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Abstract

A deeper understanding of the molecular mechanisms shaping plant development is rel-
evant for enhancing agricultural productivity. Among these mechanisms, the regulation
of gene expression plays a central role in determining phenotypes and plasticity. This
specificity is largely mediated by transcription factors (TFs) that bind cis-regulatory ele-
ments (CREs), short DNA sequences dispersed within intergenic regions. Despite their
key roles, CRE function remains incompletely understood. However, growing evidence
indicates that variation in CREs has contributed to crop domestication, adaptation, and
trait diversification. This review highlights the role of CRE variation in shaping agronomic
traits, discusses current approaches for CRE identification with a focus on multi-omics
strategies, and examines recent genome-editing technologies for CRE manipulation and
their potential applications in crop improvement.

Keywords: cis-regulatory elements; crop genome editing; chromatin accessibility; transcription
factors; ATAC-seq

1. Introduction
Crop productivity relies on genetic traits optimized through breeding to sustain yield

stability across diverse environments. However, the escalating frequency of extreme and
unpredictable climatic events disrupts developmental coordination and physiological
homeostasis, leading to substantial yield penalties and posing a serious threat to global
food security. At the molecular level, the capacity of plants to adapt and respond to a
constantly changing environment depends on tightly regulated transcriptional circuits
that define gene expression programs. These programs are both spatially and temporally
regulated, allowing different cell types and tissues to shape responses according to the
nature and duration of environmental cues. This control of gene expression is critical for
agronomic traits, as it enables plants to balance growth, resource allocation, and stress
resilience, ultimately affecting crop productivity and performance.

The specificity of the genic response is accomplished by proteins called transcrip-
tion factors (TFs), which bind unique DNA sequences, known as cis-regulatory elements
(CREs) [1,2]. CRE activity depends on the abundance and binding of the TFs, but also on
the chromatin architecture and organization. Nucleosomes, consisting of approximately
147 base pairs of DNA wrapped around a histone core, represent the fundamental units
of chromatin. This histone core is an octameric complex formed by two copies of each
histone, H2A, H2B, H3, and H4. Beyond their structural role, nucleosomes also have an
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important regulatory function for gene expression since their position affects the binding of
the transcription factors. Active CREs are typically embedded within regions of open chro-
matin that permit TF recruitment. Although some TFs, defined as pioneer TFs, possess the
capacity to bind nucleosome DNA and remodel chromatin [3–7], TFs tend to preferentially
bind nucleosome-depleted regions [8]. This hierarchical regulatory framework safeguards
against ectopic transcription and ensures precise spatiotemporal control of gene expression.
Importantly, chromatin accessibility is highly context-dependent, varying across tissues,
developmental stages, and environmental conditions, thereby enabling transcriptional
plasticity in response to both transient and sustained stimuli. In plant genomes, accessi-
ble chromatin regions corresponding to CREs are predominantly located outside coding
sequences, frequently upstream of transcription start sites (TSSs) [9–11]. Notably, their
genomic distribution is strongly influenced by genome size and organization. Comparative
analyses across plant species reveal that in the compact genome of Arabidopsis thaliana
(119 Mb), the majority of accessible regions are situated within 2 kb of TSSs. In contrast,
species with large and repeat-rich genomes, such as Hordeum vulgare (4800 Mb), exhibit a
substantial proportion (~50%) of accessible chromatin regions located more than 2 kb from
annotated TSSs [12], reflecting increased intergenic space and regulatory dispersion.

Depending on their genomic localization, CREs can be functionally classified into
core promoters and enhancers [13]. Core promoters are among the best characterized
regulatory elements; they encompass the TSS and serve as platforms for the assembly of
the transcriptional machinery, including RNA polymerase II and the general transcription
factors [14].

In contrast, enhancers can be located at considerable genomic distances from the
TSS, within long intergenic regions both upstream and downstream of their target genes,
as well as within intronic or exonic regions of the gene body. Enhancers are bound by
sequence-specific transcription factors and regulate gene expression through the formation
of chromatin loops that bring them into physical proximity with target promoters, thereby
facilitating transcriptional activation. Because of their dispersed and variable genomic dis-
tribution, the identification of enhancers remains challenging. Nevertheless, several pieces
of evidence indicate that enhancers play a critical role in controlling both the specificity
and the frequency of transcriptional bursting [15].

Beyond the fundamental questions concerning the molecular function of CREs, a
deeper understanding of their regulatory architecture holds significant potential for crop
improvement. As central mediators of genotype-to-phenotype relationships, CREs have
important implications for population genetics, evolutionary biology, and crop breeding.
Sequence variation within CREs can alter gene expression patterns, thereby contributing
to standing genetic variation, local adaptation, and quantitative trait diversity. From an
evolutionary perspective, regulatory variation represents an important substrate for natural
and artificial selection, driving domestication, adaptive divergence, and morphological
diversification through changes in gene expression rather than protein function [16,17].
This feature is particularly relevant for crop improvement, as regulatory variants can fine-
tune gene expression while minimizing the pleiotropic effects often associated with coding-
sequence mutations, thereby expanding the allelic variation available for precision breeding.

Although substantial progress has been made in characterizing the structure and
function of CREs, the field remains rapidly evolving and far from being fully explored.
Expanding our knowledge of regulatory variation is therefore essential to fully exploit its
potential for crop improvement and precision breeding.

In this context, this review aims to highlight the importance of CREs in agricul-
ture by discussing known regulatory variations underlying key agronomic traits. Fur-
thermore, we examine the latest genome-wide technologies for CRE identification and
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the emerging genome-editing approaches that enable their functional validation and
targeted manipulation.

