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Abstract

A fundamental question in developmental biology is how the progeny of stem cells become differentiated tissues.
The Arabidopsis root is a tractable model to address this question due to its simple organization and defined cell
lineages. In particular, the zone of dividing cells at the root tip—the root apical meristem—presents an opportunity
to map the gene regulatory networks underlying stem cell niche maintenance, tissue patterning, and cell identity
acquisition. To identify molecular regulators of these processes, studies over the last 20 years employed global pro-
filing of gene expression patterns. However, these technologies are prone to information loss due to averaging gene
expression signatures over multiple cell types and/or developmental stages. Recently developed high-throughput
methods to profile gene expression at single-cell resolution have been successfully applied to plants. Here, we re-
view insights from the first published single-cell mMRNA sequencing and chromatin accessibility datasets generated
from Arabidopsis roots. These studies successfully reconstruct developmental trajectories, phenotype cell identity
mutants at unprecedented resolution, and reveal cell type-specific responses to environmental stimuli. The experi-
mental insight gained from Arabidopsis paves the way to profile roots from additional species.

Keywords: Arabidopsis root, cell identity, chromatin accessibility, developmental trajectories, environmental response, single-
cell RNA sequencing, transcriptomics.

Introduction

Sierra redwoods (Sequoia gigantea) are capable of reaching heights
of 90 m after growing for over a thousand years. The formidable
size and longevity of these trees are enabled by indeterminate
organ growth mediated by stem cell niches in roots and shoots.
The root apical meristem (RAM) is a zone of dividing cells
that encompasses a stem cell niche at the root tip. These stem
cells surround the quiescent center (QC), which comprises

cells that divide infrequently and maintain the stem cell identity
of adjacent cells (van den Berg et al., 1997; Drisch and Stahl,
2015). The discovery of the QC in the early 1950s by Lionel
Clowes revolutionized our understanding of self-renewing cells
in plants (Clowes, 1953; Dubrovsky and Barlow, 2015).

In contrast to redwoods, the small size and simplicity of the
Arabidopsis thaliana root make it an ideal model for studying
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tissue patterning, cell differentiation, and organ development.
Root cells are immobile and organized in concentric rings
around a central vasculature. As the stem cells divide, new cells
are added at the root tip. The root is therefore made up of
longitudinal files of different cell types that represent a de-
velopmental timeline. This simple organization facilitated the
early classification of Arabidopsis root cell type identities and
developmental zones via morphological and histological char-
acterization (Dolan et al., 1993).

Beyond categorizing cells based on root anatomy, the rise
of global transcriptomic sequencing opened up new oppor-
tunities to classify cell identity based on gene expression pro-
files (Birnbaum et al., 2003; Nawy et al., 2005; Brady et al.,
2007; Li et al., 2016). However, bulk transcriptomic experi-
ments conflate multiple cell types and/or developmental states
(Birnbaum, 2018). Here, we review recent studies that profile
Arabidopsis root transcriptomes at single-cell resolution and
describe the potential of single-cell omics to revolutionize our
understanding of cell identity and response to environmental
stimuli in the RAM (Fig. 1).

Bulk tissue approaches produce averaged
gene expression information

The root consists of four major tissue types: the stele, ground
tissue, epidermis, and root cap. Divisions of specific stem cells,
also called initial cells or initials, give rise to the cell types that

scRNA-seq of Arabidopsis
root protoplasts

Inference of developmental
trajectories

make up each of the tissues. For example, the cortex endo-
dermis initial (CEI) divides twice to pattern the cortex and
endodermis cell layers of the ground tissue. The first division
produces the CEI daughter (CEID), which itself divides to pro-
duce one cortex cell and one endodermis cell (Drapek et al.,
2017; Pierre-Jerome et al., 2018). The dividing CEI and CEID,
as well as the orderly cell files that they produce, are easily ob-
served with microscopy (Dolan et al.,1993).Thus, cell types and
developmental zones can be determined by spatial location, and
cell lineages are easily traced (Fig. 1).This is in contrast to devel-
opment in animals, such as the zebrafish embryo, in which cells
are mobile relative to each other (Farrell et al., 2018).

