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Understanding plant responses to developmental and envi-
ronmental cues is crucial for studying morphological diver-
gence and local adaptation. Gene expression changes, gov-
erned by cis-regulatory modules (CRMs) including enhancers, 
are a major source of plant phenotypic variation. However, 
while genome-wide approaches have revealed thousands of 
putative enhancers in mammals, far fewer have been identi-
fied and functionally characterized in plants. This review pro-
vides an overview of how enhancers function to control gene 
regulation, methods to predict DNA sequences that may have 
enhancer activity, methods utilized to functionally validate 
enhancers and the current knowledge of enhancers in plants, 
including how they impact plant development, response to 
environment and evolutionary adaptation.
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Introduction

At its most fundamental level, transcription requires the bind-
ing of RNA polymerase to a promoter, followed by the syn-
thesis of a complementary RNA strand. However, this process 
typically requires additional cis-regulatory elements [CREs, e.g. 
enhancers (terminology and acronyms defined in Box 1)] and 
proteins [e.g. transcription factors (TFs)]. These additional ele-
ments allow cells to precisely control expression levels, timing 
and location and to modulate expression in response to exter-
nal and internal cues. This intricate regulation is essential for the 
normal functioning of all organisms.

Enhancers are crucial in regulating gene expression and play 
a significant role in the complex regulatory networks of plants. 
They can modulate the transcription of target genes over long 
genomic distances, influencing critical processes such as devel-
opment, stress responses and adaptation. Enhancers’ ability 
to integrate multiple signals and facilitate precise spatial and 
temporal control of gene expression makes them indispens-
able for the dynamic and versatile regulatory needs of plants. 
Understanding enhancers’ roles and mechanisms in plants can 

provide insights into plant biology and open new avenues for 
crop improvement and adaptation strategies.

CREs are specific DNA sequence motifs recognized by RNA 
polymerase, TFs and other regulatory proteins, often found 
clustered together to form cis-regulatory modules (CRMs). 
CRMs function as genomic regulatory codes that interact com-
binatorially with TFs to modulate gene expression (Davidson 
2006). These interactions coordinate genome-wide transcrip-
tional programs, enabling cells to respond dynamically to envi-
ronmental conditions and developmental cues (reviewed in 
Schmitz et al. 2022, Marand et al. 2023).

CRMs can be categorized into distinct regulatory domains 
based on their function, including core promoters, enhancers, 
silencers and insulators. Promoters are identified as upstream 
CREs containing specific nucleotide sequences that RNA poly-
merases and TFs can bind. The minimal sequence required to 
bind an RNA polymerase and initiate transcription is referred 
to as the core promoter and typically spans 50–100 bp prior 
to the transcription starting site (Juven-Gershon and Kadonaga 
2010). Promoters are classified based on the type of RNA poly-
merase they recruit and their transcription patterns (e.g. con-
stitutive, inducible or tissue specific; reviewed in Villao-Uzho 
et al. 2023). Working in concert with promoters, enhancers 
are CRMs bound by additional TFs and cofactors capable of 
boosting transcription rates, thereby enhancing gene expres-
sion in a tissue-, developmental stage- and/or condition-specific 
manner. Although enhancers cannot initiate transcription inde-
pendently like promoters, studies have shown that some pro-
moters possess enhancer functions (Dao et al. 2017, Andersson 
and Sandelin 2020). In contrast to enhancers, silencers actively 
repress the expression of their target genes. Similarly, both 
enhancers and silencers are bound by TFs and associated cofac-
tors and can be located up- or downstream, or within introns 
of their target genes functioning in an orientation-independent 
manner (Ogbourne and Antalis 1998, Doni Jayavelu et al. 
2020, Ngan et al. 2020). Insulators, when bound by specific 
proteins, prevent expression of target genes when positioned 
between enhancers, silencers and promoters. Taken together, 
CRMs coordinate gene regulation by enhancing, suppressing or 
repressing transcription. Since some genes activate or suppress 
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Fig. 1 Cis-regulatory module recruitment and binding of TFs. (A) Cis-regulatory modules, composed of clustered CREs, regulate transcription by 
binding TFs and other regulatory proteins. The arrangement of CREs is highly variable and CREs have been identified upstream, downstream and 
within introns of their target gene. It has also been determined that long distance gene regulation can occur from several megabases away with 
CREs being brought into proximity through chromatin looping. (B–D) There are three proposed models for how TFs are recruited and assembled 
at CREs. (B) The flexible billboard model asserts that TFs bind independently to TF-binding motifs found within CRMs resulting in a flexible 
architecture and grammar for TF binding. (C) The enhanceosome model purports that a TF complex forms prior to being recruited to the CRM. 
(D) The TF collective model suggests that each CRE can recruit multiple TFs and that while all of these recruited TFs are required, the order 
of binding and cooperation within the enhanceosome is more flexible. The gene being transcribed is indicated as a rectangle labeled as ‘Gene’, 
with an arrow representing the direction of transcription. CREs are represented as boxes labeled ‘CREs’, the promoter is represented as a pointed 
rectangle labeled ‘Pro’, introns are denoted by striped rectangles within the gene target, the terminator is indicated as a black square labeled ‘T’, 
the RNA polymerase (RNA Pol) is denoted as the shape bound to the promoter and TFs are represented as several shapes labeled ‘TFs’ showing 
the many different TFs binding together at the CRM. Created in BioRender. Beernink, B. (2024) BioRender.com/j29z706. 

gene cascades, individual enhancers can affect the expression 
of many genes and may play key roles in development and 
responses to the environment.

Enhancers usually regulate their target genes via binding TFs 
and cofactors to form a transcription initiation complex at the 
promoter (reviewed in de Laat and Duboule 2013, Long et al. 
2016, Li and X-d 2019). Three proposed models describe how 
TFs interact with enhancers to regulate gene expression (Fig. 1; 
Spitz and Furlong 2012; Jindal and Farley 2021). In all three 
models, the TF-binding sites contained in enhancers are key in 
determining gene regulation. First, the flexible billboard model 
(Fig. 1B), proposed by Kulkarni and Arnosti (2003), suggests 
that TFs bind TF-binding motifs independently, the enhancer 
order is fixed, but TFs have flexible binding syntax. Kulkarni and 
Arnosti (2003) found that a flexible arrangement of TFs pre-
dominated in developing embryonic D. melanogaster tissues, 
where gene expression diversity is crucial (Vockley et al. 2017).

The second model, the enhanceosome model, was proposed 
by Panne et al. (2007) and posits that a specific TF complex 
forms prior to binding enhancers (Fig. 1C). Their study on the 
animal gene interferon-β (IFN-β) showed that an enhanceo-
some of eight TF proteins recognized and bound the entire 
enhancer. However, it is not clear if the enhanceosome binds 
to the DNA as a fully formed complex or if the assembly occurs 
as the TFs bind to the DNA (Panne et al. 2007, Panne 2008). It is 
thought that in addition to IFN-β, other highly conserved genes 

may also follow the enhanceosome model in order to achieve 
regulatory precision. The inflexibility and evolutionary conser-
vation of the enhanceosome model lies in stark contrast to the 
flexible billboard model, which allows expression diversity and 
evolutionary flexibility.