2. CRE Variations Integrate Productivity and Environmental Adaptation
in Crops
2.1. Genetic Control of Agronomic Traits

Crop yield represents one of the most complex agronomic traits, resulting from the
integration of multiple developmental and physiological processes, including grain size,
grain number, plant architecture, and resource allocation efficiency [18]. These components
are typically controlled by numerous loci each with small to moderate effects, and their
expression is strongly influenced by environmental conditions, making yield a highly
polygenic and context-dependent trait [19]. Many quantitative differences are not associated
with variations in the coding sequences, but are instead associated with changes in gene
expression levels, spatial patterns or developmental timing, often mediated by variation in
CREs [13,19]. For example, in maize, almost 40% of phenotypic variation in agronomic traits
is attributed to regulatory elements located in intergenic regions [20]. In contrast, in rice,
most causative variants are located within coding sequences, whereas promoter regions
represent the primary source of mutations among intergenic regions [21]. These variants
include Single-Nucleotide Polymorphisms (SNPs), small deletions or insertions (Indels)
and structural variants. Among these, SNPs account for approximately 38% of all causative
variants identified in the rice genome [21]. The following sections highlight representative
functionally validated cases associated with domestication and crop improvement (Table 1,
Figure 1). Notably, most of the cases discussed involve promoter SNPs. However, this
apparent enrichment may reflect methodological biases in variant discovery and functional
validation rather than the true distribution of regulatory variants, highlighting the need for
more systematic analyses across species.

Table 1. CRE variants affecting agronomic traits in crop species. Variants are grouped according to the
underlying mutational class (SNPs, InDels, retrotransposon insertions, and inversions); ↑ indicates
increased gene expression relative to the alternative allele; ↓ indicates reduced gene expression
relative to the alternative allele.

Mutation Type Locus Effect on
Gene Expression Phenotype Reference

SNP

CNR (FW2.2) ↓ Increased tomato fruit size [22]

GSE5 ↓ Variation in rice grain size [23]

WUS ↑ Multilocularity and larger tomato fruits [24]

INDEL

TaGW2 ↓ Variation in thousand-kernel weight in wheat [25,26]

IbNAC22 ↑ Increased starch content and yield in sweet potato [27]

P5CS1 ↑ Improved stress tolerance in barley [28]

GmMYC3 ↑ Increased resistance in soybean [29]

ENO ↓ Increased locule number and fruit size of tomato [30]

SlOFP20 (sov1) ↓ Tomato fruit elongation [31]

OsSWEET14 ↓ Disease resistance in rice [32]

RETROTRANSPOSON
INSERTIONS

ZmVPP1 ↑ Enhanced drought tolerance in maize [33]

SUN ↑ Elongated tomato fruit morphology [34]

RUBY ↑ Red pigmentation in citrus [35]

INVERSION CLV3 ↓ Multilocularity and larger tomato fruits [24]
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Figure 1. Role of CREs in genetic diversity of modern crop. Breeding and domestication have shaped
genetic variation in CREs, contributing to the diversification of modern crops. These variations
include sequence deletions, inversions, insertions, and single-nucleotide polymorphisms (SNPs),
which have influenced key agronomic traits in many species. The figure highlights the main examples
discussed in the text, including loci affecting tomato fruit size and shape, starch content in sweet
potato, and grain yield in rice and wheat. CRE variations also impact traits related to environmental
responses, such as rice susceptibility to bacterial blight, soybean defense against cutworm, drought
tolerance in maize and barley, and cold-induced anthocyanin accumulation in oranges.

2.1.1. Role of CRE Variants in Starch Content and Nutritional Traits

Recent studies have highlighted the importance of natural variation in cis-regulatory
regions in controlling yield-related traits in root and tuber crops (Figure 1). For instance,
natural allelic variation in the promoter of the NAC transcription factor gene IbNAC22
has been shown to regulate starch accumulation in sweet potatoes [27]. In particular, the
presence of specific promoter polymorphisms, including single-nucleotide substitutions
and a 13-bp insertion–deletion, resulted in higher transcriptional activity of IbNAC22 in
high-starch varieties [27]. This enhanced expression was closely associated with increased
starch content and improved yield-related traits in storage roots. Functional analyses
demonstrated that overexpression of IbNAC22 significantly increased fresh yield, starch
content and amylose proportion, whereas gene knockdown produced the opposite ef-
fects, confirming the regulatory role of this locus in controlling starch biosynthesis and
productivity [27].

2.1.2. Role of CRE Variants in Determining Fruit Size and Shape in Tomato

Domestication and breeding have shaped tomato fruit morphology, leading to the
extensive diversity observed today in cultivated tomato plants. This diversity is largely
associated with genetic variation at four major loci: locule number (lc), fasciata (fas), SUN
and OVATE [36].

lc and fas are major QTLs contributing to the increase in locule number and fruit size
in domesticated tomato, as the result of over proliferation of stem cells in the meristem. lc is
a gain-of-function allele associated with two SNPs within a repressor element downstream
of tomato WUSCHEL (SlWUS), a plant homeobox gene that promotes cell proliferation [37].
The fas allele is instead associated with an inversion of the promoter of tomato CLAVATA
(SlCLV3) [36,37]. Genetic variations at these loci altered the regulatory balance within the
WUS–CLV3 feedback loop [24], a conserved mechanism controlling stem cell maintenance
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in the shoot apical meristem [38]. Both lc and fas mutations lead to an expansion of the
SlWUS expression domain during early floral development, resulting in sustained tran-
scriptional activity in carpel primordia and the formation of multilocular, larger fruits [24].
Transcriptomic profiling further revealed that these mutations influence the expression of
genes involved in meristem development, cellular organization and metabolic processes,
providing mechanistic insight into how regulatory variation can reshape developmental
programs and contribute to phenotypic diversification during domestication [24].

While lc and fas are associated with locule number and fruit size, mutations affecting
SUN and OVATE loci determine the longitudinal growth of tomato fruits. A 31-kb dele-
tion upstream of the tomato OVATE Family Protein 20 (SlOFP20) gene results in reduced
transcriptional activity, which releases repression of the OVATE signaling pathway and
promotes longitudinal cell division, ultimately leading to fruit elongation [31]. In another
case, a transposition event involving a copia-like retrotransposon relocated the SUN gene to
a genomic region downstream of an enhancer-like promoter associated with the DEFENSIN-
LIKE PROTEIN 1 (DEFL1) gene. This rearrangement caused ectopic overexpression of SUN
in developing fruits and stimulated longitudinal cell expansion, producing elongated fruit
phenotypes [34].