Despite the advantages of simple organization and immobile
cells, global gene expression profiling experiments conducted
on Arabidopsis roots over the last two decades required cell ag-
gregation. Fluorescence activated cell sorting (FACS) enabled
isolation of specific cell types for microarray analysis (Birnbaum
et al., 2003; Brady et al., 2007) and RNA-seq experiments (Li
et al.,2016), but required the generation of transgenic material,
relied on the specificity of cell type markers, and necessitated
the mixing of cells from different developmental stages. Careful
hand dissection allowed profiling of cells from 12 longitudinal
segments (Brady et al., 2007) or three morphological root de-
velopmental zones (Li et al., 2016), but this approach still re-
quired mixing cells of different lineages within each segment
or zone. A major challenge remained: how can we increase
the resolution at which gene expression changes are profiled?
Observation of swift global gene expression changes or gene

Responses to environment

Nuclei-based approaches

SCATAC-seq
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Fig. 1. Single-cell transcriptomics and chromatin accessibility experiments provide new insight into root development and environmental response.
Single-cell mRNA sequencing (scRNA-seq) of Arabidopsis root protoplasts captures all major cell types and developmental stages. Since scRNA-
seq requires cell destruction, developmental trajectories are inferred computationally. In addition to wild-type roots, scRNA-seq has been applied to
mutants and roots which have been subjected to abiotic stress. In combination with scRNA-seq, single-cell chromatin accessibility (SCATAC-seq) data
generated from nuclei can be used to infer gene regulation underlying developmental processes and environmental responses. Beyond Arabidopsis,
single-nuclei RNA-seq (snRNA-seq) is a promising approach to profile recalcitrant tissues from species such as maize or rice. The root illustration is
modified from the Plant lllustrations repository (Sparks, 2017). All other panels were created with BioRender.com.
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expression profiles that are specific to a small number of cells
requires single-cell resolution.

Droplet-based technology revolutionizes
single-cell transcriptomics

The first successful experiment to profile global gene expres-
sion at cellular resolution was published in 2009 on a single
mouse blastomere (Tang et al., 2009). Several years later,
Ken Birnbaum’s group pioneered single-cell transcriptomics
in plants (Efroni et al., 2015, 2016), first by profiling 31
Arabidopsis root cells isolated by mouth pipette (Efroni ef al.,
2015). Beginning in 2015, microfluidics devices, first with
homebrew set-ups such as Drop-seq (Macosko et al., 2015)
and then with commercial platforms (e.g. 10X Genomics), al-
lowed droplet-based profiling of thousands of cells in a single
experiment. Experiments of this size are especially crucial to
increase data depth given the technical challenges and noisy
measurements associated with profiling the minuscule amount
of mRNA present in a single cell.

The throughput realized by droplet-based technologies repre-
sents an opportunity to revolutionize the way we study developing
organisms, particularly in how we classify different cell types versus
different developmental states of the same cell type (Morris, 2019;
Mayr et al., 2019; Rich-Griffin ef al., 2020). For example, cell type
and subtype identification previously based on morphology and
markers developed to represent anatomical features can benefit
from unbiased classifications based on global gene expression
(Efroni and Birnbaum, 2016). Although droplet-based approaches
were quickly and successfully applied to many types of human
and animal cells (Stuart and Satija, 2019; R ozenblatt-Rosen ef al.,
2021), the suitability for plant cells, which require enzymatic di-
gestion to remove cell walls, remained to be seen.

