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ABSTRACT

The advent of single-cell sequencing opened a new
era in transcriptomic and genomic research. To un-
derstand cell composition using single-cell studies, a
variety of cell markers have been widely used to label
individual cell types. However, the specific database
of cell markers for use by the plant research com-
munity remains very limited. To overcome this prob-
lem, we developed the Plant Cell Marker DataBase
(PCMDB, http://www.tobaccodb.org/pcmdb/), which
is based on a uniform annotation pipeline. By man-
ually curating over 130 000 research publications,
we collected a total of 81 117 cell marker genes of
263 cell types in 22 tissues across six plant species.
Tissue- and cell-specific expression patterns can be
visualized using multiple tools: eFP Browser, Bar,
and UMAP/TSNE graph. The PCMDB also supports
several analysis tools, including SCSA and SingleR,
which allows for user annotation of cell types. To
provide information about plant species currently
unsupported in PCMDB, potential marker genes for
other plant species can be searched based on homol-
ogy with the supported species. PCMDB is a user-
friendly hierarchical platform that contains five built-
in search engines. We believe PCMDB will consti-
tute a useful resource for researchers working on cell
type annotation and the prediction of the biological
function of individual cells.

INTRODUCTION

Single-cell sequencing has revolutionized biological re-
search, enabling the characterization of cell types across
multiple species, tissues, and cells (1). A large number of

single-cell RNA sequencing (scRNA-seq) studies have been
performed to uncover cell lineage relationships across plant
tissues, including roots (2–11), leaves (7,12), shoot apical
meristems (13), ears (14), seedlings (7) and anther germinal
cells (15). This technique has also been used to explore cell-
specific transcriptional responses to environmental stimuli,
such as low-nitrogen, high-salinity, and iron-deficient envi-
ronments (7), or the presence of heat or sugar (2,11). Some
studies have even attempted to reveal the evolution of cell
trajectories between different plants (3).

Cell markers are genes that are highly expressed in one
cell type, but lowly expressed or not expressed in other
types. To understand cell composition using single-cell stud-
ies, one approach is to use many known cell markers (su-
pervised method) to ‘vote’ on the identity of a cell in
question (16). There are a variety of known cell mark-
ers that are extremely valuable for cell type annotation,
advancing our understanding of cell composition. Exper-
imental evidence on cell markers has accumulated over the
years, and has been discovered using various techniques,
including qRT-PCR, green fluorescent protein (GFP) re-
porter systems, beta-glucuronidase (GUS) gene reporter
systems and western blotting. In recent decades, cell mark-
ers can be also identified by significant differential expres-
sion between cell groups in transcriptome studies, including
bulk RNA-seq/microarray or scRNA-seq studies (4,17).
However, these cell markers are scattered over thousands of
literatures, which would make it difficult to collect for spe-
cific cells for researchers.

The CellMarker database provides comprehensive cell
maker resources for humans and mice (18). However, anal-
ogous database for use by the plant research community re-
mains very limited. Some current plant scRNA-seq-related
databases focus mainly on scRNA-seq data from a specific
plant species. For example, the PscB database only con-
tains information for root tissue in Arabidopsis (19). The
recently available PlantscRNAdb database collects public
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data for marker genes in four plant species (20). However,
this database still has some limitations. It lacks standardized
annotation for tissues and cells, and information about their
hierarchical structure. Data from this database may there-
fore not be compatible across different plant species. The
experimental marker candidates were curated from the lit-
erature by searching for the keywords ‘marker(s)’ and ‘spe-
cific expression’, which limits the available resources (Sup-
plementary Table S1). PlantscRNAdb lacks some impor-
tant features, including sequence information and expres-
sion evidence from bulk RNA-seq analysis, which makes
further studies more difficult. Finally, PlantscRNAdb fo-
cuses mainly on the search for and visualization of marker
genes and contains very few additional tools. In summary,
the establishment of a plant cell marker-related database
with more uniform and strict annotation standards, greater
data integrity, more comprehensive annotations, and addi-
tional analytical tools is highly desirable.

