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PART 1
INTRODUCTION

1.1 Background and motivation

Steroids are chemical substances that include various critical metabolism-
regulating hormones. They have been discovered in plants, mammals, and fungi,
suggesting that their functional roles originated very early in the evolution of life (Ferreira-
Guerra et al., 2020) Plant hormones contribute to adaptability of plant growth and
development. Primary regulator hormones include auxins, cytokinins (CK), gibberellins
(GA), strigolactones (SL), brassinosteroids (BR), and polyamines. Other hormones, such
as abscisic acid (ABA), ethylene, salicylate (SA), and jasmonates (JA), have also been
associated with stress responses (Munné-Bosch & Muller, 2013). Brassinosteroid (BR) is
a major steroid hormone in plants. BR binds to BRASSINOSTEROID-INSENSITIVE
(BRI1), a plasma membrane-localized receptor kinase that subsequently initiates a
cascade of signaling transductions (Wang et al., 2012). When BR levels increase
(Planas-Riverola et al., 2019), the glycogen synthase kinase3 (GSK3)-like kinase
BRASSINOSTEROID INSENSITIVE2 (BIN2) is inactivated. This is followed by rapid
dephosphorylation of the BRASSINAZOLE RESISTANT 1 (BZR1) family transcription
factors by protein phosphatase 2A (PP2A) (He et al., 2005) which results in nuclear
accumulation of unphosphorylated BZR1 and modulation of thousands of BR target
genes (He et al., 2005).

Studies of Arabidopsis thaliana as a model system had led to significant
breakthroughs in comprehending how plants perceive and respond to BR signaling (Vert
et al., 2005). Previous research suggested that BRs promote root (Mussig et al., 2003)
and shoot cell elongation (Yin et al., 2002), cell division in the quiescent center (QC)
(Gonzalez-Garcia et al., 2011), and flowering (Li & He, 2020) in Arabidopsis. The roots of
Arabidopsis are often examined in research problems because they are an easy-to-
understand model. Their structure and classification of cell types are straightforward,
especially the segmentation of root tip developmental zones. Roots have different

developmental zones, including the meristem, elongation, and maturation zones, which
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are arranged along the proximal-distal axis of the root. The root meristem zone
undergoes repeated cell divisions. At the elongation zone, cellular proliferation ceases
and there is a rapid anisotropic elongation of cells. Upon reaching the maturation zone,
cells attain their final size and begin differentiation into specialized roles (Cajero Sanchez
et al., 2018). Roots are made up of concentric layers of vascular tissue, including xylem
and phloem, as well as the epidermis, cortex, and endodermis. The maintenance of the
stem cell niche is facilitated by the quiescent center located at the root tip. This serves
an essential function in regulating the fate of individual cells and cell types retain their
distinct identities throughout their lifespan (Rich-Griffin et al., 2020). The root cap,
comprising the columella and lateral root caps, encircles the root meristem and protects
the stem cell niche (Huysmans et al., 2018).

Roots respond to BR hormones in gradients along the developmental zone in a
tissue/zone-specific manner (Chaiwanon & Wang, 2015; Fridman et al., 2014; Graeff et
al., 2020; Hacham et al., 2011; Vragovié et al., 2015). BR signaling is required for
epidermis but not in the inner cell files to modulate the meristem size (Hacham et al.,
2011). According to cell-type-specific translatome data (Vragovi€ et al., 2015), BR-
responsive genes have distinct functions between epidermal and inner vascular cells.
The outer cells (epidermis) of the transition zone are highly sensitive to BR and express
high levels of BR-induced genes. Meanwhile, inner cells (stele) of apical meristem
express BR-repressed genes (Vragovi€ et al., 2015). Furthermore, BR signaling has
diverse impacts even among differentiated epidermal cell types (trichoblast and
atrichoblast). While BRI1 promotes cell elongation in trichoblasts, the expression of BRI1
in atrichoblasts increases ethylene production which prevents cell elongation via
crystalline cellulose accumulation (Fridman et al., 2014).

Previous studies have evaluated the involvement of BRs in epidermal cell fate
determination (Cheng et al., 2014; Kuppusamy et al., 2009). During epidermal cell
differentiation, cells can differentiate into hair or non-hair cells, which are also known as

trichoblast and atrichoblast, respectively. BR signaling influences the early stage of
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epidermal cell fate by modulating the activity of WEREWOLF (WER), CAPRICE (CPC),
and GLABRA 2 (GL2) to promote atrichoblast development (Kuppusamy et al., 2009).

Single-cell RNA sequencing (scRNA-seq) is an advanced sequencing
technology that focuses on characterizing the gene expression patterns of individual
cells. This approach identifies uncommon cellular types and tracks the development of
diverse cellular lineages (Hwang et al., 2018). The scRNA-seq technique effectively
reveals the major root cell types of Arabidopsis using individual cell transcription
signatures (Shahan et al., 2022). Moreover, single-cell data can be employed for
pseudotime analysis to determine the developmental process of roots by tracking the
alterations in gene expression patterns across temporal and spatial dimensions.

Pseudotime analysis has been performed to reconstruct the spatiotemporal
changes in gene expression patterns in root development. Although a comprehensive
root atlas containing all major cell types and developmental stages has been proposed
by several research groups (Denyer et al., 2019; Shahan et al., 2022; Shulse et al., 2019;
Zhang et al., 2019), the mechanisms and genes directly involved in the differentiation of
many tissues remain unexplored. Here, Monocle (Qiu et al., 2017) was used to infer
single-cell trajectories. This algorithm employs an unsupervised strategy to identify cell
subtype-specific differentially expressed genes and reconstruct the trajectory paths
using reversed graph embedding (RGE) technique. Monocle then lets the user select
the root location of the trajectory and infers pseudotime based on the distance from each
cell to the root. The branch points or the cell fate decisions are assigned synchronously
with pseudotime computation (Qiu et al., 2017).

Single-cell assay for transposase-accessible chromatin sequencing (scATAC-
seq) methods have been developed to decipher the gene regulatory mechanisms
underlying gene expression dynamics in and across cells and cell types. The open
chromatin landscapes are probed by the Tnb transposase enzyme, which then inserts
sequencing adapters into these regions prior to amplification and sequencing. The
integrative analysis of single-cell transcriptomic and epigenomic experiments (Dorrity et

al., 2021; Farmer et al., 2021) gives insight into the impact of chromatin accessibility on
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gene activity, allowing for predicting critical regulators and regulatory events of
Arabidopsis cell development.

Moreover, because there are numerous research projects that have collected
data from Arabidopsis root systems employing a variety of different methodologies, our
analyses were validated on additional scRNA-seq and scATAC-seq datasets, such as
(Dorrity et al., 2021), to confirm that the findings obtained are not specific to a particular
set of data.

In summary, several studies have demonstrated tissue-specific roles of BR in
regulating root development and have generated BR-response datasets from bulk root
tips or whole seedlings. Moreover, recent studies showed that BRs play a critical role in
epidermal cell fate determination by promoting non-hair cell differentiation. However,
how BR regulates the onset of cell elongation in the transition zone or how BR elicits
differential responses in hair and non-hair cells remains unclear. With the availability of
scRNA-seq datasets of Arabidopsis root, this research aims to characterize the
expression patterns of BR-responsive genes in different tissues and developmental
zones and to understand the effects of BRs on epidermal cell differentiation. This study
improves our understanding of how Arabidopsis root responds to BR and generate
hypotheses for further research into plant hormonal responses under diverse

environmental conditions.

1.2 Research objective
1.2.1 To investigate the expression patterns of brassinosteroid-responsive genes
in each cell type/developmental zone of Arabidopsis thaliana roots using
available scRNA-seq data.

1.2.2 Toinfer the roles of relevant genes in epidermal cell development.

1.3 Scope of the research
1.3.1  To assess gene expression data acquired from published scRNA-seq in 12
cell types from all three developmental zones of the root system of

Arabidopsis thaliana (wild type).
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1.3.2 To observe gene expression across the pseudotime trajectory of epidermal
cells. We considered genes that have previously been demonstrated to
respond to brassinosteroids to explore the hormone response during the

development of epidermal cells.

1.4 Expected outcome
The methodology developed in this research can be applied to other single cell
datasets from the model plant Arabidopsis as well as other crops to uncover genetic

regulatory networks underlying root development.



PART 2
LITERATURE REVIEW

2.1 Brassinosteroid hormone

Steroid hormones have existed in vertebrates for a very long time. However,
steroids were subsequently identified in invertebrates. It contributes to insect and other
arthropod molting. Similarly, steroids were discovered in fungus (Zhabinskii et al., 2015).
In 1970, scientists identified a new type of plant hormone known as "Brassins". Brassins
are extracted from rape pollen (Brassica napus L.). As evidenced by the second-
internode bioassay with brassins, these chemicals are hormonal because they are
particular translocatable organic molecules that influence stem elongation and cell
elongation (Mitchell et al., 1970). Similarly, in 1979, American scientists revealed a novel
steroidal lactone with plant hormone characteristics. This substance was termed
brassinolide (BL) and was isolated from the pollen of Brassica napus L. gathered by
bees (Grove et al., 1979). Brassinolide was eventually identified as the most biologically
active BR, capable of binding with high affinity to plasma membrane-localized
brassinosteroid insensitive 1 (BRI1) (Wang et al., 2001). Castasterone was detected in
the insect galls of Castanea crenata spp. two years later (Yokota et al., 1982).
Compounds with similar structures and activities were discovered. These are classified
as brassinosteroids (BRs) (Khripach et al., 1998).

Brassinosteroids (BRs) are polyhydroxylated plant steroid hormones that play a
key role in several plant mechanisms (Nolan et al., 2019). Some of the growth and
development processes that BRs regulate include cell elongation (Wang et al., 2001),
photomorphogenesis (Zhang et al., 2021), xylem differentiation (Saito et al., 2018) and
seed germination (Zhong & Patra, 2021) in addition to both abiotic and biotic stress
responses (Planas-Riverola et al., 2019; Ramirez & Poppenberger, 2020). BRs have the
potential to promote physiological and developmental processes by interacting with
other hormones such as auxin, jasmonic acid, abscisic acid and other plant signaling

pathways (Kour et al., 2021; Lépez-Ruiz et al., 2020).
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The biosynthetic pathway of BRs involves the conversion of campesterol to BL,
which is the most effective and final product of this pathway. This conversion process
entails several reactions involving reduction, hydroxylation, epimerization, and oxidation
(Clouse et al., 1996). The biosynthetic pathways for the synthesis of BL have been
extensively studied through feeding experiments with labeled intermediates (Noguchi et
al., 1999). These studies have revealed a complex network of possible pathways for BL
biosynthesis. A sequential biosynthetic pathway and enzyme arrangement were
proposed based on the findings of (Ohnishi et al., 2012; Ohnishi et al., 2006). The
findings have been studied in mutants involving the specificity of the enzymatic substrate
and intermediate content. All enzymes identified in the biosynthetic pathway of
brassinosteroids (BRs) are cytochrome P450 (CYP450) mono-oxygenases, except for

DE-ETIOLATED2 (DET2), which acts as a steroid 50-reductase (Clouse et al., 1996).

