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Abstract

Plant tissues and organs are composed of functionally discrete
cell types that are all defined by the same genome sequence.
Cell-type variation in part arises from differential accessibility of
cis-regulatory elements that encode the blueprints for tran-
scriptional programs underlying cell identity and function.
Owing to technical limitations, the role of cis-regulatory ele-
ments in cell identity maintenance, differentiation, and func-
tional specialization has remained relatively unexplored in
plant systems. Single-cell profiling has emerged as a powerful
tool to circumvent these past obstacles by enabling unbiased
charting of transcriptional and cis-regulatory states at the
resolution of individual cells. Here, we review state-of-the-art
single-cell approaches and analytical frameworks that have
paved the way for establishing the link between cellular
phenotypic variation and cis-regulatory mechanisms in plants.
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Introduction

Cis-regulatory elements (CREs) encode the genomic
blueprints for cellular gene expression programs un-
derlying differentiation, cell fate acquisition, and re-
sponses to environmental stimuli [1—4]. CREs are
composed of noncoding clusters of short 4-30bp DNA
motifs that act as binding sites for sequence-specific
transcription factors (TFs). The cooperative interac-
tion of specific combinations of TFs bound to clusters of
CRE sequences interface with various cofactors and

updates

components of the transcription machinery that dictate
transcriptional outcomes of target genes. Most CRE
types (promoters, enhancers, and silencers) directly
influence gene expression via physical interaction or
proximity. Core promoters, regarded as regions that
contain gene transcription start sites (T'SSs), are
generally insufficient to drive mRINA biosynthesis above
basal levels. In contrast, gene-proximal and distal CREs
can be located from a few to hundreds of kilobases away
from their target genes and regulate transcription
through spatial interactions with the core promoter
mediated by chromatin looping and higher-order chro-
matin organization independent of location, orientation,
and position of target genes [5,6]. Gene-proximal and
distal (and certain intronic) CREs have the capacity to
alter the rate and quantity of transcription, including
positive (transcriptional enhancers) and negative (si-
lencers) regulation of gene expression [6—13]. However,
systematic identification of active CREs within a given
cell has remained a major challenge, particularly in
plants, owing to a lack of stable cell lines and approaches
capable of unbiasedly measuring CRE activity within
individual cells.

Efforts to characterize CREs genome-wide from indi-
vidual cells have been greatly aided by a proliferation of
methods that measure chromatin accessibility [14].
Owing to steric requirements of most DNA binding
proteins, CREs are often embedded within nucleosome-
free chromatin, termed accessible chromatin regions
(ACRs) [15]. Chromatin profiling methods such as
Assay for Transposase Accessible Chromatin sequencing
(ATAC-seq) and deoxyribonuclease (DNase) I hyper-
sensitive sequencing leverage the nucleosome-depleted
properties of CRE-associated chromatin to tag genomic
locations with potential ¢Zs-regulatory functions [16,17].
New approaches for collecting chromatin accessibility
information at the level of single cells take advantage of
these assays by coupling them with microfluidics or
combinatorial indexing to attach cell-specific barcodes
to ACRs before sequencing [18—20]. As a result, the
development of single-cell approaches has revolution-
ized the ability to profile chromatin accessibility at the
level of individual cells to interrogate cell-type diversity
(Figure 1a). In this review, we evaluate the experimental
and computational approaches for understanding the
role of CREs in cell differentiation and establishment of

www.sciencedirect.com

Current Opinion in Plant Biology 2022, 65:102094


mailto:schmitz@uga.edu
http://www.sciencedirect.com/science/journal/18796257/vol/issue
https://doi.org/10.1016/j.pbi.2021.102094
https://doi.org/10.1016/j.pbi.2021.102094
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pbi.2021.102094&domain=pdf
www.sciencedirect.com/science/journal/13695266
www.sciencedirect.com/science/journal/13695266

2 Growth and Development

Figure 1
a) c)
Sample Chromatin accessibility profile Single-cell combinatorial indexing ATAC-seq
CEEpe-SpeciiCACHS @ Isolate nuclei @ Distribute nuclei in 96-well
plate
Mesophyll ?
aggregate ‘ FANS,

Single
cells

Detergent-based
isolation methods

Tagment nuclei with 96 distinct Tn5 barcode

Bundle sheath
aggregate

Single
cells

combinations

i —

counes. DADPPPPPEP P

00000

PPPRRRER

Row Tns
Pool, re-distribute nuclei into 96-well plate

b)

