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ABSTRACT

Over the last decade, RNA-seq has produced a
massive amount of plant transcriptomic sequenc-
ing data deposited in public databases. Reanaly-
sis of these public datasets can generate additional
novel hypotheses not included in original studies.
However, the large data volume and the require-
ment for specialized computational resources and
expertise present a barrier for experimental biolo-
gists to explore public repositories. Here, we intro-
duce PlantExp (https://biotec.njau.edu.cn/plantExp),
a database platform for exploration of plant gene
expression and alternative splicing profiles based
on 131 423 uniformly processed publicly available
RNA-seq samples from 85 species in 24 plant or-
ders. In addition to two common retrieval accesses
to gene expression and alternative splicing pro-
files by functional terms and sequence similar-
ity, PlantExp is equipped with four online analy-
sis tools, including differential expression analy-
sis, specific expression analysis, co-expression net-
work analysis and cross-species expression con-
servation analysis. With these online analysis tools,
users can flexibly customize sample groups to re-
analyze public RNA-seq datasets and obtain new
insights. Furthermore, it offers a wide range of vi-
sualization tools to help users intuitively under-
stand analysis results. In conclusion, PlantExp pro-
vides a valuable data resource and analysis plat-
form for plant biologists to utilize public RNA-seq.
datasets.

INTRODUCTION

High-throughput RNA sequencing (RNA-seq) has become
a routine approach to exploring gene expression in a
genome-wide manner. A massive amount of plant RNA-
seq data across diverse tissues, developmental stages and
experimental conditions are deposited in public archival
repositories, such as the Sequence Read Archive (SRA,
https://www.ncbi.nlm.nih.gov/sra) at NCBI (1), the Euro-
pean Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena)
at EBI (2), the Sequence Read Archive (DRA, https://ddb;.
nig.ac.jp/DRASearch) at DDBJ (3) and the Genome Se-
quence Archive (GSA, https://ngdc.cncb.ac.cn/gsa) at the
BIG Data Center (4). Retrospective analyses of large col-
lections of RNA-seq data can lead to new biological in-
sights (5-7). For example, more than 10% of RNA-seq
datasets from Saccharomyces cerevisiae are reanalyzed to
generate new hypotheses regarding specific genes (8). These
nucleotide archives are primarily archival repositories for
storage of raw sequence reads. Without specialized compu-
tational resources and bioinformatics skills, experimental
biologists cannot efficiently reuse these datasets.

The utilization of public RNA-seq datasets across di-
verse studies requires uniform processing, which can gen-
erate comparable gene expression data to obtain meaning-
ful analysis results. In animals, >750 000 uniformly pro-
cessed RNA-seq datasets from humans and mice are used
to construct gene expression database for the research com-
munity to perform secondary analysis (9). MetazExp devel-
oped by our group includes 53 615 RNA-seq datasets from
72 metazoan species and offers differential and specific ex-
pression analysis modules (10). In plants, ePlant hosts data
from 1385 samples of Arabidopsis thaliana for visual ex-
ploration of the spatial and temporal dynamics of gene ex-
pression (11). ARS pulled data from ~20 000 public RNA-
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Table 1. Summary plant genome and RNA-seq samples