The third model, the TF collective model, developed by 
Junion et al. (2012), posits that the CRM uses multiple mech-
anisms, including protein–protein and protein–DNA bind-
ing, to recruit multiple TFs. This collective binding forms 
diverse enhanceosomes along the flexible motif composition 
of enhancers (Fig. 1D). This model was supported by evi-
dence from studies on cardiac cell fate determination in D. 
melanogaster and further supported by Uhl et al. (2016) 
through reporter assays showing protein–DNA and protein–
protein interactions in regulatory complex formation. These 
studies found that the combinatorial binding of TFs does 
not require a specific binding motif orientation, suggesting 
an alternative model of CRE cooperation that has extensive 
motif flexibility in comparison to the flexible billboard model. 
It has recently been suggested that enhancer activity and 
enhanceosome formation may be explained as a spectrum of 
the proposed models and that no single model is the cor-
rect model (Jindal and Farley 2021). In fact, Jores et al. (2024) 
showed that plant enhancers can exhibit both billboard-like and 
enhanceosome-like activity.
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The first enhancer was identified from a DNA virus, simian 
virus 40, in 1981 (Banerji et al. 1981). Additional enhancers con-
tinued to be identified in mammalian systems, leading to the 
discovery of greater numbers of putative enhancers from more 
complex genomes [for a historical perspective on enhancer 
discovery, see Schaffner (2015)]. Today, over a million puta-
tive enhancers have been identified from mammalian genomes 
(reviewed in Göndör and Ohlsson 2018). In humans, the median 
enhancer size is 1.3 kb (Zhao et al. 2022, Thomas and Buecker 
2023). Some enhancers cluster together in close genomic prox-
imity, forming arrays, often known as super-enhancers, with a 
median size of 19.4 kb (Lovén et al. 2013). The concerted action 
of multiple enhancers has been found to alter gene expres-
sion of a single gene at different times from varied locations 
(Crocker et al. 2014, Long et al. 2016). The location of enhancers 
relative to their target genes are highly variable, being found 
upstream, downstream, within introns and distally (Lettice et al. 
2002, Benko et al. 2009, Pennacchio et al. 2013; Fig. 1A). While 
not common, enhancers can also act from several megabases 
away when they are brought into proximity of the target gene 
through chromatin looping (Kadauke and Blobel 2009; Peng 
et al. 2019). Nearly one-third of identified enhancers are derived 
from transposable elements (TEs). Based on predicted CRMs in 
human and Zea mays (maize) genomes, as much as 25% and 
30% of regulatory sequences may be TE-derived, respectively 
(Oka et al. 2017, Zhao et al. 2018, Pehrsson et al. 2019, Fagny 
et al. 2021). Transient reporter assays have confirmed that a sig-
nificant number of TE-derived CRMs have enhancer activity in 
mammalian or maize cells (Lynch et al. 2011, Xie et al. 2013, 
Zhao et al. 2018).

Researchers have used characteristics of known enhancers 
including their correlation with evolutionarily conserved
sequences, chromatin accessibility, certain histone marks and 
TF-binding sites to identify putative enhancers (Kellis et al. 
2014). Genetic evidence from quantitative trait locus (QTL) 
mapping and genetic fine-mapping have been used to iden-
tify putative enhancers (Stam et al. 2002a, Clark et al. 2006, 
Salvi et al. 2007, Studer et al. 2011, Zheng et al. 2015). In 
these cases, because the DNA interval that co-segregated with 
the examined trait did not contain a coding gene, it was 
assumed that the sequence must be regulatory. In some cases, 
further experimentation validated the actual enhancer. The 
availability of whole genome sequences for many species has 
enabled the identification of many putative enhancers using 
comparative genomics (Weber et al. 2016; Table 1). These 
methods rely on the conservation of non-coding sequences 
over evolutionary time to identify functionally constrained 
sequences. Many of these conserved sequences are presum-
ably enhancers. This approach is useful for taxonomic groups 
with highly conserved genomes, like mammals, but is of lim-
ited use for plants due to their dynamic genomes that make 
multi-species genome alignment difficult (Kellis et al. 2014). 
Another approach to identify putative enhancers is through 
the distribution of DNA marks and chromatin accessibility. 
Like genes, enhancers are found in areas of open chromatin. 

Thus, histone marks typically associated with genes can be used 
to identify non-coding sequences that may act as enhancers. 
The main methods used to identify open chromatin include 
DNase I-sequencing (DNase-seq), formaldehyde-assisted isola-
tion of regulatory element-sequencing (FAIRE-seq), micrococ-
cal nuclease-sequencing and assay for transposase accessible 
chromatin-sequencing (ATAC-seq; Kellis et al. 2014).The use 
of these methods to help identify putative enhancers will be 
discussed in the next section. 

In this review, we focus on methods for identifying and func-
tionally validating putative enhancers and highlight examples 
of the roles of enhancers play in plant development, biotic and 
abiotic stress responses and evolution.

Approaches to Identify and Validate 
Enhancers in Plants

Approaches to identify enhancers in plants
Enhancers are difficult to identify because they lack a singu-
lar defining characteristic like the open reading frames found 
in protein-coding genes. Plant enhancers are more difficult to 
identify than animal enhancers because the latter share some 
characteristic hallmarks (e.g. H3K4me1 in the flanking nucleo-
somes). Further complicating identification, enhancers can be 
located virtually anywhere with respect to the gene they reg-
ulate. This makes the lack of syntenic conservation between 
plant genomes particularly challenging to overcome. Enhancer 
identification requires, first, identification of putative enhancer 
sequences and, secondly, functional validation of the enhancer 
properties using molecular methods. Due to the labor-intensive 
nature of these experiments, only 200 plant enhancers have 
been functionally validated to date. Weber et al. (2016) review 
and summarize the studies identifying and functionally validat-
ing the first 20 plant enhancers. Since then, technological and 
sequencing advancements over the last decade have enabled 
the identification of nearly 130,000 putative plant enhancers, of 
which around 178 plant enhancers were functionally validated 
and summarized in Table 1. Below, we describe established 
and emerging methods to identify putative plant enhancers and 
approaches to increase the throughput of enhancer validation.

Experimental approaches

Individual enhancer identification Traditionally, enhancers have been 
identified by first locating genomic regions that harbor puta-
tive enhancers (e.g. enhancer trapping and QTL mapping) and 
then applying molecular methods to demonstrate the enhancer 
activity of specific DNA sequences (e.g. transformation with a 
reporter gene with the enhancer upstream of a minimal pro-
moter; reviewed in Shlyueva et al. 2014). However, due to 
the labor required and the need to create transgenic plants, 
most studies stop after identifying the interval containing a 
putative enhancer. In plants, enhancer trapping introduces a 
reporter gene under the control of a minimal promoter ran-
domly into the genome, and when the minimal promoter 
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Table 1 Identification of putative plant enhancers using sequencing approaches

Plant species Putative enhancers 
identified

Method for 
identification

Enhancers 
validated

Method for functional 
validation

Impact References

Arabidopsis thaliana 749 DNase-seq 6 CRISPR/Cas9 deletion Primary root 
length

Zhao et al. 
(2022)

Arabidopsis thaliana 4,327 STARR-seq 30 Leaf infiltration assay Tan et al. 
(2023)

Arabidopsis thaliana 12,216 ATAC-seq and 
DNase-seq

6 Protoplast reporter 
assay

Vegetative 
growth 
and PAMP-
triggered 
immunity

Zhang et al. 
(2022)

Arabidopsis Thaliana 3,281 DNase-seq 15 Transgenic reporter 
assay

Meng et al. 
(2021)

