. Additional marks for plant enhancer prediction

4.3.1. Histone modifications
Although genomic enhancers are depleted of nucleosomes, histone

proteins neighboring enhancer sites generally carry characteristic
post-translational modifications, especially H3K27ac, which can be
exploited as a chromatin signature of enhancers [84]. In rice, 27% of
the H3K27ac marks localized to intergenic regions and introns, while
30% of intergenic DHSs overlapped with H3K27ac modifications, sug-
gesting that only 30% of intergenic DHSs may be predicted as putative
enhancers [85]. This is in stark contrast with mammalian model organ-
isms where the power to detect enhancers by H3K27ac and H3K4me1
appears to be much stronger than in plants. This is likely due to mixing
of complex heterogeneous plant cell-types during DNase-seq and ChIP-
seq library preparation, in contrast to mammalian species, where re-
searchers have the luxury of homogenous cell lines. Interestingly, in
whole rice seedlings, intergenic DHSs are enriched with H3K27me3
[79]. Elevated levels of H3K27me3 is suggestive of interactions with
the Polycomb-complex, a transcriptional repressor involved with
silencing a large number of genes, and is typically associated with
tissue-specific developmental processes [86,87].

Predicted tissue-specific enhancers in Arabidopsis were examined
for association with various histone modifications [83]. Putative leaf-
specific enhancers were significantly more enriched with H3K27me3
in floral tissues than in leaf tissues. By contrast, putative leaf-specific en-
hancerswere indeedmore enrichedwithH3K27ac in leaf tissues than in
floral tissues. These results suggest, as in mammalian systems, that ac-
tive enhancers are associated with the presence of H3K27ac while
poised enhancers are generalized by the presence of H3K27me3. Never-
theless, the association of H3K27me3 and H3K27ac with Arabidopsis
intergenic enhancers were clearly not as striking as those reported in
mammalian species. Thus, the value of histone modification data for
predicting individual enhancer will be limited in plants, likely a result
of heterogeneous datasets.

4.3.2. RNAPII binding sites
Notably, RNA polymerase II can be used in conjunction with DNase-

seq to identify candidate enhancers [44,51,88]. In Arabidopsis, increased
levels of RNAPII occupancy has been detected at DHSs within pro-
moters, and is strongly correlated with gene expression [89]. We exam-
ined the RNAPII occupancy associatedwith intergenic DHSs (n= 7515)
in Arabidopsis. DHSswere visibly enriched with RNAPII-binding relative
to the flanking regions as well as a random control dataset (Fig. 3).
Clearly, the presence of RNAPII-binding sites concomitant with DHSs
at non-promoter regions provides robust evidence for enhancer
prediction.

4.3.3. Transcription of genomic enhancers
Several recent studies inmammalian species indicated that some ac-

tive enhancers are actively transcribed and are marked by the presence
of noncoding RNA [44,90]. Thus the presence of eRNAs at an enhancer
locus can serve as an additional feature for the identification of active
enhancers.

Some 13,200 noncoding RNAs (ncRNAs) have been identified in the
Arabidopsis genome [91]. Surprisingly, we found that only approximate-
ly 20% of intergenic DHSs (1991out of 10,044) overlappedwith a ncRNA
transcript [83]. To ensure that this enrichment was not due to chance,
we randomly selected a set of 10,044 intergenic sequences (300 bp
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long, the average length of the intergenic DHSs) and examined for the
potential overlap of these sequences with ncRNAs, permuting this test
10,000 times. We found that the predicted enhancers were significantly
more associated with overlap from ncRNAs than by chance [83]. How-
ever, the transcription levels of most mammalian eRNAs are low [44].
Thus, we predict a similarly low transcription level of plant eRNAs. It
will be technically challenging to detect such low levels of transcription
from tissue-specific plant enhancers because of themixing of heteroge-
neous cell-types.

4.3.4. Nucleosome positioning and occupancy associated with DHSs
Nucleosome occupancy and positioning in the genome can be iden-

tified via chromatin digestion with Micrococcal nuclease (MNase)
followed by sequencing (MNase-seq). Nucleosome-depleted regions
(NDRs) are hypersensitive to DNase I digestion, and thus, are identified
as DHSs with DNase-seq. Interestingly, we observed that intergenic
DHSs in rice are often tightly associatedwith phased neighboring nucle-
osomes, a phenomenon typically observed at/or nearby actively tran-
scribed genes [23,89]. It has also been reported that active promoters
and regulatory sites are not in fact nucleosomedepleted, but rather con-
tain instable histone variants, H3.3 and H2A.Z [92]. Thus, information of
nucleosome dynamics associated with DHSs, including details of nucle-
osome occupancy, the presence of H2A.Z, or flanking of phased nucleo-
somes, may provide additional evidence for enhancer prediction [89].
However, the correlations between DHSs and nucleosome dynamics
were observed based on genome-wide analyses. The predicting power
for a specific genomic region will rely on the quality of each genomic
dataset, with careful attention directed to the impact of mixing cell-
types associated with plant tissues during library construction.

