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Abstract
Understanding plant gene regulation has been a priority for
generations of plant scientists. However, due to its complex
nature, the regulatory code governing plant gene expression
has yet to be deciphered comprehensively. Recently developed
methods—often relying on next-generation sequencing tech-
nology and state-of-the-art computational approaches—have
started to further our understanding of the gene regulatory logic
used by plants. In this review, we discuss these methods and
the insights into the regulatory code of plants that they can yield.
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Introduction
Faced with accelerating climate change and rapid pop-
ulation growth, we need crops with higher yields and
greater resilience to ensure food security. Crop genome
engineering will likely play an important role in gener-
ating these traits, and promising targets for such engi-
neering are gene regulatory regions [1e4]. However, to
enable targeted manipulation of plant gene expression,

we need to better understand the plant regulatory code;
specifically, we need to characterize plant regulatory
elements and their interactions with each other and
with trans-acting proteins (Figure 1).
www.sciencedirect.com
While the genetic codedmapping nucleotide triplets
to amino acidsdwas elucidated decades ago, the reg-
ulatory codedlinking regulatory DNA motifs to gene
expression levelsdstill awaits comprehensive charac-
terization. Three main differences between the ge-
netic and the regulatory code make deciphering the
latter a formidable challenge [5]: First, in contrast to
the qualitative nature of the genetic code (which

amino acid inserts at a protein position), the regulatory
code has a strong quantitative component (how much a
gene is expressed). Second, the genetic code consists
of small, clearly defined and independent building
blocks (i.e. codons), whereas the cis-regulatory ele-
ments that make up the regulatory code are larger, vary
in size and are embedded in complex interaction net-
works. Third, the genetic code is largely universal (i.e.
the same in almost all organisms, cell types and con-
ditions), whereas the regulatory code is highly context-
dependent and changes in response to environmental

or developmental cues.

Despite the complexity of the regulatory code, great
progress has been made towards its characterization
[6,7]. Here, we review novel approaches in gene regu-
lation research, and the aspects of the regulatory code
that can be revealed with them.
Discovery of cis-regulatory elements
To decipher the regulatory code, we need to identify its
building blocks. Gene expression is controlled by cis-
regulatory elements such as core promoters, enhancers,
silencers and insulators [6,7] (Figure 1). Core promoters
reside at the transcription start site and contain DNA
sequence elements that recruit the basal transcription
machinery. Core promoters alone generally lead to low

levels of gene expression, which increase through their
interaction with enhancers [8]. Enhancers are DNA el-
ements that serve as binding sites for condition- or
tissue-specific transcription factors, which interact with
the basal transcription machinery to drive transcription.
Enhancers function independently of orientation, can
reside upstream or downstream of their target core
promoter, and are active over a wide range of distances
[9,10]. Silencers share this orientation- and position-
independency with enhancers; however, they decrease
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Figure 1

Gene expression is controlled by the complex interaction network between cis-regulatory elements and trans-acting proteins. Core promoters
recruit the core transcription machinery and establish a basal level of transcription. This expression level can be increased or decreased by enhancers
and silencers, respectively. Insulators can block interactions among surrounding cis-regulatory elements. Cis-regulatory elements act by recruiting trans-
acting proteins, like transcription factors (TFs), to mediate their function. Most elements contain multiple protein binding sites. Site occupancy depends on,
for example, cell type and environmental conditions, leading to quantitative changes of gene expression.
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the expression of their target genes by recruiting
repressive transcription factors. Both enhancers and si-
lencers have the potential to interact with non-target
genes; however, in the genome, such mis-regulation is
prevented by DNA elements termed insulators, which
block the action of distal enhancers or act as barriers that
prevent the spread of condensed chromatin [11].

Until recently, the in-depth characterization of plant cis-
regulatory elements relied on low-throughput tech-
niques such as promoter deletion analysis, enhancer
trapping and quantitative trait locus mapping. In 2013, a
method was developed in Drosophila for the genome-
wide identification of functional enhancers called self-
transcribing active regulatory region sequencing
(STARR-seq) [12]. STARR-seq inserts candidate
enhancer sequences into the 30 untranslated region of a
reporter gene whose expression is under the control of a

minimal promoter. If an insert has enhancer activity, it
can upregulate its own transcription. The resulting
transcript can be detected by next-generation
sequencing and linked to its corresponding enhancer
element incorporated within the mRNA. This strategy
was used to identify enhancers in rice and maize pro-
toplasts [10,13]. However, by carefully testing various
configurations of the reporter construct, Jores et al. show
that plant enhancers lose activity when placed in the 30
untranslated region of the reporter gene. In contrast,
when these enhancers are inserted immediately up-

stream of a core promoter, strong and condition-specific
enhancer activity can be measured and enhancers can be
characterized at single-nucleotide resolution [9]. This
observation led to an optimized Plant STARR-seq assay
with a large dynamic range and an improved signal-to-
noise ratio (Figure 2a).