2.2 Brassinosteroid signaling in plants

BR regulates transcription via binding to the extracellular domain of BRI1 (Clouse
et al., 1996) to activate kinase activity, which in turn triggers dimerization with and
activation of the BRI1-ASSOCIATED KINASE 1 (BAK1) co-receptor (Nam & Li, 2002).
Then, BRI1 phosphorylates BRASSINOSTEROID-SIGNALING KINASE 1 (BSK1) (Tang et
al., 2008) and CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1) (Kim et al., 2011).
BRI1 also enhances the binding and phosphorylation of BRI1-suppressor1 (BSU1) (Kim
et al., 2009) by BSK1/CDG1. When levels of BR are low (Figure 1 (left)), BRI1 KINASE
INHIBITOR 1 (BKI1) suppresses BRI1 activation by inhibiting BRI1 interaction with its
putative BAK1 coreceptor (Wang & Chory, 2006). This prevents BSU1 from being
phosphorylated and allowing the GSK3-like kinase BRASSINOSTEROID INSENSITIVE 2
(BIN2) to remain active and phosphorylate (Kim & Wang, 2010). BIN2 phosphorylates
BRASSINAZOLE RESISTANT1 (BZR1) and BZR2 [also termed BRI1-EMS-SUPPRESSOR
1 (BES1)] (He et al., 2002; Yin et al., 2005) to prevent DNA binding and enhance their
binding to 14-3-3 proteins, resulting in their cytoplasmic retention and degradation

(Gampala et al., 2007). When BR levels are high (Figure 1 (right)), BIN2 is inactivated by
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BSU1 (Kim & Wang, 2010) and ubiquitinated by KIB1 (Kink suppressed in bzr1-1D1),
resulting in its destruction (Zhu et al., 2017). PROTEIN PHOSPHATASE 2A (PP2A)
dephosphorylates the homologous transcription factors BZR1 and BZR2 (Tang et al.,
2011). Dephosphorylated BZR1 and BZR2 can enter the nucleus and bind to their target
genes at the promoters containing transcription factor binding sites (BBRE and/or E-box
motifs). This can either activate the target genes or inhibit their expression (Mao & Li,

2020).
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Figure 1 The model of BR signaling in plant
(Mao & Li, 2020)

2.3 Brassinosteroids play important roles in epidermal cell fate specification

The mature root has an outer layer of cells called the epidermis. This structure is
composed of atrichoblasts and trichoblasts arranged in alternating layers. Trichoblasts
differentiate and create root hairs, whereas atrichoblasts do not. Size and degree of
vacuolation distinguish between these two cell types at an early stage of development
(Berger et al., 1998). In addition, before the trichoblasts develop into hair cells, these
cells possess distinct properties from atrichoblasts, such as a higher rate of cell division
(Berger et al., 1998), a shorter cell length and a denser cytoplasm (Duckett et al., 1994).
During development, the distribution of both cell types is controlled by position-
dependent mechanism (Berger et al., 1998). Epidermal cells contact underlying cortical

cells. Cells linked to cortical two cells develop into hair cells, whereas cells attached to
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single cortical cell become nonhair cells. Based on this pattern, the positional information
eventually determines the cell type specification in the epidermis (Lee & Schiefelbein,
2002).

Due to its simplicity, Arabidopsis root is considered as a model for studying the
fate of epidermal cells. Several genes have been implicated in the epidermal
development process. The transcription factors WEREWOLF (WER), GLABRA 3 (GL3),
or ENHANCER OF GLABRAS3 (EGL3), and TRANSPARENT TESTA GLABRA1 (TTG1),
form a complex which stimulates the expression of GLABRA 2 (GL2) and CAPRICE
(CPC). BRs have been identified as hormones that contribute to this process to sustain
position-dependent fate specification in roots. BR production and response are
necessary for normal expression levels and pattering of WER and GL2 (Kuppusamy et
al., 2009). When BRs are absent (Figure 2), both atrichoblast and trichoblast have
lower WER expression. In trichoblast, EGL3 is phosphorylated by active BIN2 to increase
its cytoplasmic localization, which decreases the assembly of the nuclear WER -
GL3/EGL3-TTG1 complex in both epidermal cell types. When this complex is lacking,
GL2 is repressed. In addition, activated BIN2 phosphorylates TTG1 which in turn blocks
the activity of WER-GL3/EGL3-TTG1. Furthermore, the lack of BR signaling reduces the
expression level of CPC, which is a downstream target of WER, resulting in the loss of
hair cells in positions where hair cells should exist.

When BR signaling emerges (Figure 2), BR activates WER and blocks BIN2.
BIN2 inhibition causes unphosphorylated EGL3 accumulate in the nucleus of the
trichoblast. This mechanism also enables both cell types to have normal levels of
unphosphorylated TTG1. Thus, WER-EGL3-TTG1 complexes are formed in trichoblasts
while WER-GL3-TTG1 complexes are generated in atrichoblasts to enhance GL2
expression, resulting in an atrichoblast cell fate. Nevertheless, trichoblast cell fate is
negatively regulated by GL2. WER in atrichoblast promotes the accumulation of CPC.
CPC translocates from atrichoblast to neighboring trichoblast, where it competes with
WER for binding to GL3/EGL3, resulting in a CPC-GL3/EGL3-TTG1 complex. After CPC
binding, GL2 is blocked and SCRAMBLED (SCM) accumulation is increased. SCM is
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essential for cells to correctly comprehend their location inside the epidermal cells of
developing root (Kwak et al., 2005). SCM further suppresses WER activity to enhance
hair cell identity (Kwak & Schiefelbein, 2007). Along with CPC, the GL3/EGL3-TTG1
complex can also interact with TRY (Schellmann et al., 2002) and ETC1 (Kirik et al.,
2004), which migrate from the atrichoblast to the trichoblast. This is indications of a
lateral inhibition mechanism (Schiefelbein et al., 2014). Expression of TRY and ETC1 is
regulated by HDAG, which modifies the acetylation status of their histones (Li et al.,
2015).

Thus, BR differs from other hormones in that it affects cell fate at an early stage

by regulating the expression of WER, GL2, and CPC (Kuppusamy et al., 2009).
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Figure 2 BR signaling regulates root epidermal cell fate.

(Cheng et al., 2014)

2.4 Single-cell RNA sequencing (scRNA-seq) technology

The advance of next-generation sequencing (NGS) technology in recent years
has yielded insights into complex biological systems. NGS technologies are used to
characterize individual cells in terms of genomes, transcriptomics, and epigenomics.
Compared to conventional profiling methods, which examine entire populations, these
single-cell analyses enable researchers to get new and possibly unexpected biological
findings (Hwang et al., 2018). The emergence of single-cell RNA sequencing (scRNA-
seq) offers new possibilities for studying gene expression profiles in single cells. While

bulk RNA-seq primarily represents the average of gene expression throughout
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thousands of cells, the use of scRNA-seq has increased in popularity for addressing the
fundamental biological concern of cell diversity by providing information on the gene
expression in individual cells. Moreover, this technique uncovers infrequent and
complicated cell populations, follows the development of differentiated cell lineages and
elucidates regulatory interactions between genes (Hwang et al., 2018).

In both humans and animals, single-cell genomics research gains popularity
while plant research has just begun (Denyer et al., 2019; Jean-Baptiste et al., 2019; Ryu
et al., 2019; Shulse et al., 2019; Zhang et al., 2019) in 2019. The basic structure and
unpredictable growth of the Arabidopsis root makes it an appropriate model for studying
the spatiotemporal transcriptional patterns determining developmental trajectories
during stem cells to cell differentiation (Shahan et al., 2022).

The droplet-based technique dominates Arabidopsis plant single-cell
transcriptomics because it is efficient at collecting large numbers of cells and detecting
cell subpopulations in complex tissues (Bawa et al., 2022). Figure 3 shows the steps of
droplet-based method of scRNA-seq analysis in plants. Sample preparation, which
includes single-cell isolation, is the primary step required the collection of plant materials.
Due to the strength and rigidity of the plant cell wall, isolating a single cell from plant
tissue is challenging. Therefore, cell wall digesting enzyme is required to extract
protoplast for subsequent single cell transcriptome analyses (Seyfferth et al., 2021).

After isolating individual cells and obtaining a cell mixture, the cells have to be
distributed into tubes, wells, or droplets (Seyfferth et al., 2021) that contain the necessary
components for transcript amplification and library preparation. Droplet-based single-
cell approaches currently govern the plant single-cell transcriptomic analyses,
particularly use in Arabidopsis (Denyer et al., 2019; Jean-Baptiste et al., 2019; Ryu et al.,
2019; Shulse et al., 2019; Zhang et al., 2019). Using this method, only the 3' end of the
transcript is captured and sequenced. This is in contrast to whole transcript scRNA,
where this technique typically yields a higher throughput of cells and a reduced

sequencing cost per cell.
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In the droplet-based method, droplets contain lysis buffer, reverse-transcription
mixture, and hydrogel microspheres with barcoded primers. After encapsulating
protoplasts with droplets, primers are released, and cDNA is labeled with cell- and
transcript-specific barcodes (UMls) that contain a poly(T) sequence during reverse
transcription. To facilitate precise bioinformatic identification of PCR duplicates, a unique
molecular identifier (UMI) is appended to each molecule in a droplet as a tag prior to
amplification. After the droplets are shattered, the content is linearly amplified and
sequenced from all cells (Klein et al., 2015). After sequencing, the sequence files are
demultiplexed to reassign the sequences to their original cells using UMIs. Demultiplex
is performed in another round to determine the quantity of mRNAs taken from a single

cell.
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2.5 The analysis of scRNA-seq data

Single-cell transcriptomic analysis involves multiple steps that include quality
control, normalization, dimensionality reduction, visualization, and cell type identification.
There are several software packages, for example, Cell Ranger (Zheng et al., 2017),
Seurat (Butler et al., 2018), and COPILOT (Shahan et al., 2022), that are used to perform
these steps.