Arabidopsis thaliana 4,844 DNase-seq and ChIP-
seq

22 Transgenic reporter 
assay

Flower 
development

Yan et al. 
(2019)

Arabidopsis thaliana 10,044 DNase-seq 14 Transgenic report assay Circadian 
regulation

Zhu et al. 
(2015)

Arabidopsis thaliana 12 DNase-seq 12 Leaf infiltration assay - Lin et al. 
(2019)

Cucumis sativus 82,756 Comp. genomics and 
ATAC-seq

2 CRISPR/Cas9 deletion Cell size and 
fruit size

Xin et al. 
(2024)

Oryza sativa 9,642 STARR-seq 29 Protoplast reporter 
assay

Sun et al. 
(2019)

Solanum tuberosum 1 DNase-seq 1 CRISPR/Cas9 deletion Cold stress 
response

Zhu et al. 
(2024)

Triticum aestivum 2,144–8,280 DNase-seq, H3K9ac, 
ChIP-seq and BS-seq

36 Protoplast reporter 
assay

Pathogenesis Xie et al. 
(2022)

Zea mays 1,500 DNase-seq, H3K9ac, 
ChIP-seq and BS-seq

5 Previously validated 
enhancers

Oka et al. 
(2017)

This table describes recent publications that utilize high-throughput sequence approaches to identify putative plant enhancers and go on to functionally validate a portion 
of enhancers identified in their studies.

comes under the influence of endogenous enhancers, it is 
activated, leading to expression of the reporter gene (Chu-
dalayandi 2011). This indicates that an enhancer is in the vicin-
ity of the transgene, but further work is required to identify 
the actual enhancer sequence. For plants with small trans-
formable genomes, unknown enhancers have been identified 
via enhancer-trap transgenic lines (Sundaresan et al. 1995, Wu 
et al. 2003, Gardner et al. 2009). McGarry and Ayre (2008) 
successfully identified enhancer MATURE MINOR VEIN ELE-
MENT1 (MMVE1) in Arabidopsis thaliana (Arabidopsis) using 
enhancer trapping methods. However, for plants with large 
genomes or those recalcitrant to transformation, researchers 
apply traditional forward genetic analysis, such as QTL mapping 
and genetic fine-mapping approaches, to identify candidate 
enhancers. Forward genetics starts with a well-characterized 
phenotype, such as disease resistance, and works toward identi-
fying the gene(s) responsible for the phenotype. QTL mapping 
uses statistical methods to link phenotypic data (trait mea-
surements) and genotypic data (usually molecular markers) to 
explain the genetic basis of variation in complex traits (Fal-
coner and Mackay 1996, Kearsey 1998, Lynch and Walsh 1998). 
For example, in maize, researchers used a forward genetics 
approach to identify several unannotated regions that pre-
sumably contain an enhancer, including the Hepta-repeat b1
enhancer, the teosinte branched 1 (TB1) enhancer, Vegetative to 
generative transition 1 and Distal Cis-Element (DICE), which are 

located 100, 70, 60 and 140 kb upstream of their (presumed) 
target genes, respectively (Stam et al. 2002a, Clark et al. 2006, 
Salvi et al. 2007, Studer et al. 2011, Zheng et al. 2015). Simi-
larly, Du et al. (2020) identified KERNEL ROW NUMBER4 (KRN4), 
an enhancer validated with reported gene assay, located 60 kb 
downstream of its target gene, UNBRANCHED3 (UB3). Although 
enhancer-trap and forward genetic approaches have success-
fully identified several enhancers, more comprehensive high-
throughput methods are desirable.

Genome-wide investigations Advances in sequencing technology 
have enabled several new approaches to identify genome-wide 
putative enhancers. These novel sequencing approaches detect 
hallmarks of enhancers including accessible chromatin regions 
(ACRs), TF-binding sites and certain chromatin interactions 
(Lieberman-Aiden et al. 2009, Bernstein et al. 2010, Spitz and 
Furlong 2012, Shlyueva et al. 2014, Weber et al. 2016, Oka et al. 
2017, Lu et al. 2019, Ricci et al. 2019).

Several assays that detect ACRs are available including 
DNase-seq (Boyle et al. 2008), FAIRE-seq (Giresi et al. 2007) 
and ATAC-seq (Buenrostro et al. 2015). With DNase-seq, DNase 
I hypersensitive sites can be identified by partial digestion of 
chromatin with the endonuclease DNase I, followed by sequenc-
ing of the small fragments. The accessible fraction of the 
genome will be under-represented in the resulting sequence 
data (Hesselberth et al. 2009). DNase-seq robustly identifies 
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DNase I hypersensitive sites but is not very sensitive in predict-
ing TF-binding motifs because of the intrinsic cleavage bias of 
DNase I (He et al. 2014). FAIRE-seq identifies protein-free DNA 
regions (i.e. free from nucleosomes) by cross-linking chromatin 
with formaldehyde, followed by sonication of chromatin and 
phenol/chloroform extraction of the nucleosome-free DNA 
fragments. FAIRE offers a lower resolution than DNase I–based 
assays because sonication produces higher background noise 
than DNase I digestion (Song et al. 2011). ATAC-seq relies on an 
active Tn5 transposase to insert adapters into ACR preferentially 
in vitro. Sequencing from these adapters enables quantitative 
measuring of chromatin accessibility throughout the genome 
(Zhu et al. 2015). Sequence enrichment relative to naked DNA 
enables defining of genome-wide ACRs, indicating TF-binding 
sites (Gross and Garrard 1988, Henikoff 2008). The earliest ACR 
studies in plants were completed in Oryza sativa (rice) and Ara-
bidopsis, using a DNase-seq approach to identify ACRs that 
are potentially CRMs (Zhang et al. 2012a, 2012b, Jiang 2015). 
However, only a subset of ACRs are enhancers, so distance 
from the transcription start site is used to differentiate between 
promoters, genes and enhancers (Zhu et al. 2015, Yan et al. 
2019). Zhu et al. (2015) applied the same approach to identify 
>10,000 putative distal enhancers and used reporter assays to 
detect and validate enhancer activity for 10 out of 14 candi-
dates (Table 1). Zhang et al. (2022) used both ATAC-seq and 
DNase-seq to identify 12,216 candidate enhancers in Arabidop-
sis (Table 1). Lin et al. (2019) used DNase-seq to identify 12 
Arabidopsis and six rice putative enhancers and validate them 
using a Nicotiana benthamiana leaf infiltration reporter sys-
tem. Similarly, Zhu et al. (2024) used DNase-seq to identify an 
intronic enhancer impacting cold stress responses in Solanum 
tuberosum (potato; Table 1). Recently, single-cell ATAC-seq has 
proved highly effective for detecting cell-type-specific CRMs, at 
single-cell resolution in plants (Marand et al. 2021). This is par-
ticularly important because recent research on Arabidopsis and 
maize revealed that approximately one-third of detected ACRs 
by single-cell ATAC-seq are cell-type specific (Dorrity et al. 2021, 
Marand et al. 2021).