Moreover, because the identity of the regulatory ele-
ments to be tested is encoded by a DNA barcode, Plant
STARR-seq can be adapted for promoters, insulators,
silencers, untranslated regions and terminators by
Current Opinion in Plant Biology 2023, 75:102403
simply altering the position of the candidate elements
within the reporter construct (Figure 2b). For example,
Plant STARR-seq measured the strength of over 75,000
core promoters from Arabidopsis, sorghum and maize [8].
This study highlights the high-throughput nature of the
assay, shows that it detects species- and condition-
specific activity, and demonstrates its potential to

enable the design of synthetic promoters. The ap-
proaches laid out in the promoter study can be followed
to generate synthetic designs for other regulato-
ry elements.

Although massively parallel reporter assays like Plant
STARR-seq can rapidly expand our knowledge of plant
regulatory elements, these assays rely on transient
expression of a reporter construct and, therefore, lack
the genomic context surrounding the tested elements.
Systematic comparisons between results from such

assays in transgenic plants, Agrobacterium-transformed
plant cells and plasmid-transfected protoplasts have not
been reported in plants. In human and Drosophila cells,
studies could show strong concordance between the
results obtained with plasmid-based and genome-
integrated assays [12,14]. Since efficient systems for
the position-specific integration of reporter constructs
into plant genomes are lacking, other approaches have
been used to study plant cis-regulatory elements in
genomic context. For example, plant gene regulation at
specific loci has been explored in planta using CRISPR/

Cas9-mediated promoter bashing [2,15e18]. Here,
CRISPR/Cas9 genome editing creates short deletions in
the promoter region of target genes, and the edited
plants are phenotyped to evaluate the impact of the
deletion alleles. While this approach enables researchers
to analyze cis-regulatory elements in their native
genomic context, it is laborious and offers a far lower
resolution than massively parallel assays. However,
considered together, the results of massively parallel
reporter assays can inform promoter bashing efforts to
focus on the most promising genomic elements.
www.sciencedirect.com
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Figure 2

Plant STARR-seq: a massively parallel assay to study cis-regulatory elements in plants. (a) Enhancer candidates are cloned directly upstream of a
35S minimal promoter. The candidate sequences are linked to a short barcode located in the GFP reporter gene. The pooled library of reporter constructs
is used for transient transformation of tobacco leaves or maize protoplasts. After 1–2 days incubation, the reporter mRNA is extracted. Finally, the relative
abundance of the barcode sequences in the input DNA and in the output RNA is determined by next generation sequencing. Since enhancers drive
increased transcription, the enrichment of a linked barcode in the RNA relative to its DNA input is a measure of enhancer strength. (b) Plant STARR-seq
can be adapted to measure the activity of various different cis-regulatory elements.
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Towards a mechanistic understanding of
regulatory DNA elements
Cis-regulatory elements act by recruiting trans-acting
proteins like transcription factors, which vary between
different cell types and conditions. A mechanistic un-
derstanding of how trans-acting proteins interact with
cis-regulatory elements is crucial if we want to predict
cell-type- and condition-specific regulatory activity. For
example, the DNA-binding preferences of plant tran-
scription factors have been studied [19], with these
efforts defining the DNA-binding preferences of over

600 plant transcription factors [20e25]. Recently, local
DNA structuredoften termed DNA shapedwas shown
to influence transcription factor binding. DNA shape
can be used to improve the accuracy of transcription
factor binding site predictions [26,27].

Despite the progress made towards predicting tran-
scription factor binding to DNA, inferring how these
binding events affect expression is difficult. Plant
transcription factors often share similar DNA-binding
preferences but act oppositely to either activate or

repress nearby genes, depending on theirdoften
unknowndeffector domains. Although high-throughput
screens for transcription activation or repression do-
mains have been performed in yeast, Drosophila and
humans [28e31], such systematic analyses of tran-
scription factor effector domains have not yet been
performed in plants. Using transcription factor binding
predictions to infer gene regulation is further
www.sciencedirect.com
complicated by the fact that transcription factors can
bind to DNA in a cooperative manner with altered
binding site preferences and/or transcriptional
output [24,32e34].