We developed PCMDB (the Plant Cell Marker
DataBase) in order to create a one-stop plant cell marker
database that uses standard collection criteria to provide
a comprehensive overview of cell markers from experi-
mental research, bulk tissue and cell RNA-seq studies,
and single-cell sequencing studies. The current version of
PCMDB includes 81 117 manually curated cell marker
genes, 3 119 of which are experimental marker genes, across
six plant species. These markers involve 263 cell types from
22 tissues. PCMDB includes the tools eFP Browser, Bar,
and UMAP/TSNE graph, which can be used to visualize
specific expression patterns of cell marker genes. PCMDB
also supports two analytical tools based on marker gene
information, specifically SCSA, a marker-based cell type
prediction tool, and SingleR, for reference data-based
cell type prediction (21,22). These tools allow cell type
prediction of user-specific single-cell datasets. Our database
also supports homology-based search, allowing users to
predict potential marker genes for species currently unsup-
ported in PCMDB. In summary, PCMDB constitutes a
novel, valuable resource for cell type labeling and function
prediction in single-cell sequencing studies.

MATERIALS AND METHODS

Data sources

PCMDB contains three different types of cell markers
for six model plants––Arabidopsis, rice, maize, soybean,
tomato and tobacco––including experimentally validated
marker genes, differentially expressed marker genes based
on bulk RNA-seq data, and differentially expressed genes
across specific cells identified by single-cell RNA sequenc-
ing. Although some bulk RNA-seq studies were not re-
stricted to a specific cell type, these data can provide ad-
ditional information about the marker genes identified by
the other two approaches. To ensure the standardization of
identification of tissue and cell types, we unified the names
of the tissues and cell types into a standard reference list
based on the Plant Ontology database (23).

To obtain cell markers that have been experimentally ver-
ified, we searched PubMed for each species using cell names
from Plant Ontology. We obtained a total of 125 490 publi-
cations, including 31 967 for Arabidopsis, 17 945 for rice,

16 552 for maize, 11 593 for soybean, 10 150 for tomato
and 37 283 for tobacco (Supplementary Table S2, round
1). We manually checked the abstracts of these papers and
filtered the studies including non-gene related work, for-
eign gene transgenic work in target plant and so on. Then,
we generally checked the entire text and selected the stud-
ies containing cell markers or genes inferred through bio-
logical experiments, including GFP reporter systems, GUS
gene reporter systems and western blotting. Expression pat-
terns for these potential candidates were further checked
using eFP Browser of each plant. This strategy decreased
the number of publications to 2 883 for Arabidopsis, 996
for rice, 649 for maize, 336 for soybean, 277 for tomato
and 272 for tobacco (Supplementary Table S2, round 2).
We then further carefully checked the entire text and con-
firmed the annotation/function in the official plant web-
sites, and finally extracted relevant information, including
the cell marker name, cell marker ID, and cell/tissue type
for each plant (Supplementary Table S2, round 3).

Considering the important contribution of cell marker
identification using single-cell RNA sequencing, we
searched the literature of PubMed using a list of key words,
including ‘single cell’, ‘single cell sequencing’, ‘single cell
RNA sequencing’, ‘single cell RNA-seq’, ‘single cell RNA
seq’, ‘single cell transcriptome’, ‘single cell transcriptomics’
and ‘scRNA seq’ for each plant. This search allowed
us to obtain a total of 45 single-cell sequencing-related
publications. Of these, after manual curation for reviews
and method-related studies, we retained 14 for Arabidopsis,
3 for rice, 3 for maize and 1 for tomato (Supplementary
Table S2). We then carefully checked the entire manuscript
and corresponding supplementary materials and extracted
the relevant information for cell markers identified by the
corresponding study for each plant.