Large-scale single-cell transcriptomics
pioneered with Arabidopsis roots

The first six studies to successtully apply droplet-based single-
cell RNA-seq (scRINA-seq) to plants were published in 2019,
all focused on the Arabidopsis primary root (Denyer et al.,
2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse et al.,
2019;Turco et al., 2019; Zhang et al., 2019) (Fig. 1). Two add-
itional Arabidopsis primary root studies (Shahan et al., 2020,
Preprint; Wendrich ef al., 2020) and one lateral root study (Gala
et al., 2021) followed shortly thereafter. Of these nine publica-
tions, two generated data using Drop-seq (Shulse et al., 2019;
Turco et al., 2019) while the rest used the commercial 10X
Genomics platform. This body of work established several fun-
damental principles. First, overlapping cell distributions from
biological replicates suggest a high degree of experimental
reproducibility. Second, published, unsupervised clustering
methodologies (Butler et al., 2018; Stuart et al., 2019) coupled
with known, individual root cell type markers as well as known

cell type gene expression profiles can successfully annotate
datasets of several thousand cells. Importantly, comprehensive
examination of transcriptional reporter expression of newly
identified cell type markers established the utility of known
cell type markers and gene expression profiles to accurately
annotate root scRNA-seq data (Denyer et al., 2019; Wendrich
et al., 2020). Third, all major cell types can be captured, most
in proportions on a par with those reported from microscopy
data (Cartwright ef al., 2009; Wendrich et al., 2020).

Some of the most challenging cells to annotate in root
scRINA-seq datasets have been the youngest cells of the RAM,
which are more transcriptionally similar to each other than
are older cells of each cell type (Denyer et al., 2019). However,
single-cell datasets themselves represent an opportunity to iden-
tify and verify new cell type-specific markers that can in turn
improve annotations (Denyer ef al., 2019;Wendrich et al., 2020).

Developmental trajectories inferred at
unprecedented resolution with scRNA-seq

Subsequent to assigning cell type labels, a major area of in-
quiry is the identification of genes with dynamic expression
patterns across developmental time. These genes represent can-
didate regulators of tissue patterning and cell differentiation.
For example, genes differentially expressed between cortex
and endodermis, both of which are derived from the same
stem cell, could identify new regulators of cell identity acqui-
sition. Waves of gene expression provide a fine-grained view
of transcriptomic changes undergone by a cell as it progresses
along the pathway from stem cell to terminal differentiation.
This resolution is an opportunity to identify regulators unique
to each cell type as well as shared genes that control general de-
velopmental processes. Predicting regulatory connections be-
tween identified transcription factors is an exciting approach
toward mapping gene regulatory networks (GRNs) underlying
cell differentiation in each root tissue (Denyer ef al., 2019).

Since current droplet-based scRINA-seq methods require
tissue disruption and cell destruction, developmental trajec-
tories must be computationally reconstructed for each root
cell and tissue type. A common approach is to compute a
pseudotime estimation for each cell in the dataset (Saelens
et al.,2019). In this way, a developmental progression is inferred
by ordering individual cells based on overlaps in their gene ex-
pression profiles (Fig. 1). Root data are especially amenable to
this type of analysis since cell lineages are well defined.

A variety of pseudotime estimation tools are published and
several have been used for Arabidopsis root data, including
Monocle (Trapnell ef al., 2014; Qiu et al., 2017), CytoTRACE
(Gulati et al., 2020), Slingshot (Street et al., 2018), and scVelo
(Bergen et al., 2020). These tools produce developmental pro-
gressions that reflect the dynamic expression of known genes
in all four root tissue types (Denyer et al., 2019; Ryu et al.,
2019; Jean-Baptiste ef al., 2019; Shulse ef al.,2019; Zhang et al.,
2019; (Shahan et al., 2020, Preprint; Wendrich et al., 2020).



6682 | Shahan et al.

The general reliability of pseudotime estimations was validated
with transcriptional reporters for uncharacterized genes with
dynamic expression patterns. For example, reporter expression
is consistent with predicted expression in early or late develop-
mental stages (Denyer et al.,2019; Shulse et al.,2019; Wendrich
et al.,2020).Technical details regarding pseudotime estimations
with plant data have recently been reviewed in detail elsewhere

identity, tissue composition, and gene expression pheno-
types. To test the ability of scRINA-seq data to reflect known
phenotypes, Denyer et al. (2019) profiled shortroot-3 (shr-3), a
previously characterized mutant with a strong phenotype in
the ground tissue. In agreement with a known loss of endo-
dermal identity, aggregation of the shr-3 data with those of
the WT clearly shows a lack of shr-3 cells grouped with WT

endodermis cells.

