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Abstract

Cis-regulatory elements (CREs) are short stretches (~5-15
base pairs) of DNA capable of being bound by a transcription
factor and influencing the expression of nearby genes. These
regions are of great interest to anyone studying the relationship
between phenotype and genotype as these sequences often
dictate genes’ spatio-temporal expression. Indeed, several
associative signals between genotype and phenotype are
known to lie outside of protein-coding regions. Therefore, a key
to understand evolutionary biology requires their character-
ization in current and future genome assembilies. In this review,
we cover some recent examples of how CRE variation con-
tributes to phenotypic evolution, discuss evidence for the se-
lective pressures experienced by non-coding regions of the
genome, and consider several studies on accessible chromatin
regions in plants and what they can tell us about CREs. Finally,
we discuss how current advances in sequencing technologies
will improve our knowledge of CRE variation.
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Evolution of CREs

Cis-regulatory element (CRE) variation is critical to
phenotypic evolution in all organisms. Broadly, regulatory
regions are enriched for loci associated with phenotypic
variation, for example, in maize [1,2]. We will note a few
recent examples in pineapple (Ananas comosus) and rice

(Oryza sativa), though multiple others exist [3,4]. The
pineapple genome revealed shifts in temporal gene
expression enabled the transition from C3 to crassulacean
acid metabolism (CAM) photosynthesis [5]. In addition,
enrichment for circadian clock associated CREs upstream
CAM genes implicates CRE changes driving the transi-
tion to CAM photosynthesis in pineapple. Recently, Wu
et al. [6] were able to increase the grain number per
panicle in rice through the engineering of a naturally
occurring CRE. They uncovered the CRE controlling the
gene OsREMZ0 varied between the two main groups of
rice, mndica and japonica. Phylogenetic analyses revealed
the alleles were likely inherited independently from
O. rufipogon and were likely artificially selected for during
rice domestication. Importantly, the majority allele in
Japonica tice, when introgressed into the #mdica back-
ground increased the grain number per panicle. These
examples highlight the contribution of CRE variation to
observed phenotypic variation (see Table 1).

The diversity of non-protein—coding DNA can be
studied in the context of a pan-genome. A pan-genome
refers to the total complement of genetic variation
present within a specific taxonomic group (e.g. species-
level). Recent surveys of genetic variation in plants
uncover a largely variable amount of genetic material
absent in the reference; shared protein-coding regions
between genomes ranges between 20 and 80% [7].
Compared to protein-coding regions, the amount of
intraspecific variation of non-protein—coding regions in
plant genomes remains relatively poorly understood. We
will describe findings from recent studies regarding
CRE variation and selection.

Depending on the class of element, there may be
greater selective pressure on non-coding than protein-
coding sequences. Williamson et al. [8] investigated
selection across the genome of Capsella grandiflora. They
found stronger signals of selection in protein-coding
than non-protein-coding regions. However, selection
signals in conserved noncoding sequences (CNSs)
approached but did not quite reach that of 0-fold
nonsynonymous protein-coding sites (those that will
alter amino acids with any substitution). This suggests
selection on the non-protein—coding genome may
reflect patterns close to protein-coding regions. Obvi-
ously, substitutions affecting amino acids will have more
direct and measurable effects on a molecular level, and
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Table 1
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A glossary of terms used throughout this manuscript. Artwork by Juliana Zamoit depicting a scientist searching for Cis-regulatory

elements throughout the genome.

Term Abbreviation Definition

Cis-regulatory element CRE A short, often 12—15 base-pair, segment of DNA to which transcription
factors bind and influence the expression of nearby genes.

Transcription factor binding site TFBS The specific motif to which a transcription factor binds within a cis-
regulatory element.

Assay for transposase accessibility ATAC-seq A sequencing technique described by Buenostro et al. and Lu et al. to

followed by sequencing detect areas of accessible chromatin.

Accessible chromatin regions ACR Regions of DNA that are uncondensed to the point to allow transcription
factor binding.