Order Species Database Study Experiment Volume (GB)
Apiales Daucus carota Ensembl 2 29 124.8
Asterales Helianthus annuus Ensembl 34 1014 6279.9
Lactuca sativa RefSeq 30 542 2861.8
Capparales Arabidopsis halleri Ensembl 13 1267 1344.2
Arabidopsis lyrata Ensembl 20 214 813.6
Arabidopsis thaliana Ensembl 1742 32,061 103 014.7
Brassica napus Ensembl 181 3,948 23011.5
Brassica rapa Ensembl 140 2,328 11614
Raphanus sativus RefSeq 44 338 1030.3
Caryophyllales Beta vulgaris Ensembl 23 395 2402.7
Spinacia oleracea Ensembl 19 272 1076.4
Cucurbitales Citrullus lanatus Ensembl 47 630 3767.5
Cucumis melo RefSeq 36 662 2934.6
Cucumis sativus Ensembl 108 1,119 6199.5
Momordica charantia RefSeq 1 16 56
Euphorbiales Hevea brasiliensis Ensembl 229 290 2310.8
Manihot esculenta Ensembl 32 693 3656.6
Ricinus communis Ensembl 12 52 294.2
Fabales Arachis hypogaea RefSeq 73 1,032 6189.2
Glycine max Ensembl 428 4,028 20 102.1
Glycine soja RefSeq 27 397 1622.8
Ipomoea triloba Ensembl 3 29 107.2
Medicago truncatula Ensembl 71 1,844 8176.4
Phaseolus vulgaris Ensembl 44 757 3371.6
Trifolium pratense Ensembl 7 60 255.3
Vigna angularis Ensembl 8 66 340.9
Vigna radiata Ensembl 15 99 615
Vigna unguiculata RefSeq 2 29 156.4
Geraniales Linum usitatissimum JGI 28 401 1855.4
Juglandales Juglans regia Ensembl 12 162 1026.2
Lamiales Sesamum indicum Ensembl 18 389 1995.9
Liliales Dioscorea rotundata Ensembl 2 19 88.4
Malvales Corchorus capsularis Ensembl 4 11 174.3
Gossypium arboreum Ensembl 17 224 3785
Gossypium hirsutum Ensembl 154 2,526 18 169.1
Gossypium raimondii Ensembl 9 60 245.6
Herrania umbratica Ensembl 1 6 124.4
Theobroma cacao Ensembl 12 222 968.7
Marchantiales Marchantia polymorpha Ensembl 28 256 813.4
Physcomitrium patens Ensembl 120 711 3040.8
Nymphaeales Nelumbo nucifera RefSeq 18 119 803.4
Poales Brachypodium distachyon Ensembl 219 1,258 5836.1
Hordeum vulgare Ensembl 127 5,257 18016
Oryza barthii Ensembl 2 7 91.6
Oryza glaberrima Ensembl 4 11 147.9
Oryza longistaminata Ensembl 4 34 174.7
Oryza nivara Ensembl 4 19 169.3
Oryza punctata Ensembl 1 3 46.2
Oryza rufipogon Ensembl 19 111 786.1
Oryza sativa Indica Group Ensembl 106 1,140 5443
Oryza sativa Japonica Group Ensembl 791 9,965 51874.4
Panicum hallii Ensembl 30 406 4368.6
Saccharum spontaneum Ensembl 13 253 1641.9
Setaria italica Ensembl 118 444 2522.7
Setaria viridis JGI 80 339 1889.7
Sorghum bicolor Ensembl 275 2,090 7262.5
Triticum aestivum Ensembl 318 4,793 40 013.5
Triticum urartu Ensembl 6 72 450.5
Zea mays Ensembl 919 21,612 83 404.2
Principes Elaeis guineensis Ensembl 22 204 1054.6
Jatropha curcas Ensembl 21 130 832.4
Rhamnales Vitis vinifera Ensembl 172 4,182 14,767
Ziziphus jujuba RefSeq 18 252 1760.1
Rosales Malus domestica JGI 87 1,442 6244.5
Prunus avium Ensembl 21 266 1595.5
Prunus persica Ensembl 56 675 3682.1
Pyrus x bretschneideri RefSeq 22 198 1227.1
Rosa chinensis Ensembl 12 177 1251.5
Rubiales Coffea arabica Ensembl 13 226 583.1
Rutales Citrus clementina Ensembl 7 50 340
Citrus sinensis RefSeq 49 571 3657.6
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Order Species Database Study Experiment Volume (GB)
Olea europaea RefSeq 24 325 1510.4
Salicales Populus deltoides JGI 25 1,009 5967.8
Populus euphratica Ensembl 10 61 944 .4
Populus trichocarpa Ensembl 78 1,926 9775.2
Salix purpurea JGI 10 146 1309.3
Selaginellales Selaginella moellendorffii Ensembl 8 99 166
Solanales Capsicum annuum RefSeq 50 1,004 6221.9
Ipomoea nil RefSeq 5 27 52.4
Nicotiana attenuata Ensembl 6 67 320.2
Nicotiana tabacum RefSeq 50 330 2175.2
Solanum lycopersicum Ensembl 357 7,474 22 059.9
Solanum pennellii RefSeq 20 547 846.3
Solanum tuberosum Ensembl 94 1,660 8579.3
Volvocales Chlamydomonas reinhardtii Ensembl 83 1,244 4591.8
Sum 8170 131,423 572 475.1