How genetic diversity shapes tomato fruit morphology remains an active and pro-
ductive area of research, continually leading to the identification of new regulators. For
instance, nucleotide polymorphisms in the promoter of the CELL NUMBER REGULATOR
(CNR) gene modify its transcriptional activity during fruit development and have been as-
sociated with the enlarged fruit size observed in cultivated tomato varieties [22]. Similarly,
an 85 bp deletion in the promoter of EXCESSIVE NUMBER OF FLORAL ORGANS (ENO)
in domesticated tomatoes, relative to wild accessions, reduces gene expression and leads to
an increased number of locules, thereby contributing to fruit enlargement [30].

Overall, these studies highlight how variation in CREs plays a central role in shaping
tomato fruit morphology during domestication and diversification (Figure 1), by modulat-
ing gene expression and organ development.

2.1.3. Role of CRE Variants in Cereals Yield

Grain weight, number, and shape are key agronomic traits in cereals and have been
the focus of extensive breeding programs. Over the years, breeding has generated a
great genetic reservoir that has been used to identify genetic variants associated with
grain phenotypes.

One of the earliest molecular examples linking genetic variation to yield compo-
nents is represented by the GW5 QTLs in rice, which is widely used by rice breeders as
a yield-associated marker. The GW5 locus includes the GSE5 gene, which encodes the
rice calmodulin protein OsCaM1-1 [23]. Deletions in the promoter region of GSE5, which
arose during rice domestication, modulate its expression and result in differences in grain
morphology, producing either longer or rounder grains depending on expression levels.
Similarly, Sun et al. identified miR530 as a key regulator of rice yield by modulating grain
size and panicle architecture [39]. Analysis of genetic variation across 3024 rice varieties
revealed that the miR530 promoter has been subject to artificial selection during breeding,
thereby contributing to the extensive grain diversity observed among contemporary rice
subpopulations and cultivated varieties [39].

In wheat, SNPs in the promoter of TaGW2 have been linked to variation in grain weight
and size, overall affecting final yield [25,26]. TaGW2 encodes a RING-finger E3 ubiquitin
ligase that functions in the ubiquitin–proteasome pathway, targeting factors involved in cell
proliferation [40]. Notably, TaGW2 is homologous to GW2 in rice and maize, where both
its molecular and biological functions are conserved [41,42]. Moreover, TaGW2 has also
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been linked to responses to both abiotic and biotic stresses, suggesting a role for this factor
in balancing the trade-off between stress resilience and yield, one of the major challenges
facing modern agriculture [43–45].

These findings illustrate how natural variation in promoter regions can modulate gene
expression and contribute to quantitative differences in agronomic performance (Figure 1),
providing valuable targets for marker-assisted selection and genome editing strategies
aimed at improving crop yield and quality.

2.2. Regulatory Mechanisms Underlying Adaptive Plasticity

Plants continuously adjust their growth and development in response to environ-
mental fluctuations, a phenomenon referred to as adaptive plasticity [46]. This capacity
relies on the dynamic regulation of gene expression mediated by transcription factors
and CREs, which integrate environmental and developmental signals to coordinate plant
responses to changing conditions [47]. Variation within regulatory regions can modify
transcriptional responses to stress conditions such as drought, temperature extremes or
pathogen attack, thereby enhancing plant tolerance and resilience. Increasing evidence
indicates that regulatory mutations affecting promoter or enhancer sequences represent a
key mechanism enabling crops to adapt to diverse environments and maintain productivity
under stress.

2.2.1. Biotic Stresses

A well-characterized example of regulatory variation conferring resistance to biotic
stress involves susceptibility (S) genes targeted by transcription activator-like (TAL) ef-
fectors from plant pathogenic Xanthomonas species [48] (Figure 1). TAL effectors act as
transcription factors that bind specific nucleotide sequences in host promoters to activate
S-gene expression and facilitate pathogen infection [32,48]. Exploiting this mechanism,
natural polymorphisms in TAL effector binding sites can disrupt pathogen-induced gene
activation and confer resistance. For instance, screening of rice germplasm identified a
naturally occurring allele of the susceptibility gene OsSWEET14 carrying an 18-bp deletion
overlapping TAL effector binding elements in the promoter region. This deletion prevents
transcriptional activation of the gene by multiple Xanthomonas oryzae pv. oryzae strains and
confers resistance to bacterial blight, illustrating how targeted changes in cis-regulatory
sequences can generate durable disease resistance [32].

Adaptive responses to biotic stress can also be mediated by regulatory networks con-
trolling defense signaling pathways. In soybean, the transcription factor GmMYC3 was
identified as a key regulator of resistance to herbivory through the activation of down-
stream defense-related genes, including protease inhibitors that impair insect digestion
and development. Sequence variations in the GmMYC3 promoter cause differences in its
transcription, affecting plant resistance to the common cutworm without significant penal-
ties in yield or seed quality, highlighting the potential of regulatory variation to balance
stress resistance and productivity [29] (Figure 1).

2.2.2. Abiotic Stress

Regulatory variation also plays an important role in plant responses to abiotic stress
(Figure 1). In barley, allele mining of the pyrroline-5-carboxylate synthase gene P5CS1
revealed extensive polymorphism within the promoter region, including variation across
multiple cis-regulatory elements associated with abscisic acid-dependent and independent
stress pathways. These promoter variants were associated with quantitative differences
in gene expression, proline accumulation, and drought tolerance. Introgression of a high-
expression allele into cultivated backgrounds improved physiological performance and
reduced yield loss under drought conditions [28]. Similarly, genome-wide association
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studies in maize identified natural variation in the promoter of the gene encoding for
the vacuolar H+-pyrophosphatase ZmVPP1, where a 366-bp insertion containing MYB-
binding cis-elements confers drought-inducible gene expression. Transgenic plants with
enhanced ZmVPP1 expression exhibit improved root development and drought tolerance,
demonstrating the functional significance of regulatory variation in stress adaptation [33].