By definition, TF-binding sites are the most likely sequences 
to act as enhancers and two methods have been developed 
to identify TF-binding sites. Chromatin immunoprecipitation-
sequencing (ChIP-seq; Haring et al. 2007, Johnson et al. 2007) 
is widely used to detect and characterize CRMs, including 
enhancers. Experimentally, the chromatin from cross-linked 
or native nuclei is fragmented and precipitated with an anti-
body to the protein of interest. DNA associated with the pro-
tein of interest is then purified and sequenced (Kaufmann 
et al. 2010). ChIP-seq can be used to detect TF-binding sites 
and histone modifications. Researchers can also use other 
approaches, like DNase-seq, to identify the ACRs and then 
identify the putative enhancers based on the epigenetic mark 
(i.e. H3K27ac) on the surrounding histones with CHIP-seq. For 
example, Yan et al. (2019) combined DNase-seq and ChIP-
seq to identify 4,844 putative enhancers in Arabidopsis. Using 
similar approaches and combining with other RNA-sequencing 

technologies, researchers also identified thousands of putative 
enhancers in Triticum aestivum (wheat) and maize (Oka et al. 
2017, Xie et al. 2022). However, ChIP-seq has several limitations 
(reviewed in Schmitz et al. 2022), including (I) the limited avail-
ability of antibodies that recognize TFs and other proteins of 
interest, (II) the lack of transgenic plants expressing functional 
epitope-tagged TFs, (III) the highly dynamic nature of TF–DNA 
interactions (Para et al. 2014) and (IV) difficulties in scaling 
throughput.

To address the shortcomings of ChIP-seq for identifying TF-
binding sites, DNA affinity purification sequencing (DAP-seq) 
was developed (O’Malley et al. 2016, Bartlett et al. 2017). DAP-
seq combines affinity purification of genomic DNA fragments 
and next-generation sequencing to provide a high-throughput 
platform for mapping the genome-wide DNA-binding sites of 
single TF or TF families. Specifically, target TFs are fused with 
affinity tags, such as HaloTag, and expressed in vitro. Genomic 
DNA extracted from plant tissues is fragmented by sonication, 
and Illumina compatible sequencing adapters are ligated to 
the DNA fragments to create a genomic DNA library. After 
incubating the Halo-TF with the DNA library, the TF/DNA 
complex is purified by HaloTag ligand–conjugated magnetic 
beads, unbound DNA is washed away and TF-bound DNA is 
sequenced (Li and Huang 2022). O’Malley et al. (2016) first used 
this approach to profile genome-wide, context-independent 
binding sites for 529 Arabidopsis TFs. However, DAP-seq cannot 
identify TF-binding sites that require heteromultimeric interac-
tions for binding, causing many TFs to fail under the current 
framework (Marand et al. 2023). For example, only 30% of the 
1,812 Arabidopsis TFs tested in a recent large-scale cistrome 
mapping screen yielded TF-binding sites (O’Malley et al. 2016, 
Bartlett et al. 2017). A recently developed method, System-
atic Evolution of Ligands by Exponential Enrichment coupled to 
Consecutive Affinity Purification, has been developed to iden-
tify sites where cooperative binding of TF occurs (Jolma et al. 
2015, Ibarra et al. 2020, X. Li et al., submitted for publication). 
For example, using this approach, Jolma et al. (2015) ana-
lyzed 9,400 TF–TF–DNA interaction and identified 618 new het-
erodimeric motifs from 316 TF–TF interactions with human cell 
lines, but this has not been applied in plants. Some enhancers 
are activated by combinations of TFs (reviewed in Spitz and Fur-
long 2012) such that the binding of only one or a few TFs may 
be insufficient to activate transcription. Thus, it is hard to know 
which combinations of TF-binding sites and enhancers actually 
activate transcription.

One of the hallmarks of enhancers is that they come into 
close physical proximity to the promoter of the gene they regu-
late. Thus, methods that detect the spatial relationship between 
regions of DNA can be used to identify regions containing puta-
tive enhancers. Chromosome conformation capture (3C) and 
its derivatives (e.g. 4C, 5C and Hi-C) measure relative interac-
tion frequencies between different genomic regions and can 
be used to identify putative enhancer regions (de Wit and de 
Laat 2012, Bodega and Lanzuolo 2021). Briefly, these methods 
cross-link DNA, while it is still in the cell so that adjacent DNA 
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strands become covalently bound. The DNA is then digested 
with restriction enzymes to produce small fragments cova-
lently bound by the cross-link. The DNA is then ligated under 
conditions that favor ligation of the covalently linked fragments. 
The DNA is then sequenced or amplified by qPCR to detect 
sequences that are composed of chimeric DNA, sequences that 
are not adjacent in the genome. These methods can identify 
both putative enhancers and their target genes. Hi-C allows 
genome-wide detection of putative enhancer–promoter inter-
actions (Rao et al. 2014). In plants, 3C was the first utilized to 
find the Hepta-repeat b1 enhancer locus in maize by identify-
ing interactions between the hepta-repeat enhancer and the B1 
gene Louwers et al. 2009a; Louwers et al. 2009b).

Bioinformatic detection of putative enhancers. Comparative 
genomics is an elegant computational approach to predict 
CREs including enhancers. This approach assumes that DNA 
sequences involved in gene regulation are more conserved 
than non-functional DNA across a broad phylogenetic range 
(Hardison and Taylor 2012). Non-coding sequences occupy a 
large portion of plant genomes. Interestingly, in several stud-
ies most genome-wide associations were located in non-coding 
regions, suggesting that polymorphisms in control elements like 
enhancers are responsible for considerable phenotypic varia-
tion (Wallace et al. 2014, Zhang and Lupski 2015, Nishizaki and 
Boyle 2017, Giral et al. 2018). Comparison of conserved non-
coding sequences (CNSs) across species can identify regions 
under purifying selection suggesting functional constraints like 
regulatory functions. In a study of 502 human genes, CREs were 
found to be more prevalent in CNSs than in non-conserved non-
coding areas (Levy et al. 2001). Thus, identification of CNSs by 
comparative genomics can be used to identify putative CREs. 
However, the relatively short length of CREs within CRMs, along 
with the increased sequence turnover of sequences around 
CREs, makes the identification of CNSs challenging (Van de 
Velde et al. 2016), and since plant CNSs are considerably smaller 
and less numerous than those in mammals, they are particu-
larly challenging to identify. However, this method has resulted 
in the discovery of multiple CRMs in plants, such as the AGA-
MOUS (AG) and FLOWERING LOCUS T FT loci in Arabidopsis
and the miR164 locus in Brassicaceae (Hong et al. 2003, Adrian 
et al. 2010, Jain et al. 2018). Recently, Xin et al. (2024) applied 
comparative genomics to identify 82,756 CNSs found in cucur-
bit species, and ∼20% of them overlapped with ACRs identified 
by ATAC-seq. Thus, the identification of CNSs is useful for identi-
fying CRMs. However, since many CRMs are less conserved, they 
will not be identified as CNSs and additional information, such 
as TF-DNA-binding data or chromatin structure, data is needed 
to pinpoint their location (Lieberman-Aiden et al. 2009, Bern-
stein et al. 2010, Spitz and Furlong 2012, Shlyueva et al. 2014, 
Weber et al. 2016, Oka et al. 2017, Lu et al. 2019, Ricci et al. 
2019).