To examine epidermal phenotypes, Ryu et al. (2019) pro-
filed the mutants root hair deficient6 (rhd6) and glabrous2 (gl2),
the roots of which lack hair and non-hair cells, respectively.
Both cell identity phenotypes were clearly reflected in the data.
However, a deeper analysis of gene expression in the abnormal
epidermal cells in both mutants indicated that hair cells in rhd6
were not entirely converted to non-hair cells and non-hair

(Seyfturth et al., 2021; Shaw ef al., 2021).

Profiling mutants at single-cell resolution
enables unprecedented phenotypic insight

In addition to wild-type (WT) organs and organisms, scRINA-
seq can be applied to mutant genotypes to characterize cell

Box 1. Key developments in root single-cell sequencing

¢ Successful application of scRNA-seq to Arabidopsis primary root tips

Eight papers established the applicability of droplet-based scRNA-seq to Arabidopsis primary
roots (Denyer et al., 2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse et al., 2019; Turco
etal., 2019; Zhou et al., 2019; Shahan et al., 2020, Preprint; Wendrich et al., 2020). Transcriptional
reporter expression of newly identified cell type markers established the reliability of scRNA-seq
data themselves as well as the utility of known cell type markers and expression profiles for
annotation (Denyer et al., 2019; Wendrich et al., 2020). In a different approach, Roszak et al. (2021)
applied a plate-based scRNA-seq method, Switch Mechanism at the 5" End of RNA Templates
(Smart-seq), to profile 19 Arabidopsis root phloem cells. This work reconstructed the protophloem
developmental trajectory to provide a detailed dissection of cell identity acquisition during tissue
maturation.

e Developmental trajectories are successfully inferred from root scRNA-seq data
Since current scRNA-seq methods require tissue disruption, root developmental trajectories can
be computationally reconstructed to identify candidate developmental regulators. Popular tools
used by published root scRNA-seq papers include Monocle (Trapnell et al., 2014; Qiu et al., 2017),
CytoTRACE (Gulati et al., 2020), Slingshot (Street et al., 2018), and scVelo (Bergen et al., 2020).

¢ scRNA-seq informs mutant phenotypes at unprecedented resolution
Strong cell identity and tissue composition phenotypes can be readily discerned from epidermis
(Ryu et al., 2019) and ground tissue (Denyer et al., 2019; Shahan et al., 2020, Preprint) mutants.
At single-cell resolution, new phenotypes can be characterized that were indiscernible with bulk
tissue transcriptomics or morphological assessment.

¢ scRNA-seq informs transcriptional responses to environmental factors
Cell type- and developmental stage-specific responses to the environment can be assayed using
single-cell omics approaches. So far, two studies have profiled Arabidopsis roots under different
environmental conditions by altering sucrose levels in the growth media (Shulse et al., 2019) or
performing a heat shock stress (Jean-Baptiste et al., 2019).

¢ Profiling root nuclei to generate transcriptome and open chromatin data
Isolation of nuclei allows for snRNA-seq and scATAC-seq to assay the transcriptome and open
chromatin regions, respectively, while circumventing the need for cell dissociation. Several studies
have demonstrated the applicability of these techniques to Arabidopsis roots (Dorrity et al., 2021,
Preprint; Farmer et al., 2021) as well as more recalcitrant rice and maize roots (Marand et al., 2021;
Zhang et al., 2021).
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cells in gI2 were not entirely converted to hair cells. Together,
these studies demonstrate that scRNA-seq captures expected
cell identity alterations and can reveal subtle changes that are
not easily discernible with morphological or bulk gene expres-
sion approaches.