Transposable elements represent an additional source of regulatory innovation con-
tributing to adaptive plasticity [49]. In fact, their insertion near genes can introduce novel
promoter or enhancer sequences that alter gene expression patterns [49]. A classic example
is found in blood oranges, where the insertion of a Copia-like retrotransposon upstream of
the RUBY transcription factor gene enables temperature-dependent activation of antho-
cyanin biosynthesis under cold conditions, leading to the characteristic red pigmentation
of the fruit [35]. Such regulatory rearrangements illustrate how mobile genetic elements
can generate environmentally responsive phenotypes without altering coding sequences
and contribute to adaptive plasticity in plants.

3. Techniques for the Identification of Plant CRE
As described in the previous paragraph, genome-wide association studies have en-

abled the identification of genetic variants within regulatory sequences, leading to the
discovery of key regulatory networks. However, to fully exploit the potential of CREs for
crop improvement, a comprehensive prediction and characterization of CREs involved in
specific agronomic traits and adaptive responses is essential. This has long been challeng-
ing, as CREs are typically short DNA sequences dispersed within large intergenic regions,
making their identification difficult.

In recent years, the advent of genome-wide technologies for profiling chromatin
features has markedly improved our ability to predict and annotate CREs, enabling the
generation of increasingly comprehensive regulatory atlases across diverse plant species.
Importantly, no single dataset is sufficient to fully define CRE activity; rather, an integrative
approach combining chromatin accessibility, three-dimensional genome organization, tran-
scription factor binding profiles, DNA sequence features, and gene expression dynamics is
required (Figure 2).

In this section, we review the most recent techniques for the prediction of CREs in
plant science.

Figure 2. Integrated workflow for identifying functional CREs.
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3.1. Chromatin Accessibility as Hallmark of CREs

One of the characteristics of active CREs is an accessible chromatin conformation given
by the lack of nucleosomes. Hence, CREs can be mapped at a genome-wide level using
techniques that exploit the ability of DNA-cleaving enzymes (DNAse, MNase, Tn5) to pref-
erentially access nucleosome-depleted regions, coupled with high-throughput sequencing.

One of the methods that is becoming increasingly popular is ATAC-seq (Assay for
Transposase-Accessible Chromatin using sequencing), a high-throughput technique devel-
oped to assess chromatin accessibility at high resolution [50]. The method relies on a modi-
fied Tn5 transposase pre-loaded with sequencing adapters. When incubated with purified
nuclei, the transposase preferentially inserts these adapters into regions of open chromatin
while simultaneously fragmenting the DNA. This process generates a sequencing-ready
library enriched for accessible genomic regions (Figure 2). Given the minimal process-
ing steps, ATAC-seq is considered a rapid and robust method for profiling chromatin
accessibility with high resolution.

In addition to short fragments corresponding to nucleosome-free regions, mono-, di-,
and tri-nucleosome-sized fragments can also be observed. Typically, 50 M reads in the
sequencing are used for mapping nucleosome conformation, but with 200 M reads it is also
possible to profile TFs binding sites [50,51].

A critical limiting step is the preparation of clean and intact nuclei. This is particu-
larly challenging in plant tissues, especially those rich in chloroplasts. The chloroplast
genome lacks nucleosomes and, hence, is highly accessible, sequestering most of the Tn5
and resulting in an under-tagmentation of nuclear DNA. To overcome this issue, several
protocols have been developed to improve nuclei purification for plant ATAC-seq exper-
iments. One approach is INTACT (Isolation of Nuclei Tagged in specific Cell Types), a
streptavidin-based purification system in which nuclei are biotinylated and subsequently
isolated using streptavidin-conjugated beads (Figure 3a). This is achieved by expressing
the BirA gene and peptide biotinylated by BirA fused to a protein of the nuclear envelope.
Using tissue-specific promoters is possible to purify nuclei from specific cells by obtaining
tissue-specific data [52]. This method yields high-quality nuclei that are well suited for
Tn5-mediated tagmentation, also because gentle lysis buffers are used during tissue lysis,
helping to preserve nuclear integrity. However, the protocol is labor-intensive, requires
expensive reagents, and several milligrams of starting tissue are needed. Moreover, the
generation of transgenic lines represents a significant limitation in many crop species, as
transformation protocols are often inefficient or not fully established. In addition, in species
with long life cycles, the time required to produce stable transgenic lines can represent a
real limiting factor. To avoid the need of transgenic line production, alternative approaches
such as fluorescence-activated nuclei sorting (FANS/FACS) [9] (Figure 3b) or nuclei purifi-
cation by sucrose gradient sedimentation (Figure 3c) have also been successfully applied to
ATAC-seq [51]. However, both methods present advantages and limitations.

Sucrose gradient sedimentation is relatively simple, cost-effective, and applicable to
virtually all plant species. Nevertheless, the procedure may compromise nuclear integrity
and does not always ensure complete removal of chloroplast contamination. As a result,
sequencing libraries may exhibit higher background levels due to chloroplast DNA, a
problem that can be partially overcome by increasing sequencing depth.

In contrast, fluorescence-activated nuclei sorting generally yields highly pure and
intact nuclei, making it particularly well suited for ATAC-seq applications. However, this
approach requires access to expensive instrumentation and trained personnel, which may
limit its accessibility. Although most ATAC-seq protocols are performed using around
50,000 cells, the method can be efficiently scaled down to as few as 500 nuclei and further
adapted for single-cell applications. Single-cell ATAC-seq (scATAC-seq) has become a
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powerful tool for investigating chromatin accessibility, which plays a central role in defining
cell identity by regulating the transcriptional programs that drive cellular differentiation
and function [53].

Figure 3. ATAC-seq for the identification of nucleosome-free DNA regions. ATAC-seq requires
high-quality purified nuclei, which can be isolated using different approaches: (a) INTACT, based on
biotin–streptavidin-mediated purification of nuclei and requiring transgenic lines expressing BirA;
(b) fluorescence-activated nuclei sorting (FACS/FANS), which separates nuclei based on fluorescence
and size; and (c) sucrose gradient sedimentation. For each technique, green check marks indicate
advantages, whereas red crosses highlight limitations. (d) Schematic representation of the ATAC-seq
workflow, showing the main steps of the procedure starting from purified nuclei.