5. Conclusions and future directions

Enhancers were traditionally difficult to identify because of their un-
predictable positions. The advent of sequencing technologies and their
applications in genome-wide chromatin studies have propelled enhanc-
er research to new frontiers. Most enhancers can be predicted based on
ion and characterization of enhancers in plants, Biochim. Biophys. Acta
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Fig. 4. Functional assay of a cold-induced intergenic enhancer candidate. The two transgenic plants (T1) were derived from the same transgenic plant (T0) carrying a cold-inducible DHS
fused to theminimal 35S promoter neighboring theGUS reporter gene. Seedswere germinated at the same time point andwere allowed to growunder standard conditions. (A) GUS assay
of two-week-old seedling grown under room temperature. (B) GUS assay of a seedling that was placed under 4 °C for 24 h before the assay. Note: GUS signals were mainly observed in
roots and main veins before cold treatment. GUS signals can be observed in the entire seedling after cold treatment.
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their association with transcriptional activators and several unique fea-
tures associated with open chromatin in mammalian species. Enhancer
predicting methodologies can potentially be adapted for use in plants.
However, the predicting power of genome-wide chromatin datasets in
plants will be significantly affected by the heterogeneity of the data as-
sociated with mixing numerous cell-types in most plant tissues. Each
data point from DNase-seq, ChIP-seq, or MNase-seq represents the av-
erage of data frommultiple cell-types as well from cells at different de-
velopmental stages. This results in data which are considerably noisier
than datasets generated by pure cell lines. Furthermore, since data gen-
erated in this manner represent the average of the sampled cell-types
and developmental stages, there is a greater opportunity for type II
error, or false negatives. True signal peaks from one specific cell-type
can be lost or diminished due to the averaging with other non-signal
bearing cell-types. This phenomenon can occur differentially between
cells-types, ultimately leading to noisy and un-reliable data if many
complex cell-types are used during the experimental procedure. Thus,
development of datasets from individual cell-types will be a major
factor to improve the accuracy of plant enhancer prediction based on
chromatin features. Recently developed techniques, such as INTACT
(isolation of nuclei tagged in specific cell-types) [93], could potentially
be applied in order to circumvent these issues, allowing the develop-
ment of cell type-specific chromatin datasets.

Traditional reporter-based assays provide themost direct functional
evidence of predicted enhancers.We used the GUS reporter for enhanc-
er validation [83]. The GUS assay is simple without the need for special
equipment. However, it is destructive to transgenic plants, and thus
cannot be used to detect enhancer activity throughout a plants life
cycle. In addition, GUS assays are not an ideal method for quantitative
measurement of enhancer function. A luciferase-based method would
allow validation and quantitative measurements of enhancer activity
throughout development stages of transgenic plants. Nevertheless,
both GUS- and luciferase-based methods only allow validation of a sin-
gle candidate enhancer at a time. The low-throughput nature of these
methodologies represents a major bottleneck in attempts to character-
ize enhancers genome-wide. A recently developed technique, STARR-
seq (self-transcribing active regulatory region sequencing), can be
used to directly and quantitatively examine enhancer activity for mil-
lions of candidates from arbitrary sources of DNA [94]. This technique
allows the detection, validation, and measurement of large number of
enhancers in a single step. Additionally, CRISPR-Cas9 (clustered regular-
ly interspaced short palindromic repeats) based gene editing method
can be used to facilitate the identification of the gene(s) regulated by
a targeted enhancer.

Plants have to respond and adapt to various environmental stresses
and ultimately acquire stress tolerance for survival. Understanding
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mechanisms for stress adaptation and tolerance is one of the most
important and challenging goals in plant sciences and holds the key
for future crop improvement. Identification of enhancers associated
with genes related to stress responses will be one of the future frontiers
in plant biology, as well as for plant breeding. Sullivan et al. (2014) de-
veloped DNase-seq datasets from heat-treated Arabidopsis seedlings
and identified DHSs activated or repressed by heat shock [80]. We
have recently conducted DNase-seq from cold-treated Arabidopsis seed-
lings. Cold-induced DHSs were readily identified from the DNase-seq
dataset. We have also confirmed the enhancer activity of a cold-
induced DHS using the GUS reporter gene assay (Fig. 4). Thus, the
DHS-based approach provides a promising methodology to study
enhancers associated with a variety of biotic and abiotic stresses in the
future.
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