2.5.1 Quality control (QC)

In the case of microfluidic droplet-based approaches, over 90% of droplets do
not contain real cells. However, ambient RNA from cell solutions may be apparent in
these droplets, requiring algorithms to determine which droplets are likely to contain real
cells. Some single droplets may have two or more cells, resulting in a mixture of the gene
expression profiles of those two cells. At this point, only droplets containing actual cells
are evaluated, and low-quality cells or multiplets should be removed prior to
normalization. Thus, valid results from scRNA-seq data analysis depend on
comprehensive QC being performed (Hong et al., 2022).

2.5.2 Normalization

This step is crucial for keeping expression counts comparable among genes
and/or datasets. Single-cell normalization seeks to preserve actual biological variation
while eliminating the impact of technological influences on the underlying molecular
counts. Normalized gene variance should mostly be due to biological differences,
regardless of gene abundance or sequencing depth. So, highly variable genes (HVGSs)
should exhibit differential expression between cell types and be used to identify cell
clusters, whereas housekeeping genes should display less variation (Hafemeister &
Satija, 2019).

2.5.3 Dimensionality reduction and visualization

Selected HVG expression data is high-dimensional since it includes cell-specific
data. So, dimensionality reduction simplifies high-dimensional single transcriptomic data
to lower-dimensions without losing biological information. The commonly used

dimensionality reduction methods include principal component analysis (PCA), t-
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distributed stochastic neighbor embedding (t-SNE), and Uniform Manifold Approximation
and Projection (UMAP) (Su et al., 2022).

PCA can help identify the most important genes that contribute to the variation in
the data. This is accomplished by projecting the data onto a new set of axes called
principal components, which are linear combinations of the original features. This
method can minimize the dimensionality of the data while conserving the most essential
information by retaining only the top principal components that account for most of the
variation (Su et al., 2022).

t-SNE and UMAP, both nonlinear dimensionality reduction techniques, are
appropriate for visualizing scRNA-seq data and can assist researchers in identifying cell
types and subtypes based on gene expression patterns. Both methods demonstrate
robust local clustering by grouping similar categories together, while UMAP does it much
more clearly in balance with global data structures. Clusters of cells with comparable
gene expression profiles are represented in the resulting plot (Su et al., 2022).

2.5.4 Cell type identification

With prior information of gene expression in the cell type, it is possible to detect
the cell identity of each cluster by layering the expression of specific marker genes. The
Arabidopsis root cell types can be characterized using correlation analyses of marker
gene expression in clusters (Li et al., 2016) and the calculation of an index of cell identity
score (Denyer et al., 2019; Shahan et al., 2022; Shulse et al., 2019). However, clustering
cells and determining their identities is an iterative process, with outcomes highly
dependent on the cluster parameters selected at the outset (Seyfferth et al., 2021).

The primary outcomes of scRNA-seq analysis are differentially expressed genes
(DEGs) indicating genetic variations between cell populations. This enables a high
spatial resolution for the interaction of undiscovered regulators and the different
responses of multiple cell types to a stimulus, such as environmental stress or
phytohormone treatment. Furthermore, the high temporal resolution of scRNA-seq data
facilitates the study of transition of cellular state and developmental trajectory. Combining

spatial and temporal resolution and a large number of cells, gene regulatory networks
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(GRNs) can be constructed to explore the interactions between transcription factors and
target genes that regulates cellular function and cell phase transition (Seyfferth et al.,

2021).

2.6 The analysis of single-cell trajectory

Trajectory analysis is a relatively recent computational technique used to
investigate the dynamics of biological processes, particularly cellular differentiation and
development. The analysis enables the assessment of cell fate determination and the
processes involved in the transition between cell states. The methods of trajectory
analysis comprise inferring a developmental trajectory and subsequently mapping cells
to the inferred trajectory. This assumes that cells progress continuously along a
developmental trajectory, and that differences in gene expression between cells reflect
their progression (Deconinck et al., 2021).

Since existing approaches are unable to capture complex trajectories, a new
method is required. This study reconstructs epidermal single-cell trajectories with
Monocle2, a new method developed by Qiu et al. (2017). This method employs reversed
graph embedding (RGE) (Figure 4), a graph-based approach for reconstructing cell
trajectories without assuming a specific trajectory form. Monocle2 identifies the genes
that define a specific biological process by using an unsupervised approach called
dpFeature. Alternately, we can select genes whose expression differs between clusters
of cells. The expression level of these feature genes relates to dimensions (Qiu et al.,
2017).

To construct single-cell trajectories, each cell is projected in high-dimensional
space. DDRTree is one of the dimensionality reduction methods used in the RGE. It then
reduces the dimensionality of the data to embed cells into a low-dimensional space that
captures their developmental progression. This low-dimensional space is the input for
the RGE algorithm to infer a developmental trajectory. Using k-means clustering, the
centroids of the groups of cells are determined, and a spanning tree is then formed. The

cells are assigned onto the nearest point on the tree. The newly spanning tree is then
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constructed and updated to high-dimensional space. In this algorithm, users can choose
a root tip and calculate the distance of each cell to the root, which is interpreted as its
pseudotime. In this procedure, the branch, which represents the decision of cells to
develop into distinct cell types, is assigned simultaneously (Qiu et al., 2017). Branch
expression analysis modeling (BEAM), a new regression model, is then employed to
detect genes that differentially expressed after cell fate decision (Qiu et al., 2017) .
Thus, Monocle2 contains tools for constructing single-cell trajectories and analyzing
significant branch-dependent genes, enabling us to comprehend the genetic

architecture driving cell fate determination.

a
L ] ™ Fi
. X Initial dimension * Guess initial
° reduction ° cell trajectory
- — . ® —
LI PCA . o © oOncentroids®
[ ¢ o o (LLE, DM, ...) e
d 3 ® b ®o * .
* “l“'
““‘
‘.““‘ Repeat until both cell trajectory
3"’ and cell positions are stable Update cell positions
N under the optimization function based on current trajectory
Y Update cell
centroids
i — i —
Update map
back to high- ©
dimensional ¢
space
Select root
. . Branches
o 0 Distance from e defines fate
root defines -
. — pseudotime decisions
" ® A \ [ ] - l 0'® ..
L] L]
Pseudotime F1 Fa

Figure 4 Reversed Graph Embedding (RGE) method implementation in Monocle2 for
constructing single-cell trajectory.

(Qiu et al., 2017)



29

2.7 Single-cell assay for transposase-accessible chromatin sequencing (scATAC-seq)
technology

Specific localization of regulatory elements in accessible chromatin facilitates
transcriptional regulation. Open chromatin configuration is dependent on transcription
factor binding to activate the target gene, while condensed chromatin blocks the access
of transcription factors and transcriptional regulators to the promoter and/or enhancer,
leading to gene silencing (Figure 5A). ATAC-seq technique is used to investigate
chromatin accessibility by employing a Tnb transposase enzyme to break open
chromatin regions. This facilitates the insertion of adaptors for DNA fragment
sequencing. The information obtained from the sequenced DNA fragments provides
insight into the accessibility of chromatin regions such as transcription factors,
enhancers, and insulators (Sun et al., 2019).

Recent advancements in single-cell ATAC-seq are a high-throughput approach
for studying the epigenetic landscape of individual cells (Chen et al., 2019). By analyzing
the chromatin accessibility of single cells, scATAC-seq can reveal valuable insights into
the complexity of gene transcription in a specific cell type throughout cellular
differentiation and development (Sun et al., 2019). However, each method of analyzing
single cells has its own advantages and disadvantages and can only provide information
on a limited subset of biological characteristics. It is essential to obtain data from one
dataset to improve the evaluation of another. Consequently, the integrative analysis is
designed to address this issue. It anchors single-cell transcriptomic and epigenomic
investigations to reveal the effect of chromatin accessibility on gene activity and
regulatory networks of Arabidopsis cell development (Dorrity et al., 2021; Farmer et al.,

2021).
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A closed chromatin open chromatin

Figure 5 The mechanism of identifying chromatin accessibility using the Tn5
transposase.

(Sun et al., 2019).

2.8 Integrative analyses of single-cell data

While the biological information in the data generated by various techniques may
be comparable, some of them might identify distinct cell populations that are currently
unidentified (Figure 6A). Furthermore, the classification of cells into subcategories based
on data obtained from a single technique poses a challenge (Dorrity et al., 2021; Farmer
etal., 2021). Seurat (Version 3) was created with the aim of offering a complete approach
for performing reference assembly and transfer learning when examining single-cell
data. The goal is to obtain a more extensive comprehension of gene regulation and the
diversity of cell types in intricate biological systems. This software has the capability to
efficiently process a range of data types, such as transcriptomic, epigenomic, and
proteomic data (Stuart et al., 2019).

In the pre-processing of sCcATAC-seq data, an initial step involves the
quantification of reads that map to regions of promoters or enhancers, which enables the
construction of a gene activity matrix (Pliner et al., 2018). This matrix serves as a

representative for gene activity in synthetic scRNA-seq data and facilitates subsequent
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data integration procedures. Furthermore, to ensure data quality, cells with a number of

peaks below a specified threshold are excluded from the analysis.
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Figure 6 The overview of integration of single-cell datasets using Seurat version 3.

(Stuart et al., 2019)

To decrease the dimensionality of the scATAC-seq peak matrix, the application
of latent semantic indexing (LSI) is implemented (Cusanovich et al., 2018). Prior to
applying LSI, the technique of Term Frequency-Inverse Document Frequency (TF-IDF) is
utilized to assign weights to important terms within the sCATAC-seq peak matrix. This
enables the identification of genomic regions that exhibit high variability across cells and
are highly selective for differentiating between various cell types or states.

To calculate the TF (term frequency) for each genomic region in each cell, the
total number of reads that are mapped to that region is divided by the total number of
reads that are mapped to all regions in that cell. IDF (inverse document frequency)
reflects the inverse frequency of each region across all cells by calculating the logarithm
of the total number of cells in the dataset divided by the number of cells that contain the

region. To avoid computing the logarithm of 0, 1 is added as a pseudocount. Thus, a
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weighted score for each accessible region in each cell is obtained by the multiplication
between TF and IDF terms (Cusanovich et al., 2018). Highly variable peaks are given
higher weights, while peaks that are frequently observed across cells are given lower
weights.

A lower-dimensional representation of the TF-IDF matrix is generated by utilizing
singular value decomposition (SVD), which returns Latent Semantic Indexing (LSI)
components and scaled LS| loadings for each cell, scaled to have a mean of 0 and
standard deviation of 1. These steps are used to learn the weighting of anchors in the
scATAC-seq dataset and are implemented through the ‘RunLSI’ function in Seurat (Stuart
et al., 2019).

