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Single-cell RNA sequencing (scRNA-seq) has been used extensively to study cell-specific gene expression in animals, but it has
not been widely applied to plants. Here, we describe the use of a commercially available droplet-based microfluidics platform
for high-throughput scRNA-seq to obtain single-cell transcriptomes from protoplasts of more than 10,000 Arabidopsis
(Arabidopsis thaliana) root cells. We find that all major tissues and developmental stages are represented in this single-cell
transcriptome population. Further, distinct subpopulations and rare cell types, including putative quiescent center cells, were
identified. A focused analysis of root epidermal cell transcriptomes defined developmental trajectories for individual cells
progressing from meristematic through mature stages of root-hair and nonhair cell differentiation. In addition, single-cell
transcriptomes were obtained from root epidermis mutants, enabling a comparative analysis of gene expression at single-cell
resolution and providing an unprecedented view of the impact of the mutated genes. Overall, this study demonstrates the
feasibility and utility of scRNA-seq in plants and provides a first-generation gene expression map of the Arabidopsis root at
single-cell resolution.

The generation of distinct cell types and cell-specific
functions in multicellular organisms is largely the
result of differential gene expression. The recent de-
velopment of methods for single-cell RNA sequencing
(scRNA-seq) has revolutionized our understanding of
gene expression within and among individual cells
(Macosko et al., 2015; Ziegenhain et al., 2017). In
particular, the use of scRNA-seq on animal cell pop-
ulations has led to new insights into gene expression
heterogeneity across cells, the trajectory of cell line-
ages during development, and the identification of
rare cell types (Wagner et al., 2016; Hwang et al.,
2018).

To date, single-cell gene expression analyses have not
been widely applied to plants, in part because the
presence of the plant cell wall inhibits the separation
and acquisition of individual cells. The single-cell gene

expression studies reported in plants so far involve a
limited number of cells, although there is recognition of
the potential benefit of large-scale single-cell tran-
scriptome studies in plants (Lieckfeldt et al., 2008;
Brennecke et al., 2013; Efroni et al., 2015; Frank and
Scanlon, 2015; Efroni and Birnbaum, 2016; Libault
et al., 2017). In particular, the Arabidopsis (Arabidopsis
thaliana) root provides a useful organ for the application
of scRNA-seq; because it possesses a relatively small
number of cells and cell types,methods are available for
isolating individual cells via protoplasting, and abun-
dant gene expression studies have defined numerous
tissue/cell-type marker genes (Birnbaum et al., 2005;
Bruex et al., 2012; Efroni et al., 2015; Li et al., 2016).

Here we used a commercially available droplet-
based platform to perform high-throughput scRNA-
seq (10X Genomics Chromium; Zheng et al., 2017)
and define transcriptomic profiles in individual proto-
plasts from Arabidopsis seedling roots. We demon-
strate that these profiles represent single-cell gene
expression from all tissues of the root and allow high
resolution analysis of transcriptional programs during
cell-type differentiation. We also show that these
scRNA-seq data enable the identification of relatively
small subpopulations of cells, including rare cell types
like the quiescent center (QC) cells. Further, we con-
ducted scRNA-seq on two root cell-type mutants,
which demonstrates the value of comparative single-
cell transcript profiling to define the impact of devel-
opmental mutants on individual cells. Together, these
results show the utility of scRNA-seq in plants and
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provide a gene expression map of the Arabidopsis root
at single-cell resolution.

RESULTS

Analysis of Single-Cell Transcriptomes from Arabidopsis
Seedling Root Tips

We used the 10X Genomics Chromium platform
(Zheng et al., 2017) to obtain a total of 7522 single-cell
transcriptomes from three biological replicates of pro-
toplasts from wild-type (Columbia ecotype) Arabi-
dopsis root tips (Fig. 1A; Supplemental Table S1).
Approximately 75,000 reads were obtained per cell,
which generated a median of 24,000 unique molecular
identifiers per cell, 5000 expressed genes per cell, and
more than 22,000 total genes detected in the population.
Plotting the single-cell transcriptomes via t-distributed
stochastic neighbor embedding (tSNE) projection yiel-
ded largely overlapping distributions of cells from each
of the biological replicates, indicating a high degree of
reproducibility (Fig. 1B). Unsupervised clustering us-
ing Seurat (see Materials and Methods) yielded nine
major clusters of cell transcriptomes (Fig. 1C). Analysis
of differentially expressed genes across the clusters
(fold-change [FC] $ 2; false discovery rate [FDR] #
0.05) and gene ontology (GO) analysis identified cell
clusters enriched for tissue-specific genes/functions
including root hair-related genes (in clusters 4 and 8)
and stele-related genes (cluster 5; Supplemental Fig. S1;
Supplemental Table S2). To further enable tissue/cell
type assignment to particular clusters, we analyzed
transcript accumulation in our single-cell population
for 86 marker genes known to be preferentially ex-
pressed in particular root tissue/cell types (Supplemental
Table S3) to generate an aggregate plot of combined
transcript accumulation for all marker genes across the
cell population (Fig. 1D) as well as separate plots of
transcript accumulation for each individual marker
gene (Fig. 1, E and F; Supplemental Fig. S2). Altogether,
this analysis led to the assignment of specific cell clusters
to stele tissue (clusters 0 and 5), root-hair (trichoblast)
epidermal cells (4, 8), nonhair (atrichoblast) epidermal
cells (3), cortex (6), endodermis (7), meristem endocortex
(2), and root cap (1; Fig. 1G). This shows that the scRNA-
seq procedure was successful in generating cell tran-
scriptomes representing all major root tissue types.
Next, we sought to determine whether subclusters