Droplet-based single-cell ATAC-seq

@ Isolate nuclei @ imeg;g“on

Tagmented
% nuclei + reagents

@ Microfluidic separation

Detergent-based Barcoded
isolation methods beads oil

@ Library amplication

A1 Insert A2

— and attach i5 and i7 barcodes

wharcodes | LSS LA S S S

i5/i7 barcode
combination G-11

SIS

i barcodes

¢ Index ~

P5 Rt Insert R2 i7-BC

Current Opinion in Plant Biology

Single-cell chromatin accessibility profiling methods.

cell identity and detail the current state-of-the-art
methods for analysis of single-cell ATAC-seq (scATAC-
seq) data.

Profiling chromatin accessibility from
individual plant nuclei

The most widely adopted techniques for profiling
accessible chromatin from individual nuclei are (1)
droplet-based scATAC-seq (10X Genomics and Bio-Rad
scATAC-seq solutions) and (2) single-cell combinatorial
indexing ATAC-seq (sciATAC-seq) (Figure 1b, ¢) [19—
21]. Both approaches are amenable to plant nuclei
isolated via fluorescence-activated nuclei sorting or
traditional wash-and-centrifuge techniques.

For droplet-based scATAC-seq, chromatin is tagmented
in bulk using Tn5 loaded with universal sequencing
adapters. Intact and tagmented nuclei are then loaded
onto a microfluidic chip with reagents for polymerase
chain reaction (PCR) that collide with an aqueous so-
lution containing barcoded beads, where each bead
contains millions of copies of a distinct barcode
sequence immobilized to its surface. Isolated droplets
containing a barcoded bead, a single nucleus, and PCR
reagents are produced as the aqueous stream passes a

channel of slow-moving oil. Initial amplification attaches
bead-immobilized barcodes to the universal sequencing
adapters, ensuring that tagmented nuclei within a
droplet receive a barcode sequence distinct from other
droplets. Finally, the droplet emulsion is broken, and an
[llumina-compatible sequencing library is prepared by
bulk PCR [20].

In contrast to droplet-based methods, sciATAC-seq
does not require proprictary barcoded beads or a
microfluidic device. Instead, nuclei are distributed into
a 96-well plate (~2,500—5,000 nuclei per well)
containing distinct combinations of Tn5 loaded with
unique barcoded adapters (96 combinations) [18]. After
on-plate tagmentation, nuclei are pooled and redis-
tributed into new 96-well plate(s) at low concentrations
(10—50 nuclei per well). Each well contains a unique
combination of barcoded sequencing adapters that are
attached via PCR that result in ~9, 216 distinct barcode
combinations per plate.

Assessing single-cell data quality

The success of a scATAC-seq experiment can be
gleaned by evaluating several metrics produced from
software such as Socrates, snapATAC, or ArchR
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(Figure 2) [2,22,23]. The output of a sequenced
scATAC-seq library is millions of paired-end reads
associated with cell-specific barcode sequences.
Because barcodes can be attached to DNA fragments
from broken nuclei or ambient DNA in solution, several
computational methods have been used to separate
barcodes representing single nuclei from background
noise. For example, the number of unique Tn5 in-
tegrations can be used to determine cutoffs using
mixture models, spline inflection points, or heuristics
because barcodes with few associated reads are indica-
tive of empty droplets (Figure 2a). Broken nuclei or
fragments in solution can be identified by estimating
the enrichment of Tn5 integration at T'SSs or by
deriving proportions of T'n5 integrations near TSSs or
within ACRs (Figure 2b, c¢). Quality ATAC-seq libraries
exhibit nucleosome-free, mono-, di-, and tri-nucleo-
some-protected fragments (as well as periodicity corre-
sponding to major/minor grooves) and can be evaluated
before and after sequencing [24]. Fragment distribu-
tions in bulk and for individual nuclei enriched for
nucleosome-free fragments are generally desirable,
although a lack of any nucleosome-protected fragments
could indicate an abundance of broken nuclei or over-
saturation of Tn5 (Figure 2d). Owing to a lack of chro-
matin in nucleoid structures, organellar genomes are
highly susceptible to T'n5 integrations, and barcodes