The process of identifying anchors, which are the relationships between
individual cells in scATAC-seq (gene activity matrix) and scRNA-seq (gene expression
matrix) datasets, is depicted in Figure 6C. This is accomplished by identifying anchor
pairs that consist of highly variable features, which exhibit high correlation across both
chromatin accessibility and gene expression. Then, a shared low-dimensional space is
constructed based on these features using canonical correlation analysis (CCA), as
shown in Figure 6B. For each anchor pair, a score is assigned based on the consistency
of anchors across the neighborhood structure of each dataset (Figure 6D). This facilitates
the efficient transfer of gene expression data from scRNA-seq reference dataset to a
low-dimensional space learned from scATAC-seq query dataset. Eventually, we can
combine gene expression data from these two modes to create uniform atlases at the

single-cell level (Figure 6E) (Stuart et al., 2019).



PART 3
RESEARCH METHODOLOGY

3.1 Obtaining datasets used in this study.

Published scRNA-seq (Shahan et al., 2022) and scATAC-seq (Dorrity et al.,
2021) datasets were retrieved from GEO: GSE152766 and GEO: GSE173834,
respectively. The first dataset (Shahan et al., 2022) used the 10X Genomics platform to
profile 96,000 cells taken from thirteen different sets of wild-type Arabidopsis thaliana
root tip aged between 5-7 days old. They additionally integrated the data with three
published datasets (Denyer et al., 2019; Ryu et al., 2019) to add further depth and
evaluate the variability of the data across different labs. Consequently, this dataset
contains the gene expression profile of more than 110,000 cells, encompassing 17,513
genes that were conserved in all integrated samples. Cells in this dataset have al ready
accomplished cell type and developmental stage annotation by combining information
from the four annotation approaches including (1) annotation based on spatial mapping,
(2) marker annotation, (3) correlation annotation and (4) index of cell identity (ICl)
calculation. The developmental stage of each cell was determined by comparing its
transcriptome to the gene expression profiles of manually dissected root tissue
segments. Additionally, this dataset provided high-quality gene markers of cell types
and many newly discovered genes prominent in the cell types/developmental zones.
This was performed by using differential expression analysis to uncover a total of 7,867
tissue- and stage-specific genes with log 2-fold change = 1, the difference in percentage
of gene expression between the clusters considered and the number of remaining cells
> 0.25 and the area under the curve (AUC) > 0.75. Thus, this dataset provided high-
quality gene markers of cell types and many newly discovered genes prominent in the
cell types/developmental zones.

This study also assessed the validity of the tools, methods, and results obtained
from the analysis on two additional scRNA-seq datasets (Denyer et al., 2019; Ryu et al.,

2019) and scATAC-seq dataset (Dorrity et al., 2021). The lists of BR-responsive
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(induced/repressed) genes were retrieved from a previous study (Chaiwanon & Wang,
2015). BR-responsive genes were mapped to specific cell subpopulations identified in
the scRNA-seq data (Shahan et al., 2022) (in the form of observed marker genes and

novel genes distinguished in certain subpopulations).

3.2 Pseudotime analysis

Monocle (version 2.20.0) (Qiu et al., 2017) package implemented in R
programming language (RStudio Version 1.4.1103) was used to investigate the process
of cell differentiation and epidermal cell fate determination. The epidermal (trichoblast
and atrichoblast) cell data was extracted from large dataset (Shahan et al., 2022) and
used for downstream analysis. The following methods are explained in the tutorial
developed by Qiu et al. (2017).

Here, the data were preprocessed before continuing to the main process of
constructing the trajectory. Epidermal single-cell expression data were stored as object
of the CellDataSet class using ‘newCellDataSet’ function. The class comprised three
data files including (1) exprs is a matrix of numeric gene expression values, with rows
representing genes and columns representing cells. (2) phenoData contains the
attributes (such as cell type and developmental stage annotation) of each cell. (3)
featureData contains the attributes (such as gene short name) of each gene. The size
factors for each cell in the dataset was calculated by ‘estimateSizeFactors’ function. Size
factor was used to normalize the read counts for each cell, considering differences in
sequencing depth and library size between cells. The dispersion parameter for each
gene measuring the amount of biological variation in gene expression across cells was
then estimated by ‘estimatDispersions’ function.

There were three major processes involved in pseudotime estimation. Firstly,
genes that were differentially expressed across cell types and developmental stages
were identified using the functions ‘differentialGeneTest’ and ‘FoldChange’ with g-value
< 0.001 and log 2-fold change > 1, respectively. These genes were set into CellDataSet

by 'setOrderingFilter' function to be used for ordering cells in downstream analysis.
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Secondly, the dimensionality of the data was reduced through a reversed graph
embedding technique by ‘reduceDimension’ function to learn the underlying manifold
structure that captures cell-cell relationships of the data.

Thirdly, the cells were arranged using the ‘orderCells’ function, and the
trajectories were shown in the reduced dimensional space using ‘plot_cell_trajectory’
function. The occurred branching indicated the separation of two cell types into their
lineages. The Monocle package allows the user to specify the cell that marks the
initiation of pseudotime. This enables the computation of pseudotime through the
implementation of the ‘orderCells’ function, wherein the cell located prior to the branched

point and in the meristematic stage is selected as the starting point for pseudotime.

3.3 Differential expression and enrichment analysis

The statistical significance of the overlap in BR-responsive genes expressed
across cell types was assessed with hypergeometric distribution and multiple testing
corrections using Benjamini-Hochberg procedure and with a statistically significant p-
value < 0.05.

Differentially expressed genes across cell types and developmental stages,
which were initially obtained, were used to determine whether they were differently
expressed between branches using a statistical test in Monocle called "branched
expression analysis modeling" (BEAM) and cutting off significant genes with a g-value <
0.0001. These genes were categorized hierarchically and visualized by
‘plot_genes_branched_heatmap’ function. This provided insight into the branched
developmental processes.

To explore the biological functions of differentially expressed genes in each
cluster and branch, functional enrichment analysis was performed using the Gene
Ontology (GO). This analysis was conducted using the David Bioinformatics Resources
platform (https://david.ncifcrf.gov/home.jsp). To manage the large number of functionally
related genes and terms obtained from the analysis, we employed the “DAVID Gene

Functional Classification Tool” to group the genes and terms into a more manageable
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number of biological modules. The GO term with the least FDR was chosen as the

representative of each module.

3.4 Visualization of the expression of candidate genes in the root cell atlas and
epidermal cell fate trajectory

For branching trajectory, the function ‘plot_genes_branched_pseudotime’ was
employed to construct the gene expression curves for each lineage. This function
generated trend plots for genes of interest that pass through a progenitor state
before separating into two different branches. Each branch was stretched to a maturity
level between 0 and 100.

Genes involved in epidermal cell development, BR signaling and synthesis
pathways were analyzed. Additionally, BR-responsive genes with remarkable expression

patterns, which might be associated with those pathways, were explored.

3.5 Integration of single-cell ATAC-seq and single-cell RNA-seq to relate gene
expression with chromatin accessibility.

The integration of single-cell datasets derived from different techniques was
accomplished using the Signac package (Version 1.9.0) (Stuart et al., 2019). The
identification of anchors linking the scRNA-seq (Shahan et al., 2022) and scATAC-seq
(Dorrity et al., 2021) datasets was accomplished through using 'FindTransferAnchors'
function, with reference data being the gene expression matrix of scRNA-seq data and
query data being the gene activity matrix of sSCATAC-seq data. The cell type labels from
the scRNA-seq data were transferred to the scATAC-seq cells using these anchors. This
was done by ‘TransferData’ function with the weight.reduction parameter set to be the
LSl components of the sCATAC-seq peak data. The LS| components were previously
determined and used to ensure that the transferred data was consistent with the
SCATAC-seq data in the shared low-dimensional space in this function. The predicted

cell types of scATAC-seq data were visualized on a UMAP representation. Finally, to

examine the two data modalities together, cells from the scRNA-seq and scATAC-seq
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experiments were co-embedded on the same low-dimensional space using the identified

anchors.

3.6 Validation of findings across multiple datasets

To ensure the generalizability and robustness of the findings, additional scRNA -
seq datasets (Denyer et al., 2019; Ryu et al., 2019) as well as scATAC-seq data (Dorrity
et al., 2021) were utilized for validation. Expression patterns of candidate genes
identified in this study were visualized on other scRNA-seq datasets to confirm that the
same conclusions can be obtained. To annotate the enriched peaks detected from the
scATAC-seq analysis, the statistical programming package ChlPpeakAnno (Zhu et al.,
2010) was employed. This powerful tool facilitated the identification of regulatory
elements that play critical roles in gene regulation by exerting control over the expression
of nearby genes. In the scATAC-seq and scRNA-seq integration atlas, each scATAC-
seq cell was assigned a color based on the peaks associated with its nearest target
genes. The color assignment allowed for the visualization and interpretation of chromatin

accessibility patterns in the context of gene regulation.



PART 4
RESULTS AND DISCUSSIONS

4.1 BR-induced and -repressed genes are differentially enriched in different cell types
and developmental zones.

To explore the specific roles of BR in regulating root development at the cell-type
level, we conducted a comparative analysis utilizing lists of BR-responsive genes and
cell-type-specific genes derived from previous studies (Chaiwanon & Wang, 2015;
Shahan et al., 2022). The BR-responsive gene list was generated through bulk RNA-seq
experiments involving BR treatments and BR mutants, enabling the identification of
genes induced or repressed by BR in Arabidopsis root tips (Chaiwanon & Wang, 2015).
The scRNA-seq dataset provided the cell-type-specific gene lists, identifying genes with
specific expression patterns in various cell types and developmental zones of
Arabidopsis root tips (Shahan et al., 2022). To assess the enrichment of BR-responsive
genes, the percentages of BR-induced and BR-repressed genes were calculated within
each cell type of the meristematic, elongation, or maturation zone. The enrichment of BR-
induced or BR-repressed genes in specific cell types was assessed through
hypergeometric analysis to determine whether they were significantly over- or under-
represented (FDR < 0.05).