Machine learning is a powerful computational approach 
that is being widely applied to make inferences from large 
datasets in many fields. In particular, deep learning, a type of 

machine learning, has been used to predict CREs in plants (Shen 
et al. 2021, Sielemann et al. 2021, Liu et al. 2021a, Wang et al. 
2021a, Yan et al. 2022, Hu et al. 2023, Peleke et al. 2024). For 
example, SeqConv (Shen et al. 2021) and TSPTFBS (Liu et al. 
2021a) employed a deep learning model, called deep convo-
lutional neural network, to build predictive models for maize 
and Arabidopsis using TF-binding sites identified with ChIP-seq 
and DAP-seq, respectively. Although these two methods signif-
icantly outperform conventional methods in plants, they still 
suffered some drawbacks, such as requiring training of a pre-
dictive model for each TF and ignoring that DNA is a complex, 
three-dimensional macromolecule. Sielemann et al. (2021) and 
Wang et al. (2021a) showed improved performance by incor-
porating the 3D shape of DNA into the model. In 2022, Plant-
Bind successfully applied deep learning to predict the potential 
TF-binding sites of 315 TFs in Arabidopsis and showed high 
suitability of transfer learning in maize (Yan et al. 2022). In 
2024, DeepCRE was developed by using data from Arabidop-
sis, Solanum lycopersicum (tomato), Sorghum bicolor (sorghum) 
and maize to predict the CREs. A couple of tools based on deep 
learning were also developed to predict the CRMs in plants. For 
example, Klie et al. (2023) developed a toolkit called Elucidating 
the Utility of Genomic Elements with Neural nets, which was 
trained using the plant CRMs identified by Jores et al. (2021). 
Using the same training dataset, Deng et al. (2023) developed a 
web-based tool, called iCREPCP, to predict plant core promot-
ers. However, the use of machine learning to predict enhancers 
in plants is still in its infancy. The main limitation is the paucity 
of ground truth data, previously characterized plant enhancers, 
which makes it hard to train models.

Approaches to validate enhancers in plants
Reporter assays. Reporter assays are the benchmark method 
for validating and characterizing enhancer sequences (Shlyueva 
et al. 2014). The general approach starts by cloning a candidate 
enhancer adjacent to a minimal promoter that is upstream of 
a reporter gene (e.g. GFP or GUS). The resulting construct is 
then introduced into a cell/organism through transient or stable 
transformation. The cell/organism is then examined for expres-
sion of the reporter gene. Since the minimal promoter can only 
promote low-level transcription by itself, any expression of the 
reporter gene is generally below detectable levels, especially for 
GFP- and GUS-based assays. Therefore, high levels of GFP or 
GUS protein production are linked to the candidate enhancer 
activity directed by the DNA sequence in question (Simpson 
et al. 1985, Timko et al. 1985, Pwee and Gray 1993, Sparkes et al. 
2006, Belele et al. 2013). Transient assays such as N. benthamiana
leaf infiltration assays or plant protoplast transfection systems 
are commonly used for reporter assays as an efficient screen-
ing tool. However, these systems can only detect enhancers that 
utilize machinery present in leaves or protoplasts. Thus, the 
validation and characterization of many enhancers require the 
creation of stable transgenic lines and the examination of many 
organs/cell types/environmental conditions for reporter gene 
expression.
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Fig. 2 STARR-sequencing (STARR-seq) for plant enhancer identification. This figure illustrates two versions of STARR-seq used for identification 
of plant enhancers from genomic DNA fragments. Enhancer candidates (Can) were screened in transient reporter assays to determine their 
enhancer activity. (A) Original STARR-seq (Arnold et al. 2013). Enhancer candidates were cloned into the 3′ UTR of constructs containing a 
minimal cauliflower mosaic virus 35S promoter (MIN 35S), which has weak transcription activity without an enhancer, and GFP, a reporter gene. 
A no-enhancer negative control (Control) is also included. Constructs were tested in transient reporter assays, such as leaf infiltration or protoplast 
assays. The messenger RNA is then sequenced, and transcript levels are mapped back to the genome to generate genomic enrichment profiles, 
identifying candidate enhancer activity. (B) Plant STARR-seq (Jores et al. 2020) is a modified version of the original method, where the candidate 
enhancers are cloned into the 5′ UTR of constructs containing a MIN 35S, GFP and a barcode for sequencing (indicated by the small boxes inside 
the GFP box). A no-enhancer negative control (Control) is included. Constructs are tested in transient reporter assays. The transcribed barcodes 
are sequenced and their enrichment relative to the input DNA is calculated giving a distinct enrichment value for each tested enhancer candidate. 
Enhancers are indicated by boxes labeled ‘Enh’, candidate enhancers are indicated by gray rectangles labeled ‘Can’, the MIN 35S promoter is 
represented by pointed rectangles with arrows indicating transcription direction and GFP is represented by rectangles labeled ‘GFP’. Created in 
BioRender. Beernink, B. (2024) BioRender.com/u85z459. 

High-throughput reporter assays. Although reporter assays are 
the benchmark method to validate enhancers, they are labor-
intensive and cannot simultaneously evaluate many candidate 
enhancers. Recently, Jores et al. (2020) adapted a method called 
self-transcribing active regulatory region sequencing (Plant 
STARR-seq), which is more sensitive in plants (Fig. 2). STARR-
seq was initially developed in D. melanogaster (Arnold et al. 
2013) for genome-wide identification of functional enhancers. 
Plant STARR-seq is set up similarly to a reporter assay, where 
a candidate enhancer sequence is cloned upstream of a mini-
mal 35S promoter and linked to a barcode at the start of the 
coding sequence of the reporter gene. However, when a candi-
date enhancer upregulates transcription, its activity is detected 
by next-generation sequencing instead of assaying reporter gene 
expression (Fig. 2). This strategy was used to identify enhancers 
in Arabidopsis, rice and maize protoplasts (Singer et al. 2012, Sun 
et al. 2019, Tan et al. 2023). In addition to detecting enhancers, 
Plant STARR-seq can be used to understand the biology under-
lying enhancer activity. For example, Jores et al. (2020) found 
that plant enhancers are less active when they are inserted in 
the 3′ untranslated region (UTR) of the reporter genes, but they 
can show strong and condition-specific activity when inserted 
just upstream of the promoter.

Gene editing with CRISPR/Cas9 deletion. While high-throughp
ut parallel reporter assays like Plant STARR-seq can rapidly val-
idate the activity of the enhancers, they rely on the transient 