Conserved noncoding sequences CNS Regions of non-protein—coding DNA that exhibit sequence conservation

above random expectation, implying some form of selection retains
these sequences over millions of years of evolution.

transcription factor binding sites (TFBSs) are some-
what degenerative in nature, occasionally withstanding
multiple substitutions without affecting binding.
However, the integrity of transcriptional coordination
must experience selection. Indeed, we found CNSs
exhibit presence—absence variation at rates lower than
many protein-coding regions [9]. Perhaps there exist
non-protein—coding regions experiencing stronger se-
lection than most protein-coding regions.

The strength of selection on noncoding regions depends
on sequence context. A recent study investigated mu-
tation probability genome-wide [10]. They found not all
genomic regions experience equal mutation rates.
Beyond the selection experienced by some genomic
sites for their contribution to fitness, perhaps these
critical sites additionally are shielded from mutations by
their genomic context as described by Monroe et al.
[10]. Counter to that thought, circumstances might
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Figure 1
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Modeling the lack of correlation between chromatin accessibility and gene expression. (1) Plant leaf cross-section displaying accessibility is different
between cell types at the same locus. (2) A transcription factor (TF) in purple is bound yet is only poised and not actively driving transcription of its
proximate gene in blue. (3) The TF binding in red represses transcription of the proximate gene in blue. (4) The TF binding in purple affects a distal gene.
(5) The region is accessible, yet no TF is bound. (6) The region is accessible because a pioneer transcription factor in orange is remodeling the chromatin
and not driving the expression of the proximate gene. (7) The region is accessible, yet the Tn5 transposase has not inserted adapters into this region.

incentivize higher mutation rates in transcriptional
regulating regions relative to protein-coding regions
because of limited negative pleiotropy [11,12]. For
example, modification of a CRE may exclude a gene
product in a single Spatio-temporal context, whereas a
protein-coding modification will impact all contexts.

CRE:s are ripe for exploring the evolutionary landscape in
this regard. As with nearly everything in this world, these
theories can coexist. They aren’t mutually exclusive, and

life certainly exhibits a distribution of all these outcomes.
Surely some CREs experience stronger selection than
most protein-coding regions, while others experience
non-lethal mutations. As with protein-coding genes, the
contribution of a DNA segment to fitness determines its
position within a selection curve. Indeed, a recent study
by Joly-Lopez et al. inferred selection strength genome-
wide in rice and created these selection curves
(Figure 1a [4]). This distribution of selection strength
was varied across non-coding space. Importantly, there
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were non-coding regions with selection values higher
than some protein-coding regions. What is important is
identifying where in the spectrum a CRE of interest
lies and what that sequence contributes to cellular
functions and ultimately to an organism’s phenotype.
One might spend an entire career disentangling the non-
protein—coding genome’s mysteries, and the year 2021 is
a good year to start.

CNS as a proxy for cis-regulatory elements
The alignment of genomes from closely related species
has been used to identify conserved and putatively
functional non-protein—coding regions, including
CNSs, across diverse angiosperm lineages [13—17].
Consistently, CNSs exhibit great overlap with functional
genomics data and signatures of TFBSs. However, the
overlap is incomplete as CNSs encode numerous func-
tions beyond e transcriptional regulation, such as long
non-coding RNA [13,17,18]. 'Two studies have
addressed how variation in CNS within a population
affects gene expression [9,16]. They both find an asso-
ciation between CNS absence and decreased gene
expression. This suggests CNSs more often encode
transcriptional activators compared to repressors. In the
future, it will be interesting to discover the ratio of
encoded activators to repressors, although transcrip-
tional regulation does not divide neatly into these
binary categories.

