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ABSTRACT

Similar to other complex organisms, plants consist of diverse and specialized cell types. The gain of unique

biological functions of these different cell types is the consequence of the establishment of cell-type-

specific transcriptional programs. As a necessary step in gaining a deeper understanding of the regulatory

mechanisms controlling plant gene expression, we report the use of single-nucleus RNA sequencing

(sNucRNA-seq) and single-nucleus assay for transposase accessible chromatin sequencing (sNucATAC-

seq) technologies on Arabidopsis roots. The comparison of our single-nucleus transcriptomes to the pub-

lished protoplast transcriptomes validated the use of nuclei as biological entities to establish plant

cell-type-specific transcriptomes. Furthermore, our sNucRNA-seq results uncovered the transcriptomes

of additional cell subtypes not identified by single-cell RNA-seq. Similar to our transcriptomic approach,

the sNucATAC-seq approach led to the distribution of theArabidopsis nuclei into distinct clusters, suggest-

ing the differential accessibility of chromatin between groups of cells according to their identity. To reveal

the impact of chromatin accessibility on gene expression, we integrated sNucRNA-seq and sNucATAC-seq

data and demonstrated that cell-type-specific marker genes display cell-type-specific patterns of chro-

matin accessibility. Our data suggest that the differential chromatin accessibility is a critical mechanism

to regulate gene activity at the cell-type level.
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INTRODUCTION

The gain of unique biological functions by the various cell types

composing a plant depends on their differential use of the same

genomic information to produce cell-type-specific transcriptional

profiles. The differential use of the genomic information between

cells and between cell types is thought to rely, in part, on differen-

tial chromatin accessibility. Changes in the landscape of

chromatin fiber influence the accessibility of the genomic DNA

for regulatory proteins such as transcription factors (TFs). This

statement is supported by the human ENCODE project, which

recently revealed that the establishment of a chromatin land-

scape at the single-cell level was highly informative to reveal pu-

tative TF-binding sites (Gulko and Siepel, 2019). Ultimately, each
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plant cell will activate or repress specific sets of genes to fulfill the

biological functions inherent to their cell type and their response

to environmental signals. In animal science, single-cell RNA

sequencing (scRNA-seq) and single-cell ATAC-seq (Pott and

Lieb, 2015) technologies have been successfully applied across

various cell types and tissues to better understand the impact

of the dynamic accessibility of chromatin on gene expression

(Buenrostro et al., 2015, 2018; Norrie et al., 2019; Zhou et al.,

2019)
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recently, scRNA-seq approaches have been applied to Arabi-

dopsis root protoplasts, allowing the accurate characterization

of the transcriptional profiles of thousands of cells and their differ-

ential regulation in mutants or in response to a stress (Denyer

et al., 2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse

et al., 2019; Zhang et al., 2019). These studies revealed the

power of single-cell technologies to establish the transcriptomic

maps of various Arabidopsis root cells and cell types and the dy-

namic regulation of gene expression during cell development.

However, using plant protoplasts as biological entities to analyze

gene expression is problematic. For example, some cell types are

resistant to cell-wall digestion (e.g., stele cells; Denyer et al.,

2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse et al.,

2019; Zhang et al., 2019), the protoplasting procedure itself has

a significant impact on gene expression (Denyer et al., 2019),

and there is a bias toward sequencing of smaller-sized cells/pro-

toplasts (Denyer et al., 2019). In addition, the effective isolation of

plant protoplasts requires the development of particular cell-wall-

degrading enzymatic cocktails tailored for the differential

biochemical compositions of the cell wall existing between plant

species, the developmental stage of the cell (i.e., differential

biochemical composition between the primary and the second-

ary cell wall), and the relative position of the root cell (i.e., external

versus internal locations) (Sarkar et al., 2009; Somssich et al.,

2016).

As an alternative to protoplasts, bulks of plant nuclei have been

used to gain transcriptomic information from plant cells. For

instance, transcriptomes were established from nuclei popula-

tions using isolation of nuclei tagged in specific cell types

(INTACT) technology (Deal and Henikoff, 2010) on rice roots

(Reynoso et al., 2018), Arabidopsis embryos (Palovaara and

Weijers, 2019), and seed endosperm (Del Toro-De Leon and

Kohler, 2019). Also, taking advantage of the nuclear ploidy of

the cells composing the pericarp tissue of developing tomato

fruits, Pirrello et al. (2018) analyzed the expression of tomato

genes using a population of nuclei characterized by various

levels of endoreduplication (Pirrello et al., 2018). Nevertheless,

these methods also suffer from various limitations. For

instance, the use of the INTACT technology presupposes the

identification of cell-type-specific marker genes to express a re-

porter gene and requires the generation of transgenic material.

To overcome some of the challenges associated with the gener-

ation and manipulation of plant protoplasts, we tested the use of

isolated plant nuclei to establish the transcriptomes of thousands

of plant single cells. Previous single-nucleus transcriptomic ex-

periments conducted on various animal systems suggest that

nuclei can be used to establish biologically meaningful transcrip-

tomic information compared with isolated cells (Bakken et al.,

2018; Hu et al., 2018). Our data reveal high similarities between

the nuclear and the protoplast transcriptomes and the

discovery of additional root cell-type transcriptomes that support

the use of isolated nuclei as valuable biological entities to access

single-cell gene expression. To gain a deeper understanding of

the regulatory mechanisms controlling gene expression in

and between Arabidopsis root cells and cell types, we also devel-

oped and applied single-nucleus ATAC-seq (sNucATAC-seq).