of cells within the major clusters might be identified
that correspond to specific cell types within the tissues.
We focused on the stele, which includes numerous
cell types and possesses many available cell identity
gene markers. First, we made use of markers for xylem
and phloem and discovered distinct subclusters of
cells within cluster 5 and cluster 0, respectively, that
express these markers (Fig. 2; Supplemental Fig. S3;
Supplemental Table S4). Next, we used marker genes
specific for particular cell types within the phloem or
xylem, including protophloem sieve element cells,
phloem companion cells, and protoxylem cells, and

discovered relatively small subclusters within the corre-
sponding phloem or xylem clusters that represent these
cell types (Fig. 2; Supplemental Fig. S3; Supplemental
Table S4). These results indicate that our single cell
transcriptome dataset is sufficiently robust to enable
identification of distinct and relatively rare cell subtypes.
We noticed that, for some genes, transcript accumu-

lation varied in cells across an individual cluster, sug-
gesting potential developmental gradients in gene
expression. For example, the SCARECROW gene is
known to be preferentially expressed early in ground
tissue development (Di Laurenzio et al., 1996), and we
observed preferential transcript accumulation at one
end of the ground tissue (meristem endocortex) cluster
(Fig. 3A). Further, we found that the UPBEAT gene,
which is expressed predominantly during the elonga-
tion stage of differentiating root cells (Tsukagoshi et al.,
2010), exhibits differential transcript accumulation
across cells in multiple clusters (Fig. 3B). To analyze this
more generally, we identified genes preferentially
expressed in the meristematic zone or the differentia-
tion zone, using previously reported root zone tran-
script data (Huang and Schiefelbein, 2015), and then
determined the ratio of meristematic versus differenti-
ation genes expressed in each cell in the population
(for details, see Materials and Methods). This yielded
a global view of the differentiation status of all cells,
revealing that the most immature (i.e. meristematic)
cells are located in the center of the tSNE population
and progressively more differentiated cells emanate
outward from this center (Fig. 3C). This striking dis-
tribution suggests that cells within individual clusters
are largely organized by their differentiation status.

Detailed Analysis of Epidermal and QC Cells

To assess the utility of these scRNA-seq data for de-
tailed analysis of cell-type differentiation, we focused
on epidermal tissue to take advantage of the plentiful
molecular resources for defining root-hair and nonhair
cell differentiation in Arabidopsis (Brady et al., 2007;
Bruex et al., 2012; Salazar-Henao et al., 2016). Single-cell
transcriptomes representing the epidermal tissue and
the developmentally related root cap tissue (clusters
1, 3, 4, and 8 in Fig. 1C) were reclustered to yield 11
smaller cell clusters (Fig. 4A). By analyzing differen-
tially expressed genes across these clusters (FC $ 2;
FDR # 0.05) and the transcript accumulation of 43
marker genes for root epidermis and root cap (Fig. 4B;
Supplemental Figs. S4 and S5; Supplemental Table S3
and S5), we defined clusters representing root-hair cells
(clusters 1, 2, 3), nonhair cells (clusters 0, 8, 9), and
columella root cap cells (cluster 10). Lateral root cap
cells were difficult to assign unambiguously due to a
lack of specific markers, but were tentatively assigned
to clusters 4, 5, and 6. Further, one cluster (cluster 7) was
ultimately assigned as meristem cells.
To profile gene expression patterns across the epi-

dermal cells, we first analyzed the expression of 150
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Figure 1. Isolation and cluster analysis of single-cell transcriptomes from wild-type Arabidopsis roots. A, Workflow used for
scRNA-seq to obtain transcriptomes from individual Arabidopsis root cells. B, tSNE projection plot showing dimensional re-
duction of the distribution of 7522 individual wild-type cell transcriptomes from three biological replicates. Cell transcriptomes
derived from each replicate are indicated by different colors (red = replicate 1; green = replicate 2; blue = replicate 3). C, tSNE
projection plot showing nine major clusters of the 7522 individual wild-type root cell transcriptomes. D, tSNE projection plot
showing the combined transcript accumulation from all marker genes tested (listed in Supplemental Table S3) on the 7522 wild-
type transcriptomes, organized by the tissue/cell type of the marker gene group (cortex, endodermis, root cap, root-hair, nonhair,
and stele marker gene sets). E, tSNE projection plots showing transcript accumulation for specific tissue/cell marker genes in
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previously defined root-hair genes and 52 previously
defined nonhair genes (Bruex et al., 2012) across the
cells in the root-hair clusters and the nonhair clusters,
respectively (Fig. 4, C andD). These heatmaps illustrate
waves of distinct gene expression during differentiation
of these cells. Further, they suggest a relative develop-
mental order for the cells, with clusters 2, 1, and 3
representing cells in early, mid, and late root-hair cell
differentiation and 9, 0, and 8 representing cells in early,
mid, and later nonhair cell differentiation. Thus, like the
complete root cell cluster map (Fig. 3C), the general
developmental organization of the cells in this map
(Fig. 4A) is inward-outward, corresponding to early-
late cell differentiation.
Interestingly, the clusters bearing the most immature