As an alternative to the enzyme-based technique, there is the FAIRE-seq, where
tissue is fixed by formaldehyde to preserve the nucleosome-DNA linking [54,55]. The
formaldehyde can be used on both frozen and fresh tissue. After fixation, the purified
chromatin is sonicated to obtain fragments in a range of 200–700 bp and purified by phenol–
chloroform or columns. By this step, only the nucleosome-free DNA will be purified, while
the one bound by protein is lost during purification. Then, the DNA can be used for library
preparation and subsequently sequence. Alternatively, the abundance of nucleosome-free
DNA can be assessed by qPCR by using gene-specific primers and test genomic loci of
interest [10].

Although this method is generally considered less suitable for sequencing-based
experiments than enzyme-based approaches, it should still be taken into consideration.
It is relatively easy to implement, cost-effective, and adaptable to a wide range of plant
materials, by optimizing the fixation and sonication steps. Hence, when designing a
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chromatin accessibility experiment, multiple factors must be carefully considered to select
the most appropriate method.

Once sequencing data have been generated, accessible chromatin regions can be
mapped across the genome and associated with nearby genes. However, chromatin ac-
cessibility alone is generally insufficient to define a functional CRE. To identify regulatory
elements associated with specific transcriptional programs, chromatin accessibility profiles
are often integrated with RNA-seq data, allowing the identification of accessible regions
associated with genes displaying coordinated expression patterns. Furthermore, differential
accessibility analyses performed across developmental stages, tissues, or environmental
conditions can reveal dynamically regulated CREs whose accessibility correlates with
changes in gene expression. Candidate CREs can then be further prioritized through
the integration of additional layers of information, that are going to be discussed in the
following paragraphs.

3.2. Integrating TFs Binding Profiling and DNA Features for CRE Prediction

While chromatin accessibility profiling provides a powerful approach for identifying
candidate CREs, additional evidence is required for determining functional CREs. One
of the most informative sources of evidence is the characterization of TF binding sites,
as CREs exert their regulatory activity through the recruitment of specific TFs. Indeed,
accessible chromatin regions frequently overlap with TF binding sites, and the integration
of chromatin accessibility data with TF occupancy profiles can substantially improve CRE
annotation and functional prediction.

In contrast to chromatin accessibility, TF binding is often highly dynamic and transient,
which makes its characterization more challenging. The most widely used technique to
study TF binding is chromatin immunoprecipitation followed by sequencing (ChIP-seq).
In ChIP-seq, the transcription factor of interest is immunoprecipitated by using a specific
antibody, and the DNA bound by it is then sequenced. In plants, however, high-quality
antibodies with low backgrounds are often unavailable [56]. In such cases, transgenic lines
expressing the TF fused to an epitope tag can be used. Nevertheless, as mentioned earlier,
the generation of transgenic lines in crops can be challenging; therefore, DNA affinity
purification sequencing (DAP-seq) represents a valuable alternative [57].

In DAP-seq, the TF of interest is produced in vitro as a tagged protein and incubated
with fragmented genomic DNA extracted from the species of interest. TF–DNA complexes
are then isolated via affinity purification, and the bound DNA is sequenced to determine
the TF binding profile. Although DAP-seq is an in vitro technique, it provides robust and
reproducible data and is readily applicable across a wide range of plant species.

However, in both approaches, the analysis is typically limited to one or a small
subset of TFs. Therefore, selecting candidate TFs requires preliminary analysis. First, gene
expression profiling under relevant conditions or in specific tissues can be used to identify
genes with informative expression patterns. Subsequently, co-expressed or co-regulated
gene sets can be analyzed to identify enriched TF binding motifs. Finally, TFs associated
with significantly enriched motifs can be used for experimental validation using ChIP-seq
or DAP-seq.

Many web-based tools are available to scan genes for transcription factor binding sites
and to characterize transcriptional regulatory networks. Among these, PlantRegMap [57–59]
represents one of the most comprehensive resources. It integrates a wide range of algo-
rithms and enables the analysis of datasets from multiple agronomically relevant plant
species through a user-friendly interface, making it accessible even to researchers with-
out extensive bioinformatics expertise. One of the tools provided by PlantRegMap is
FunTFBS [59], which focuses on identifying transcription factor binding sites with po-
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tential regulatory functions. This approach predicts functional binding sites based on
the relationship between motif occurrence frequency and sequence conservation scores
across different plant species. Conservation is assessed using the PhyloP conservation
score [60,61], which measures evolutionary conservation at the nucleotide level across
multiple species. This approach relies on the assumption that functional regulatory se-
quences, particularly in intergenic regions, tend to be more conserved than the surrounding
non-functional sequences [62].

However, aligning intergenic regions across distantly related plant species is challeng-
ing due to extensive structural variation and rapid sequence divergence during evolution.
This limitation has been recently addressed by a novel algorithm called Conservatory,
which enabled the identification of over two million conserved non-coding sequences
across approximately 300 million years of plant diversification [63]. These deeply con-
served non-coding sequences likely represent core regulatory elements essential for gene
expression programs during plant development, while surrounding less conserved re-
gions contribute to regulatory flexibility and evolutionary innovation. Nevertheless, not
all functional TF binding sites are evolutionarily conserved, and motif-based predictions
may therefore include false positives, highlighting the importance of validation using
complementary experimental approaches.

Another important layer of information for CRE identification is DNA methylation.
In plants, active regulatory regions are often associated with reduced DNA methylation
levels, whereas highly methylated regions generally display lower chromatin accessibility
and reduced transcription factor occupancy. Consequently, DNA methylation profiling,
traditionally performed through whole-genome bisulfite sequencing, can be integrated with
chromatin accessibility and transcription factor binding data to identify active CREs [64].