Figure 7 illustrates the distribution of BR-induced and BR-repressed genes
across different cell types and developmental zones. It reveals a substantial
underrepresentation of BR-induced genes in the meristematic zone, while exhibiting an
overrepresentation in the elongation and maturation zones across multiple cell types
(Figure 7A). In contrast, figure 7B demonstrates a notable overrepresentation of BR-
repressed genes specifically within the meristematic cell types, including the stem cell
niche, quiescent center, columella, lateral root cap, and phloem. The atrichoblast cell
type, which refers to non-hair cells in the epidermis, exhibited the highest enrichment
percentages of BR-induced genes in both the elongation and maturation zones (46.18%

and 47.84%, respectively). This contrasts with the trichoblast (16.67% and 26.64%,
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respectively), which is adjacent to the atrichoblast cell files in the epidermis. These
findings imply a significant involvement of BR in the development of atrichoblasts and
highlight the distinct roles of BR in regulating epidermal development between these two
cell types.

Upon comparing cell types derived from the same stem cell initials, we observed
similar enrichment patterns in the cortex and endodermis. In contrast, distinct enrichment
patterns emerged in the xylem and phloem of the stele. Specifically, the xylem exhibited
a significant enrichment of BR-induced genes, whereas the phloem showed enrichment
of BR-repressed genes while being underrepresented in the xylem. Overall, these
findings from the enrichment analysis indicate that BR exerts cell-type- and
developmental-zone-specific functions.

Prior studies have established that BR signaling is low during the meristematic
zone, leading to the upregulation of BR-repressed genes, which serves to sustain stem
cell activities and control meristem size. Conversely, BR signaling reaches its peak
during the elongation zone, thereby facilitating cell elongation, consistent with the large
number of BR-induced genes (Chaiwanon & Wang, 2015). Additionally, earlier research
identified a number of BR-repressed genes in the inner tissue (stele) of the
meristematic zone (Vragovic et al., 2015). Based on our analysis of scRNA-seq data,

BR-repressed genes are mostly enriched in the phloem, but not xylem.
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Figure 7 Enrichment analysis of BR-induced and BR-repressed genes across various
cell types and developmental zones in the Arabidopsis root tips.

Bar graphs visualize percentage enrichment of BR-induced (A) and BR-repressed genes
(B) in each tissue. Significant overrepresentation is denoted by an asterisk (*), while

significant underrepresentation is indicated by a sharp (#) (FDR < 0.05).

4.2 Reconstruction of the continuous differentiation trajectory of epidermal cells from
scRNA-seq dataset
Epidermal meristematic cells undergo differentiation, giving rise to distinct cell

types known as trichoblasts (hair cells) and atrichoblasts (non-hair cells). To investigate
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the dynamic expression of genes associated with BR biosynthesis and signaling along
the developmental axis of the epidermis, it is essential to establish the trajectory of
epidermal cell development. Accordingly, the scRNA-seq dataset (Shahan et al., 2022)
was utilized to extract cell clusters corresponding to atrichoblasts and trichoblasts.

The Monocle 2 algorithm (version 2.22.0) was employed to reconstruct the
trajectory of root cell differentiation and elucidate the determination of epidermal cell
fate. In this process, genes exhibiting differential expression across cell types and
developmental stages (log,fold change > 1 and g-value < 0.001) were identified as
ordering genes for trajectory construction. A total of 847 ordering genes were selected.
Subsequently, each epidermal cell was visualized in a reduced dimensional space using
UMAP plots. Cells were represented based on the annotated cell types (atrichoblast or
trichoblast; Figure 8A), developmental stages (meristem, elongation or maturation;
Figure 8B), or along the pseudotime (Figure 8C).

Our analysis reveals that atrichoblast and trichoblast cells in the meristematic
stage exhibit clustering at the initial phase of the pseudotime trajectory, while the two
lineages diverge at a branching point corresponding to cells in the elongation stage.
Subsequently, the cells progress through the maturation stage towards the end of the
pseudotime trajectory. This observation demonstrates a precise ordering of cells based
on their developmental stages, consistent with the existing annotations of cell types and
developmental stages. In addition, cell-cycle genes can be eliminated by analyzing
differentially expressed genes across multiple cell types and developmental stages. This
suggests that these genes were not differentially expressed between atrichoblasts and
trichoblasts. Cell-cycle genes are recognized as a significant source of biological noise
in single-cell data. Their presence can obscure clusters of cell types or lead to the
emergence of novel clusters, as well as potentially impacting the accurate reconstruction
of single-cell trajectories (Barron & Li, 2016). Consequently, the pseudotime analysis of
each epidermal cell type has the potential for studying the expression patterns of genes

of interest.
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Figure 8 UMAP plots depicting the trajectory of epidermal cells in a reduced dimensional
space.
Each dot represents an individual epidermal cell, and the dots are color-coded based on

cell types (A), developmental stages (B), and pseudotime (C).

4.3 The analysis of differential gene expression between pseudotime branches and

enrichment analysis

Through the input of 847 ordering genes into the branched expression analysis
modeling (BEAM) function in Monocle 2 (Qiu et al., 2017), the statistical significance of
differentially expressed genes in each branch of the epidermal cell fate trajectory was
then determined. We discovered that 825 genes exhibited branch-dependent expression
in a statistically significant manner.

The patterns of the significantly branch-dependent genes across pseudo-time
were depicted simultaneously in both lineages with a heatmap (Figure 9). The start of
pseudotime was in the middle of the heatmap, whereas the columns indicated
pseudotime points and the rows represented genes. Both sides of the heatmap displayed
pseudo-time terminations. Based on similar lineage-dependent expression patterns, the
gene were clustered hierarchically into 5 groups and a gene ontology analysis was then

performed on each cluster.
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Based on the heatmap (Figure 9), genes in cluster 1 exhibited an initial surge in
expression levels during the early stages of pseudotime. This was followed by a
subsequent decline in expression levels across both lineages. The cluster displayed
enrichment of meristematic cell-specific genes (72.29% and 80.09% in trichoblast and
atrichoblast, respectively) (Figure 10A), involved in various early-stage cellular processes,
including protein synthesis such as translation and assembly of functional ribosomes
(Figure 10C). Cluster 1 also included genes regulating RNA transport and protein quality
control, ensuring proper RNA processing and modification before integration into the
ribosome.

Cluster 2 exhibited gene expression specific to meristematic tissue (35.90% in
trichoblast and 41.03% in atrichoblast) and elongation tissue (20.51% in trichoblast and
3.21% in atrichoblast) (Figure 10A). Interestingly, these genes displayed an up-regulated
expression pattern near the branch point and maintained expression levels during the
middle of the pseudotime, followed by a decrease towards both ends (Figure 9). The gene
signatures within cluster 2 were associated with crucial cellular processes including
homeostasis and microtubule organization, indicating their importance in maintaining
normal cell function. Additionally, the cluster exhibited genes related to methylation

processes, which are involved in post-translational modifications (Figure 10C).
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Figure 9 Heatmap illustrating the changes of the significantly branch-dependent genes
over pseudotime.

The color bar represents the relative expression levels of the genes.

Genes in cluster 3 exhibited an up-regulated pattern during the midpoint of the
pseudotime in the trichoblast lineage (Figure 9). This was consistent with the significant
presence of genes specific to elongation and maturation exclusively found in trichoblasts
(61.72% and 60.16%, respectively) (Figure 10A). However, expression levels of these
genes began to decline towards the end of pseudotime (Figure 9). Cluster 3 genes were
primarily related to plant-type cell wall organization and hydrogen peroxide catabolic
processes, potentially influencing cell elongation (Figure 10C). Hydrogen peroxide

serves as a signaling molecule that promotes root cell elongation (Richards et al., 2014).
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Additionally, COW1 and XTH14 (Bruex et al., 2012; Shahan et al., 2022), which are
known markers for trichoblast cell clusters, were presented in this cluster.

Genes in cluster 4 initially showed an upregulation during the midpoint of the
pseudotime, followed by a subsequent increase towards the end, evident on both sides
of the heatmap (Figure 9). The signature genes of cluster 4 were involved in root
morphogenesis and water transport (Figure 10C). Additionally, this cluster included genes
that were specific to the elongation and maturation stages of trichoblasts (20% and
36.11%, respectively) and atrichoblasts (28.89% and 55%, respectively) (Figure 10A).
This suggests that these genes likely govern the development of both epidermal cell
types.

Cluster 5 demonstrated an up-regulated pattern during the midpoint of the
pseudotime, particularly concentrated on the atrichoblast lineage. This aligned with the
presence of atrichoblast-specific genes primarily associated with elongation and
maturation stages (48.46% and 36.15%, respectively). Cluster 5 mainly consisted of
genes involved in cell wall organization, plant epidermis development, and water
transport.

The detection of aquaporin genes, a member of the major intrinsic protein family
(MIPs) implicated in water transport, within clusters 4 and 5 was consistent with previous
research. Kaldenhoff et al. (1995) demonstrated the predominant expression of
aquaporins in elongation cells of Arabidopsis roots (Kaldenhoff et al., 1995). Aquaporins
are responsible for regulating cellular and tissue water content (Yang & Cui, 2009),
facilitating cell expansion (Johansson et al., 2000).

Some of the genes utilized in this analysis have been identified as tissue- and
developmental-stage-specific genes in previous research (Shahan et al., 2022).
However, upon analyzing the expression patterns of genes grouped according to their
expression along the pseudotime, we observed distinct intervals of expression for
developmental stage-specific genes, particularly in clusters 1 and 2. Cluster 1 comprised
genes specific to the meristematic stage, exhibiting upregulation at an early pseudotime

point followed by a subsequent decline over time. In contrast, genes in cluster 2
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demonstrated a gradual upregulation, peaking at the center of the pseudotime.
Interestingly, this method revealed that even genes annotated to the same developmental
stage might exhibit differential expression at distinct time points.

Taken together, the findings highlight the ability of scRNA-seq to reconstruct the
continuous differentiation trajectory of epidermal cells, offering insight into the expression
of signature genes at different developmental stages. Cluster 2 displayed transcriptome
profiles representing the intermediate state of cell differentiation. On the other hand,
clusters 3, 4, and 5 contained genes involved in the initiation of differentiation and

development processes in both cell types.