root-hair and nonhair epidermal cells (clusters 2 and 9)
are connected by cluster 7, suggesting a common de-
velopmental origin for the two epidermal cell types
within cluster 7. We explored this possibility using
several approaches. First, a pseudotime analysis was
conducted to infer the developmental trajectories for
the root-hair cells and nonhair cells using Monocle 2
(Qiu et al., 2017). Consistent with the heat maps, the
inferred trajectory demonstrates gradual transition
from cells in cluster 7 (putative meristem) to early, mid,
and late root-hair cells (clusters 2, 1, 3) or to early, mid,
and late nonhair cells (clusters 9, 0, 8; Fig. 4, E and F).
The inferred trajectory of root-hair cells also includes a
minor branch containing a small subset of early and
mid–root-hair cells, which may indicate an alternative
or semistable cell state during hair cell differentiation.
Second, as a complementary developmental trajectory
analysis, we used Destiny (in R package; Haghverdi
et al., 2015) to create a diffusion map depicting the re-
lationships between cell transcriptomes in all root-hair
clusters (2, 1, 3), nonhair clusters (9, 0, 8), and the pu-
tativemeristem cluster (7). Consistent with theMonocle
2 results, this showed a cell population with three
tips: one tip consisting of cluster 7 cells (common origin)
and a bifurcated developmental progression of cells
through clusters 2, 1, and 3 (for root-hair cells, gener-
ating a cluster 3 tip) and through clusters 9, 0, and 8 (for
nonhair cells, generating a cluster 8 tip; Fig. 4G). Finally,
we examined transcript accumulation for several
known early markers of root-hair cell differentiation
(MYC-RELATED PROTEIN 1), ENHANCER OF GLA-
BRA 3, and ROOT HAIR DEFECTIVE 6) and nonhair
cell differentiation (TRANSPARENT TESTA GLABRA
2, GLABRA 2, and ENHANCER OF TRY AND CPC 1)

and discovered that cells expressing these early markers
originate in cluster 7 (Fig. 4H; Supplemental Fig. S5).
Given that these genes are known to initiate expression
within epidermal cells in the root meristem (Masucci
et al., 1996; Kirik et al., 2004; Bernhardt et al., 2005;
Menand et al., 2007; Bruex et al., 2012), we concluded that
cluster 7 contains meristem cells, which generate the two
diverging branches of differentiating epidermal cells.
To further explore the origin of epidermal cells, we

assessed the degree of overlap in gene expression for the
early root-hair cell regulators (MYC1, EGL3, and RHD6)
and nonhair cell regulators (TTG2, GL2, and ETC1)
within individual cells in cluster 7. We discovered that a
substantial fraction of cells in cluster 7 express at least
one root-hair marker gene and one nonhair marker gene
(Fig. 5A), implying a degree of cell fate indecision/in-
stability for these cells. Notably, this fraction (21/214
[10%]) is greater than the fraction of cells expressing both
hair and nonhairmarkers in the other clusters (clusters 1,
2, 0, 8, and 9; less than 3% in each), implying that this has
a biological basis rather than a technical one. This sug-
gests that the cells in cluster 7 are the most immature
epidermal cells andmay therefore represent the origin of
the epidermal cell lineage (i.e. including the epidermal
stem cells and/or their daughters).
The stem cell organizing cells (also known as QC

cells) are located adjacent to the root epidermal stem
cells (epidermal/lateral root cap initials) in the Arabi-
dopsis root meristem (Dolan et al., 1993). Therefore, we
explored the possibility that QC cells may be present
within cluster 7. Using 52 knownQC-expressedmarker
genes, we discovered that a relatively small group of
cells in the lower portion of cluster 7 consistently
exhibited QCmarker expression (Fig. 5B; Supplemental
Table S6; Supplemental Fig. S6). By aggregating the
expression data for these 52 QCmarkers among 23 cells
within this small group, we identified two cells that
exhibit the greatest degree of QC marker gene expres-
sion (Fig. 5C; Supplemental Table S7). Further, these
two cells lack early epidermal marker expression
(Fig. 5A). Accordingly, we designate these two cells as
putative QC cells. By comparing gene expression in the
two putative QC cells to the other nearby 21 cells, we
identified genes preferentially expressed in the QC cells
(FC $ 2), including three PIN-FORMED genes and
three ROOT MERISTEM GROWTH FACTOR genes
(Supplemental Table S8). We also identified 6 genes
expressed in the 2 putative QC cells, but not expressed
in the other 21 cells (Supplemental Table S8), and