Recent advances in long-read sequencing technologies, based on Oxford Nanopore,
enable direct detection of DNA methylation without chemical conversion. For example,
Simultaneous Accessibility and DNA Methylation Sequencing (SAM-seq) was recently ap-
plied to Arabidopsis and maize, allowing the concurrent profiling of chromatin accessibility
and DNA methylation status across the genome [65]. Such integrated approaches provide
a more comprehensive view of the regulatory landscape and improve the identification
and annotation of functional CREs.

Therefore, the combined analysis of chromatin accessibility, transcription factor occu-
pancy, DNA methylation, sequence conservation, and chromatin interaction data provides
a robust framework for the identification and functional characterization of plant CREs.

3.3. Assays for Functional Activity of CREs

Once candidate CREs have been identified, their regulatory activity must be exper-
imentally validated. One of the most widely used approaches relies on reporter gene
assays, in which candidate regulatory sequences are cloned upstream of a reporter gene
such as GFP, GUS, or luciferase. The choice of reporter depends on the biological question
being addressed: GFP and GUS reporters are particularly useful for characterizing tissue-
and cell-specific expression patterns, whereas luciferase-based systems enable rapid and
quantitative measurements of transcriptional activity.

An interesting technique, for testing the activity of multiple enhancers is called Self-
Transcribing Active Regulatory Region Sequencing (STARR-seq), which is a massively
parallel enhancer reporter assay that allows large libraries of candidate CREs to be screened
simultaneously [66,67]. In this approach, genomic fragments, that can be potentially
selected from accessible chromatin regions, are incorporated into reporter constructs con-
taining a minimal promoter. The activity of the enhancer candidates can be quantified
through high-throughput sequencing of reporter transcripts. This strategy makes it possible
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to assess the regulatory activity of multiple candidate CREs in a single experiment. How-
ever, despite its potential in the identification of functional enhancers, STARR-seq has some
limitations. Enhancer activity is often dependent on its native genomic context and position
relative to target genes. Because candidate sequences are tested outside their endogenous
chromosomal environment, the assay may not fully recapitulate their physiological activity.

Another major challenge in CRE biology is the identification of the target genes reg-
ulated by distal regulatory elements, which may be located several kilobases away from
their target promoters; therefore, genomic proximity alone is often insufficient to assign
CRE–gene relationships. Hence, chromosome conformation capture-based methods, in-
cluding Hi-C and related techniques such as Capture Hi-C, can be used to identify physical
interactions between distal CREs and target promoters through chromatin looping [68,69].
The integration of functional reporter assays with chromatin interaction data provides a
powerful framework for validating CRE activity and establishing causal links between
regulatory elements and gene expression.

3.4. Computational Prediction of CREs Based on Deep Learning Models

Although experimental approaches remain indispensable for the identification and
validation of CREs, deep learning models are increasingly being used to predict the regu-
latory potential of DNA sequences. For instance, DeepSEA [70] and AlphaGenome [71]
are trained on large-scale genomic datasets, including chromatin accessibility, histone
modification, and transcription factor binding profiles. These models can predict the conse-
quences of sequence variants on gene expression and prioritize candidate CREs for further
experimental investigation. While their applications have so far been largely focused on
human genomes, their translation to crop species could facilitate the identification of CREs
associated with agronomic traits of interest.

4. Genome Editing of cis-Regulatory Elements for Crop Enhancement
The integration of multiple genome-wide approaches can generate an extensive atlas

of predicted CREs in the plant of interest. However, genetic validation remains essential to
fully elucidate the functional relationships between CREs, agronomic traits, and adaptive
features. This validation can be pursued through two main strategies. One is classical
forward genetic screening, which can be performed in plants by random mutagenesis or
by comparing varieties originating from different breeding programs; the other is precise
genome editing. While earlier techniques, such as TALEN, could be used for this purpose,
here we discuss the CRISPR-based methods which are the most powerful tools for the
precise, versatile, and efficient editing of regulatory regions. Recent reviews provide an
exhaustive description of this method for editing engineering in crops [72–75], hence
here we only summarize those relevant for the CREs and the transcriptional control of
agronomic traits.

The classical CRISPR-based mutagenesis approach uses a Cas9 nuclease, which pro-
duces DNA double strand break (DSB) in the DNA sequence complementary to a gRNA,
which is designed to target the desired site to mutagenize, with the only limitation of
the presence of the protospacer-adjacent motif (PAM). The DSB is then repaired by the
Non-Homologous End Joining (NHEJ) endogenous mechanism, which is error-prone, and
hence it produces Indels in the targeted sequence. Hence, this can be used to produce
mutations inside the CRE of interest, which, for example, could disrupt the binding site of
a TF, and hence change the expression output of a gene. In recent years, the CRISPR-based
genome editing toolbox has expanded considerably, with the development of Cas variants
recognizing different PAM sequences, thus broadening the range of targetable genomic loci.
Larger deletions of regulatory regions can be achieved by using two or more gRNAs target-
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ing sequences flanking the CRE. CRISPR systems based on Cas12 are particularly useful in
this context, as they can generate deletions of approximately 5–30 bp and allow the use of
compact guide RNA arrays, facilitating multiplex genome editing. Indeed, by employing
multiple sgRNAs, several CREs can be targeted simultaneously, enabling the coordinated
modulation of genes with redundant functions or similar expression patterns [76,77].

The work from Lippman’s group provides a beautiful example of how CRISPR-
based approaches can be used to engineer regulatory regions and modulate quantitative
agronomic traits in tomato plants. They targeted the regulatory regions of SlCLV3 and
SlWUS, the two genes, already mentioned as key determinants of fruit size in domesticated
tomato. Mutations generated either randomly or through targeted editing of conserved
cis-regulatory sequences in these loci produced allelic variants affecting fruit locule num-
ber [78,79]. Beyond its clear applications in crop improvement, these works also reveal the
additive, synergistic, and redundant interactions among CREs, highlighting the complex
regulatory architecture of intergenic regions. Similarly, Hu et al. successfully generated
fruits with altered shapes in Capsella rubella, a Brassicaceae species with a characteris-
tic heart-shaped fruit that is widely used as a model for studying organ development.
In this case, CRISPR–Cas9 was used to target the promoter of SHOOT MERISTEMLESS
(STM), which encodes a transcription factor involved in meristem determination, gener-
ating multiple alleles that produced a range of fruit morphologies and STM expression
patterns [80].