sNucATAC-seq revealed cell-type-specific chromatin accessi-

bility and dynamic changes occurring in chromatin accessibility

during cell differentiation and development. Upon establishing
M

the unique and conserved chromatin landscapes for each major

Arabidopsis root cell type, we integrated single-nucleus RNA-

seq (sNucRNA-seq) and sNucATAC-seq datasets to highlight

the influence of chromatin accessibility on Arabidopsis gene

activity.
RESULTS AND DISCUSSION

Arabidopsis root nuclei generate biologically
meaningful transcriptomic datasets

Nuclei from Arabidopsis seedling roots were purified and used

with the 10X Genomics Chromium platform to create

sNucRNA-seq libraries (Supplemental Figure 1). To accurately

compare sNucRNA-seq and scRNA-seq transcriptomes, the

Arabidopsis seedlings were grown, and primary roots were iso-

lated as described by Ryu et al. (2019). Across five independent

biological replicates, we sequenced the transcriptomes of

10 548 nuclei (see Supplemental Table 1 for sequencing

details). Because some nuclear transcripts might not be

spliced, we applied a "pre-mRNA" strategy to include intron-

mapping reads. We obtained a median of 1124 expressed genes

per nucleus, allowing the identification of 24 510 expressed

genes of the 27 420 predicted Arabidopsis protein-coding genes

(89.4%) (https://plants.ensembl.org/Arabidopsis_thaliana/Info/

Index). In comparison, the transcriptome of 7437 selected Arabi-

dopsis protoplasts by Ryu et al. (2019) allowed the detection of a

median of 4739 expressed genes per cell and a total of 25 177

expressed genes (91.8%). We suggest that the higher number

of expressed genes identified per protoplast versus nucleus is

the consequence of the larger and more complex pool of

polyadenylated transcripts in one cell versus one nucleus, due

to the accumulation of transcripts and their relative stability

(i.e., the half-life of the cellular mRNA is estimated at 9 h in human

cells; Schwanhausser et al., 2011). This conjecture also suggests

that the nuclear transcriptome represents a snapshot of the

dynamic transcriptional activity of the genes, while the cellular

transcriptome may represent an integration of gene activity

over time.

To evaluate the biological significance of the nuclear transcrip-

tomes obtained from the sNucRNA-seq data, we performed cor-

relation analyses between bulk RNA-seq from intact whole roots

and from protoplast suspensions and pseudo-bulk RNA-seq

from root protoplasts and nuclei that were processed through

scRNA-seq and sNucRNA-seq technologies (present study).

The transcriptome of intact whole roots is highly correlated with

the transcriptome of a suspension of protoplasts (i.e., Spear-

man’s rank correlation coefficient [SRCC] = 0.902), with

pseudo-bulked scRNA-seq datasets (i.e., 0.859 < SRCC <

0.892), and with the sNucRNA-seq dataset (i.e., SRCC = 0.879)

(Supplemental Table 2). Upon exclusion of 346 known

protoplast-responsive genes (Birnbaum et al., 2003), the

SRCCs increased more when comparing intact whole roots and

pseudo-bulked scRNA-seq datasets (i.e., from 0.862 to 0.895)

than when comparing intact whole roots to our sNucRNA-seq

transcriptome (i.e., SRCC = 0.880) (Supplemental Table 2).

These results suggest that the sNucRNA-seq transcriptome of

the Arabidopsis root is as highly correlated to a whole root

transcriptome as protoplast-based transcriptomes. Overall, a

single-nucleus-based transcriptome generated from pooled
olecular Plant 14, 372–383, March 1 2021 ª The Author 2021. 373
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Figure 1. UMAP cluster analysis of the Ara-
bidopsis single-cell and single-nucleus
transcriptomes.
(A) Comparative analysis of the clustering of

Arabidopsis cells (orange, Ryu et al., 2019) and

nuclei (blue, present study) according to their

transcriptomic profiles.

(B) Clustering of the Arabidopsis cells and nuclei

in 21 different groups according to their

transcriptomic profiles. Cluster 14 was

exclusively identified from isolated nuclei (see

Supplemental Figure 2).

(C) Percentage of Arabidopsis genes found

expressed upon analysis of scRNA-seq (orange)

and sNucRNA-seq (blue) technologies for each 21

clusters. The numbers at the top of the bars high-

light the number of protoplasts and nuclei associ-

ated with each cluster.
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Arabidopsis root nuclei reflects well the expected root transcrip-

tome generated by conventional methods.

Taking advantage of the capability of the Seurat package to inte-

grate independent datasets (Butler et al., 2018; Stuart et al.,

2019), we co-clustered 10 548 Arabidopsis root nuclei with

7437 Arabidopsis root protoplasts (Ryu et al., 2019) according

to their transcriptomic profiles (Figure 1A; Supplemental

Figure 2). Applying uniform manifold approximation and

projection (UMAP), a dimensionality reduction technique that

enhances the organization of nuclei/cell clusters compared with

t-distributed stochastic neighbor embedding (t-SNE) (Becht

et al., 2019), the Arabidopsis root nuclei and protoplasts were

clustered into 21 and 20 different groups, respectively

(Figure 1B; Supplemental Figure 2). UMAP visualization reveals

the overlapping distribution existing between the 20 co-

characterized clusters. Among them, two clusters are almost

exclusively represented by nuclei (i.e., Nos. 4 and 11 are

composed of over 89% nuclei; Figure 1C), and one cluster was

exclusively characterized by applying sNucRNA-seq technology

(cluster 14; Figure 1; Supplemental Figure 2).

To further evaluate the biological relevance of the sNucRNA-seq

approach, we compared the percentages of protein-coding genes

found expressed or not expressed using sNucRNA-seq and

scRNA-seq technologies across the 20 co-characterized clusters

(Figure 1C). Among the 27 420 Arabidopsis protein-coding genes,

an average of 60.4%were found expressed by applying both tech-

nologies (Supplemental Figure 3; minimum number of expressed

genes in one cluster: 13 729 [cluster 20; 50.1%]; maximum

number of expressed genes in one cluster: 18 457 [cluster 9;

67.3%]). In contrast, an average of 26.3% of the genes were not
374 Molecular Plant 14, 372–383, March 1 2021 ª The Author 2021.
found expressed by both sNucRNA-seq and

scRNA-seq technologies (Supplemental

Figure 3; minimum number of unexpressed

genes in one cluster: 5899 [cluster 9,

21.59%]; maximum number of unexpressed

genes in one cluster: 9096 [cluster 1;

33.2%]). Among the remaining genes, an

average of 6% and 7.3% were found

expressed using only sNucRNA-seq or
scRNA-seq, respectively (Supplemental Figure 3). Taken

together, these results revealed that 73.7% of the expressed

Arabidopsis protein-coding genes were detected by combining

sNucRNA-seq and scRNA-seq technologies (Supplemental

Figure 4). Excluding cluster 14, which is unique to sNucRNA-seq,

the percentage of expressed genes per cluster identified using

sNucRNA-seq technology (from 52.7% to 73.3%) is not signifi-

cantly different comparedwith the percentage of expressed genes

per cluster identified using scRNA-seq technology (from 58.4% to

75.2%) (i.e., Student t-test: P > 0.421; Figure 1C). These results

show that the cellular and nuclear transcriptomes provide similar

transcriptomic information and suggest that isolated plant nuclei

can be utilized to establish meaningful transcriptomic information

at the single-cell-type level. Through the identification of three

new cell clusters, our data also suggest that the sNucRNA-seq

approach captures a more diverse and representative population

of Arabidopsis root cell types compared with scRNA-seq.