Figure 1. (Continued.)
individual cells. Color intensity indicates the relative transcript level for the indicated gene in each cell. The tissue/cell types
known to preferentially express each marker gene are given in parentheses (details available in Supplemental Table S3). Addi-
tional marker gene plots are provided in Supplemental Figure S2. F, Accumulation of marker gene transcripts by cluster. This dot
plot indicates the fraction of cells in each cluster expressing a given marker (dot size) and the level of marker gene expression (dot
intensity) for 24 genes known to exhibit preferential expression in distinct tissue/cell types (Supplemental Table S3). G, As-
signment of cell clusters to root tissues. Depictions of transverse (left) and longitudinal (right) sections of the Arabidopsis primary
root showing tissues in colors corresponding to the nine-cluster plot in C. N, Nonhair cells; H, root-hair cells. Note that cells
corresponding to cluster 8 are not shown on the root images, because this cluster was found to contain mature root-hair cells
which are not represented in these root images.
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upon analyzing their transcript accumulation across
all the single cell transcriptomes, we discovered one of
them (AT2G39220 or PLP6) is essentially QC specific
(Fig. 5D) and one other (AT3G60650) is expressed in a
small number of root cap cells in addition to the
QC (Supplemental Fig. S7). These results suggest that
our scRNA-seq dataset is able to identify cell tran-
scriptomes representing the rare population of QC cells.

Single-Cell Analysis of the rhd6 and gl2 Root
Epidermis Mutants

Next, we explored the utility of scRNA-seq for ana-
lyzing mutant phenotypes at single-cell resolution.

Single-cell transcriptomes were generated from root
protoplasts from the rhd6 mutant, which essentially
lacks root-hair cells (Masucci and Schiefelbein, 1994),
and the gl2 mutant, which lacks nonhair cells (Masucci
et al., 1996; Supplemental Table S1). Clustering these
single-cell transcriptomes together with the wild-type
cell transcriptomes generated 12 major clusters (Fig. 6,
A and B). By analyzing transcript accumulation for the
86 marker genes known to be preferentially expressed
in particular root tissue/cell types (Supplemental Fig.
S8; Supplemental Table S3), we assigned these clusters
to specific tissue/cell types (Fig. 6B).

Notably, we observed a substantial reduction in the
proportion of rhd6 cell transcriptomes located in the

Figure 2. Stele marker gene expression on tSNE projection plots define clusters of distinct tissue and cell types in the stele. A,
Phloem tissue/cell types. B, Xylem tissue/cell types. Color intensity indicates the relative transcript level for the indicated gene in
each cell. The tissue/cell types known to preferentially express each marker gene are indicated in parentheses (Supplemental
Table S4). Insets show higher resolution images of the expressing cell clusters. Additional stele marker gene plots are provided in
Supplemental Figure S3.
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root-hair cell clusters (1.1% of rhd6 vs. 17.3% of wild-
type cells in clusters 5 and 9) and a reduction in the
proportion of gl2 cell transcriptomes in the nonhair
cell cluster (0.3% of gl2 vs. 12.2% of wild-type cells
in cluster 0; Supplemental Table S9). Further, when
we analyzed expression of root-hair marker genes
and nonhair marker genes, we discovered that most
root-hair marker genes are not expressed in the rhd6
cell population and most nonhair marker genes are
not expressed in the gl2 cell population (Fig. 6C;
Supplemental Fig. S9). These differences correspond to
the known defects in hair cell differentiation in the rhd6
mutant and nonhair cell differentiation in the gl2 mu-
tant, demonstrating the effectiveness of this scRNA-seq
approach to define molecular phenotypes in mutant
roots at the single-cell level.
Next, we used the single-cell transcriptomes to ana-

lyze the characteristics of the abnormal epidermal cells
in the rhd6 and gl2 mutants. In rhd6, there is an excess
proportion of cells in the nonhair cluster (21.2% of rhd6
vs. 12.2% of wild-type cells in cluster 0), suggesting that
the missing root-hair cells in rhd6 were converted
to nonhair cells. By examining root-hair marker genes
that initiate expression at a relatively early stage, we

detected a population of nonhair cells in rhd6 tran-
scriptomes that inappropriately express these early hair
cell markers (Fig. 6D; Supplemental Fig. S9). Similarly,
we detected a population of gl2 cell transcriptomes that
express early nonhair marker genes, although no non-
hair cells arise in the gl2mutant (Fig. 6D; Supplemental
Fig. S9). These findings show that some of the rhd6 and
gl2 mutant epidermal cells retain the ability to express
hair cell genes and nonhair cell genes, respectively,
implying that these mutations do not block expression
of all hair/nonhair pathway genes and thus, do not
entirely convert one epidermal cell type to the other.
This demonstrates the usefulness of scRNA-seq data to
define cell subpopulations and to characterize mutant
phenotypes at single-cell resolution.

DISCUSSION

In this report, we demonstrate the feasibility and
utility of a simple commercially available droplet-based
platform (10X Genomics Chromium System) for high-
throughput generation of single-cell transcriptomes
from Arabidopsis root protoplasts. Altogether, we