Figure 2

associated with high frequency of organellar-derived
reads could indicate encapsulation of organelles rather
than nuclei [25]. In addition, overloading nuclei in
scATAC-seq approaches can result in multiple nuclei
with the same barcode, termed multiplets. Low
numbers of multiplets are particularly important for
trajectory analysis (detailed in the following) as a single
barcode derived from two different cell types may
appear as a transitionary cell state. Empirical identifi-
cation of multiplet barcodes has been used to validate
loading concentrations that consistently produce
single—nuclei profiles, such pooled populations of
nuclei from different species or genotypes (Figure 2e, f)
[2,26]. In contrast to mammalian species, plant cells
may undergo extensive endoreduplication, a phenome-
non associated with cellular maturation. Thus, removing
barcodes associated with read depth should be avoided.
Taken together, identification and removal of reads
derived from organelles and broken nuclei provide a key
advantage of scATAC-seq over traditional bulk-level
methods for improving data quality.

Although the following suggestions should be taken as
guidelines, establishing robust quality control metrics
are essential for determining the utility of a data set. In
general, the most important parameters for judging the
success of an experiment are the proportion of recovered
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cells (>40%, this is the minimal expected recovery
noted by 10X Genomics, lower values may indicate
extensively degraded nuclei), the number of unique
Tn5 insertions per cell (species-dependent, >1,000),
the proportion of Tn5 insertions localizing to ACRs per
cell (species-dependent, >30%), and a low multiplet
rate (<5%, higher values indicate prevalent nuclear ag-
gregation that can negatively affect downstream analysis

biological replicates are critical for evaluating repro-
ducibility of cellular states and the relative contribution
of noise [14].

Analysis of single-cell cis-regulatory
elements enables discovery

The cornerstone of single-cell analysis is the identifi-
cation of cell types from an input tissue or organ sample.

and lead to erroneous conclusions). In addition : :
) > As scATAC-seq data are highly sparse and binary, current
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methods for revealing cellular identities have relied on
aggregating data from many nuclei with similar genome-
wide chromatin accessibility profiles. Specifically, a
binary matrix of nuclei scored by the presence/absence
of T'n5 insertions for a list of features (such as 1 kb
windows or ACRs) is generated, normalized, and then
compressed (dimensionality reduction) to enable graph-
based clustering and visualization of nuclei-to-nuclei
relationships (Figure 3a). Once nuclei with similar
genome-wide chromatin accessibility patterns are clus-
tered into groups, cellular identities can then be
revealed by assessing the relative chromatin accessibility
of marker genes or by transferring cell-type labels from
annotated single-cell RNA-seq data (Figure 3b)
[2,27,28].

Aggregation of nuclei by cell type has proven useful for
identifying differentially accessible cell-type-specific
ACRs and TF motifs across cell types in Zea mays
(maize) and Arabidopsis thaliana (Figure 3c) [2,27,28].
Approximately, 1/3 of all ACRs within maize and
A. thaliana exhibit some degree of cell-type specificity
[2,27,28]. However, TF motifs may be even more
discriminative when evaluated combinatorically; a
model trained solely on relative TF motif accessibilities
in maize was able to predict cell-type annotations with
high accuracy (0.94), sensitivity (0.93), and specificity
(0.99) [2]. Evaluation of chromatin accessibility dy-
namics among TF motifs and their cognate locus across
cell types has even been used to reveal TFs with

Figure 4
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putative autonomous and non-cell autonomous activity
[2]. Thus, aggregating individual nuclei based on cell
identity has the potential to uncover dynamic cell-type-
specific regulatory mechanisms and reveal gene regula-
tory networks underlying cell identity and function.

One advantage of single-cell approaches over cell lines
and purification techniques is the ability to study native
transitionary cell states. Analysis of pseudotime trajec-
tories — computational ordering of cells by their dif-
ferentiation status via supervised and/or unsupervised
approaches — has enabled remarkable insights into the
fine-scale regulation of cellular development (Figure 3d)
[29]. For example, Dorrity et al. [28] demonstrated that
endodermal subtype cells in A. thaliana roots exhibit
increasing levels of endoreduplication, progressive loss
of transcriptional diversity, and distinct chromatin
landscapes associated with different stages of develop-
ment that were not detected in single-cell RNA-seq
data alone. Similarly, phloem companion cell differen-
tiation in maize was associated with a decrease in total
chromatin accessibility, suggesting that acquisition of
specialized cell functions may be underlined by coor-
dinated transcriptional silencing through unknown
mechanisms of chromatin regulation [2].