Functional assignment of Arabidopsis root cell clusters

Taking advantage of recently published Arabidopsis root single-

cell transcriptomes (Denyer et al., 2019; Jean-Baptiste et al.,

2019; Ryu et al., 2019; Shulse et al., 2019; Zhang et al., 2019)

and the information on root gene expression and regulation

(Bohme et al., 2004; Fendrych et al., 2014; Olvera-Carrillo et al.,

2015; Turco et al., 2019), we created a list of 101 cell-type marker

genes (Supplemental Table 3). To assign biological entities to the

21 Arabidopsis clusters, we looked for the accumulation of

transcripts for these marker genes (Figure 2; Supplemental

Figures 5 and 6). This strategy allowed us to characterize six

major groups of cells: trichoblasts (clusters 1–3), atrichoblasts

(clusters 4–7), meristematic cells (clusters 8–10), cortical cells

(clusters 11 and 12), endodermal cells (clusters 13–16), and
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Figure 2. Functional annotation of the Arabi-
dopsis root cell-types
(A) Assignment of Arabidopsis root cell types

based on the characterization of the expression

profile of cell-type and cell-death marker genes.

(B) Normalized expression levels of 101 cell-type

and cell-death marker genes (x axis, see

Supplemental Table 3) across the 21 different

clusters (y axis). The sNucRNA-seq dataset was

used to create this figure. As a comparison, the

transcriptional activity of these 101 marker genes

in Arabidopsis protoplasts (Ryu et al., 2019) is

provided in Supplemental Figure 5. The

percentage of nuclei expressing the gene of

interest (circle size) and the mean expression

(circle color) of genes are shown.
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stele cells (clusters 17–21) (Figure 2A). In addition, based on the

expression patterns of marker genes, we were able to assign

the phloem and xylem clusters (Figure 2A).

To evaluate if sNucRNA-seq data can be analyzed alone to

decode tissue heterogeneity to a level similar to that of scRNA-

seq data, we independently analyzed the clustering of the Arabi-

dopsis root nuclei and protoplasts based on their transcriptome.

Using the same clustering parameters, the sNucRNA-seq and

scRNA-seq datasets led to the identification of 19 and 17 clusters

(Supplemental Figure 7). These results suggest that the nuclear

transcriptome is sufficient to reveal the tissue heterogeneity of

the Arabidopsis root.

The topology of the clusters generated by the UMAP technique

reveals the functional organization of the cells and nuclei in and

between the cell types (Figure 2A; Supplemental Figure 7),

compared with the t-SNE technique as previously mentioned in

previous reports (Jean-Baptiste et al., 2019; Zhang et al., 2019).

For instance, the meristematic cells of the roots (i.e., clusters 8–

10) are localized in the center of the UMAP map (Figure 2A).

Originating from these meristematic cells, several elongated

projections of cells (e.g., clusters 3, 6, 7, 12, and 13) end with

more globular clusters (e.g., clusters 1, 2, 5, 11, 15, and 18)

(Figure 2A). The elongated clusters likely reflect the progressive

changes occurring in the transcriptomic programs during cell

differentiation, whereas the globular clusters represent the

differentiated cells composing the Arabidopsis roots.
Molecular Plant 14, 372
Among the three clusters mostly or exclu-

sively defined using sNucRNA-seq technol-

ogy (i.e., clusters 4, 11, and 14; Figures 1C

and 2A), cluster 14 could be divided into

two different sub-groups, which are

characterized by the activity of endodermal

(cluster 14a) and cortex marker genes

(cluster 14b) (Figure 2A; Supplemental

Figure 8) (i.e., AT1G61590 [PBL15],

AT2G40160 [TBL30], AT2G48130, and

AT4G17215 as endodermal marker genes;

AT5G18840 and AT3G21670 [NPF6.4/

NRT1.3] as cortical marker genes;

Supplemental Figures 6 and 8;

Supplemental Table 3). Cluster 14a is also
characterized by the specific expression of genes encoding

peroxidases (e.g., AT1G68850, AT2G35380) and GDSL-motif

esterase/acyltransferase/lipase (e.g., AT2G23540, and

AT5G37690; Lai et al., 2017) (Supplemental Figure 8). Members

of the GDSL family, such as the rice WDL1 and the tomato

GDSL1 genes, control the process of cellular differentiation

(Ding et al., 2019; Girard et al., 2012; Park et al., 2010),

suggesting that cluster 14a might be composed of

differentiated cells. This hypothesis is supported by the role of

root peroxidases in controlling the production of reactive

oxygen species to regulate cell elongation and differentiation

(Tsukagoshi et al., 2010). To further support this hypothesis,

the UPBEAT1 gene (AT2G47270), a major repressor of the

transcriptional activity of peroxidase genes and reactive oxygen

species distribution and a negative regulator of the size of the

Arabidopsis root apical meristem by modulating the balance

between cell proliferation and differentiation (Tsukagoshi et al.,

2010), is broadly expressed except for clusters 4, 10, 11, and

14 (Supplemental Figure 8). In addition to controlling cell

differentiation, GDSL lipases also play a central role in cutin

biosynthesis (Dominguez et al., 2015). Mining the sc/sNucRNA-

seq datasets, we identified many other genes preferentially ex-

pressed in cluster 14a and involved in the biosynthesis of suberin

and cutin (e.g., a/b hydrolases [AT4G24140];GPAT5, which plays

a central role in suberin biosynthesis [AT3G11430] [Beisson et al.,

2007; Li et al., 2007b]; AT1G49430; AT2G38110; GPTA4

[AT1G01610] and 8 [AT4G00400] [Li et al., 2007a]; and another

GDSL-like lipase [AT1G74460] [Li et al., 2007a]; Supplemental
–383, March 1 2021 ª The Author 2021. 375
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Figure 8). Previous studies revealed that suberin and cutin are