Figure 3. Intracluster developmental variation in
gene expression. A and B, tSNE projection plots
showing transcript accumulation across the sin-
gle cell population for the early ground tissue
marker gene SCARECROW (SCR; A) and the
elongation zone marker gene UPBEAT (UPB; B).
Color intensity indicates the relative transcript
level for the indicated gene in each cell. C, tSNE
projection plot showing relative differentiation
status of all cells in the population. The log ratio of
meristematic zone gene expression to differenti-
ation zone gene expression was calculated for
each cell and plotted using the indicated color
scheme (red indicates preferential meristem
expressed genes; blue indicates preferential dif-
ferentiation zone-expressed genes).
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Figure 4. Analysis of single-cell transcriptomes from root epidermis and root cap tissues. A, tSNE projection plot showing 11
major clusters of cell transcriptomes. The specific cell/tissue types assigned to each cluster are indicated. B, tSNE projection plots
showing accumulation of epidermal and root capmarker gene transcripts in individual cells. Color intensity indicates the relative
transcript level for the indicated gene in each cell. The cell types known to preferentially express each marker gene are indicated
in parentheses (details available in Supplemental Table S3). Additional marker gene plots are provided in Supplemental Figure S4.
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obtained more than 10,000 individual cell tran-
scriptomes representing all major root tissue types,
including relatively rare cell types, and including
cells throughout stages of differentiation. We further
showed the value of comparative analysis of single-cell
transcriptomes from wild-type and mutant roots to
define gene function at single-cell resolution. This same
approach should be generally useful for obtaining and
analyzing single-cell gene expression from other plant
organs and plant species, provided that protoplast
isolation is feasible and appropriate tissue/cell-specific
marker genes are available.
A major benefit of high-throughput scRNA-seq is the

identification and characterization of rare cell types
among a large heterogeneous cell population from a
tissue or organ. Here, making use of the numerous root
expression marker genes available in Arabidopsis,
we were able to identify cell transcriptomes represent-
ing distinct tissues and cell types, including relatively
rare cell types such as protoxylem, protophloem, and
QC cells. The identification of two putative QC cells
was particularly significant, given the rarity of the QC
population. Several lines of evidence support the as-
signment of these two cells as QC cells. First, these two
cells are located in a relatively isolated position, at the
outer edge of a transcriptome cluster (cluster 7), sug-
gesting a distinct gene expression program. Second,
the proportion of these cells (less than 0.1% of the total)
is consistent with the rarity of the QC cell population
(;4–7 cells per root; Dolan et al., 1993). Third, these
two cells exhibited the greatest degree of QC marker
gene expression. Fourth, these two cells lack expres-
sion of the earliest root-hair or nonhair epidermal
marker genes.
It is striking that the cells and cell clusters in our

tSNE plots appear to emanate from the center in a de-
velopmental gradient. This distribution of cells by their
differentiation status suggests that developmental dif-
ferences in gene expression provide a major source
of the transcriptional variation in these cells. Further,
this shows the utility of single-cell transcriptomics for
separating cell populations into time series of devel-
opment for understanding differentiation of specific
cell types. In particular, using the root-hair and nonhair

cell types as models, we show that scRNA-seq data
can be used to infer specific cells at various time
points during the course of differentiation, provid-
ing insight into gene expression changes and po-
tentially new marker genes at specific developmental
stages.
Single-cell transcriptomics provides an opportunity

to examine developmental questions at single-cell res-
olution. Here, we were able to assess the degree of
overlap in expression of the early hair cell and nonhair
cell regulators in individual cells. This addresses
whether individual cells may express two different sets
of cell fate regulators, or only one, during the process of
cell fate specification. We discovered that some cell
transcriptomes from the meristem cluster (cluster 7)
express both root-hair markers and nonhair markers,
implying a degree of cell fate instability in the earliest
cells as they adopt their fate. We also demonstrated the
utility of scRNA-seq for defining mutant phenotypes at
the single cell level. Interestingly, our observation of
hair gene expression in some rhd6 nonhair cells and
nonhair gene expression in some gl2 hair cells suggests
that these mutants do not entirely convert one epider-
mal cell type to the other, which provides molecular
insight to some previous observations (Masucci et al.,
1996; Bruex et al., 2012). Further, our comparative
analysis of gene expression in distinct cell clusters has
defined a large collection of further tissue/cell-specific
genes useful for future studies of the development
and function of particular root tissues and cells. These
tissue/cell-specific genes can also be used as develop-
mental markers or to design improved tissue/cell ex-
pression constructs.
This work advances the field of single-cell tran-

scriptomics in plants. Although previous studies
have successfully obtained small numbers of single-
cell transcriptomes from individual plant cells using
glass microcapillaries (Lieckfeldt et al., 2008), micro-
scopic isolation of GFP-expressing root protoplasts
(Brennecke et al., 2013; Efroni et al., 2015), fluorescence-
activated cell sorting–based protoplast isolation (Efroni
et al., 2016), or laser microdissection (Frank and
Scanlon, 2015), the present approach yields single-cell
transcriptomes from thousands of cells per sample.