We used an additional search strategy to identify dif-
ferentially expressed cell markers for specific tissues that
might be missing from the previous results. For each
plant species, we used different keywords and combina-
tions, including ‘genome wide/genome-wide’, ‘transcrip-
tome’, ‘landscape’ and ‘global’, to search for bulk RNA-
seq related manuscripts for different plants. In total, we ob-
tained the following publications for different species: 11
011 for Arabidopsis, 3 169 for rice, 1 593 for maize, 1 821
for soybean, 609 for tomato and 1 727 for tobacco. We then
performed a manual check on the abstracts and text, as de-
scribed above, and kept only those publications contain-
ing useful information (Supplementary Table S2). Then, we
carefully screened the entire manuscript and supplementary
materials and extracted the differentially expressed markers
for each tissue or cell.

The records obtained using the three different strategies
were merged to create the final cell marker list.

Data analysis

Data processing and annotation. During the process of
collecting data from the publications, we carefully curated
important information for each cell marker, including cell
marker name, species, tissue type, cell type, source and
corresponding publication information (PMID/DOI, jour-
nal, title and abstract). Cell marker ID/Name and
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annotations were consistent with those available in official
plant databases (Arabidopsis: TAIR (24); rice: MSU RGAP
(25); maize: MaizeGDB (26); soybean: SoyBase (27) and
tomato and tobacco: Sol Genomics Network (28)). With the
exception of the official ID, other identifiers, such as NCBI
Gene/RNA/Protein IDs, are also provided in order to fa-
cilitate future usability.

Based on the unification of tissue and cell types from the
Plant Ontology database, we adopted a hierarchical struc-
ture for these different cell types. To allow for proper visu-
alization of the hierarchical structure, only three levels were
retained in the final list.

Finally, all of the information related to cell markers was
stored in a MySQL database, as shown in Figure 1.

Single-cell sequencing data analysis. Because of the lack of
available clustering results from single-cell studies, we re-
analyzed these studies using a unified pipeline. For studies
providing data accession numbers, we downloaded the raw
data from the NCBI database (29) and processed the raw
data to generate expression matrices. Only data generated
using the 10X Genomics approach, which were almost 90%
of the total data, were processed. Fastq-dump (v2.8.0) was
used to convert the SRA data into fastq files (29). Then,
clean reads were mapped to a reference genome using the
10X Genomics CellRanger (v6.0.1) with default parameters
(30). All downstream analyses were performed with Seu-
rat (v4.0.3) (31). In brief, the gene-cell matrices were loaded
into the Seurat package implemented in R (v4.0.2). To re-
move low-quality cells, we filtered out the cells with unique
gene counts fewer than 200. Genes expressed in at least three
single cells were kept. The SCTransform function was used
to scale and normalize the raw data. The top 5 000 highly
variable genes were selected for downstream analysis. Using
principal component (PC) analysis, the scaled data were re-
duced to 20 PCs by setting npcs = 20. Clusters were identi-
fied using the FindClusters function with a resolution of 0.5.
In the case of multiple samples, datasets were combined into
a single dataset using canonical correlation analysis with the
IntegrateData function. The marker genes used in the cor-
responding study were used to label each cluster.

Database development. Similar with PLncDB
V2.0 (32), PCMDB was constructed using Python
(https://www.python.org/), Vue.js (https://vuejs.org/),
ElementUI (https://element.eleme.io/#/), and
Django (https://www.djangoproject.com/). Net-
work proxy services were provided through nginx
(https://www.nginx.com/). PCMDB can be accessed
at http://www.tobaccodb.org/pcmdb/ and requires no
registration.