Accessible chromatin signature of cis-
regulatory elements

Short TFBSs (5-6bp) can randomly occur over 100,000
times in a genome the size of maize (~3Gbp) and even
10,000 times in a genome the size of Arabidopsis thaliana
(~130Mbp). Therefore, functional genomics data are
critical to validate a putative TFBS. Several functional
genomics methods have been developed to generate
this evidence. For brevity, we will address assay for
transposase  accessible  chromatin  followed by
sequencing (ATAC-seq [19,20]) though others certainly
exist [21—23]. ATAC-seq leverages an active Tn5
transposase that preferentially inserts adapters into re-
gions of accessible chromatin. Sequencing from these
adapters enables a quantitative readout of chromatin
accessibility. Analysis of sequence enrichment relative
to naked DNA enables one to define accessible chro-
matin regions (ACRs) genome-wide. ACRs are indica-
tive of transcription factor binding [24,25].

Tissue-specific ACRs do not always positively correlate
with the expression of adjacent genes [26]. We model
several reasons why accessibility does not perfectly
correlate with gene expression in Figure 1. (1) Tissue
homogenization drowns out cell-type—specific associa-
tions. (2) Transcription factors (TFs) are bound in the

accessible region yet are only poised and not actively
driving transcription of its proximate gene. (3) The TF
binding to the ACR represses transcription. (4) The TF
binding to the ACR regulates a more distal gene. (5) The
ACR represents a binding site open for business yet is
not actively conducting business. (6) The region is
accessible because a pioneer TF in orange is remodeling
the chromatin and not driving the expression of the
proximate gene. Pioneer TFs bind heterochromatin and
alter chromatin architecture, or recruit remodelers rather
than directly driving the expression of proximate genes.
Pioneer TFs are known to generate ACRs [27—29]. (7)
The region is accessible, yet the T'n5 transposase has not
inserted adapters into this region. Insertion bias and Tn5
transposase inefficiency are key considerations in ATAC-
seq analyses [30—32].

Often, discordance between ACRs and gene expression
is hypothesized to result from tissue and/or cell-type
homogenization when profiling ACRs. We think
exploring cell-type—specific relationships will improve
the observed correlation between ACRs and gene
expression. Mahar et al. [260] explored accessible chro-
matin regions both across plant species and A. thaliana
hair and non-hair root epidermal cells. They found no
correlation between ACR count upstream genes and
that gene’s expression. Between root cell types, >50% of
the ACRs were shared. Importantly, there were strong
associations between cell-type—specific expression and
cell-type—specific ACRs. However, there were also
several examples of reverse associations, which may
represent repressor binding. Alexandre et al. [33]
investigated ACRs between different A. thaliana eco-
types. A key finding was an increase in ACRs near
conditionally expressed genes. The authors hypothe-
sized these ACRs likely represent poised TFs that are
bound and await stimulus to drive expression. A separate
study by Tannenbaum et al. [34] pooled root and leaf
tissues in A. thaliana for ATAC-seq and RNA-seq.
Though specific correlations were not investigated,
they found <50% of tissue-specific ACR were located
near a tissue-specific differentially expressed gene.

The best attempts to address the correlation between
ACRs and gene expression are recent studies by Marand
et al. [35] and Farmer et al. [36]. Through single-cell
RNA-seq and ATAC-seq, Marand et al. [35] found the
Spearman’s correlation coefficient between ACRs and
gene expression range from 0.52 to 0.69 depending on
the cell type, compared to no correlation, or <50%
concordance from bulked studies. Perhaps simulta-
neous ATAC and RNA sequencing could improve this
correlation. Importantly, this study also found several
accessible regions in silenced genes. By overlaying
H3K27me3 information, they hypothesized these
accessible regions were necessary for the recruitment of
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silencing machinery, specifically the polycomb repres-
sive complex, which recruits H3K27me3. This high-
lights the complex relationship between ACRs and
gene expression. Farmer et al. [36] also integrated
single-cell RNA-seq and ATAC-seq. Although calcu-
lating Kendall’s tau rank correlation and not Spearman’s
correlation coefficient, they did report positive corre-
lations between gene expression and chromatin acces-
sibility within cell-type clusters in agreement with
results from Marand et al. [35].