seq samples of A. thaliana to visualize tissue, developmen-
tal stage and stress condition specificity of gene expres-
sion (12). PPRD uniformly processed ~45 000 RNA-seq
datasets from five important crops such as maize, rice, soy-
bean, wheat and cotton to provide functions of gene ex-
pression retrieval and data mining (13). These plant gene
expression databases are increasingly useful to investigate
gene function and generate hypotheses. Alternative splicing
is a universal regulation mechanism of post transcriptional
gene expression in eukaryotes and plays vital roles in di-
verse biological procedures. Recently, PastDB was built to
provide alternative splicing and gene expression quantifica-
tions of 4. thaliana across tissues, developmental stages and
environmental conditions (14). Other than PastDB, most
plant gene expression databases do not consider alterna-
tive splicing. Furthermore, the conservation of orthologous
gene expression patterns is important for the investigation
of gene function. To our knowledge, no plant gene expres-
sion database so far supports cross-species gene expression
conservation analysis.

Here we present PlantExp (Figure 1), a web-based re-
trieval and analysis platform that builds upon 131 423
publicly available RNA-seq samples from 85 plant species
across 24 orders. It has four important features. First, it in-
cludes by far the largest number of plant RNA-seq sam-
ples. Second, it coveres both gene expression and alternative
splicing profiles. Third, in addition to the database query
and retrieval functions, it offers the multiple online analy-
sis functions including differential expression analysis, spe-
cial expression analysis, co-expression network analysis and
cross-species gene expression conservation analysis. Fourth,
A rich diversity of visualization tools help users intuitively
understand analysis results.

MATERIALS AND METHODS
RNA-seq data collection

We collected 85 species across 24 plant orders in Plant-
Exp including the model species Arabidopsis, and important
crops such as maize, rice, soybean, wheat and so on (Table
1). The 3 biggest plant orders in the database, Poales, Fa-
bales and Solanales included 18, 10 and 7 species, respec-
tively. The reference genome assemblies and annotations of

the 85 species were gathered from the Ensembl (15), RefSeq
(16) and JGI (17) databases.

As for RNA-seq datasets, only sequencing data gener-
ated by the Illumina platform were considered because of
its ubiquity and base-calling accuracy. High-throughput
RNA-seq raw datasets and metadata were queried from Se-
quence Read Archive databases using the combined condi-
tions of platform = ‘Illumina’, Source = ‘transcriptomic’
and Strategy = ‘RNA-seq’. A total of 131 432 RNA-seq
samples from 8303 studies containing 572.4 tera-bases were
collected for construction of the PlantExp database (Ta-
ble 1). As expected, the most represented species were two
model organisms, A. thaliana (thale cress) and Zea mays
(maize), possessing 32 344 and 21 794 samples, accounting
for 24% and 16%, respectively.

To conveniently perform analysis on the collected
datasets by customizing sample groups, we manually cu-
rated sample attributes focusing on cultivar, genotype, tis-
sue, developmental stage and treatment (experimental con-
ditions) based on information embedded in the abstract, de-
scription, and published studies.

Estimation of gene expression profiles

Fastp v0.23.0 (18) was used to trim and filter raw read se-
quences. Hisat v2.1.0 (19) was used for sequence alignment
and data quality assessment. StringTie v2.1.4 (20) was used
to estimate gene expression levels. We collected gene expres-
sion levels by two metrics, TPM (Transcripts Per Million)
and FPKM (Fragments Per Kilobase of gene per Million
mapped fragments). In addition, raw read count numbers
were obtained for online expression analysis using a python
script prepDE.py accompanying StringTie2.