RESULTS

Data content of PCMDB

A total of 81 117 cell markers are represented in the current
version of PCMDB, including 19 260 for Arabidopsis, 19
359 for rice, 16 828 for maize, 12 357 for soybean, 12 198 for
tomato and 1 115 for tobacco (Figure 1, Supplementary Ta-
ble S1). Among them, 3 119 marker genes are supported by
experimental evidence, including GFP, GUS and western

blotting (Figure 1, Supplementary Table S1). We derived
these markers from 1 622 experimental, 58 bulk RNA-seq
and 21 single-cell studies (Supplementary Tables S1 and S2),
involved in a total of 263 cell types across 22 tissues (Sup-
plementary Table S1). On average, around 17 experimental
cell markers were available for each cell type, with the root
cap containing the highest number of cell markers (Figure
1). The top five most frequently used cell markers in the
root cap of Arabidopsis were WOX5, EIR1, GL2, PLT1 and
LBD16 (Figure 2B). For bulk RNA-seq related cell markers,
the seed contained the highest number of cell markers, al-
though the root endodermis had the highest number of cell
markers identified using scRNA-seq data (Supplementary
Figures S1 and S2).

Features of PCMDB

PCMDB includes all basic information for any given
marker gene, including nucleotide and peptide sequences,
genomic coordinates and putative function. Moreover,
PCMDB contains several unique marker gene annotation
features. First, users are able to find tissue- and cell-specific
expression patterns for the different marker genes, using
the eFP Browser (Figure 2D). Second, the detailed ex-
pression information of candidate markers predicted from
tissue/cell-specific RNA-seq data can be visualized using
bar plots (Figure 2E). Third, PCMDB also provides ex-
pression matrix and cluster results for each of the different
scRNA-seq studies used, and users are able to easily ob-
tain an overview of the gene expression information among
each cell of a specific tissue (Figure 2F). Moreover, in order
to meet the high demand for personalized cell type annota-
tion of scRNA-seq studies, PCMDB also supports several
additional tools that facilitate different research purposes,
including marker-based cell type prediction (SCSA) (Fig-
ure 3A) and reference data-based cell type prediction (Sin-
gleR) (Figure 3B). To compensate for the lack of other plant
species in PCMDB, we support cell marker search based on
homology, which allows the prediction of potential marker
genes in different plant species (Figure 3C).

PCMDB functions

PCMDB provides convenient access to functional search
engines and powerful analytical tools (Figure 2C). Users
can browse the data using shortcuts and multiple webpage
layers. All data can be downloaded in a customized fashion.

Browse. Users can quickly explore cell marker genes of in-
terest, and cell types, using species shortcuts on the home
page or through the Browse tag available in the toolbar
(Figure 2A). After clicking on different cell types, a sum-
mary and complete list of marker genes are displayed. The
Browse tag can guide users to access cell markers of diverse
cell types in different tissues. The hierarchical cell structures
for different plant species are shown on the left tree-based
panel.

Search. Users can search the whole database using five
search engines. Using either keywords or the gene identi-
fier search engine located on the webpage, users can search
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Figure 1. PCMDB data collection pipeline. Note: the table contains the number of marker genes for each source. The bar plot represents the number of
experimental marker genes for the top 20 cell types identified in each plant species.
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Figure 2. A schematic PCMDB workflow. (A) The browse page presents a hierarchical classification of cells and tissues. (B) A statistical graph of cell
markers for Arabidopsis root cap using experimental supporting evidences. (C) Search page presenting different search engines. (D) Detail information
page (basic information, supported evidences, eFP image) for the MRN1 (AT5G42600) gene of Arabidopsis. (E) Expression pattern by bulk RNA-seq for
the MRN1 (AT5G42600) gene of Arabidopsis. (F) Cluster map from scRNA-seq data for the MRN1 (AT5G42600) gene of Arabidopsis.

across the available fields within the entire database. The
results are summarized in a list containing all hit marker
genes. PCMDB also supports keyword search for cells or
tissue types. For convenience, PCMDB also provides hi-
erarchical selection of cell types in different plant species.
Another available search engine uses sequence informa-
tion with a BLAST web interface tool. Our database also
supports homology-based search, which allows the user
to predict potential marker genes for currently unsup-
ported species in PCMDB (Figure 3C). The pre-calculated
Blast result with e-value 1e–10 and identity 30% was
provided to search directly. Users can choose different
parameters in PCMDB according to their requirement.
Search results can be downloaded in either.TXT or.CSV
format.