The evolutionary conservation of ACRs has also been
explored recently by Lu et al. [37] across thirteen an-
giosperms. With a specific focus on distal (>2 kb from
the closest gene) ACRs (dACRs), their analyses provide
exceptional insight into the evolution of chromatin
accessibility. A companion publication demonstrated
these dACRs often contain functional ¢s-regulatory el-
ements [38]. Importantly, the distance between dACRs
and genes increases with genome size, yet not linearly.
This distance increase appears to involve transposable
elements. Furthermore, there was strong enrichment for
transposable elements and species-specific dACRs,
further implicating mobile elements in the rewiring of
transcriptional networks. At this point, the data are
clear; transposable elements are major contributors to
evolutionary novelty, at least partially through rewiring
of transcriptional networks [39,40].

The case for studying ACRs

How does current knowledge of the relationship be-
tween ACRs and CREs motivate future researchers to
profile ACRs in newly sequenced genomes? What do
researchers hope to gain by sequencing new genomes?
Regardless of the goal, there are numerous benefits to
accessible chromatin profiling. Quantitative accessible
chromatin information provides a genome-wide profile
of candidates for CREs and phenotypically critical loci.
Targeted genome editing must assess more than just the
protein-coding regions of the genome to design resilient
crops in the future. Indeed, recently targeted promoter
editing in tomato (Solanum lycopersicum) successfully
manipulated fruit locule number [41]. However, acces-
sible chromatin profiling in plants is still largely hin-
dered by the presence of cell walls. More efficient ACR
profiling methods could revolutionize future research.
We need to strive beyond studies that present new ge-
nomes that provide ‘insights into’ without additional
functional data or evolutionary comparisons.

Long-read sequencing will improve CRE
studies

Sequence technology improvements continue to advance
our ability to characterize non-protein—coding regions of
the genome. Current long-read sequencing technologies
offered by Pacific Biosciences single-molecule real-time
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sequencing (PacBio SMRT) and Oxford Nanopore
Technologies (ONT) boast read length, N50 values
longer than many whole-genome assemblies generated a
decade ago [4Z2]. Several genome assemblies leveraging
long-read sequencing now produce ungapped sequences
spanning telomere to telomere [43,44]. However, we
must closely monitor the base pair accuracy of these long
reads when studying CREs, as TF-binding might be
sensitive to only a few base pair substitutions [45].
PacBio SMRT circular consensus sequencing’s (CCS)
strategy currently confers a distinct advantage in base
pair accuracy over ON'T [45]. Because base pair errors are
random, repeatedly sequencing the same molecule, the
CCS strategy increases accuracy up to 99%. Currently,
ONT allows for only a single pass across molecules,
leaving the accuracy low around 85%. For a thorough
comparison of the two technologies, see the study by
Amarasinghe et al. [46]. Sequencing read accuracy are
likely to continue to improve with future advancements
in technologies.

Long-read sequencing will improve our understanding of
plant genome organization. Primarily, the resolution of
repetitive regions (often in noncoding regions) will
improve. Even though long-read genome assemblies are
increasing in frequency, population studies currently use
short-read technologies. This introduces reference bias
that may be mitigated with long-read sequencing. For
example, short-read sequencing may suggest a CRE
exists as reads will align to the reference CRE. However,
the CRE may exist in a repetitive region or an alternate,
non-reference location.

"To characterize this population-level CRE variation, we
propose shallow long-read sequencing. Long-read
sequencing currently is cost prohibitive for this
application but successfully resolves large-scale variants
that short-read sequences cannot. A potential strategy to
reduce cost is targeted long-read sequencing. Recently,
software developed for the Oxford Nanopore sequencing
platform can target specific sequences by first reading
through a molecule, and if it does not match the desired
sequence, will expel the molecule from the sequencing
pore [47]. Sequence accuracy must greatly increase for
this application in the future, however. Currently, PacBio
CCS platform boasts the greatest accuracy and read
length trade-off. A sequence capture approach, as
commonly used in phylogenomics [48], could be com-
bined with PacBio to target specific regions of the
genome to investigate the evolution of specific CREs.
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