70

60

50

40

30

Percent enrichment
Percent enrichment

B
60
40 -
11kl 1
, i
T A T A T A T A T A

Cluster1 Clusier.2 Cluster 3 Oluster.4 Clusters Cluster1  Cluster2  Cluster3  Cluster4  Cluster 5

W Meristematic-specific B Elongation-specific | Maturation-specific W BR-induced W BR-repressed

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

monocarboxylic acid metabolic process (GO:0032787)

organic cyclic compound biosynthetic process (GO:1901362)

response to oxidative stress (GO:0006979)

plant epidermis development (GO:0090558)

root morphogenesis (GO:0010015)

water transport (GO:0006833)

aromatic compound biosynthetic process (GO:0019438) “log10(FDR)
hydrogen peroxide catabolic process (GO:0042744) 15

cell wall organization (GO:0071555)

plant-type cell wall organization (GO:0009664) o

pollination (GO:0009856)
retrograde vesicle-mediated transport, Golgi to ER
(GO:0006890)
sterol biosynthetic process (GO:0016126)
process (GO
methylation (GO:0032259)
intracellular protein transport (GO:0006886)

posttranslational protein targeting to membrane,
translocation (GO:0031204)
protein peptidyl-prolyl isomerization (GO:0000413)

microtubule-based process (GO:0007017)

5

0

Number
of genes

® 5
® 10
®
@

GO biological processes

response to endoplasmic reticulum stress (GO:0034976)
RNA transport (GO:0050658)

protein folding (GO:0006457)
modification-dependent protein catabolic process

:0019941
maturation of LSU-rRNA from tricistronic rRNA lranscrip{
(SSU-rRNA, 5.85 rRNA, LSU-rRNA) (GO:0000463)
ribosomal large subunit biogenesis (GO:0042273)

translation (GO:0006412)

10 100
Fold enrichment

Figure 10 Branch-dependent gene expression analysis



47

(A) Enrichment percentage of developmental stage-specific genes in each cluster
represented by stacked bar plot. T and A are trichoblast and atrichoblast,
respectively.

(B) Enrichment percentage of BR-responsive genes in each cluster represented by bar
plot. Significant overrepresentation is indicated by an asterisk (*), while significant
underrepresentation is indicated by a sharp (#) (p-value < 0.05).

(C) Scatter plot of the most representative GO terms enriched by differentially expressed
genes across branches (g-value < 0.0001), cell types and developmental stages

(FDR < 0.05).

4.4 Visualization of the expression of candidate genes in the epidermal cell fate

trajectory
4.4.1 Expression of genes involved in BR biosynthesis and signaling pathways.

Differential BR responses could be due to differences in cellular BR levels and/or
signaling activity. To test whether genes involved in BR biosynthesis and signaling
pathways vary along the developmental stages in atrichoblast and trichoblast cell types,
we visualized the expression patterns of selected genes along the pseudotime trajectory
of each cell type. The pseudotime was stretched and presented on unified graphs.

Our analysis revealed distinct expression patterns of genes involved in BR
biosynthesis. DWF4, DET2, and ROT3 were highly expressed, while CPD, CYP90D1,
BR60X1, and BR60X2 were expressed at very low levels (Figure 11B-F). DWF4 and
DET2 were preferentially expressed in trichoblast during the meristematic stage,
whereas in atrichoblast, their expression was observed during the transition from the
meristematic to elongation stages. The expression of ROT3 was elevated along the
developmental stages in atrichoblast but decreased in the trichoblast during the
maturation stage.

Endogenous levels of BR are tightly regulated through a negative feedback loop

mediated by the BR signaling pathway (Xuan & Beeckman, 2021). High levels of BR
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activate BR signaling and lead to downregulation of BR biosynthesis enzymes and
upregulation of BR catabolic enzymes. In our analysis, we observed a similar expression
pattern between BAS7, encoding a BR degradation enzyme, and ROT3 (Figure 11J). In
addition, BIAT expression was increased along the developmental zones in both cell
types (Figure 111). These results suggest that BR levels and signaling activity may be
increased along the developmental zones in the epidermis, consistent with the high
percentage of BR-induced genes in these cell types.

Regarding BR signaling, the expression levels of BRI1 and BSK1 were higher in
atrichoblast cells compared to trichoblast cells (Figure 12A and C). These expression
levels exhibited a decrease during the maturation stage of the trichoblast. The
expression levels of the BR-activated transcription factors BZR7 and BEST also showed
a similarly declining trend during the maturation stage in both cell types (Figure 12F-G).
Conversely, the expression levels of BAK1, BIN2, and PP2A remained relatively stable
and exhibited similar patterns in both cell types (Figure 12B, D-E).

Our results suggest that expression levels of BR biosynthesis genes (DET2 and
ROT3) and BR signaling genes (BR/1 and BSK1) in atrichoblast were higher than those
in trichoblast, particularly in the elongation and maturation stages. This finding may
support that the higher percentages of BR-induced gene expression in the atrichoblast
is partly due to the higher BR levels and BR signaling activity (Figure 11A).

Our findings showed that BR biosynthesis gene expression is cell-type-specific.
This is consistent with previous studies using promoter reporters, which revealed that not
all enzymes in the BR biosynthesis pathway are expressed in each cell type, and thus
intermediates have to be transferred between cells to complete BR biosynthesis
(VukasinoviC et al., 2021). Expression of DWF4 and DET2 was reduced in trichoblasts at
the elongation stage (Figure 11B and D), while BZR1 and BES1 expression was
increased (Figure 12F-G). DWF4 is most abundantly expressed the epidermis

(Vukasinovi€ et al., 2021) and is a key factor in determining the synthesis of BR (Kim et



49

al., 2006). Consistently, a previous study has shown that DWF4 expression was high
before the BR signaling activity, which was observed by the nuclear fluorescence
intensity of BES1-GFP, reached its peak (Vukasinovi€ et al., 2021). BZR1 and BES1
positively regulate BR signaling pathway and mediate BR biosynthesis feedback
regulation (Wang et al., 2002). When endogenous BR levels reach the threshold, BZR1
and BES1 directly block expression of BR biosynthesis genes, including DWF4 and
DET2, via negative feedback loop (Zhang & Xu, 2018).

In addition, the inactivation of BRs is a crucial factor in maintaining a steady level
of BR. BIA1 and BAS1 are involved in the inactivation of BR (Roh et al., 2012; Youn et al.,
2016). Our results indicated that BIA7 emerged to be expressed during the elongation
and maturation stages (Figure 111). At the elongation stage, BIA1 is promoted by BR
signaling to reduce active BR by acyl conjugation (Youn et al., 2016). BAS7 encodes
cytochrome P450 (CYP734A1), which is involved in the conversion of castasterone (CS)
and brassinolide (BL) to their inactive metabolites (Roh et al., 2012). BAS? gene
expression increased upon entering the elongating stage (Figure 11J), which was
consistent with the levels of BZR1 and BES1 transcription factors (Figure 12F-G), both of
which are responsible for inducing the expression of the BR catabolic gene BAST (Youn
et al., 2016). In atrichoblast, however, BAS? expression continued to increase until
maturation (Figure 11J). This trajectory analysis demonstrated that the inactivation of BR
started in the elongation stage, together with the increase in expression of BR
biosynthesis genes and BR signaling activities.

BR signaling genes began to be expressed at the beginning of the pseudotime
and maintained their expression levels until the onset of maturation (Figure 12).
Interestingly, the majority of BR signaling gene expression was downregulated in the
trichoblast before the atrichoblast. BSK7, which is activated by BRI to block BRI1-
suppressor1 (BSU1), was also up-regulated in the atrichoblast until the maturity stage

(Figure 12C). This suggests that the higher percentage of BR-induced genes in the
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atrichoblast may be due to the higher endogenous BR levels as well as higher BR activity

from the receptor BRI1 and the positive regulator BSK1. The other BR signaling

components, such as BAK1, BIN2 and PP2A, did not show variation in expression levels

along the pseudotime, suggesting that activity of these proteins, which are kinases and

phosphatases, are mostly regulated at the post-translational modification level, rather

than at the transcriptional level.
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Figure 11 Visualization of the expression of BR biosynthesis and catabolism genes.

(A) Diagram of the BR biosynthesis pathway with enzymes indicated in bold. The

expression of genes involved in BR biosynthesis (B-H) and catabolism (I-J) across

pseudotime trajectory of epidermal development.
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Figure 12 The expression of genes involved in BR signaling across pseudotime

trajectory of epidermal development.

4.4.2 Expression of BR-responsive genes in each cluster and cell wall
modification genes

Hierarchical clustering of 825 ordering genes yielded five distinct clusters (Figure
9). Subsequently, we investigated the BR-responsive genes enrichment with each cluster
(Figure 10B).

Cluster 2 showed a significant enrichment of BR-repressed genes (15.38%)
(Figure 10B), indicating that these genes were predominantly active during the early

pseudotime corresponding to the meristematic stage (Figure 9). This was consistent with
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previous studies that endogenous BR signaling remains low in the meristem zone
(Chaiwanon & Wang, 2015), thereby allowing the expression of BR-repressed genes.

Cluster 3 exhibited a significant enrichment of BR-repressed genes, accounting
for 20.31% of all genes within the cluster (p-value < 0.05). In contrast, clusters 4 and 5
showed a significant enrichment of BR-induced genes, comprising 61.67% and 56.92%
of all genes in clusters 4-5, respectively (Figure 10B). Notably, clusters 3-5 predominantly
consisted of genes involved in the differentiation and development of epidermal cells
(Figure 10C). These differential patterns of BR-responsive genes among clusters
suggest that BR signaling plays different roles in regulating trichoblast and atrichoblast
development.

We investigated the GO terms associated with the BR-responsive genes set in
cluster 3-5 (FDR < 0.05). The enrichment of BR-repressed gene in cluster 3 was related
to plant-type cell wall organization, hydrogen peroxide catalytic process, and
developmental growth. Cluster 4 and 5 showed enrichment in similar GO terms. The BR-
induced genes in both clusters were associated with biological processes such as water
transport, plant epidermis development, and root morphogenesis. Xyloglucan metabolic
process was considerably found in cluster 5.

Within cluster 3, BR-repressed genes associated with the "plant-type cell wall
organization" term included EXTENSINs (EXTs) gene family, specifically EXT6-10 (Figure
13). These genes exhibited a sharp increase in expression towards the end of the
pseudotime and displayed specificity for trichoblast cells at the maturation stage (Figure
13). This was in accordance with a previous finding that during the transition to the
differentiating stage, these genes encode extensins to form crosslinked networks,

leading to the reinforcement and rigidity of the cell wall (Somssich et al., 2016).
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Figure 13 The expression of EXTENSINs (EXTs) genes across pseudotime trajectory of

epidermal development

Cluster 5, consisting of BR-induced genes associated with the "xyloglucan

metabolic process," exhibited the presence of xyloglucan
endotransglucosylase/hydrolase (XTHs) gene family members, specifically XTH4 and
XTH17-19 (Figure 14). These genes are known to play a role in enhancing cell wall
extensibility (Somssich et al., 2016) and their expression can extend into the
differentiating zone (Vissenberg et al., 2005). Initially, the expression of these genes
showed consistency in both cell types during the early stages of pseudotime. However,

as pseudotime progressed towards the midpoint, atrichoblast cells displayed a gradual

increase in gene expression levels, reaching higher levels than trichoblasts (Figure 14).
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Figure 14 The expression of xyloglucan endotransglucosylase/hydrolase (XTHSs) genes

across pseudotime trajectory of epidermal development
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Figure 15 The expression pattern of xyloglucan endotransglucosylase/hydrolase (XTHS)

genes specifically observed in trichoblasts during the maturation stage.