Applications of scRNA-seq: environmental
effects on cell identity

Another intriguing question in developmental biology is how
cell identity and environmental responses affect one another.
Bulk transcriptomic approaches have revealed that both cell
identity and developmental stage influence stress-responsive
gene expression (Dinneny et al., 2008; Mustroph et al., 2009;
Iyer-Pascuzzi et al., 2011; Geng et al., 2013). For example,
Dinneny et al. (2008) used FACS to examine the response to
high salinity across radial cell layers. The majority of differen-
tially expressed genes were affected in a single cell layer, with
the highest number (48%) in the cortex. The same study also
used dissection to examine the developmental stage-specific
response to salinity along the longitudinal axis of the root.
In this case, the elongation zone had the strongest transcrip-
tional changes, which were associated with altered expres-
sion of cell wall components and radial swelling of the cortex
(Dinneny et al., 2008). While this and other bulk studies have
shown the promise of cell type-specific profiling of environ-
mental changes, single-cell approaches are needed to deter-
mine if responses are specific to a cell type, a developmental
stage, or both.

scRNA-seq has already been applied to several environ-
mental perturbations. Shulse ef al. (2019) performed scRNA-
seq on 12 198 cells in the presence or absence of sucrose.
Sucrose altered the composition of cell clusters in a manner
consistent with phenotypic observations, provoking an increase
in the number of epidermal hair cells. Additionally, differential
expression analysis showed that nearly half of the genes af-
fected were confined to a single cell type, whereas only 1% of
genes were ubiquitously altered (Shulse ef al., 2019). Another
study profiled the response of 2085 cells to a 45 min heat shock
stress as compared with a time-matched control (Jean-Baptiste
et al., 2019). Heat shock caused dramatic changes in the tran-
scriptome, which necessitated batch correction and integration
in order to match cell identities between control and treated
conditions. Subsequently, the authors identified 8526 genes
with altered expression. These included known heat shock-
responsive genes and identified a potential trade-off between
induction of HEAT SHOCK PROTEIN 101 and cell identity
markers such as COBLY in the epidermis (Shulse ef al., 2019).
These studies highlight the potential for scRINA-seq to inves-
tigate environmental responses.

As throughput of scRINA-seq increases and costs decline, it
will be possible to profile responses to environmental stimuli
across multiple time points with biological replicates. A recent

benchmark study identified pseudobulk approaches as top per-
forming methods for differential expression in multi-condition
experiments (Crowell et al.,2020), but this analysis requires bio-
logical replicates, which are costly to perform for scRINA-seq
experiments. Increased cell numbers derived from biological
replicates enabled coverage of the developmental progression
across each cell lineage for untreated samples (Shahan et al.,
2020, Preprint), therefore, as throughput increases, it should be
possible to ask how stimuli-specific gene expression changes
across the combination of cell type and developmental stage.

Bulk studies showed that only 15% of cell type-specific bio-
logical processes are maintained across different stress condi-
tions (Dinneny et al., 2008; Iyer-Pascuzzi et al., 2011). Similar
to the insight garnered from mutant analysis (Denyer et al.,
2019; Ryu et al., 2019; Shahan ef al., 2020, Preprint), scRNA-
seq provides an opportunity to examine how the environment
affects cell identity in more nuanced ways, which could reveal
core aspects of cell identity and enable cell type-specific engin-
eering of stress responses without comprising growth.

New applications: nuclei-based
approaches

Although protoplast-based approaches have proven fruitful for
the Arabidopsis RAM, protoplast isolation is typically performed
using fresh tissues, and results in alterations of a subset of the
transcriptome (Denyer et al., 2019). Nuclei-based approaches
are emerging as an alternative and can be used to profile the
transcriptome using single-nuclei RNA-seq (snRNA-seq) or
to define open chromatin regions using single-cell sequencing
of Assay for Transposase Accessible Chromatin (scATAC-seq)
with either fresh or frozen tissues (Fig. 1). Several studies have
applied these techniques to Arabidopsis roots as well as crops
such as Zea mays (maize) and Oryza sativa (rice), which are
more difficult to protoplast (Dorrity et al., 2021, Preprint;
Farmer et al., 2021; Marand et al., 2021; Sunaga-Franze et al.,
2021, Preprint; Zhang et al., 2021).