expression of a reporter construct and, therefore, lack the 
genomic context surrounding the candidate enhancers. Thus, 
they can only validate enhancers that are not context depen-
dent and are able to function under the conditions used 
for the assay. CRISPR/Cas9 genome editing is being used to 
overcome these limitations and characterize CRMs, including 
enhancers, in their native genomic context by selectively delet-
ing enhancers and looking at the resultant gene expression 
changes. For example, researchers have used CRISPR/Cas9-
mediated deletions to determine the effect of CRMs, mainly 
promoters, on gene regulation at specific loci (Rodríguez-Leal 
et al. 2017, Hendelman et al. 2021, Liu et al. 2021b, Wang 
et al. 2021b, Song et al. 2022). Similarly, Zhao et al. (2022) used 
CRISPR/Cas9 gene editing to validate six enhancers related to 
the length of the primary root in the early Arabidopsis devel-
opment. Recently, Xin et al. (2024) used CRISPR/Cas9 to delete 
candidate enhancers in Cucumis sativus (cucumber) and vali-
date the function of two enhancers by showing their impact 
on fruit and cell size (Table 1). While this approach enables 
researchers to validate and characterize enhancers in their 
native genomic context, it is laborious and time-consuming 
(Jores et al. 2023). Thus, a logical approach is to use large-
scale reporter assays like Plant STARR-seq as a preliminary filter 
to select candidate sequences for CRISPR/Cas9 gene editing 
or reporter assays to provide a more comprehensive and con-
textual understanding of the function of the most promising 
enhancers.
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Fig. 3 Enhancer impacts on plant phenotypes despite location variation within plant genomes. (A) The enhancer, Block C, is located upstream of 
the promoter and the gene being targeted for expression. Block C is demonstrated to upregulate FT gene expression in a reporter assay where 
an FT–GUS fusion results in significantly more visualized GUS protein after staining. The increased pigment accumulation indicates that higher 
amounts of the GUS–florigen fusion protein are circulating through the Arabidopsis leaf vasculature in plants with an intact enhancer region, 
compared to plants where the enhancer was deleted (Adrian et al. 2010). (B) The enhancer, Region C, is located downstream from the gene target, 
LAS. LAS is a gene involved in Arabidopsis organ boundary determination for leaf and reproductive axials. These findings demonstrate that Region 
C confers GUS–LAS fusion protein, as visualized by in situ hybridization, significantly higher accumulation of GUS–LAS protein in axial regions 
when compared to the Region C enhancer deletion mutant (Raatz et al. 2011). (C) Diagram showing the variable locations of Enhancers (Enh) 
with respect to the gene target. The TE is represented by a triangle, Enhancers are indicated by boxes labeled ‘Enh’, the promoter is represented by 
a pointed rectangle with the arrow indicating the transcription directionality. The gene target is a box labeled ‘Gene’ with the introns represented 
as striped boxes, and the transcriptional terminator indicated as a box labeled ‘T’. (D) In some cases, TE insertions provide enhancer elements 
that will impact plant phenotypes. In the case of apples, it was found that a retrotransposon insertion provided an enhancer element, RedTE, that 
positively impacted gene expression of the M. domestica (apple; Md) MYB1 gene. In apple trees, where the retrotransposon-inserted enhancer is 
present, the skin of apples is red due to high levels of pigment accumulation from higher levels of anthocyanin production controlled through 
MbMYB1 expression. However, in trees where the RedTE enhancer is not present, the skin of the apples remains green (Zhang et al. 2019). (E) 
Some enhancers are located within introns of target genes. The enhancer, DHS7, upregulated the TRY gene of Arabidopsis impacting trichome 
formation. When the enhancer is present, trichomes form normally producing three branches, but when the enhancer is deleted, the trichomes 
develop abnormally, forming four to five branches (Meng et al. 2021). Created in BioRender. Beernink, B. (2024) BioRender.com/c53u001. 

The Vital Role of Enhancers in Plant 
Development and Response to Environmental
Cues

Plant development
Plant enhancers play a critical role during vegetative and repro-
ductive development by tightly regulating the expression of 
developmental genes. For example, Adrian et al. (2010) deter-
mined that the transition of Arabidopsis from vegetative to 
reproductive development is controlled by an enhancer, Block 
C, located 5 kb upstream of the gene, FT, that produces the flow-
ering signal florigen. When the Block C enhancer is deleted, the 
translational fusion of GUS and FT results in visually reduced 

protein accumulation in the leaf vascualture of the plant, indi-
cating that florigen is suppressed. Significantly reduced expres-
sion of FT due to the Block C enhancer deletion also resulted in 
delaying flowering time (Fig. 3A).

Similarly, in situ hybridization revealed that deletion of 
the enhancer, Region C, in Arabidopsis silences the gene, LAT-
ERAL SUPPRESSOR (LAS). LAS is the main regulator of axillary 
meristems that determine the shape and size of leaves and 
petals by defining the boundary of these organs. Deletion anal-
ysis revealed that the downstream enhancer, Region C, con-
tains the enhancer element impacting LAS gene transcription, 
demonstrating that this conserved enhancer modulates gene 
expression at organ boundaries to orchestrate organ develop-
ment (Raatz et al. 2011; Fig. 3B).
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Interestingly, TEs have been found to contain CRMs, includ-
ing motifs for TF binding, that act as enhancers for nearby 
genes (Karttunen et al. 2023). For example, a retrotrans-
poson insertion containing an enhancer approximately 4 kb 
upstream of the Malus domestica (apple) MYB1 gene contains 
TF-binding domains that impact the fruit color by upregulating 
the genes that produce anthocyanins. Apple varieties lacking 
this enhancer, RedTE, are green rather than red because antho-
cyanins are not produced in the fruit skin (Zhang et al. 2019; 
Fig. 3D).

Gene editing was used to disrupt an intronic enhancer 
revealing its role in tissue-specific gene expression in Arabidop-
sis. When the enhancer, DHS7, was deleted and its two TF-
binding sites were lost, plants flowered later than their wild-type 
counterparts due to suppression of FT expression. Additionally, 
DHS7 mutants had more trichome branches, indicating that 
this enhancer also regulates trichome development (Meng et al. 
2021; Fig. 3E).

Several other examples of enhancers impacting plant devel-
opment have been reported. A maize Hydroxyproline-rich glyco-
protein (HRGP) enhancer regulates the HRGP gene, a cell wall 
protein, highly expressed in plumules, the embryonic shoots 
that emerge from the seed during germination (Valles et al. 
1991). Maize inflorescence branching and length are regulated 
by the KRN4 enhancer of the UB3 gene (Du et al. 2020). The 
distal enhancer, DICE, impacts later developmental stages in 
the maize by enhancing the BENZOXAZINLESS gene (Zheng 
et al. 2015). In Arabidopsis, the Egg apparatus-specific enhancer
impacts female gametophyte development (Yang et al. 2005), 
and the MMVE1 enhancer promotes phloem mobile signals that 
lead to early flowering (McGarry and Ayre 2008). The Vtg1
enhancer, a miniature TE insertion, upregulates the Arabidopsis
gene, RELATED TO APETALA2, associated with early flowering 
(Salvi et al. 2007, Castelletti et al. 2014). Enhancers were identi-
fied and characterized as regulating the Arabidopsis ETTIN gene 
controlling gynoecium development, and the BLADE ON PETI-
OLE2 gene controls floral organ development (Yan et al. 2019). 
A more comprehensive list of characterized plant enhancers is 
covered in the Weber et al. (2016) review and in Table 1.

Plant response to environmental cues
Gene expression has been found to vary in response to environ-
mental stresses, such as cold, drought, salt, heat, light, nutri-
ent and biotic stressors. Previous studies have identified many 
TFs and TF-binding sites involved in abiotic stress responses. 
For example, Drought-responsive element (DRE)/C-repeat (CRT) 
was the first low-temperature-responsive CRE identified in Ara-
bidopsis by Yamaguchi-Shinozaki and Shinozaki (1994) (Baker 
et al. 1994). Other motifs associated with cold-induced genes 
include the myelocytomatosis viral oncogene homolog and 
myeloblastosis viral oncogene homolog (MYB) binding motif, 
identified in Arabidopsis in response to dehydration and also 
chilling and freezing (Abe et al. 2003, Agarwal et al. 2006). The 
CREs, DRE and CRT, with a similar 9-bp conserved sequence, 
are involved in drought stress response (Baker et al. 1994, 

Yamaguchi-Shinozaki and Shinozaki 1994, 2006, Jiang et al. 
1996, Stockinger et al. 1997, Thomashow 1999). Although many 
CREs regulating abiotic stress response have been identified, 
most are located in promoter regions. Recent studies on the 
genome-wide identification of ACRs in Arabidopsis during pho-
tomorphogenesis suggested that ACRs are enriched for spe-
cific TF-binding sites (Tantale et al. 2016). Profiling ACRs in 
Arabidopsis under heat, cold, salt or drought stresses identi-
fied examples of both constitutive and conditionally specific 
ACRs. In sorghum, drought-responsive accessible chromatin 
signatures were enriched for ABSCISIC ACID RESPONSE ELE-
MENT–binding sites (R. K. Parvathaneni et al., submitted for 
publication). However, it is unknown how many of those ACRs 
are enhancers. Up to now, only five enhancers—AB80 enhancer, 
Enhancer-like element, rbcS-E9 enhancer-like sequence, Cab-1 
enhancer-like sequence and TACPyAT repeats—are characterized 
and suggested that they involved in light response (Simpson 
et al. 1985, Fluhr et al. 1986, Kuhlemeier et al. 1987, Nagy et al. 
1987, van der Meer et al. 1990). While many putative enhancers 
and DNA regions that may play a role in plant responses to the 
environment have been identified, we are at the early stages of 
determining their actual function.