During the later stages of pseudotime, genes involved in cell wall processes
exhibited distinct expression patterns. Specifically, some XTHs were predominantly
expressed in atrichoblasts, while some EXTs were predominantly expressed in
trichoblasts.

Previous research has shown that the xyloglucan endotransglucosylase (XET)
enzyme activity of XTH was distributed throughout the root, with enhanced activity
observed in the elongating region and trichoblast cells (Vissenberg et al., 2001). In our
analysis, we observed that atrichoblasts had higher expression levels of BR biosynthesis
and signaling genes (Figures 11 and 12) during the elongation and maturation stages.
This may contribute to the upregulation of XTHs expression in atrichoblasts compared to
trichoblasts. The upregulation of XTHs is important for providing the necessary cell wall
extensibility required for atrichoblasts to reach their mature size (Somssich et al., 2016).

The specific expression patterns of EXTs in trichoblasts (Figure 13) correlated
with the decreased expression of BZR1 and BEST in these cells prior to the end of
pseudotime (Figures 12F-G). The reduced availability of these transcription factors leads
to a decrease in the regulation of induced genes, allowing for the expression of BR-
repressed genes (Mao & Li, 2020). The activation of EXTs in trichoblasts can be

mediated by auxin and the oxidation of tyrosine via peroxidase (Schnabelrauch et al.,
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1996). In addition to the enrichment findings, we identified XTH13 and XTH14 as
exhibiting specific expression in trichoblasts during the maturation stage. Both of these
genes are BR-repressed, whereas XTH74 has been previously reported to have an
expression pattern independent of hormone pathways (Vissenberg et al., 2001).

These findings suggest that, towards the end of pseudotime, the regulation of
cell wall extensibility and assembly in atrichoblasts and trichoblasts is influenced by BR
signaling. However, in trichoblasts, alternative processes might also be involved in the

regulation of cell wall processes through trichoblast-specific genes.

4.5 Integration of single-cell ATAC-seq and single-cell RNA-seq to relate gene
expression with chromatin accessibility.

4.5.1 Integration of single-cell ATAC-seq and single-cell RNA-seq data

We used Signac package (Stuart et al., 2019) to integrate data obtained from
scATAC-seq (Dorrity et al., 2021) and scRNA-seq (Shahan et al., 2022) methodologies
to investigate variations in chromatin structure within closely related subsets of epidermal
cells. We specifically focused on extracting cell clusters that corresponded to the
epidermis from the scATAC-seq dataset (Dorrity et al., 2021). In the previous study,
SCATAC-seq data were utilized to estimate gene transcriptional activity by quantifying
ATAC-seq counts within the gene body and 400 bp upstream of the transcription start
site (Dorrity et al., 2021). The obtained quantification data was subsequently transformed
into a gene activity matrix for further analysis.

Common features, known as anchors, were identified between the gene activity
matrix and the gene expression profile obtained from the scATAC-seq and scRNA-seq
methods, respectively. Additionally, the underlying correlation structure of these common
features was estimated. Leveraging these anchors, the annotation from the scRNA-seq
dataset was effectively transferred to the scATAC-seq cells, enabling the prediction of
cell types within the scATAC-seq data (Figure 16). Figure 16B depicts the predicted
epidermal cell types of the scATAC-seq data, clearly showing that trichoblast and

atrichoblast cells were separated on different sides of the UMAP.
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Figure 16 The UMAP visualization displaying the cell type labels of the scATAC-seq data.

(A) Before and (B) after the prediction of cell types.

To achieve a comprehensive visualization of cells obtained from both scRNA-seq
and scATAC-seq experiments, a shared low-dimensional space was created where the
cells from both datasets were co-embedded. The same set of anchors used for
transferring cell type annotations was also employed for imputing the expression data of
the scATAC-seq cells. Subsequently, the expression data of variable features obtaine d
from both scRNA-seq and scATAC-seq experiments were integrated. The UMAP
technique was employed to generate a comprehensive visualization of all cells
collectively. The analysis revealed that the cells generated by both techniques exhibited
homogeneity (Figure 17A). Moreover, cells with similar characteristics demonstrated co-
localization regardless of their data source (Figures 17B-C). This observation can be
attributed to the imputation of gene expression data onto scATAC-seq cells, facilitating
the grouping and clustering of identical cells from both datasets (Stuart et al., 2019).
Additionally, we employed visualizations to examine the distribution of cells based on
their developmental stages in the scRNA-seq data (Figure 18). This aimed to compare

the positioning of scATAC-seq cells within these developmental stages.
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Thus, employing this approach allows us to gain insights into the diverse cell
types and their specific attributes within the scATAC-seq data, despite the absence of

direct gene expression measurements in those cells.

A Integrating of ATAC and RNA cells
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Figure 17 The identification of SCATAC-seq epidermal cell types through data transfer
from scRNA-seq data.
(A) Combined representation of scATAC-seq and scRNA-seq cells demonstrating co-

localization of identical cell types obtained from distinct experiments. UMAP visualization

exclusively displaying cells derived from scATAC-seq (B) or scRNA-seq (C) experiments.
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Figure 18 UMAP visualization displaying the integration of sScCATAC-seq and scRNA-seq
epidermal cells.

Cells were color-coded to represent different developmental stages.

4.5.2 Analysis of gene expression patterns and chromatin accessibility
associated with epidermal cell development.

We retrieved and annotated accessible region in available scATAC-seq data
(Dorrity et al., 2021). Our aim was to investigate patterns of open chromatin and their
correlation with gene expression in different epidermal cell types across developmental
stages. By using the ChlPpeakAnno package, we annotated accessible peaks and
linked them to their nearest genes, providing insights into the regulatory landscape (Zhu
et al., 2010). Additionally, we focused on annotating accessible regions associated with
BR biosynthesis pathways to gain a better understanding of gene regulation and cell -
specific functions related to BR response. In the integrated atlas of scATAC-seq and
scRNA-seq data, single cells obtained from scATAC-seq were assigned colors based
on peaks associated with their nearest target genes. The objective was to examine the
distribution of scATAC-seq cells in relation to the developmental stages of scRNA-seq
cells (Figures 19-20).

We conducted peak annotation analysis, which revealed upstream open
chromatin regions associated with genes that play crucial roles in the BR biosynthesis
pathway, including DWF4, CPD, BR60OX1, and BR60X2 (Figure 19). Furthermore, the

ChIP-seq peaks corresponding to the BZR1 transcription factor (Oh et al., 2014) were
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discovered within the open chromatin regions of these BR-repressed genes, suggesting
that these regions may serve as promoter regions. The accessible regions upstream of
DWF4 (Figure 19A) were observed in epidermal cell types at all stages of development.
In the elongation stage of the trichoblast, the signal of the upstream region of DWF4 was
smaller than in other stages, but it began to emerge in the maturation stage. This trend
aligned with the gene expression pattern across pseudotime (Figure 11A), where the
expression of DWF4 in trichoblasts decreased during the elongation stage and increased
during the maturation stage. Surprisingly, despite the decreased expression of DWF4
during the maturation stage of the atrichoblast, we discovered an accessible region
upstream of DWF4. This finding suggests that the regulation of DWF4 expression during
this stage may be influenced by the transcriptional control exerted by the BZR1
transcription factor through a negative feedback mechanism (Zhang & Xu, 2018).

Peak signals were detected upstream of the CPD, BR60X7, and BR60OX2 genes
in both types of epidermal cells (Figures 19B-D). However, gene expression in these
cells was found to be rare (Figures 11C, G, and H). This can be explained by the cell
type-specific expression patterns of these genes. Previous studies reported that CPD-
GFP expression predominantly occurs in procambial and central columella cells, while
BR60OX1-GFP and BR60X2-GFP expressions are primarily observed in the endodermis
and pericycle (Vukasinovi¢ et al., 2021).

Accessible regions associated with genes involved in BR catabolism, specifically
BAST1 and BIA1, were identified both upstream and overlapping with the gene body
(IncludeFeature) (Figure 20). These regions were observed in both types of epidermal
cells across all developmental stages. Analysis of gene expression patterns revealed
that the process of BR catabolism initiates during the transition from the elongation
phase to the maturation stages (Figures 11I-J). Thus, despite the presence of accessible
regions of BIAT in epidermal cells during the meristematic stage (Figure 20B), the limited
levels of BR signaling hinder the activation of gene expression associated with these

genes (Youn et al., 2016).
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Furthermore, our analysis revealed the presence of peaks associated with BAST
in both cell types at the maturation stage (Figure 20A). However, we observed expression
of BAST exclusively in the atrichoblast, while its expression decreased in the trichoblast.
Trajectory analysis indicated that the atrichoblast exhibited higher endogenous BR levels
and increased BR activity during the maturation stage. The elevated BR activity plays a
crucial role in regulating the binding of BZR1 to the regulatory elements, thereby
recruiting chromatin remodelers to activate the expression of BAST.

As a result, while the chromatin accessibility patterns in these two cell types may

exhibit similarities, there are variations in gene expression when responding to BR.
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Figure 19 UMAP visualization of all cells, with colors representing the accessibility of

genes involved in BR biosynthesis.
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Figure 20 UMAP visualization of all cells, with colors representing the accessibility of

genes involved in BR catabolism.

Our study also examined the patterns of open chromatin regions that were
annotated in close to genes associated with cell wall organization and extensibility.
Regions were identified upstream of and overlapping with the transcription start sites of
EXT6, XTH13, XTH17, and XTH19. The region that was located upstream and overlaps
the gene body of XTH4 was also found in this study.

Although EXT6 exhibited specific expression in trichoblasts during the maturation
stage (Figure 13), the presence of peak signals near this gene was infrequently observed
(Figure 21A). Similarly, XTH13 showed specific expression in trichoblasts during
maturation stage (Figure 15) while peak signals were detected in both epidermal cell
types at all developmental stages (Figure 21B). Signs of peak nearby XTH4 and XTH19
were observed in both cell types and all development stages (Figures 21C, E), despite
these genes being expressed in the atrichoblast rather than the trichoblast during the
maturation stage (Figure 14). However, the accessibility pattern near XTH17 exhibited
consistent with the gene expression level. Accessible regions near XTH17 were identified
throughout all stages of atrichoblast development, with the largest number of regions
found during the maturation stage, while being limited in the trichoblasts (Figure 21D).