strongly deposited at the location of the emergence of lateral

roots (Berhin et al., 2019) and during endodermis differentiation

(Andersen et al., 2015). Taken together, the transcriptional

pattern of UPBEAT1, several genes encoding peroxidases,

GDSL genes, and other suberin/cutin biosynthesis-related

genes, associated with the activity of both cortical and endo-

dermal marker genes, suggests that the cells composing cluster

14a are differentiated endodermis cells characterized by the su-

berization of their cell wall. The characterization of the transcrip-

tome of the cells in cluster 14a from isolated nuclei and not from

isolated protoplasts could be due to the low digestibility of their

cell wall, a consequence of the accumulation of suberin and cutin.

Cluster 14b (Figure 2A) is characterized by the expression of a

subset of the cortex-specific marker genes (e.g., AT5G18840 and

AT3G21670 [NPF6.4/NRT1.3]; Supplemental Figures 6 and 8;

Supplemental Table 3; Denyer et al., 2019; Jean-Baptiste et al.,

2019; Ryu et al., 2019). Among the genes specifically expressed

in this cluster, SCRAMBLED/STRUBBELIG (SCM, AT1G11130)

plays a critical role in the patterning of the root epidermal cells

(Kwak et al., 2005) (Supplemental Figure 9). The specific

clustering of the SCRAMBLED/STRUBBELIG-expressing cells is

further supported by the expression of several genes involved in

lipid metabolism in cluster 14b (e.g., AT1G45201 [TLL1;

triacylglycerol lipase-like 1]; AT5G63560 [HXXXD-type acyl-trans-

ferase]; Supplemental Figure 9). Membrane lipid remodeling has

been shown to also play a critical role in root hair cell

differentiation (Chen and Schmidt, 2015; Salazar-Henao et al.,

2016). Taken together, the cortical cells composing cluster 14b

are hypothesized to play a role in the differentiation and

patterning of the Arabidopsis epidermal root cells. Cluster 4

(Figure 2A) is characterized by the specific expression of CEP1

(AT5G50260) and EXI1 (AT2G14095) (Supplemental Figure 10),

two genes previously characterized as regulators of the cell

death program in the root cap (Olvera-Carrillo et al., 2015). In

addition, we identified KIRA1 (AT4g28530), a gene controlling cell

death during flower development (Gao et al., 2018), as

specifically expressed in cluster 4. Additional cell death marker

genes (i.e., BFN1, RNS3, SCPL48, DMP4, and PASPA3) were

also mostly found expressed in cluster 4 and a subset of xylem

cluster 21 (Supplemental Figure 10; Supplemental Table 3)

(Olvera-Carrillo et al., 2015). Previous studies showing that cell

death programs, which play critical roles in the development of

the xylem and root cap (Kumpf and Nowack, 2015; Heo et al.,

2017), support the specific activity of these cell death marker

genes in xylem cluster 21 and the assignment of the cells

composing cluster 4 as root cap cells.
Single-cell resolution ATAC-seq reveals the impact of
chromatin accessibility on gene expression

Although genomic information is almost identical between so-

matic cells (i.e., with the exception of somatic mutations), its dif-

ferential use, notably through differential chromatin accessibility

between cells, is required in order to fulfill their unique biological

function through cell-type-specific transcriptional gene regula-

tion (Lai et al., 2018; Maher et al., 2018; Sijacic et al., 2018;

Arendt et al., 2019). To date, bulk RNA- and ATAC-seq datasets

have shown low correlations (Maher et al., 2018). This could be

the consequence of the cellular heterogeneity of the samples
376 Molecular Plant 14, 372–383, March 1 2021 ª The Author 2021.
used. This hypothesis is supported by the human ENCODE

project, which recently revealed that the establishment of a

chromatin landscape at the single-cell level was highly informa-

tive to reveal putative TF-binding sites (Gulko and Siepel, 2019).

To better evaluate the impact of chromatin accessibility in

controlling plant gene expression between cells and cell types,

we applied 10X Genomics sNucATAC-seq technology on Arabi-

dopsis root nuclei isolated from two independent biological rep-

licates. Among the 6768 called nuclei, 4764 passed downstream

quality control filters (Supplemental Figure 11).

Upon paired-end sequencing, a median of 10 253 independent

genomic DNA fragments per nucleus were mapped against the

Arabidopsis genome, and a total of 20 803 accessible sites

were characterized (Supplemental Table 1). As a comparison,

Lu et al. (2017), Tannenbaum et al. (2018), and Maher et al.

(2018) identified around 20 000 and 40 000 accessible sites

from bulk ATAC-seq analyses conducted on Arabidopsis seed-

ling and roots, respectively (Lu et al., 2017; Maher et al., 2018;

Tannenbaum et al., 2018). Among the 20 803 accessible sites,

we identified 3487 and 15 730 loci characterized by cell-

type-specific peaks and by "static" peaks, respectively

(Supplemental Figure 12, Supplemental Table 4). As previously

reported (Lu et al., 2017), we observed that the accessible

regions of chromatin are mostly located in the 1000 bp

windows upstream of the transcription start sites (TSSs) that

contain cis-regulatory elements (Figure 3A) and around the

transcription termination sites (TTSs) of the genes (Figure 3B).

Supporting the significance of our sNucATAC-seq data, we found

a high correlation between bulk ATAC-seq from intact whole Ara-

bidopsis root tips (Maher et al., 2018) and our pseudo-bulked

sNucATAC-seq dataset (i.e., SRCC = 0.95).