However, one of the primary goals of modern breeding is to improve cereal yield, as
cereals constitute the main staple food worldwide. As described earlier, numerous genetic
variants associated with grain yield have been selected during domestication and breeding.
In principle, this makes these loci attractive targets for genome editing to further enhance
yield. However, this approach is not straightforward, because these loci often exhibit
pleiotropic effects, leading to significant trade-offs between growth and other important
traits, such as nutritional content, biomass and defense mechanisms. Moreover, in rice,
the three traits that contribute to final yield, tillers number, number of grains per panicle
and grain size are inversely related. Hence, Song and co-authors proposed to edit the
regulatory region of IDEAL PLANT ARCHITECTURE (IPA1), encoding a SQUAMOSA
promoter binding protein-like (SPL) transcription factor OsSPL14, a master regulator of rice
development with pleiotropic effect [81]. The deletion of 54 bp by a CRISPR/Cas9 approach
in the promoter of IPA1 increases both tiller number and panicle weight, increasing the
final yield [81]. This study illustrates how targeting regulatory regions rather than coding
sequences can fine-tune gene expression to reduce pleiotropy and trade-off effects, offering
a valuable strategy for plant breeding.

Another important aspect of crops is the nutritional content of seeds, which can also
be enhanced through genome editing. Wang and colleagues deleted the binding sites for
the transcriptional repressors WRKY and RAV1 in the NF-YC4 promoter. This resulted
in increased NF-YC4 expression, leading to enhanced protein content in both rice and
soybean [82]. This work not only highlights the critical role of NF-YC4 in determining seed
quality and quantity but also underscores the importance of WRKY and RAV1 transcription
factors, which are involved in multiple developmental processes and in balancing plant
responses to environmental stresses [83–86].

Even though all these approaches lead to very promising results, a major limitation
is that the indels generated are stochastic and heterogeneous, requiring the screening
of multiple independent lines to identify mutations that effectively alter gene expression.
Hence, to overcome these problems, different tools have been developed for precise genome
editing. For example, base editors can be used to generate nucleotide substitutions without
DSB. This is obtained by fusing an inactivated version of the Cas9 to a DNA deaminase,

https://doi.org/10.3390/agronomy16131282

https://doi.org/10.3390/agronomy16131282


Agronomy 2026, 16, 1282 14 of 21

driving C to T transition (cytosine base editors) or A to G transition (adenine base editor).
Many base editors’ systems have been studied in plants for various base substitutions;
however, the main challenges remain the off-targets problem and the sequence-context
dependence [87,88].

Despite these limitations, base editing represents a powerful approach for the study
and manipulation of CREs. Indeed, TF binding is highly sequence-specific; therefore,
minimal but precise changes within DNA motifs can significantly alter CRE activity. For
example, this concept could be applied to PHYTOCHROME-INTERACTING FACTORs
(PIFs), a well-characterized family of transcription factors for which extensive studies on
DNA motif recognition have been conducted. PIFs are particularly interesting because they
integrate multiple environmental signals into specific physiological responses, including
seed germination, cell elongation, flowering, and senescence. Owing to their conserved
presence across plant species and their central regulatory role, PIFs represent a valuable
target for crop improvement, especially in the context of enhancing plant responses to envi-
ronmental cues [89,90]. PIFs belong to the bHLH family and recognize G-box, PBE-box, and
E-box motifs with different affinities. The G-box core sequence consists of six nucleotides
(5′-CACGTG-3′), which is preferentially recognized by Arabidopsis PIF4, PIF5, and PIF7.
Substitutions of the central CG dinucleotide strongly affect PIF binding, with variants such
as the E-box (e.g., CAAGTG) displaying lower binding affinity [91,92]. Therefore, targeted
modifications of PIF-binding motifs in specific genes could be exploited to modulate plant
responses to environmental conditions, highlighting the potential of base editing for the
rational engineering of CREs in crop improvement.

Other CRISPR-based strategies include knock-in approaches, which enable the in-
sertion of specific sequences at defined genomic loci. Using these methods, novel CREs
can be introduced into promoters to enhance gene expression. Although their efficiency
is still relatively low, particularly in dicot species, these approaches are highly promising
due to their specificity and potential applicability in crop improvement. As an alternative
approach, prime editing has recently emerged as a powerful tool for the precise engineer-
ing of CREs in both monocots and dicots. Prime editing uses a prime-editing guide RNA
(pegRNA) to direct a Cas9 nickase fused to a reverse transcriptase to the DNA target. The
pegRNA functions as both a guide and a template to generate up to 12-nucleotide substitu-
tions, insertions, or deletions in the desired DNA sequence. This system was used to edit
heat-shock elements in the promoters of cell-wall-invertase genes, for enhancing carbon
partitioning to rice grain and tomato fruit, without losing crop quality [93,94]. Importantly,
the CRISPR toolbox extends far beyond the generation of targeted mutations. Technologies
such as CRISPR-mediated transcriptional regulation, achieved by fusing a catalytically
inactive Cas9 to transcriptional activators or repressors, or epigenetic modifications, offer
the possibility to fine-tune gene expression without altering the underlying DNA sequence.

Thus, CRISPR-based editing of CREs provides a wide range of opportunities for
precise crop improvement; however, a thorough understanding of transcription factor
binding sites and CRE organization is required to fully exploit these approaches for crop
genetic enhancement.

5. Discussion
Over the centuries, traditional breeding programs have been used to select crop

varieties with desirable agronomic traits, ranging from improved nutritional content to
enhanced yield. More recently, precision breeding and transgenic approaches have emerged
as powerful alternatives to accelerate this process. In this context, targeting CREs, rather
than coding sequence by the CRIPSR-Cas9, offers the advantage of fine-tuning gene expres-
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sion without altering protein function, thereby enabling subtle and precise modulation of
plant traits (Figure 4).