Figure 4. (Continued.)
C, Heat maps illustrating transcript accumulation for 150 previously defined root-hair expressed genes (Bruex et al., 2012) in the
cells from the root-hair clusters (clusters 1, 2, 3). The bar at the top of the map indicates the cluster origin for each cell (blue =
cluster 2; red = cluster 1; yellow = cluster 3). D, Heat maps illustrating transcript accumulation for 52 previously defined nonhair
expressed genes (Bruex et al., 2012) in the cells from the nonhair clusters (clusters 0, 8, 9). The bar at the top of the map indicates
the cluster origin for each cell (yellow = cluster 9; red = cluster 0; blue = cluster 8). E, Pseudotime analysis using Monocle for cell
transcriptomes in clusters 1,2,3,7 shows the developmental trajectory for the differentiating root-hair cells. F, Pseudotime analysis
using Monocle for cell transcriptomes in clusters 0,7,8,9 shows the developmental trajectory for the differentiating nonhair cells.
G, Diffusion plot of cells from clusters 0,1, 2, 3, 7, 8, and 9 using Destiny to indicate gene expression relationships among cells.
Each panel represents a different two-dimensional view of a three-dimensional plot. H, tSNE projection plots showing transcript
accumulation for early markers of root-hair (ROOT HAIR DEFECTIVE 6 [RHD6]) and nonhair (GLABRA 2 [GL2]) cell differen-
tiation known to initiate expression in the meristematic epidermal cells. The right panels show a magnified view of the center of
the plot, with the meristem cell cluster (cluster 7) outlined. tSNE projection plots showing additional early marker gene plots for
root-hair (MYC-RELATED PROTEIN 1 and ENHANCER OF GLABRA 3) and nonhair (TRANSPARENT TESTA GLABRA 2 and
ENHANCER OF TRY AND CPC 1) cell markers are provided in Supplemental Figure S5.
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Figure 5. Identification of putative QC cells. A, Coex-
pression analysis of early root-hair and early nonhair tran-
scriptional regulators in cell transcriptomes from clusters
0,1,2,7,8,9. tSNE projection plots showing cells that express
at least one of the early root-hair cell markers RHD6,MYC1,
and EGL3 (blue dots) and cells that express at least one of the
early nonhair cell markers GL2, TTG2, and ETC1 (yellow
dots). Red dots indicate cells that express at least one early
root-hair marker and at least one early nonhair marker. Right
is a magnified view of the cluster 7 region of the plot. Arrows
indicate the location of the two putative quiescent center
cells. B, tSNE projection plot showing transcript accumula-
tion across the single cell population for known QC genes.
Color intensity indicates the relative transcript level in each
cell for the PLETHORA 1 (PLT1), PERIANTHIA (PAN), and
BABY BOOM (BBM) genes. Additional QC marker gene
plots are provided in Supplemental Figure S6. Right panels
present a magnified view of the cluster 7 region of the plot.
Arrows indicate the location of the two putative quiescent
center cells. C, Aggregate expression data from 52 QC
marker genes among 23 cells of cluster 7. Color intensity
indicates the relative number and level of QC marker gene
expression in each of the numbered cells. Arrows indicate
the location of the two putative quiescent center cells. D,
tSNE projection plot showing transcript accumulation across
the entire wild-type root single cell population (from Fig. 1)
for PLP6, a putative QC-specific gene. The locations of the
two putative QC cells are indicated by an arrow.
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Recently, draft manuscripts have been posted online
describing additional scRNA-seq results from maize
male germinal cells (144 cells; Nelms andWalbot, 2018)
and from Arabidopsis roots (3121 cells [Jean-Baptiste
et al., 2019] and 4043 cells [Shulse et al., 2018]). It is
likely that new technical advances in plant cell isolation
and single-cell sequencing methods will emerge to en-
able single-cell transcriptomics to be applied to more
plant organs and species in the future. Together with
other emerging single-cell studies, including genome,
epigenome, and protein analyses (Libault et al., 2017),
these approaches have the potential to transform our
understanding of the activities and diversity of indi-
vidual plant cells.
For more than twenty years, the Arabidopsis root has

been used as amodel for understanding tissue- and cell-

type-specific gene expression, using methods of in situ
hybridization, gene promoter fusions, and GFP-based
cell-sorting of specific reporter gene lines (Birnbaum
et al., 2005; Brady et al., 2007; Wachsman et al., 2015).
Together, these studies have provided a detailed view
of gene transcription patterns in the Arabidopsis
root, enabling the expression of new genes to be map-
ped and new transcriptional reporter markers to be
identified. The dataset of single-cell transcriptomes
reported here extends these efforts and provides a first-
generation gene expression map of the Arabidopsis
root at single-cell resolution. This dataset can be used
to define the transcript accumulation for any gene of
interest across individual root cells, providing valuable
insight into gene expression and function at the single-
cell level.

Figure 6. Comparative single-cell transcriptome analysis of wild-type and root epidermis mutant roots. A, tSNE projection plot
showing distribution of the wild-type (WT), rhd6 mutant, and gl2 mutant cell transcriptomes. Cell transcriptomes derived from
each genotype are indicated by different colors (red = gl2; green = rhd6; blue = wild type). B, tSNE projection plot showing 12
major clusters of cell transcriptomes from the wild type, rhd6 mutant, and gl2 mutant. The specific tissue/cell types assigned to
each cluster are indicated. C, tSNE projection plots showing accumulation of root-hair and nonhair marker gene transcripts in
individual cell transcriptomes from wild-type, rhd6mutant, and gl2mutant. Color intensity indicates the relative transcript level
for the indicated gene in each cell for each genotype (red = gl2; green = rhd6; blue = wild type). Additional marker gene plots are
provided in Supplemental Figure S9. D, tSNE projection plots showing transcript accumulation fromwild-type, rhd6mutant, and
gl2 mutant cell transcriptomes for root-hair and nonhair marker genes that initiate expression at a relatively early stage. Color
intensity indicates the relative transcript level for the indicated gene in each cell for each genotype (red = gl2; green = rhd6; blue =
wild type). Additional marker gene plots are provided in Supplemental Figure S9.
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MATERIALS AND METHODS