In addition to chromatin accessibility information at
individual loci, pairwise analysis of co-accessible chro-
matin regions (coACRs) in maize has been successfully
demonstrated to capture known chromatin interactions,
such as TEOSINTE BRANCHED 1 (tb1), RELATED
TO AP2.7 (ZmRAP2.7), and BENZOXAZINLESS 1
(bx1) from chromatin conformation capture sequencing
techniques (Figure 3e) [2,6,30]. A recent study in maize
identified three million coACRs, around 1/3 of which
were associated with cell-type specificity (Figure 3f)
[2]. ACRs underlying cell-type-specific coACRs were
associated with known cell-type-specific marker genes,
enhancer activity, and genetic polymorphisms impli-
cated in phenotypic variation [2].

Plant species lack a homolog to CCCTC-binding factor,
a key chromatin architectural regulator in metazoans
[31]. In search of a CCCTC-binding factor-like factor in
plants, an analysis of motif enrichment in the anchors of
coACRs revealed several TF candidates with reciprocal-
binding sites that were consistently enriched across cell
types. In addition to new candidates, many of the
enriched motifs belonged to the plant-specific TF
family TEOSINTE BRANCHED 1/CYCLOIDEA/
PROLIFERATING CELL NUCLEAR ANTIGEN
FACTOR, which had been previously implicated in
chromatin interactions based on proximity ligation
methods in several plant species [32—34]. Thus, anal-
ysis of coACRs offers an indirect approach to study the
regulation of three-dimensional chromatin structure at
cell-type resolution.
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Conclusion and future directions

Single cell—based methods have the potential to
address several outstanding questions in plant biology
(Figure 4). Owing to a continuously replenished pool of
undifferentiated meristematic stem cells, most plants
contain cells at various stages of development at any
given static time point, making it possible to capture
distinct cell states along the continuum of development
[35]. However, by profiling cells across a dense time
series, the effects of physiological maturity
toward differentiation programs and heterogeneity of
cell states can be detangled. Furthermore, it has become
clear from studies in mammals that a significant pro-
portion of genome-wide association study variants are
associated with cell-type-specific effects i vivo [36,37].
Accumulating evidence indicates that phenotype-
associated variants co-localize with expression Quanti-
tative Trait Loci and chromatin-accessible Quantitative
Trait Loci for genes and genomic regions with marked
cell-type specificity [38,39]. Application of scATAC-seq
to large diversity panels and mutant stocks offers an
opportunity to uncover the genetic determinants of ¢zs-
regulatory variation within and across cell types and to
quantify cell-type-specific effects underlying pheno-
typic variation [40—44]. In addition to questions of
allelic variation, it is unknown whether spatial localiza-
tion and cell identity influence perception of environ-
mental cues. Comparison of scATAC-seq data between
stress and control conditions has the potential to un-
cover CREs with cell-type-specific biases toward stress
responses [45,46]. Coupling such case—control designs
with dense time course sampling or in large diversity
panels and/or mutant backgrounds would be highly
informative for decoupling the effects of developmental
stage and c¢zs-regulatory genetic variation for how plant
cells interpret and respond to a host of biotic and abiotic
signals. We envision that the increase in throughput
from thousands to millions of cells per experiment, the
adoption of multi-modal techniques, such as character-
ization of chromatin accessibility and gene expression
from the same cell, and refinement of spatial chromatin
accessibility profiling (such as spatial-ATAC-seq) will
result in new paradigms of transcriptional regulation in
the context of development [47—53]. Furthermore,
coupling scATAC-seq/sciATAC-seq methods with
orthogonal histone modification and TF-binding site
assays at single-cell resolution will be key to elucidating
fine-scale regulatory mechanisms [54,55]. Through
these innovations, analysis of multiple modalities from
the same cell has the unprecedented potential to
decouple chromatin signatures with gene expression. A
future goal will be to produce reference cell-type atlases
for plant species similar to reference genome
sequencing efforts. High-quality reference atlases will
provide a single framework for multiple plant species on
which various environmental, genetic, and other treat-
ments can be measured against. Taken together, single-

cell methods have and will continue to revolutionize our
ability to precisely model the molecular control of cell
identity and will enable the next frontier of discovery in
plant sciences.
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