Gene model refinement

Gene models were refined to obtain more alternative tran-
script annotation by a previously described procedure (10).
The RNA-seq datasets with at least 80% unique mapping
rate, at least 100 bp in read length and enough sequenc-
ing bases were used to refine gene models. The requirement
of sequencing volume was adjusted with plant genome size
and its RNA-seq data availability to achieve at least three
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Figure 1. Summary of PlantExp contents and functions.

samples for each species. For example, at least 8G bases
needed to be mapped in wheat, while at least 4G bases were
needed in Arabidopsis. The read alignments of each RNA-
seq sample were assembled into transcripts using StringTie2
with guidance of the reference gene model. For the tran-
scriptome assembly of each RNA-seq sameple, only novel
multi-exonic transcripts with at least 200 bp long, at least
2x coverage and 1x per exon for all exons were retained.
Finally, the novel identified transcripts were filtered out
when they didn’t meet the following occurrence frequency
in RNA-seq samples. The final novel transcripts must oc-
cur in at least three RNA-seq samples and account for more
than a half of experiments of any tissue or at least one-third
of all experiments.

After gene model refinement, for the 85 species the splice
junctions and exons on average were increased by 8.47% and
16.93%, respectively (Supplementary Table S1). The pro-
portion of multi-exonic genes with alternative transcripts
increased from 20.99% to 41.91% on average (Supplemen-
tary Table S1). The alternative transcript number per multi-
exonic gene also on average increased from 1.52 to 2.03
(Supplementary Table S1).

Identification and estimation of alternative splicing

The five classic alternative splicing events including alter-
native 5 splice sites, skipped exon, mutually exclusive ex-
ons, retained intron, and alternative 3’ splice sites were
identified with rMATS v 4.0.2 (21). As expected (22), the
retained intron events generally were the most abundant
type in RNA-seq samples, accounting for 49.26% on aver-
age. There were 91.45% of alternative splicing events whose
exon-intron structures were consistent with alternative tran-
scripts, and 8.55% of events whose exon-intron structures
were inferred from read alignments on exons. To estimate
alternative splicing profiles, the PSI (percentage spliced in)
values were calculated by the JCEC and JC methods (21).
In the former, event counts included both reads that span
junctions (Junction Counts) and reads that do not cross an
exon boundary (Exon Counts). In the latter, event counts
included only reads that span junctions (Junction Counts).

Identification of ortholog genes and alternative splicing
groups

We identified orthologous gene groups based on the longest
protein sequences of genes using orthofinder (23). Or-

tholog alternative splicing groups indicate alternative splic-
ing events that occur in ortholog genes with the same exon-
intron splicing structures. We use the following procedure
to identify ortholog alternative splicing groups. First, the
protein sequences in orthologous genes were aligned glob-
ally using mafft (24). Then, the alignments of protein se-
quences were converted to codon alignments using pal2nal
(25). Finally, we calculated the new coordinates of exons in
transcripts corresponding to the longest protein based on
codon alignments. Alternative splicing events with the same
coordinates based on codon alignments were classified into
an orthologous group. In the 85 plants, we identified 62 897
ortholog gene groups. Based on these ortholog gene groups,
we identified 225 441 putative ortholog alternative splicing
groups.

Gene functional annotation

To support retrieval by gene functional terms, both gene on-
tology and Pfam domain annotation in Ensembl and JGI
database were integrated into PlantExp. For the genomes
from RefSeq genomes, Blast2GO (26) and Interproscan
(27,28) were used to obtain GO and Pfam domain anno-
tation. As for pathway annotation, protein sequences were
submitted to KAAS (KEGG automatic annotation server)
to obtain KO (KEGG Orthology) and KEGG pathway an-
notation (29). Furthermore, transcript sequences were sub-
mitted to psRNATarget (30) to predict microRNA targets.