Protoplast Isolation and scRNA-seq

A commercially available droplet-based system from 10X Genomics
Inc. (Zheng et al., 2017) was usedwith protoplasts isolated essentially according
to manufacturer’s instructions (https://assets.ctfassets.net/an68im79xiti/
RjkzNZ8LQsGYM2cyGK4g/6afcd76f0a198835e19df7041381c748/CG000090_
SamplePrepDemonstratedProtocol_-_Moss_Protoplasts_RevC.pdf). Briefly,
Arabidopsis (Arabidopsis thaliana) seeds were surface sterilized using a 30%
(v/v) bleach, 0.1% (v/v) Triton X-100 solution for 10 min and incubated on
Murashige and Skoog (MS) growthmedia coveredwith 100/47mmmesh under
16 light (L)/8 dark (D) conditions. At 5 d after germination, the primary root
tips were cut and placed into a 35-mm-diameter dish containing a 70-mm
strainer and 4 mL enzyme solution (1.25% [w/v] Cellulase [“ONOZUKA” R-
10, Yakult], 0.1% [w/v] Pectolyase [P-3026, Sigma-Aldrich], 0.4 M Mannitol,
20 mM MES [pH 5.7], 20 mM KCl, 10 mM CaCl2, 0.1% [w/v] bovine serum
albumin). The dish was rotated at 85 rpm for 1 h at 25°C, and then the cell
solution was centrifuged at 500 g for 10 min and the pellet resuspended in
500 mL washing solution (0.4 M Mannitol, 20 mM MES [pH 5.7], 20 mM KCl,
10 mM CaCl2, 0.1% [w/v] bovine serum albumin). The protoplast solution
was strained through a 70-mm filter, and then twice through a 40-mm filter.
The filtered solution was centrifuged at 200 g for 6 min, and the pelleted pro-
toplasts resuspended with 30–50 mL washing solution to achieve the desired
cell concentration (;104 protoplasts/mL). The protoplast suspension was
loaded into Chromium microfluidic chips with 30 v2 chemistry and bar-
coded with a 103 Chromium Controller (10X Genomics). RNA from the
barcoded cells was subsequently reverse-transcribed and sequencing li-
braries constructed with reagents from a Chromium Single Cell 30 v2 rea-
gent kit (10X Genomics) according to the manufacturer’s instructions.
Sequencing was performed with Illumina HiSeq 4000 according to the
manufacturer’s instructions (Illumina).

Generation and Analysis of Single-Cell Transcriptomes

Rawreadswere demultiplexed andmapped to theTAIR10 reference genome
by 10X Genomics Cell Ranger pipeline (v2.1.1) using default parameters. All
downstream single-cell analyses were performed using Seurat unless men-
tioned specifically (v2.3.3; Butler et al., 2018). In brief, for each gene and each cell
barcode (filtered by CellRanger), unique molecule identifiers were counted to
construct digital expression matrices. A gene with expression in more than 3
cells was considered as expressed, and each cell was required to have at least
200 expressed genes. Then, each individual dataset was log-normalized, scaled,
and corrected for dataset-specific batch effects using ComBat (sra v3.26.00; Leek
et al., 2018). A union set of top 1000 highly variable genes from each dataset
expressed in all samples was used by Seurat multicanonical correlation analysis
to further correct for dataset-specific batch effects (Butler et al., 2018). The in-
formative number of correlated components was examined by the biweight
midcorrelation plot. The top 20 aligned correlated components were used as
input for tSNE dimension reduction and clustering analysis (van der Maaten,
2014). Clusters were identified using Seurat FindClusters function with default
parameters (perplexity = 30, random seed = 1) plus a resolution of 0.2 for the
3 wild-type merged analysis, resolution of 1 for the 3 wild-type subclusters
merged analysis, and resolution of 0.3 for the wild-type, rhd6, and gl2 datasets
merged analysis.

Seurat FindConservedMarkers function was used to identify con-
served markers that were up-regulated in each cluster versus all other
cells (average FC $ 1 plus maximum adjusted P-value , 0.05). Seurat
FindMarkers function was used to compare gene expression between
specific sets of cells. Pseudotime trajectory analysis of single cell tran-
scriptomes was conducted using Monocle 2 (Qiu et al., 2017) and destiny
(Haghverdi et al., 2015).

All statistical analyses were performed in R unless mentioned specifically
(R Foundation for Statistical Computing, https://www.R-project.org/).

GO Enrichment Analysis

GOanalysiswasperformedusing theDatabase forAnnotation,Visualization
and Integrated Discovery (v6.8; Huang et al., 2009). Only biological process
terms with Benjamini-Hochberg adjusted p-value, 0.05 were used for the heat
map analysis.

Global Analysis of Cell Differentiation Status

Rawcount table of gene expression frommeristematic zone, elongation zone,
and differentiation zone was retrieved from a previous study (Huang and
Schiefelbein, 2015). Differential expression analysis was carried out using the
edgeR package (v3.20.9; McCarthy et al., 2012) to obtain zone-specific marker
genes. In brief, genes with expression greater than 1 count per million in at least
3 out of 9 total samples were retained and normalized by upper quartile nor-
malization. The default trimmed mean of M-values method was not used be-
cause it assumed that most genes were not differentially expressed, which may
not be true in this comparison. The expression from one zone was compared
against the other two zones. Up-regulated genes with FC . 2 and FDR , 0.01
were considered zone-specific marker genes.