Tools. Users can perform cell type annotation for their
own single-cell dataset in PCMDB. Owing to the computing
resource limitations of other tools, two popular tools, SCSA
and SingleR, were chosen and are supported in PCMDB.
SCSA predicts potential cell types of interest using marker
gene results from Seurat (FindAllMarkers) (Figure 3A). Us-
ing the expression matrix and cluster results obtained from
CellRanger and Seurat, the SingleR tool can help users to
perform reference data-based cell type annotations (Figure
3B).

Download. All basic information for marker genes in each
species can be downloaded, in bulk or for each species sepa-
rately, using the Download tag located in the toolbar. Users
can choose the source of the marker genes of interest by
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Figure 3. PCMDB tools and number of potential marker genes for currently unsupported species. (A) The result of SCSA prediction using the default
example data. Left top: The number of marker genes for each cluster of the input data. Right top: The number of clusters classified into different types
(Good, Uncertain, and Unknown) by SCSA. Left bottom: Z-score of cluster label for clusters classified into the Good type. Right bottom: Z-score of top
2 cluster labels for clusters classified into the Uncertain type. (B) Heatmap based on the score of each cluster label output by SingleR using the default
example data. (C) The number of potential marker genes for currently unsupported species uncovered using homology search by Arabidopsis. From inner
to outer, phylogenetic tree of 67 species (different colors mean different clades based on NCBI Taxonomy Browser), the numbers of marker gene candidates
identified by experimental markers, bulk RNA-seq markers, and scRNA-seq-related markers.
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selecting the species and source types with user-defined
downloaded data. We have also uploaded a backup copy of
the data available in PCMDB to Zenodo (https://zenodo.
org/), ID 5101271.

Submit. In an effort to make PCMDB a one-stop com-
munity resource, we have started accepting submissions of
plant marker genes accompanied by the necessary informa-
tion. All submitted marker genes will be processed using
our standard procedures, as described in the Material and
Methods. The submitted marker genes will be grouped into
the appropriate categories.

Case study

We tested the usefulness of cell markers collected in
PCMDB, taking the single-cell dataset from Zhang et al. as
example (4). Twenty clusters were obtained by our analysis
pipeline mentioned for this dataset. Using the 103 known
marker genes mentioned in their paper, 14 clusters had la-
beled annotation with the SCSA tool, whereas labels for
six clusters were still unknown due to unavailable marker
genes (Supplementary Figure S3A). However, using all ex-
perimental related marker genes of the Arabidopsis root
(number: 923) in PCMDB, only 1 cluster remained unla-
beled (Supplementary Figure S3B). Moreover, using our ap-
proach resulted in more clusters (12 clusters) having ‘Good’
type label results, compared to 8 using the 103 genes by
Zhang et al., and the quality of cluster labelling was com-
parable between these two analyses (Supplementary Figure
S3B). Similarly, we can also predict the label for clusters
using bulk RNA-seq related marker genes (number: 162)
(Supplementary Figure S3C), scRNA-seq related marker
genes (number: 11 654) (Supplementary Figure S3D), and
all marker genes (number: 11 788) (Supplementary Fig-
ure S3E) for Arabidopsis root. Comparing label annotation
results by these three different types of marker genes of
PCMDB (Supplementary Figure S3B, C and D), we found
that the score for label annotation was highest with experi-
mental marker genes, followed by scRNA-seq candidates.