Considering that accessible chromatin sites are a prerequisite to

promote gene expression, we expect that cell-type-specific

ATAC-seq peaks located near the TSS contribute to the regulation

of the expression of cell-type marker genes (i.e., the peaks have at

least one base pair overlap with the annotated transcripts and

extend upstream). Accordingly, we searched for open chromatin

near the TSS of genes expressed in cell-type-specific contexts

by integrating sNucATAC-seq and sc/sNucRNA-seq analysis us-

ing the Signac package v.0.2.5 (Stuart et al., 2019). This strategy

led to the identification of 11 858 genes that have paired RNA-

seq and ATAC-seq peaks, and to the creation of the 21

sNucATAC-seq clusters corresponding to the sc/sNucRNA-seq

clusters (Figure 3C) and represented by similar distributions of

their fragment length (Supplemental Figure 13). To estimate the

impact of the use of the sc/sNucRNA-seq datasets to cluster the

Arabidopsis nuclei according to their chromatin accessibility pro-

files, we performed a de novo clustering of the nuclei according

to their differential peaks of open chromatin (Supplemental

Figure 14). This approach led again to the identification of 21

clusters that are slightly differentially distributed compared with

the clusters identified by our integrated sNucATAC-seq and sc/

sNucRNA-seq analysis. This result suggests that the profiles of

chromatin accessibility are sufficient to reveal the cellular

complexity of the Arabidopsis root cells.

Focusing on our integrated sNucATAC-seq and sc/sNucRNA-

seq analysis, we noticed that, overall, the sNucATAC-seq root

cell clusters have a UMAP topography similar to that of the 21
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Figure 3. sNucATAC-seq to characterize the
differential folding of chromatins between
Arabidopsis root cell types.
(A) Distribution of accessible regions of the chro-

matin fiber after applying sNucATAC-seq technol-

ogy throughout the Arabidopsis genome (this pie

chart was created using ChIPseeker; Yu et al.,

2015).

(B) Distribution of chromatin accessible regions

around the TSS and TTS identified from

sNucATAC-seq.

(C) Clustering of Arabidopsis root nuclei upon

sNucATAC-seq analysis. The sNucATAC-seq

clusters were annotated afterward by integrating

sNucATAC-seq and sc/sNucRNA-seq analysis

using the Signac package (see Methods for

details).

(D) Comparative analysis of the distribution of

ATAC-seq peaks on A. thaliana chromosome 1:

21 067 500–21 103 000. The top blue graphic was

generated from a bulk ATAC-seq analysis of the

Arabidopsis root seedling (Tannenbaum et al.,

2018). Below it is shown the ATAC-seq peak pro-

files across the 21 sNucATAC-seq clusters.

(E) Transcriptional pattern of AT1G56320 in

an integrated scRNA-seq/sNucRNA-seq UMAP

dimension. The relative expression of this gene is

highlighted in yellow/red.
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sNuc/scRNA-seq clusters. First, sNucATAC-seq clusters 1, 2,

and 3; clusters 4, 5, and 6; clusters 11 and 12; clusters 13, 14,

15, and 16; and clusters 17, 18, 19, 20, and 21, which comprise

the trichoblasts, the atrichoblasts, and the cortical, endodermal,

and stele cells, respectively, are grouped in superclusters that are

similar to the sNucRNA-seq superclusters (Figures 2A and 3B).

Second, we noticed that, similar to the organization of the sc/

sNucRNA-seq clusters, the sNuc-ATAC-seq clusters associated

with undifferentiated and differentiating cells (i.e., clusters 8, 9,

and 10) are located in the center of the sNucATAC-seq UMAP

map, while the clusters associated with differentiated cells are

located at its periphery. The overall similar topographies suggest

that chromatin accessibility and gene expression could both be

used as molecular markers to annotate plant cell types and sup-

port some instances of a correlation for some genes between

chromatin accessibility and their transcriptional activity.

To better estimate the gain in resolution of sNucATAC-seq versus

bulk ATAC-seq datasets and to estimate the potential of
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sNucATAC-seq technology to reveal discrete

changes in chromatin accessibility, we

first compared the sNucATAC-seq and

bulk ATAC-seq profiles generated from

Arabidopsis root nuclei at one location (chr1:

21 067 500–21 103 000) (Tannenbaum et al.,

2018). Across the 21 clusters, we can clearly

identify the same major peaks revealed by

bulk ATAC-seq technology (Tannenbaum

et al., 2018) (Figure 3D). Furthermore, our

sNucATAC-seq approach revealed additional

major peaksbut only in a subsetof the21clus-

ters (e.g., ATAC-seq peak located in the pro-
moter region of AT1G56320 in the sNucATAC-seq clusters 14

and 15 [Figure 3D]; AT1G56320 is specifically expressed in these

two clusters [Figure 3E]). This first targeted analysis suggests

that a single-cell-resolution ATAC-seq analysis has the potential

to reveal discrete and cell-type-specific loci of accessible chro-

matin. These results also support the idea that the 21

sNucATAC-seq clusters are characterized by unique combina-

tions of open chromatin location. We conducted further analyses

to reveal how cell-type chromatin accessibility plays a critical

role in controlling gene expression. For instance, the heatmaps

showing the scRNA-seq, sNucRNA-seq, and sNucATAC-seqpro-

files of 2756 Arabidopsis genes preferentially expressed in the tri-

choblasts, atrichoblasts, and meristematic, cortical, endodermal,

andstele cells sharesimilar profiles (i.e., theexpressionof thegene

in one supercluster is at least equal to the combined expression of

the gene in the five remaining superclusters; Supplemental

Figure 15 and Supplemental Table 5). This result suggests that

some correlations exist between chromatin accessibility and

gene activity at least for these cell-type-preferential genes.
2–383, March 1 2021 ª The Author 2021. 377
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Figure 4. Correlation analyses between
gene expression and chromatin accessibility
(x-axis) and gene expression (y-axis) of 336
marker genes
For each correlation analysis [i.e., for the 20 sc (A.)