Online analysis modules

PlantExp includes four online analysis modules of dif-
ferential expression analysis, special expression analysis,
co-expression network analysis and cross-species expres-
sion conservation analysis. DESeq2 (31) and edgeR (32)
were used to compare overall gene expression. The statis-
tical models implemented in TMATS(21) were used to de-
tect differentially spliced genes. WGCNA (33) was used
for weighted gene co-expression network analysis. Plant-
Exp also contained a flexible enrichment analysis procedure
based on the R package ClusterProfiler (34), including the
hypergeometric test and the Gene Set Enrichment Analysis
(GSEA) (35). Phylip v3.696 (36) was used to build molec-
ular phylogenetic tree for ortholog genes. To compare or-
tholog gene expression profiles, the gene expression levels
were log2 transformed ratios of a gene expression in a sam-
ple divided by trimmed mean expression level.
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Figure 2. Database retrieval and result visualization. (A) The retrieved genes by terms or sequence are listed in an interactive table with links for users to

open the gene page showing expression data. (B) The gene, transcript, splicing

and interaction pages are interconnected by the inner links in pages. The

gene, transcript and splicing page have similar layout, including basic annotation information (C), visualized genomic context (D) and expression/splicing
profiles (E). (F) The visual effect of an alternative splicing event on a transcript is shown in the interaction page. The alternative splicing removes 72nts

from the transcript.

Database usage

Web interface. PlantExp is hosted at https://biotec.njau.
edu.cn/plantExp. At the top of the portal page, users can
open the help and FAQ page to learn the full instructions
and frequently asked questions. The body of the portal page
is to introduce database contents and provide entrances to
species. For each species, the data accesses can be divided
into three groups. (i) The summary page provides statis-
tics and links to download gene expression and alterna-

tive splicing data. (i) The search and blast page offer ac-
cess points to retrieve gene expression and alternative splic-
ing data by gene terms and sequence similarity, respectively.
(iii) The comparison, specificity, co-expression and cross-
species pages provide users with access to analysis of the
collected RNA-seq datasets.

Querying the database. Users can search the database
for gene expression and alternative splicing profiles in the
search page by gene ID, symbol, Pfam and pathway terms,
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or in the blast page by gene nucleic acid or amino acid se-
quence. The retrieved genes are listed in an interactive table
with links for users to open the gene page to show gene an-
notation and expression profiles (Figure 2A). Through the
inner links in the gene page, users can open the transcript
page to show an associated transcript’s expression profiles,
as well as open the splicing page to show an associated al-
ternative splicing event’s profiles. Furthermore, by the inner
links in the transcript or splicing page, users can open an
interaction page to show the effect of an alternative splicing
event on an associated transcript. The access relationships
among the gene, transcript, splicing and interaction page
are shown in Figure 2B.

The gene, transcript and splicing pages have similar page
layout. First, the genomic position and relevant annotation
are listed at the top (Figure 2C). Through the links binding
with annotation terms, users can quickly jump to external
databases, such as the Pfam, KEGG, AmiGO and miRbase
(37) database. Most remarkably, users can explore ortholog
gene expression and alternative splicing profiles in other
species by the ortholog group link. The following section
is a genome browser for users to explore gene, transcript
and alternative splicing structure in their genomic context

(Figure 2D). Then, for the gene page, there are two tables
showing its associated transcripts and alternative splicing
events. For the transcript page (or the splicing page), there
is a table listing its associated alternative splicing events (or
transcripts). Finally, a drop-down box is employed to list
all collected studies and an interactive and hierarchical bar
chart is used to show the expression or splicing profiles in
a chosen study (Figure 2E). In addition, the effect of alter-
native splicing on a transcript, such as impact of protein
domain and targets of microRNAs, can be visually shown
in the interaction page (Figure 2F).

Online analysis. PlantExp is equipped with four online
analysis tools to assist users to analyse RNA-seq datasets
collected in the database (see details in Materials and Meth-
ods). The four task submission pages has similar layout.
First, the current status of the analysis server is shown at the
top of four task submission pages including the numbers of
running and waiting tasks. The following section is a sam-
ple retrieval box. In this box, users can only load samples
of interests by setting query conditions, such as RNA-seq
layout, read length, data volume and data source. The re-
trieved samples with the information of cultivar, genotype,
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tissue and so on, are presented in an interactive table. Ac-
cording to sample information, users can flexibly set sample
groups for an analysis task. The next is an area for users to
set analysis methods and parameters. Finally, at the bottom
users assign job name to an analysis task and provide an
email to receive notifications and results.