In this study, we observed that open chromatin regions were annotated in
proximity to some genes. However, the presence of open chromatin did not always

correlate with gene expression patterns. Interestingly, gene expression can occur
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without corresponding open chromatin regions. These findings suggest that chromatin
accessibility may not consistently align with gene expression, and the presence of
nearby accessible sites might not precisely predict expression levels (Dorrity et al.,
2021). The variations in the age of Arabidopsis root samples employed in previous
studies can result in disparities in chromatin accessibility and gene expression profiles.
These characteristics may undergo changes at distinct time points during root growth
and development. Thus, this disparity contributes to the observed inconsistency in the
integration of chromatin accessibility and gene expression profiles.

In addition to chromatin accessibility, gene expression is regulated by various
processes, including those that influence the structure and organization of chromatin,
such as histone modification, DNA methylation, and the binding of specific transcription
factors to regulatory elements. These interactions facilitate the recruiting of chromatin
remodelers and RNA polymerase to enhancers and promoters, contributing to the
regulation of gene expression in a cell type-specific manner (Stewart-Morgan et al.,

2019).
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Figure 21 UMAP visualization of all cells, with colors representing the accessibility of

genes involved cell wall organization (A) and extensibility (B-F).
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4.6 Validation of findings across multiple datasets

The expression patterns of candidate genes identified in the study were examined
on additional scRNA-seq datasets (Denyer et al., 2019; Ryu et al., 2019) to ensure the
consistency of conclusions across different datasets. Data from Denyer et al. (2019) and
Ryu et al. (2019), both of which are part of the Shahan datasets (Shahan et al., 2022),
were plotted individually to demonstrate their ability to capture cell types at any
developmental stage. Figure 22 demonstrated that the two additional datasets contained
epidermal cell types, including trichoblasts and atrichoblasts, across all developmental
stages. Comparing the plots revealed that both datasets effectively represented
epidermal cell types at different stages. This indicates their sufficiency in validating gene
expression patterns compared to the previous findings analyzed from the large dataset

of Shahan et al. (2022).
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Figure 22 Single-cell RNA-seq datasets of epidermal cells were employed in the study.

These included a large dataset from Shahan et al. (2022) (A, D). Additional datasets
obtained from Denyer et al. (2019) (B, E) and Ryu et al. (2019) (C, F) were utilized for
validation purposes. Cells within these datasets were categorized according to their cell

type (A—C) and developmental stage (D-F) annotations.
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The expression patterns of genes involved in the BR biosynthesis and signaling
pathways were examined in additional datasets (Figures 23-26), and they were found to
exhibit considerable consistency with the patterns observed across pseudotime (Figures
11-12). Specifically, the expression of DWF4 and DET2 showed an onset at the
meristematic stage in both cell types (Figures 23A, C and 25A, C).

The expression of ROT3 and BAST increased as the developmental stage
progressed (Figures 23D, H and 25D, H). However, the other dataset (Ryu et al., 2019)
revealed distinct differences between two cell types, with higher levels of gene expression
observed in atrichoblasts compared to trichoblasts during the elongation to maturation
stages (Figures 25D and H).

BIA1 exhibited increased expression during the maturation stage in both cell
types (Figures 23l and 25l), although the expression levels were higher in trichoblasts.
CPD, CYP90D1, BR6OX1, and BR60X2 showed infrequent expressions in both datasets
(Figures 23B, E, F, G and 25B, E, F, G). Additionally, the expression levels of genes
associated with the BR signaling pathway showed a progressive increase with
developmental stages (Figures 24, 26), and the data from the Ryu et al. (2019) dataset
demonstrated consistency with the gene expression patterns observed across
pseudotime (Figure 26). Especially, BSK7 exhibited higher expression levels in
atrichoblasts compared to trichoblasts (Figures 12C, 26C).

The expression patterns of genes involved in cell wall organization, such as the
EXTs family, and cell extensibility, including XTH13 and XTH74, showed specificity
towards trichoblasts during the maturation stage, as observed in both datasets (Figures
27A-E, J-K, and 28A-E, J-K). These findings were consistent with the visualization results
obtained from the dataset of Shahan et al. (2022) (Figure 13).

In contrast, the genes XTH4, XTH17, XTH18, and XTH19 demonstrated a
preference for expression in atrichoblasts, as evidenced by their expression patterns in
Figures 27F-1 and 28F-l. Notably, the dataset of Ryu et al. (2019) displayed higher

expression levels of these genes in atrichoblasts during the elongation stage (Figure 28F-
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), which aligned with the expression patterns observed in the dataset of Shahan et al.
(2022) (Figure 14).

In summary, the two supplementary datasets demonstrated gene expression
visualizations consistent with the patterns observed in the larger datasets (Shahan et al.,
2022). The dataset of Ryu et al. (2019) included a greater number of cells compared to
the other dataset (Denyer et al., 2019), allowing for visualizations that are closely similar
to those of a larger dataset (Shahan et al., 2022). This validation of results helps to ensure
consistency and minimize the impact of biases specific to each dataset. Moreover, this
analysis validated the distinct responses of different epidermal cell types to BR and
highlighted the importance of a specific group of cell wall-related genes in determining

the fate of the atrichoblast.



DWF4 B CPD
10 110
16 20
i I:
08 o
= . o4 § 1]
oo oo
[} [
[} 10 15 20 H 10 15 20
umar_1 UnaR_1
C DET2 D ROT3
- .‘
.
. e
1o v 10 o oo
i
P 25
g N |
E § " 0
s 04 s .
oo 0.0
[} R I
.I‘
.
[} 10 15 E) H 10 15 20
umaP_1 UMAaP_1
E CYP90D1 F BRE60OX1
AL - 110 L
05 12
o oh o 0o
i b2 06
3 i
oo oo
o L]
[} 10 15 E) H 10 15 20
UMAaP_1 UMAaP_1
BR60X2 H BAS1
.
»
4 .
o 10 / Lh] ‘.
1.60 3
o e %
z 050 % 2
§ 025 § 1
.00 o
o » L]
o 10 15 20 10 15 20
URAR_1 UMAP_1
I BIA1
10
15
ﬁ 12
z bE
= 04
oo
[}
0 10 15
UMaP_1

67

Figure 23 Validation of gene expression patterns in the BR biosynthesis pathway using

the dataset from Denyer et al. (2019).
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Figure 24 Validation of gene expression patterns in the BR signaling pathway using the

dataset from Denyer et al. (2019).
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Figure 25 Validation of gene expression patterns in the BR biosynthesis pathway using

the dataset from Ryu et al. (2019).
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dataset from Ryu et al. (2019).
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Figure 27 Validation of gene expression patterns involving cell wall organization (A-E)

and extensibility (F-K) pathways using the dataset from Denyer et al. (2019).
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Figure 28 Validation of gene expression patterns involving cell wall organization (A-E)

and extensibility (F-K) pathways using the dataset from Ryu et al. (2019).



PART 5
CONCLUSIONS AND RECOMMENDATIONS

In this study, the scRNA-seq data of Arabidopsis roots was used to support
tissue-specific roles of BR in Arabidopsis root development. In the elongation and
maturation zones, we showed that the atrichoblast had the highest enrichment of BR-
induced genes among all cell types. The utilization of scRNA-seq allowed for the
reconstruction of the differentiation trajectory of epidermal cells and provided insights
into the expression patterns of signature genes at different developmental stages. We
observed variations in the expression of genes involved in BR biosynthesis and signaling
pathways between atrichoblasts and trichoblasts throughout the developmental stages.
The expression levels of BR biosynthesis genes (DET2 and ROT3) and BR signaling
genes (BRI1 and BSK1) were higher in atrichoblast than in trichoblast, particularly during
the elongation and maturation stages. This finding may provide evidence that the larger
percentages of BR-induced gene expression in the atrichoblast were due to the greater
amounts of BR and BR signaling activity in the cell type.

Our analysis revealed distinct patterns of gene expression in response to BR
across different clusters of ordering genes that shaped the trajectory of epidermal cells.
Gene ontology (GO) term analysis revealed that BR-repressed genes in cluster 3 were
associated with plant-type cell wall organization, while BR-induced genes in clusters 4
and 5 were associated with water transport, plant epidermis development, and root
morphogenesis. Interestingly, the EXT gene family, involved in cell wall reinforcement,
exhibited specific expression in trichoblasts at the maturation stage, while the XTH gene
family, involved in cell wall extensibility, displayed higher expression in atrichoblasts
during elongation and maturation stages. This finding suggests that BR sig naling plays
different roles in regulating the development of atrichoblasts and trichoblasts, with
alternative processes possibly involved in the regulation of cell wall processes in

trichoblasts.
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The integrated scRNA-seq and scATAC-seq approach provided insights into
diverse cell types and their specific attributes in the scATAC-seq data, enhancing our
understanding of gene regulation and cell-specific functions. However, the correlation
between open chromatin regions and gene expression patterns was inconsistent,
suggesting that chromatin accessibility alone may not accurately predict expression
levels.

Based on the validation of findings using additional data, which are subsets of
the comprehensive dataset of Shahan et al. (2022), it was revealed that the combined
cell count from these subsets does not represent the majority of the entire dataset.
Consequently, the gene expression patterns observed within the two datasets can be
compared to the findings obtained from the larger dataset. This validation confirmed the
robustness of the findings and minimized dataset-specific bias. The validation results
also supported the distinct responses of different epidermal cell types to BR and
emphasized the significance of specific cell wall-related genes in the fate determination
of atrichoblasts. Nonetheless, to ensure the validity and consistency of the findings,
future studies should also incorporate external data for comparative analysis.

The application of scRNA-seq in the investigation of gene expression patterns is
a valuable approach that offers significant insights into cellular dynamics and the tissue-
specific functions of genes. While the findings have been validated across multiple
sCcRNA-seq datasets, experimental confirmation in the laboratory is necessary to test the
distinct response of atrichoblasts and trichoblasts to BR. Further experimental research
will strengthen our understanding of the distinct effects of BR on these cell types. This
study provides evidence for the differential roles of BR in distinct cell types, particularly
in epidermal cells. These variations in BR functions enable precise modulation of BR
levels or signaling, presenting opportunities for optimizing the application of BR or BR
mimics. This targeted strategy can enhance specific developmental processes and

ultimately improve crop production in agriculture.
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