and 21 sNucRNA-seq clusters (B.)], Kendall tau-b

correlation scores were calculated based on the

ranking of the cluster according to the level of

accessibility of the chromatin fiber and the

expression level of the gene. Positive and negative

correlations are indicated by red and blue circles,

respectively. The radius of the circles is propor-

tional to the correlation score. When significant

(p-value < 10E�05), positive and negative correla-

tions are highlighted in red or blue squares,

respectively. C lusters that belong to super-clus-

ters (i.e., trichoblasts, atrichoblasts, and meriste-

matic, cortical, endodermal, and stele cells) are

highlighted in red boxes.
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Consequently, to further reveal the correspondence between sc/

sNucRNA-seq and sNucATAC-seq experiments, we performed

a correlation analysis between the expression of Arabidopsis

marker genes and chromatin accessibility at the location of their

TSSs. Upon mining the scRNA-seq and sNucRNA-seq datasets,

we selected the top 20 marker genes from each cluster based

on their fold-change of expression compared with other clusters

and on their lowest p values. Due to some redundancy between

clusters, we identified 370 unique marker genes, including 32

that belong to the list of 101 marker genes used to annotate the

sc/sNucRNA-seq clusters (31.7%, Supplemental Table 3).

Among them, 336 are characterized by at least one sNucATAC-
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seq peak near their TSS (Supplemental

Table 6). As a comparison, we also

performed a similar analysis on 811

Arabidopsis root housekeeping (HK) genes

(i.e., genes expressed in at least 50% of the

cells and nuclei composing each cluster,

across all the 20 and 21 scRNA-seq and

sNucRNA-seq clusters, respectively, and

with identified TSS-associated sNucATAC-

seq peaks; Supplemental Table 7), and on

three randomized subsets of 336 genes

(Supplemental Figures 16 and 17).

Upon normalization of their expression pat-

terns and peak distributions across the

different clusters, the marker and HK genes

were distributed in 20 different bins based

on their transcriptional activity and chromatin

accessibility profiles. Applying Kendall’s tau-

b rank correlation test for non-normally

distributed data on the marker genes, we

observed significant positive correlations be-

tween almost all the co-annotated sc/

sNucRNA-seq and sNucATAC-seq datasets

(Figure 4, see red squares in the descending

diagonals; p < 10E�05). This result supports

the idea that the differential chromatin

accessibility correlates with the expression

patterns of at least several cluster marker
genes. The similarity between the Kendall tau-b correlation

maps when using the scRNA-seq and sNucRNA-seq datasets

also supports the biological relevance of a single-nucleus tran-

scriptome compared with the single-cell transcriptome. Based

on these results, we assume that, similar to their transcriptional

activity, the chromatin accessibility at the location of the TSS of

selected genes can be used as a molecular marker of cell-

type identity. As a comparison, the sc/sNucRNA-seq and

sNucATAC-seq correlation analysis of the 811 HK genes and ran-

domized genes revealed only a few significant and more moder-

ate correlations (Supplemental Figures 16 and 17). However,

significant correlations were mostly restricted to co-annotated
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Figure 5. Normalized expression levels of
46 Arabidopsis genes (x axis) characterized
by the higher accessibility of the chromatin
at the location of their TSS in the root hair
(left) and endodermal (right) clusters
Gene expression levels were quantified by using

sNucRNA-seq (A) and scRNA-seq (B). The per-

centage of cells/nuclei expressing the gene of in-

terest (circle size) and the mean expression (circle

color) of genes are shown. Genes that are not

preferentially expressed in root hairs (left) or in

endodermal cells (right) are highlighted in red.

Preferential expression in this experiment is

defined as the expression of the gene in the root

hair or the endoderm superclusters being at least

equal to the expression of the gene in the five re-

maining clusters.
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sc/sNucRNA-seq and sNucATAC-seq datasets (see red squares

in the descending diagonals; p < 10E�05), suggesting that chro-

matin accessibility near the TSS has a significant influence on

gene expression.

When considering the marker genes, significant positive correla-

tions between sc/sNucRNA-seq and sNucATAC-seq datasets

were also repeatedly observed between the clusters that belong

to the same superclusters (e.g., the ‘‘stele,’’ ‘‘atrichoblast,’’ and

‘‘trichoblast’’ superclusters; Figure 4, see red boxes; p <

10E�05). This result suggests that the cells composing the

same tissue share, to some extent, similar transcriptomic and

epigenomic signature profiles that are likely required to fulfill

their tissue-specific biological functions. The significant correla-

tions between gene expression and chromatin accessibility

suggest that the position of the nucleosomes on the double

strand of the genomic DNA, near the TSS of the genes, plays a

critical role in controlling the activity of at least a subset of the

marker genes.
Chromatin accessibility at the single-cell resolution
revealed by ATAC-seq can be used as a molecular
marker indicating root hair and endodermal cell
developmental states

Plant single cell types are annotated based on the expression

profile of marker genes (Denyer et al., 2019; Jean-Baptiste

et al., 2019; Ryu et al., 2019; Shulse et al., 2019; Zhang et al.,

2019). Correlation analyses between gene expression and
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chromatin accessibility (Figure 4) suggest

that the latter could also be used as

another molecular marker of the cell types

composing the Arabidopsis root. This

hypothesis is supported by similar analyses

conducted on various animal organs and

selected plant cells (Preissl et al., 2018;

Sijacic et al., 2018; Sinnamon et al., 2019).

To further test this hypothesis, we took

advantage of our single-cell resolution

ATAC-seq datasets and focused our anal-

ysis on the three and four clusters represen-

tative of the mature Arabidopsis root hair and
endodermal cells (i.e., clusters 1, 2, and 3, and clusters 13, 14, 15,

and 16, respectively; Figure 2A).

To validate the use of the differential chromatin accessibility as a

molecular marker of plant cell identity, we first looked for the

sNucATAC-seq peaks that are preferentially identified in the three

and four root hair and endodermal cell clusters (fold-change of

the average value across the root hair/endodermal clusters

versus the next highest non-root-hair/non-endodermal cluster

R2). Among the 11 858 sNucATAC-seq peaks paired with the

TSSs of annotated Arabidopsis genes, 20 and 26 are specifically

identified in the root hair and endodermal clusters, respectively

(Supplemental Table 8). Mining the scRNA-seq and sNucRNA-

seq datasets, we identified 19 (95%) and 25 genes (96.2%) pref-

erentially expressed in Arabidopsis root hair and endodermal

cells, respectively (i.e., the expression of the gene in the root

hair or the endoderm supercluster is at least equal to the expres-

sion of the gene in the five remaining superclusters; Figure 5).