DISCUSSION

Cell type annotation is a crucial step in the analysis of
single-cell RNA sequencing data, and cell marker genes
are useful for the identification and classification of cell
types. The rapid increase of single-cell transcriptomic stud-
ies demands the establishment of a comprehensive and re-
liable resource of cell markers that allows users to eas-
ily predict the potential functions of specific cells of inter-
est. Currently, the CellMarker database provides compre-
hensive cell maker resources for both humans and mice,
PscB only supports single-cell data visualization from Ara-
bidopsis root, and PlantscRNAdb collects publicly avail-
able marker genes for four plant species. However, the un-
standardized annotation of tissues/cells and the lack of
bulk RNA-seq expression and sequence features for marker
genes impacts the widespread usage of PlantscRNAdb.
Hence, we implemented a standardized pipeline to collect
cell marker genes for six plant species and developed several
tools to apply the makers to cell type annotation (Figures

1 and 2). The current marker genes in PCMDB may not fit
the strict definition of cell marker genes, especially for the
bulk RNA-seq-related candidates, which may be involved
at the tissue level. As we intend to develop a comprehensive
database for plant cell marker genes, bulk RNA-seq can-
didates were included in PCMDB, which can provide sup-
porting information, as was done in PlantscRNAdb. For ex-
ample, 25.09% (431/1 718) of the experimentally identified
marker genes overlapped with bulk RNA-seq candidates,
and 86.9% (1 493/1 718) overlapped with scRNA-seq can-
didates in Arabidopsis. This evidence can be mutually veri-
fied, providing more information for users. As in PlantscR-
NAdb and CellMarker, another limitation of PCMDB is
that marker genes may be involved in different cell types,
based on different pieces of evidence, and we included all
of these records. From the result of case study, we can find
that the cell markers in PCMDB can be effectively applied
in cell type annotation in a real scRNA-seq dataset, and ev-
idence of different sources can be complementary for each
other. In other cases, when few or no experimental marker
candidates are available (for example, for the root tissue of
tomato), marker genes from scRNA-seq can also help users
with cell label annotation. Similarly, with absent or few ex-
perimental and scRNA-seq marker candidates (e.g. for leaf
tissue of soybean), bulk RNA-seq candidates may also help
with cell label annotation. The key point is that users should
give different weights or confidence levels for these three dif-
ferent sources, and experimental candidates should have the
highest.

PCMDB, includes more plant species and a higher num-
ber of studies and cell marker genes than PlantscRNAdb
(Supplementary Table S1). More than 90% of the marker
genes in PlantscRNAdb are contained in PCMDB (Sup-
plementary Table S1). As shown in Supplementary Table
S1, the number of cell types is also significantly higher for
the three types of cell marker genes. By collecting expres-
sion information from bulk RNA-seq and scRNA-seq stud-
ies, it is possible to identify specific expression patterns for
marker genes (Figure 2). Hence, users can easily predict the
potential functions of markers of interest. An innovative
feature of PCMDB is the enabling of users to predict cell
types on their own single-cell dataset using two analytical
tools: SCSA and SingleR (Figure 3). We also provide infor-
mation about potential marker genes in plant species that
are not present in PCMDB, by homology search (Figure 3).
Although homology results can provide some clues to users,
it’s not guaranteed for other plant species, especially when
some tissues/cells are absent in some plants.

PCMDB provides a user-friendly interface with which to
browse and access all data via multi-layer webpages, pow-
erful search engines, and download ports (Figure 2). We
will continue tracking marker gene related studies in lit-
eratures and updating the database with novel cell marker
genes annually. Plant species that are currently not included
in PCMDB will be integrated into the next updates of the
database. In the future, we will also integrate different types
of cell markers, such as long noncoding RNA and other
functional regulatory elements, into PCMDB. Finally, we
believe PCMDB constitutes a comprehensive and valuable
resource for cell marker genes in plants, and can be used to
identify cell types in single-cell studies.

https://zenodo.org/
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DATA AVAILABILITY

PCMDB is freely available at http://www.tobaccodb.org/
pcmdb/.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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