Genetic and Epigenetic Variations in 
Enhancers and Their Significance in Evolution 
and Adaptation

Sequence variation of enhancers and their 
evolution
Some variations in enhancers are closely related to plant 
domestication and adaptation. A classic example is the pres-
ence/absence variation in the enhancer, Hopscotch1, located 
60 kb upstream of the TB1 gene. The presence of Hopscotch1
enhances the expression levels of its target gene TB1 in domesti-
cated maize and results in unbranched maize plants, compared 
to its wild relative teosinte (Studer et al. 2011). The maize 
hepta-repeat b1 enhancer, located 100 kb upstream of the tran-
scription start site of the B1 gene (Stam et al. 2002b, Belele et al. 
2013), is responsible for the dark purple color kernel and leaves 
in some maize varieties. Purple maize is adapted to growth at 
high elevations because its high anthocyanin levels result in high 
antioxidant, antiradical and antimutagenic activities (Mansilla 
et al. 2020). In Arabidopsis lyrata, enhancer variants result in 
increased basal expression of cold-responsive genes (Akama 
et al. 2014, He et al. 2016).

Understanding the evolutionary forces shaping cis-
regulatory variation is key to determining their role in adapta-
tion and identifying molecular targets of natural selection. de 
Meaux (2018) explained that both positive selection and puri-
fying selection influence the evolutionary rates of cis-regulatory 
elements and amino acids. Specifically, positive selection plays a 
significant role in shaping the cis-regulatory variants’ adaptation 
by modifying gene expression in a tissue- or environment-
specific manner, as seen in the domestication of maize (Studer 
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et al. 2011) and traits like flower morphology and size in the 
model plant Capsella rubella (Steige et al. 2015). These trait vari-
ations have been linked to enriched genes related to essential 
adaptive functions such as metal homeostasis, cold response 
and climate adaptation (Krämer 2005, Akama et al. 2014, 
Lasky et al. 2014, He et al. 2016). Conversely, purifying selec-
tion plays a vital role in shaping cis-regulatory divergence by 
removing harmful trans-acting variants while allowing benefi-
cial cis-regulatory variants to accumulate, particularly in genes 
under lower purifying selection pressure, contributing to com-
plex evolutionary patterns across species like Arabidopsis and 
Capsella (He et al. 2012, 2016, Fyon et al. 2015, Steige et al. 
2015, 2017). Since cis-regulatory mutations are directly linked 
to the coding sequence they regulate, analyzing both variations 
together can reveal the evolutionary forces involved (de Meaux 
2018). For example, Joly-Lopez et al. (2020) found that around 
2% of the rice genome showed weak negative selection, fre-
quently at candidate regulatory sites, including a novel set of 
1,000 potentially active enhancers.

Epigenetic variations in enhancers and their 
adaptations
DNA methylation. Epigenetic modifications including
DNA methylation and histone modifications can affect how 
enhancers regulate their target genes. DNA methylation is usu-
ally associated with silencing gene expression in animals and 
plants (Law and Jacobsen 2010). Consistently, methylation of 
enhancers downregulates the expression of target genes (Zent-
ner et al. 2011, Zhong et al. 2013). In plants, this is observed 
for DNA methylation at regulatory sequences of FLOWERING 
WAGENINGEN (FWA), TOO MANY MOUTHS (TMM) and FT
in Arabidopsis (Kinoshita et al. 2007, Deng et al. 2014, Deng 
and Chua 2015), and the PERICARP COLOR1 (P1) gene in maize 
(Sidorenko and Peterson 2001, Haring et al. 2010). FWA and 
FT are responsible for flowering time (Koornneef et al. 1991), 
and methylated enhancers upstream of these genes cause a 
late-flower phenotype (Kinoshita et al. 2007; Deng et al. 2014). 
Flowering time is critical for adaptation to their natural envi-
ronment because flowering at the appropriate time is cru-
cial for seed production and survival (Izawa 2007). Loss-of-
function mutations in the Arabidopsis gene TMM result in a 
clustered stomata phenotype on cotyledons as does methy-
lation of enhancers upstream of TMM (Kinoshita et al. 2007, 
Deng et al. 2014, Deng and Chua 2015). The formation of 
stomata clusters was posited to reflect an adaptation to dry 
environments aimed at reducing water loss from plant leaves 
(Franks and Casson 2014). The maize P1 gene encodes a myb-
homologous transcriptional regulator of biosynthesis of a red 
phlobaphene pigment that accumulates in husks and floral 
organs, including silks, kernel pericarp, cob and tassel glumes 
(Lechelt et al. 1989). Increased methylation of the enhancers 
upstream of the P1 gene causes reduced color in the maize 
kernels (Sidorenko and Peterson 2001). Although evidence sug-
gests that red kernels are associated with corn adaptation, 
variation in this trait offers breeders the opportunity to select 

varieties with different degrees of redness to satisfy human
preferences. 

Box 1. The definition of acronyms and terminologies in this 
review
 
CRE: cis-regulatory elements. CREs are specific DNA sequence 
motifs recognized by RNA polymerase, TFs and other regulatory 
proteins, often found clustered together to form cis-regulatory 
modules (CRMs).
CRMs: cis-regulatory modules. Cis-regulatory elements are often 
clustered together to form CRMs. CRMs can be categorized into 
distinct regulatory domains based on their function, including core 
promoters, enhancers, silencers and insulators.
TF: transcription factors. TFs are proteins possessing domains 
that bind to the DNA of promoter or enhancer regions and inter-
act with RNA polymerase or other TFs, consequently regulating 
gene expression.
ACRs: Accessible chromatin regions. ACRs are areas of chromatin 
that is loosened or open and accessible or available for binding by 
TFs, cofactors, polymerases and other proteins.
Promoter: Promoters are identified as an upstream cis-regulatory 
element containing specific nucleotide sequences that RNA 
polymerases and TFs can bind.
Core promoter: The core promoter is the minimal sequence 
required to bind an RNA polymerase and initiate transcription typ-
ically spanning 50–100 bp upstream of the transcription starting 
site.
Enhancer: An enhancer refers to a CRM bound by additional TFs 
and cofactors capable of boosting transcription rates.
Silencer: A silencer is a CRM bound by TFs and associated 
cofactors to actively repress the expression of their target genes.
Insulator: An insulator is a CRM bound by TFs and associated 
cofactors, which prevents other CRM activation or silencing of 
target genes when positioned between other CRMs.
CNSs: Conserved non-coding sequences. CNSs refers to a DNA 
sequence of non-coding DNA that is evolutionarily conserved. 
These sequences are of interest for their potential to regulate gene 
expression.
Quantitative trait locus (QTL) analysis: QTL analysis is a statis-
tical method that links two types of information—phenotypic 
data (trait measurements) and genotypic data (usually molecular 
markers)—in an attempt to explain the genetic basis of variation in 
complex traits.