Due to the complexity of transcription factor-DNA in-

teractions, several complementary approaches will likely
be required to understand them. Both transcription
factor-centric approaches and massively parallel reporter
assays, like Plant STARR-seq, can lead to the identifi-
cation of rules that govern transcription factor-DNA
interactions. Analysis of how the order, spacing and
orientation of transcription factor binding sitesdthe
enhancer grammar [35]daffects the activity of regula-
tory DNA will help characterize additive and coopera-
tive transcription factor interactions. Furthermore,
massively parallel reporter assays could be used to

directly measure the effect of one or more co-expressed
transcription factor(s) on the activity of thousands of
regulatory target sequences. Such experiments could
also be coupled with the TARGETsystem to distinguish
between direct and indirect effects of a transcription
factor on gene expression [36,37].

Studying regulatory DNA interactions
Cis-regulatory elements do not work in isolation; they
interact to accurately control gene expression. For
example, while interactions between promoters and
terminators affect gene expression, the relative strength
of a terminator depends on which promoter it is paired
Current Opinion in Plant Biology 2023, 75:102403
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Figure 3

Assessing the chromatin state of individual DNA molecules. (a)
Single-molecule chromatin assays use exogenously added methyl-
transferases to methylate accessible bases in situ. Long-read sequencing
is then used to detect methylated bases. Accessible chromatin regions,
nucleosome placement and footprints of DNA-binding proteins can be
inferred from the methylation patterns. (b) Most accessible chromatin
regions (ACRs) are close enough to another ACR to co-occur with it on a
single read enabling the detection of co-accessibility in plant genomes,
including the large genomes of major crops. The dashed line indicates the
average length of a PacBio HiFi read (z15 kb). Oxford Nanopore reads
can be even longer.
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with, and vice versa [38]. Thus far, interactions between
cis-regulatory elements remain understudied in plants.
In flies, massively parallel reporter assays found that
housekeeping and developmental promoters preferen-
tially interact with enhancers of the same type [39,40].
Recent studies in human and mouse cells did not reach a
consensus on whether promoter-enhancer interactions
are promiscuous or specific [41,42]. Plant STARR-seq

could be adapted to study not only interactions be-
tween plant promoters and enhancers, but also between
other cis-regulatory elements. Learning the rules that
govern regulatory DNA interactions will be crucial if we
want to accurately predict and manipulate plant
gene expression.

While massively parallel assays can be used to test the
compatibility of cis-regulatory elements, identifying
which elements interact in the context of the genome
requires novel approaches to complement existing

chromatin conformation data [6]. Potential regulatory
interactions can be inferred from chromatin accessibility
data by identifying co-accessible sites, i.e. sites with
chromatin states that are correlated across samples or
cells. Co-accessible sites can be identified from single-
cell data [43,44]. However, due to the inherent spar-
sity of single-cell chromatin accessibility data (see
below), accessibility patterns for cells belonging to a
single cell type are typically aggregated. This aggrega-
tion masks heterogeneity at the level of individual
chromatin molecules.

To overcome this limitation, single-molecule chromatin
accessibility assays use long-read sequencing to probe
chromatin state along individual chromatin fibers
[45e48]. These assays use adenosine or cytosine
methyltransferases to selectively methylate DNA in
accessible regions. Long-read sequencing is then used to
identify methylation-sensitivedand therefore accessi-
bledregions along individual chromatin fibers
(Figure 3a). These single-molecule assays capture the
chromatin state of regulatory elements that can be
separated by several kilobases or even megabases. By

using long reads spanning two or more regulatory re-
gions, the co-accessibility of these regions, in particular
across changing conditions or cell types, can be deter-
mined and used to infer regulatory interactions.