Initiating our analysis by identifying the peaks of accessible

chromatin specific to clusters 1, 2, and 3, and clusters 13, 14,

15, and 16, led to the identification of associated root hair and

endodermal marker genes. In addition to supporting the role of

chromatin accessibility in controlling gene expression in plant

cells, this work highlights that chromatin accessibility can be

used as a molecular marker to annotate specific cell types.

In this study, we first validated the use of isolated nuclei to access

biologically relevant transcriptomic information. Then, we pro-

vided a comprehensive integration of transcriptomic and
–383, March 1 2021 ª The Author 2021. 379
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chromatin accessibility datasets at the single-cell level. The study

suggests that, upon their isolation, plant nuclei can be used to

capture the transcriptome of various cell types. Such an

approach will open new avenues to explore the dynamic tran-

scriptomic changes occurring during cell differentiation and elon-

gation, and between cell types. When applied across various

plant species, single-nucleus-based transcriptomic and epige-

nomic analyses will also enable more targeted comparative

analysis between plant species to reveal the evolution of gene

expression at the single-cell-type level.

METHODS

Plant growth

Arabidopsis (Arabidopsis thaliana, Col-0 ecotype) seeds were surface

sterilized using ethanol 70% and then a 30% (v/v) bleach, 0.1% (v/v) Triton

X-100 solution for 5 min each. The seeds were then placed on Murashige

and Skoog growth medium agar plates under 16 h light and 8 h dark con-

ditions. Seven days after germination, the primary roots of around 150

seedlings were isolated from the seedlings.

Root nucleus isolation and single-nucleus RNA-seq and ATAC-
seq library construction

To maximize the relevance of the transcriptomic information collected

from plant isolated nuclei, we developed a methodology to isolate nuclei

and process them for reverse transcription. The release of the plant nuclei

is accomplished in no more than 15 min and exclusively occurs at 4�C to

minimize RNA degradation, prevent nuclear membranes, and prevent

transcriptional changes associated with the isolation process. As a com-

parison, 60–120min of incubation at room temperature to 25�C is required

to digest the cell wall to releaseArabidopsis root protoplasts (Denyer et al.,

2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse et al., 2019;

Zhang et al., 2019). Upon centrifugation, fluorescent activated nuclei

sorting (FANS), and estimation of the nucleate density, the nuclei are

processed into the 10X Genomics Chromium system for the

construction of the sNucRNA-seq libraries in less than 90 min following

the isolation of the plants from the Petri dishes.

To generate sNucRNA-seq libraries, Arabidopsis root nuclei were isolated

by chopping the roots in 1ml of nuclear isolation buffer (CELLYTPN1-1KT,

Sigma-Aldrich) and incubated for 15 min on a rocking shaker at 4�C. The
lysate was filtered through a 40 mm cell strainer (Corning) and stained with

propidium iodide (20 mg/ml, Alfa Aesar). Nuclei were sorted using a

FACSAria II flow cytometer (BD, Flow Cytometry Service Center), pelleted

(1000 g for 10min at 4�C), and resuspended in PBS buffer without calcium

and magnesium and supplemented with Protector RNase inhibitor

(0.2 U/ml, Roche) and ultrapure BSA (0.1%, Invitrogen). The nucleus con-

centration was estimated using a Countess II FL automated cell counter

(Thermo Fisher) upon staining with trypan blue. The nuclei were used as

an input to generate RNA-seq libraries following the 10X Genomics Chro-

mium Single Cell 3ʹ v.3 protocol without modification.

To create sNucATAC-seq libraries, the nuclei were isolated by chopping

and incubated for only 5 min in the nuclear isolation buffer supplemented

with Triton X-100 (v/v) 0.5% final to permeabilize the nuclei. Upon incuba-

tion, the nuclei were filtered as described above. The nuclei were then

centrifuged at 500 g for 10 min, washed with PBS supplemented with

BSA 0.1%, and then pelleted again. Unlike the population of nuclei used

to establish sNucRNA-seq libraries, we did not stain with propidium iodide

or sort the nuclei dedicated to sNucATAC-seq technology. Preliminary

work conducted on Arabidopsis nuclei clearly highlighted that both stain-

ing and sorting decrease the number of unique fragments per barcode,

affecting the resolution of the clusters of cells (data not shown). Upon

isolation and filtration, the nuclei pellet was resuspended in the

ATAC-seq nucleus buffer (10X Genomics, No. 2000153). Nucleus concen-
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tration was estimated using the Countess II FL automated cell counter

(Thermo Fisher). We used 6768 nuclei isolated from two independent rep-

licates to generate sNucATAC-seq libraries following the 10X Genomics

Chromium Single Cell ATAC protocol without modification.

The sNucRNA-seq and sNucATAC-seq libraries were sequenced on an

Illumina HiSeq platform.
Bioinformatics analyses

sc/sNucRNA-seq

scRNA-seq data for the three wild-type replicates of previously published

(Ryu et al., 2019) data (SRA experiments SRX5074330-SRX5074332) and

five sNucRNA-seq replicates from the current study (Supplemental

Table 1) were processed individually using the 10X Genomics Cell

Ranger (v.3.1.0) count pipeline, against a reference constructed from

the TAIR10 genome and Araport11 annotations. The recommended

protocol for reference construction in support of pre-mRNA capture for

data derived from nuclear preparations was applied.

Following generation of the unique molecular identifier (UMI) count

matrices, doublet filtering was performed on each dataset using 50 itera-

tions of the BoostClassifier prediction method of DoubletDetection

(p_thresh = 1e-7, voter_thresh = 0.8) (Gayoso et al., 2018). In addition,

the published scRNA-seq data were filtered to include only those cells

passing quality control as performed in Ryu et al. (2019) by filtering on

cell barcodes present for the wild-type replicates in the GEO dataset

GSE123013. All datasets were filtered to include only called cells with

more than 200 genes represented by at least one UMI. Normalization of

individual datasets and their integration was performed using Seurat

v.3.1.5, with genes required to be present in a minimum of five cells,

and the top 2000 variable genes were used for feature selection

(Supplemental Figure 18A). Integration anchors were chosen for the

combined set of three scRNA-seq and five sNucRNA-seq replicates using

the first 20 dimensions of the canonical correlation analysis method.