Figure 4. Challenges and future directions for CRE exploitation in crop improvement. Genome
editing of CREs offers a promising strategy for molecular breeding and crop improvement. However,
its effective application requires a comprehensive understanding of CRE distribution and function, as
well as species-specific features such as gene redundancy and polyploidy. In addition, phenotypic
outcomes are context-dependent, being influenced by tissue-specific activity and environmental
conditions. Despite these challenges, CRE manipulation allows fine-tuning of gene expression,
potentially balancing yield–stress trade-offs and reducing pleiotropic effects.

However, fully exploiting CREs for crop improvement remains a major challenge and
requires a comprehensive understanding of their distribution, function, and regulatory
activity. Mutations in regulatory regions do not always produce predictable genotype-to-
phenotype outcomes, and a linear relationship between CRE variation and gene expression
is often lacking. Moreover, the same cis-regulatory variant can elicit distinct responses
depending on the tissue type, developmental stage, or environmental conditions, making
its effects difficult to predict and generalize.

Addressing this complexity requires integrative experimental frameworks that com-
bine genome-wide mapping of regulatory elements with rigorous functional validation.
Such efforts demand long-term research programs involving the integration of multiple
omics technologies, including genomics, transcriptomics, epigenomics, and chromatin
accessibility analyses. These approaches are not only costly and technically demanding but
also require highly specialized expertise spanning several disciplines, including molecular
biology, genetics, bioinformatics, and computational biology. Consequently, despite the
enormous potential of CRE-based crop engineering, translating regulatory knowledge into
predictable breeding outcomes remains a significant bottleneck.

Moreover, the achievement of this goal necessitates comparative analyses across plant
species, as CRE function and regulatory organization can be highly species-specific. A
major constraint is represented by polyploid crop species, such as wheat, where gene
redundancy and homologous interactions can buffer the phenotypic effects of individ-
ual mutations. In such genomes, multiple gene copies often share partially overlapping
regulatory networks, complicating the establishment of direct genotype–phenotype rela-
tionships [95]. Future research should therefore focus on dissecting regulatory interactions
among homologous genes and identifying CREs with consistent effects across different
genetic backgrounds, which will be essential for their reliable deployment in breeding
programs targeting complex traits.

Another major challenge is to fine-tune gene responses to stress while maintaining
or improving yield, as the activity of regulatory sequences is highly context-dependent
and influenced by environmental conditions. This is particularly relevant in the context
of climate change and the increasing frequency of environmental stressors that threaten
crop productivity, further emphasizing the importance of genotype-by-environment in-
teractions in shaping agronomic performance. Targeting CREs represents a promising
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strategy to modulate gene expression in a precise and context-dependent manner; however,
further efforts are needed to fully characterize the effects of environmental stressors on
yield-related loci.

Together, the successful exploitation of CREs will depend on our ability to integrate
regulatory genomics with predictive and environmental-aware breeding strategies.

6. Conclusions
CREs have emerged as central determinants of phenotypic diversity and agronomic

performance in crop species. Accumulating evidence indicates that variation in regulatory
regions plays a fundamental role in shaping quantitative traits such as yield components,
plant architecture, and stress tolerance by modulating gene expression rather than altering
protein function. This regulatory flexibility enables gradual phenotypic adjustments that
can be maintained during selection and exploited in breeding programs. Consequently,
CRE variation represents a key molecular mechanism linking crop productivity to envi-
ronmental adaptation. Advances in genomics and functional biology have substantially
improved our ability to identify and characterize CREs across diverse plant genomes. Inte-
grative multi-omics approaches combining chromatin accessibility profiling, transcription
factor binding analysis, three-dimensional chromatin organization, and transcriptomic
data are progressively enabling the construction of high-resolution regulatory maps. These
datasets provide an essential framework for understanding how gene regulatory networks
respond to developmental and environmental signals and for identifying regulatory targets
associated with desirable agronomic traits.
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Abbreviations
The following abbreviations are used in this manuscript:

CRE cis-regulatory elements
TF Transcription factor
ChIP-seq Chromatin immunoprecipitation sequencing
DAP-seq DNA Affinity Purification Sequencing
ATAC-seq Assay for Transposase-Accessible Chromatin using Sequencing
INTACT Isolation of Nuclei Tagged in Specific Cell Types
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
PIF Phytochrome Interactin Protein
bHLH Basic helix–loop–helix
IPA1 Ideal Plant Architecture 1
SPL Squamosa-Promoter-Binding Protein-Like
STM Shoot Meristemless
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FACS/FANS Fluorescence-Activated Nuclei Sorting
CLV3 Clavata3
WUS Wuschel
PAM Protospacer-Adjacent Motif
DSB Double Strand Break
NHEJ Non-Homologous End Joining
FAIRE-seq Formaldehyde-Assisted Isolation of Regulatory Elements sequencing
qPCR Quantitative Polymerase Chain Reaction
MNase-seq Micrococcal Nuclease Sequencing
DNase-seq DNase I hypersensitive sites sequencing
QTLs Quantitative Trait Locus
Lc Locule Number
Fas Fasciata
SlOFP20 OVATE family protein 20
CNR Cell Number Regulator
ENO EXCESSIVE NUMBER OF FLORAL ORGANS ENO
DEFL1 DEFENSIN-LIKE PROTEIN 1
GW5 Grain Weight 5
GW2 Grain Weight 2
TAL-effector transcription activator-like
P5CS1 Pyrroline-5-Carboxylate Synthase
Vpp1 Vacuolar H+-Pyrophosphatase
TSS Transcription Starting Site
STARR-seq Self-Transcribing Active Regulatory Region Sequencing
GFP Green Fluorescent Protein
SAM-seq Simultaneous Accessibility and DNA Methylation Sequencing
pegRNA prime-editing guide RNA
SNPs Single-Nucleotide Polymorphisms
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