Single-molecule chromatin assays can be readily adapted
to plants, even to large crop genomes (Figure 3b).
However, protocols for efficient use of single-molecule
chromatin assays in plants have yet to be reported.
Several technical hurdles need to be overcome for their
successful application. For example, such assays require

large amounts of nuclear input DNA, while contamina-
tion with mitochondrial or chloroplast DNA reduces the
number of productive reads. Beyond co-accessibility
analysis, these assays offer a variety of advantages over
Current Opinion in Plant Biology 2023, 75:102403
short-read-based methods to determine chromatin
accessibility. Single-molecule chromatin assays also
capture native CpG methylation, nucleosome positions,
and footprints of DNA-binding proteins [45e48].
Further, these long-read-based assays allow the analysis
of chromatin states in repetitive and transposon-rich
regions of the genome which cannot be resolved by
short reads. Such regions are particularly prevalent in
www.sciencedirect.com
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crop genomes. Finally, single-molecule chromatin assays
can be adapted to localize DNA-binding proteins and
identify correlated long-range binding events that occur
on individual chromatin fibers [49].
Deciphering cell-type-specific gene
regulation
Gene regulation is highly context-dependent, such that
the activity of cis-regulatory elements can change

depending on environmental conditions and cell identity
[50]. Studying gene regulation at single-cell resolution
has the potential to resolve complex regulatory in-
teractions and identify targets for genetic manipulation.
Single-cell RNA sequencing (scRNA-seq), which mea-
sures cellular transcriptomes, and single-cell assay of
transposase-accessible chromatin sequencing (scATAC-
seq), which measures chromatin accessibility, have been
used to study cell-type-dependent gene regulation in
several plant species [51,52]. These studies discovered
cell-type-specific changes in gene expression and chro-

matin accessibility and identified potentially causative
transcription factors [53e56]. Furthermore, these studies
show that integration of the richer scRNA-seq data with
the sparser scATAC-seq data facilitates cell type anno-
tations and data interpretation.

While single-cell genomics provides rich information
about cell-type-specific gene regulation, this technology
comes with several limitations [57]. One key challenge is
data sparsity. This is especially true for scATAC-seq data
where the count matrix (counting cut sites per cell and

accessible chromatin region) is essentially binary (i.e.
containing only zeros and ones) with less than 10% non-
zero entries [58]. Additionally, single-cell experiments
often struggle to capture sufficient cells of low-
abundance or more recalcitrant cell types. While these
limitations can be overcome, at least in part, by
sequencing more cells with higher coverage, this solution
can quickly become cost-prohibitive. However, recently
developed single-cell genomics methods promise to
drastically reduce the cost per cell as compared to
commonly used commercial solutions [59e61].

Computational approaches to study plant
gene regulation
The type, scale and complexity of the data generated by
massively parallel assays and single-cell or single-
molecule sequencing experiments require advanced
computational methods for analysis and interpretation.
Deep learning using artificial neural networks has
proven especially useful for this purpose. Convolutional
neural networks trained on data from Plant STARR-seq
accurately predicted the activity of novel sequences,
identified the underlying functional DNA features and
improved regulatory activity through in silico evolution

[8,62]. While developing, training and interpreting deep
learning models can be a daunting task for non-
www.sciencedirect.com
specialists, recent work has aimed to make this pro-
cess more accessible [63e65].

Genomics data can also be used to train artificial neural
networks. For example, sequence-based deep learning
models have been developed to predict transcription
factor binding sites [66,67] and chromatin accessibility
[68,69] in plants. Ideally, we would like to predict gene

expression levels directly from DNA sequences to
enable crop breeding and engineering. However, despite
recent progress in this field [70e72], further work is
required to make the corresponding models more ac-
curate and generalizable, especially in plants.
Conclusions
With the advent of next-generation sequencing tech-
nology, several methods for the high-throughput analysis
of regulatory DNA have been developed: Massively
parallel reporter assays drastically increase the number
of cis-regulatory elements that can be tested in an
experiment. Single-molecule chromatin assays allow for
inferences on interactions of regulatory elements and
trans-acting proteins binding them. Single-cell genomics
enables the study of gene regulation across many cell

types in parallel.

Most of these technologies were developed in non-plant
systems; however, adapting them for use in plants
promises outsized knowledge gains. Compared to
animal and human genomes, crop genomes typically
contain many more repeats and far larger transcription
factor families and show higher ploidy, all of which likely
contributes to their environmental resilience and their
capacity for continuous development. Combined, these
technologies, advanced computational analyses, and
theoretical studies will ultimately enable us to under-

stand how gene regulation allows for the sessile life style
of plants and for their exquisitely tuned development in
concert with their biotic and abiotic environment. This
thorough understanding will enable the successful en-
gineering of stress-resistant and high-yielding crops of
the future.
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