The number of zone-specific marker genes expressed (.0) in each cell was
counted and divided by the total number of zone-specific marker genes as
overlapping ratio of each development zone. The difference between log2-
transformed overlapping ratio of meristematic zone and differentiation zone
was used to color the tSNE plot. The ratio was added by one before log2-
transformation.

Heat Map Analysis of Gene Expression

Lists of root-hair and nonhair expressed genes previously reported (Bruex
et al., 2012) were used for the heat map analysis. In brief, gene count was log-
normalized and scaled via Seurat (Butler et al., 2018) within the subclusters of
interest. A hierarchical clustering was carried out to cluster both rows and
columns using euclidean distance and ward.D2 agglomeration. The resulted
dendrogram and heat map was plotted using R package “dendextend” (Galili,
2015) and “gplots” (https://CRAN.R-project.org/package=gplots).

Analysis of QC Marker Expression

A collection of 23 cells from cluster 7 (Fig. 4) were analyzed for relative
transcript accumulation and assigned an expression value (high [2], low [1], or
absent [0]) from tSNE gene expression plots for each of the 52 QCmarker genes
(Supplemental Fig. S6). Total expression scores for these cells were converted to
a color range and plotted on the cluster map (Fig. 5C). For comparative gene
expression analysis, transcript level was determined between the 2 QC cells
(cells 1 and 2) versus the other 21 cells (cells 3-23; log FC $ 1).

Accession Numbers

The transcriptomic data from this article has been deposited in the Gene
Expression Omnibus database at the National Center for Biotechnology Infor-
mation (NCBI) under the accession number GSE123013.

SUPPLEMENTAL DATA

The following supplemental materials are available:

Supplemental Figure S1. GO term enrichment analysis of the genes pref-
erentially expressed in cell clusters.

Supplemental Figure S2. tSNE projection plots showing transcript accu-
mulation for 86 root tissue/cell type marker genes in the single-cell
transcriptomes.

Supplemental Figure S3. tSNE projection plots showing transcript accu-
mulation for 44 root stele cell-type marker genes in the single-cell
transcriptomes.

Supplemental Figure S4. tSNE projection plots showing transcript accu-
mulation for 43 root epidermis and root cap tissue/cell type marker
genes in the single-cell transcriptomes.

Supplemental Figure S5. tSNE projection plots showing transcript accu-
mulation for early regulators of root-hair cell differentiation and nonhair
cell differentiation in the single-cell transcriptomes.

Supplemental Figure S6. tSNE projection plots showing transcript accu-
mulation for 52 quiescent center cell-type marker genes in the single-cell
transcriptomes.

1454 Plant Physiol. Vol. 179, 2019

Single-Cell RNA Sequencing in Plants

https://assets.ctfassets.net/an68im79xiti/tRjkzNZ8LQsGYM2cyGK4g/6afcd76f0a198835e19df7041381c748/CG000090_SamplePrepDemonstratedProtocol_-_Moss_Protoplasts_RevC.pdf
https://assets.ctfassets.net/an68im79xiti/tRjkzNZ8LQsGYM2cyGK4g/6afcd76f0a198835e19df7041381c748/CG000090_SamplePrepDemonstratedProtocol_-_Moss_Protoplasts_RevC.pdf
https://assets.ctfassets.net/an68im79xiti/tRjkzNZ8LQsGYM2cyGK4g/6afcd76f0a198835e19df7041381c748/CG000090_SamplePrepDemonstratedProtocol_-_Moss_Protoplasts_RevC.pdf
https://www.R-project.org/
https://CRAN.R-project.org/package=gplots
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01482/DC1


Supplemental Figure S7. tSNE projection plots showing transcript accu-
mulation for 6 genes expressed in putative QC cells.

Supplemental Figure S8. tSNE projection plots showing transcript accu-
mulation for 86 root tissue/cell type marker genes in the wild-type, rhd6,
and gl2 single-cell transcriptomes.

Supplemental Figure S9. tSNE projection plots showing transcript accu-
mulation for root-hair cell and nonhair cell markers separately in the
wild-type, rhd6, and gl2 single-cell transcriptomes.

Supplemental Table S1. Summary of single-cell RNA sequencing results
for each sample.

Supplemental Table S2. List of 651 positively differentially expressed
genes among the nine cell clusters.

Supplemental Table S3. List of the 86 root tissue/cell type markers used in
this study for cell cluster assignment.

Supplemental Table S4. List of the 44 root stele cell-type markers used in
this study.

Supplemental Table S5. List of 780 positively differentially expressed
genes among the eleven epidermis/root cap cell clusters.

Supplemental Table S6. List of the 52 quiescent center cell marker genes
used in this study.

Supplemental Table S7. Relative transcript accumulation for 52 QC
marker genes in 23 single-cell transcriptomes.

Supplemental Table S8. List of genes differentially expressed in the two
QC cells.

Supplemental Table S9. Distribution of single-cell transcriptomes from
wild-type, rhd6, and gl2 among the twelve clusters.
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