Farmer ef al. (2021) profiled 10 548 Arabidopsis root nu-
clei using snRINA-seq and observed a relatively high con-
cordance between protoplast and nuclei single-cell datasets,
although fewer genes were detected per nucleus than per
cell. Notably, several clusters of nuclei were present that were
not easily discernible in a comparable protoplast sample. One
nuclei-specific cluster corresponded to mature endodermal
cells, which undergo suberization, probably making these cells
recalcitrant to protoplasting (Andersen et al., 2015). Another
nuclei-specific cluster was annotated as root cap, which under-
goes programmed cell death upon terminal differentiation
(Kumpf and Nowack, 2015).

Three studies have performed scATAC-seq using Arabidopsis
roots (Dorrity ef al.,2021, Preprint; Farmer et al.,2021; Marand
et al., 2021). These datasets demonstrate that cell identity can
be captured via accessible chromatin regions, albeit with largely
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distinct markers compared with those defined by scRINA-seq
(Dorrity et al., 2021, Preprint). scATAC-seq can also be lever-
aged to identify cell- or cluster-specific transcription factor-
binding sites to aid in GRN reconstruction (Dorrity et al.,
2021, Preprint; Marand et al., 2021).

A major challenge with scATAC-seq is to determine the
relationship between open chromatin regions and gene expres-
sion levels. Cell to cell correspondences appear to be at least
partially recovered through the integration of independent
scRINA-seq and scATAC-seq datasets (Farmer et al., 2021).
However, dynamic changes in chromatin status and gene ex-
pression levels could be difficult to capture in this way. The
emergence of paired RNA and ATAC assays, wherein both
modalities can be measured from the same nucleus (Cao et al.,
2018; Chen et al., 2019; Zhu et al., 2019), has great potential to
overcome this limitation and unravel dynamic GRNs control-
ling cell identity and differentiation.

Conclusion and future perspectives

Breakthroughs in large-scale, single-cell omics technolo-
gles are revolutionizing the study of developmental biology.
Profiling gene expression dynamics and chromatin accessibility
at single-cell resolution in the RAM is an exciting opportunity
to map GRNs underlying cell identity acquisition and fate sta-
bilization, particularly in cell types that arise from asymmetric
divisions of the same stem cell. Single-cell omics is also poised
to uncover the interplay between cell identity and environ-
mental responses.

The pioneering application of droplet-based scRNA-seq
and scATAC-seq to Arabidopsis root tissue was aided by de-
fined cell lineages and a suite of known cell type markers.
The next challenge is to profile roots of species for which
fewer molecular tools are available. Indeed, two recent
studies pioneered droplet-based scRNA-seq in rice (Liu
et al., 2021; Zhang et al., 2021). In a different approach to
profile rare cell types, Omary et al. (2020) used a plate-based
technology, molecular crowding single-cell RNA barcoding
and sequencing (mcSCRB-seq), to identify new cell iden-
tities during stem-borne root initiation in tomato. Beyond
roots, a major goal is to apply single-cell omics technolo-
gies to other plant organs.To date, droplet-based scRINA-seq
has been successtully applied to shoot tissues of Arabidopsis,
rice, maize, and tomato, the details of which are reviewed
by Seyfterth er al. (2021). This body of work paves the way
to apply single-cell approaches to non-model plant species
and less-studied plant organs. However, challenges include
the need to optimize protoplasting and/or nuclei isolation
protocols and a paucity of established marker genes to assist
cell type annotation.

With the rapid pace of single-cell data generation in plants,
there is a growing need for a community effort to standardize
experimental and analytical methods as well as data curation

and accessibility. Such an effort is already underway in the form
of the Plant Cell Atlas initiative (Rhee et al., 2019). Methods
to integrate data generated across multiple labs provide the
foundation to create comprehensive WT atlases for different
organs and organisms. Integration of multi-omics data, such
as transcriptomic and proteomic data, is also a major area of
interest for atlas development. These community resources will
be valuable to query genes of interest and inform new datasets
generated from mutants and plants treated with hormones or
subjected to stress.
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