Following integration, UMAP dimensionality reduction was performed

on the first 20 principal components (Supplemental Figure 18C), and

clustering was performed using Seurat’s FindClusters method with a

resolution of 0.5 (Supplemental Figure 18D). Expression values were

obtained separately for the subsets of cells and nuclei belonging to

each cluster using Seurat’s AverageExpression method.

sNucATAC-seq

sNucATAC-seq data from two replicates were processed using the Cell

Ranger ATAC (v.1.2) count pipeline, with a reference constructed using

TAIR10/Araport11 and JASPAR2018_CORE_plants_non-redundant_pfms.

Counts against peaks called byCell Ranger ATACwere read into Seurat ob-

jects and subset to include only cells with between 1000 and 20 000 frag-

ment counts in peak regions, and >15% of the cell’s fragments in peak

regions and a calculated nucleosome_signal of >10 (Supplemental

Figure 18B). Integration of the two replicates was performed using the

Harmony integration strategy (Korsunsky et al., 2019) on the latent

semantic indexing reduction performed by Signac (v.0.2.5) (Stuart et al.,

2019), with UMAP dimensionality reduction performed on the first 20

dimensions of the resulting integrated dataset (Supplemental Figure 18E).

An unsupervised clustering was performed on the sNucATAC-seq data

using Seurat’s FindClusters method using the Smart Local Moving algo-

rithm (Supplemental Figure 18F). TSS enrichment was analyzed per

chromosome using the TSSEnrichment/TSSPlot functions of Signac.

Correlation analysis between bulk and pseudo-bulked RNA-seq

and ATAC-seq datasets

To perform correlation analyses between bulk and pseudo-bulked RNA-

seq datasets, we calculated SRCC between bulk, protoplasted bulk, and

pseudo-bulk sNucRNA-seq (present study) and pseudo-bulked scRNA-

seq datasets (SRA Accession Nos. SRX5128615 [Denyer et al., 2019];

SRX8089019, SRX8089020, SRX4913498, and SRX4913499 [Jean-

Baptiste et al., 2019]; SRX5074330, SRX5074331, and SRX5074332 [Ryu

et al., 2019]; and SRX5025979-SRX5025988 [Shulse et al., 2019]).
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To perform correlation tests between bulk and pseudo-bulk ATAC-seq

datasets, bulk ATAC-seq reads from Arabidopsis root tip samples (SRA

Accession No. SRX3006634) were aligned to the genome using HiSat2,

and duplicates were identified using PicardTools MarkDuplicates. Read

counts for each of the peak regions from our analysis were determined

with the samtools bedcovmethod and the read counts for the bulk sample

were compared with those derived from bedcov on pseudo-bulked

sNucATAC-seq data combined (samtools merge) from both replicates.

Correlation tests were performed using the same methods as for bulk

and pseudo-bulk RNA-seq correlations.

UMAP visualization

To relate the structure of the UMAP plot for the combined sc/sNucRNA-

seq datasets to that of the sNucATAC-seq data, a putative gene activity

matrix was constructed from the aggregated fragments of the two repli-

cates, using gene body coordinates extended 2 kb upstream of the

TSS. Log normalization was performed on the activity matrix, and then

the Seurat FindTransferAnchors method was used with the sNucATAC-

seq data as a query against the combined RNA-seq data as a reference.

Finally, cluster assignments were made on the sNucATAC-seq using the

TransferData method and the integration anchors determined earlier

(Supplemental Figure 18G). These cluster assignments were used for

subsequent extraction of averaged fragment counts across all cells

assigned to the cluster, using Seurat AverageExpression on the peaks.

For visualizationpurposes,data fromallRNA-seqdatawerecombinedusing

the Cell Ranger aggregate method to produce a combined cloupe file, with

UMAP coordinates and cluster assignments imported from the Seurat anal-

ysis. Similarly, the two sNucATAC-seq replicates were combined using Cell

Ranger ATAC aggregated, and UMAP coordinates and cluster assignments

from the Harmony/Signac analysiswere imported into the cloupe rendering.

Correlation analyses between sNucRNA-seq and sNucATAC-seq

data

These analyses were performed by matching called peaks from the ATAC-

seq data to genes by looking for any overlap of peak regions with genes us-

ing bedtools (v.2.29.2) (Quinlan and Hall, 2010) and then applying a custom

script to choose among overlapped genes based on the maximum

extension of the peak region into the 50 upstream region. Correlation

analysis was performed between matrices constructed from normalized

average expression values for genes and average fragment count values

for peaks, with the corresponding rows in the two matrices representing

matched gene and peak entities. The normalization procedure was done

on values in each row independently, by considering each cluster in

terms of its percentage representation of the expression/fragment count

for the gene/peak across all clusters, in order to represent specificity

independent of the magnitude of the expression/fragment count. These

normalized values were considered as mapping onto 20 quantiles,

roughly corresponding to the number of clusters in the analysis. Thus, a

gene with perfect specificity would be mapped into the highest quantile

for its cluster context of expression and into the lowest quantile for all

other clusters, while a gene expressed approximately equally across all

clusters would be mapped into the next-to-least quantile for each cluster.

The R cor function with method = ‘‘kendall’’ (implementing the Kendall

tau-b method for rank-based correlation in the presence of tied ranks)

was used to produce correlationmatrices,whichwere visualized as correlo-

grams from the corrplot package (Wei, 2017).

Creation of the sc/sNucRNA-seq and sNucATAC-seq heatmaps

The heatmaps were created in R (v.3.4.4) using the ‘‘heatmap.2’’ function.

Upon normalization, the color scale and color breakpoint used to create

the heatmaps were selected as described below: the minimum (blue)

and maximum (red) color intensities were set to 0 and 71.48, the highest

normalized value across the datasets. The white breakpoint color was

selected to reflect the median value of the datasets.
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