Histone modifications. DNA in eukaryotic nuclei is packaged 
into nucleosomes, composed of two turns of DNA wound 
around a histone octamer complex containing two molecules 
each of histones H2A, H2B, H3 and H4 (Wolffe and Hayes 
1999). How tightly DNA is packed around histone octamers 
determines its accessibility to transcription machinery. His-
tone modifications (e.g. methylation and acetylation) influence 
the density of histone packing and are thus essential for gene 
regulation via modulation of chromatin accessibility (Bannister 
and Kouzarides 2011).

Nucleosomes at enhancers have been shown to carry spe-
cific histone marks. For example, H3K4me and H3K27ac are 
characteristic active enhancers in animals (Banerji et al. 1981, 
Creyghton et al. 2010, Yan et al. 2018, Barral and Déjardin 2023). 
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However, which histone marks correlate with enhancer activ-
ity in plants is not yet clear. Current research suggests that 
active plant enhancers are generally associated with H3 and H4 
K acetylation, while inactive enhancers appear to be associated 
with H3K27me3 (Weber et al. 2016, Tan et al. 2023). For exam-
ple, the active Pisum sativum (pea) PetE and maize b1 enhancers 
were reported to be enriched in H3/H4ac and H3K9/K14ac, 
respectively (Chua et al. 2003, Haring et al. 2010). The PET E
gene encodes the plastocyanin protein, which transfers elec-
trons from the CYTOCHROME F protein in the CYTOCHROME 
BF protein complex to the P700 reaction center of photosystem 
I. In pea, the PET E gene is expressed only in photosynthetic tis-
sues, and its transcription is activated by light (Last and Gray 
1989, Chua et al. 2001). PET E is essential for plants to adapt to 
light, and activation of its enhancer is associated with H3/H4ac 
and H3K9/K14ac. So, levels of H3/H4ac and H3K9/K14ac in the 
enhancer of PET E could affect plants’ adaptation to light.

The effect of histone marks varies among plant species. For 
instance, H3K27ac serves as an active enhancer mark in rice (Du 
et al. 2013) and maize (Zhang et al. 2015) but not in Arabidop-
sis (Yan et al. 2019). Intergenic nucleosome-depleted regions in 
rice, usually active promoter and enhancer regions, are strongly 
associated with H4K12ac and H3K27me3 (Zhang et al. 2012a). 
In contrast, in Arabidopsis, inactive enhancers are positively cor-
related with H3K27me3 (Zhu et al. 2015), and H3K27ac is not a 
hallmark for active enhancers (Yan et al. 2019) as data from rice 
(Du et al. 2013) and maize (Zhang et al. 2015) indicate. However, 
this variation could also be due to varying data quality across 
different studies and differences in the authors’ interpretation 
of results. Thus, additional studies are required to fully under-
stand the effect of histone modifications on enhancer activity 
in plants.

Future Challenges and Perspectives

Despite the critical role enhancers play in regulating plant 
gene expression, relatively few plant enhancers have been vali-
dated and functionally characterized. Many challenges remain 
for the discovery, characterization, functional validation of 
enhancers and identification of enhancers’ target genes. The 
initial challenge is to improve the identification of putative 
enhancers within plant genomes. While several methods to pre-
dict sequences that may act as enhancers have been developed, 
they are all rather crude because they are based on general 
characteristics like chromatin accessibility or sequence conser-
vation. Methods that integrate multiple properties of DNA 
across the genome may provide more accurate predictions and 
machine learning/artificial intelligence may be useful in this 
regard as larger datasets are developed.

A subsequent challenge is to functionally characterize puta-
tive enhancers within the context of the plant and/or genome 
at scale. Although massively parallel reporter assays, like 
Plant STARR-seq, can rapidly validate the activity of putative 
enhancers, these assays rely on the transient expression of a 
reporter gene under artificial conditions. Thus, they lack the 

genomic, environmental and developmental context neces-
sary to demonstrate activity and understand the full regulatory 
dimensions of all enhancers. Enhancer deletions mediated by 
CRISPR/Cas modifications does not suffer from the contextual 
limitations of Plant STARR-seq, but generating edited plants is 
slow and labor-intensive. While many of the sequencing meth-
ods currently being used for putative enhancer identification 
are a vast improvement over previous methods, contextual 
limitations are still a challenge that needs to be addressed.

Identification of enhancer–target gene pairs poses additional 
difficulties for functional characterization of plant enhancers. 
In mammalian systems, enhancers regulate multiple genes, 
and genes are often controlled by multiple enhancers (Peng 
and Zhang 2018). While a few plant studies have determined 
enhancer–gene interactions, more research is needed (Zhao 
et al. 2022). Enhancers can act on their target genes from a dis-
tal location, although how this distance affects transcription 
in plants remains unclear. Enhancers can be upstream, down-
stream or within a gene’s intronic region (Figs. 1, 3); therefore, 
understanding how enhancers regulate adjacent versus distant 
genesis is crucial. It is also unknown if enhancers affect alterna-
tive splicing to favor specific isoforms. Recent findings suggest 
that operon-like enhancers exist in plants that coordinate the 
expression of gene clusters, but their full impact is still uncertain 
(Zhao et al. 2022).

While only a limited number of plant enhancers have been 
functionally characterized, it is clear that enhancers play impor-
tant roles in plant development and responses to environ-
mental stressors such as drought, salinity, light, nutrient and 
cold. However, much more detailed information is required to 
fully understand the biological roles of enhancers. Currently, 
researchers are employing deep learning models to efficiently 
design synthetic, cell-type-specific enhancers in flies, starting 
from random sequences, and this optimization process allows 
detailed tracing of enhancer features at single-nucleotide reso-
lution (Taskiran et al. 2023). With more data on plant enhancers, 
this approach could likely be adapted for plants to fine-tune the 
expression in specific cells. Additionally, advances in single-cell 
genomics, such as single-cell ATAC-seq, will improve our under-
standing of the gene regulatory networks present in specific 
cells and how they impact plant responses to environmental 
and developmental cues.

Genetic variation and epigenetic variation in enhancers play 
a pivotal role in plant evolution and adaptation by influenc-
ing the expression of genes affecting traits adaptive to local 
environments or domestication. While epigenetic modifica-
tions have been shown to regulate enhancer activity and limited 
evidence suggests that enhancers are shaped by both posi-
tive selection and purifying selection, key questions remain: 
Which enhancers experience positive selection? Which under-
goes purifying selection? Are all epigenetic modifications adap-
tive? Are species range limits and species-specific adaptation 
linked to enhancer epigenetic modifications? Understanding 
these dynamics will offer valuable insights into plant gene regu-
lation, helping improve crop resilience and productivity.
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While we are still in the early stages of understanding the 
biology and impact of enhancers, it is not too soon to think 
about how to apply our knowledge to crop improvement. 
Future applications might include (I) using genome editing 
to manipulate enhancers to improve plant performance (II) 
mining natural variation in enhancers in breeding programs 
including genomic selection. Additionally, enhancers could be 
used to fine-tune expression of transgenes in a cell-type-specific 
manner.
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