For a differential or specific expression analysis task, the
result page first provides a heatmap (Figure 3A) and prin-
cipal component analysis (PCA) graph (Figure 3B) to il-
lustrate sample clustering based on overall gene expression
and splicing profiles. Then, the differentially and specifically
expressed/spliced genes are listed in interactive tables. In
addition to gene information, expression/splicing change
values and significance levels, the tables provide links for
users to further open new pages showing gene details and
expression/splicing profiles in selected samples. Finally, bar
charts are presented to exhibit GO and pathway enrichment
analysis on differentially and specifically expressed/spliced
genes.

For a co-expression network (WGCNA) analysis task,
the result page provides diverse graphs or tables to dis-
play analysis results. First, a dendrogram exhibits the clus-
tering relationships of samples based on overall gene ex-
pression profiles. According the dendrogram, users can de-
tect whether outlier samples exist. The identified gene co-
expression modules (networks) are listed in an interactive
table with links for users to open new pages showing func-
tion enrichment bar charts and visual networks. To help
users understand the co-expressed genes, PlantExp gen-
erates a dendrogram of gene clustered using dissimilarity
measure based on topological overlap matrix (Figure 3C).
Finally, a heatmap is used to characterize relationships be-
tween sample groups and gene co-expression modules (Fig-
ure 3D).

For cross-species expression conservation analysis, users
can customize sample groups with similar attributes in any
specified two species to explore gene expression conserva-
tion. In the returned result page, an interactive table is used
to list the consistency of ortholog gene expression intra- and
inter-species. By clicking on the link icons in the table, users
can open a new page to view diagram of curves representing
gene expression profiles covering multiple sample groups,
and an evolutionary tree exhibiting molecular phylogenetic
relationships based on ortholog protein sequences (Figure
3E). The 1:1 ortholog groups are more conserved because of
the importance for exploration of species phylogeny. Plant-
Exp presents a table showing 1:1 ortholog genes differen-
tially expressed in all two-group comparisons. Furthermore,
scatter plots are used to show gene expression ratios of 1:1
ortholog gene pairs (Figure 3F).

A case study to explore alternative splicing induced by cold
stress.  Toillustrate the power of PlantExp, we present here
a case study to explore alternative splicing induced by cold
stress in rice. Two different rice cultivars, Thaibonnet and
Volano, are respectively sensitive and tolerant to cold stress,
and the gene expression level changes at 0, 2 and 10 h at
10°C cold stress have been explored (PRJEB22031) (38). Af-
ter running comparative analysis of selected SRA samples
representing these conditions, we retrieved the result page of
the analysis. From the heatmaps, the samples in four com-

parisons (Thaibonnet 2 h/0 h and 10 h/0 h; Volano 2h/0 h
and 10 h/0 h) were well clustered into control and treatment
groups based on both gene expression levels (Supplemental
Figure S1A) and alternative splicing profiles (Supplemental
Figure S1B). This implied that both overall gene expression
and alternative splicing profiles were altered by cold stress.

MATS_LRT with default parameters was used to detect
gene differentially splicing. A total of 4713 differentially al-
ternative splicing (DAS) events were identified after cold
stress in the two rice cultivars (Figure 4B). In the identified
DAS events, the retained intron was the most abundant al-
ternative splicing type, accounting for 61.3% (Figure 4A).
After 2 h of cold stress, there were a total of 2236 DAS
events detected in two cultivars, in which 393 DAS specifi-
cally occurred in the sensitive cultivar Thaibonnet and 831
DAS specifically occurred in the tolerant cultivar Volano.
After 10 h cold stress, the DAS events were almost increased
to twice, reaching 4234. There were respectively 1147 and
891 DAS events specifically occurring in the Thaibonnet
and Volano cultivar. In addition, The GO and pathway en-
richment analysis revealed functional commonalities as well
as differences in the differentially spliced genes of the two
cultivars after 2 and 10 h cold stress (Figure 4C). These find-
ings about alternative splicing, not reported by the original
study (38) that generated the RNA-Seq data, may gener-
ate new testable hypotheses regarding genes involved in cold
stress of rice.

CONCLUSIONS

In summary, we have constructed the most comprehensive
plant gene expression and alternative splicing database. The
diverse retrieval, analysis and visualization functions make
it a one-stop resource for botanists to explore large pub-
lic RNA-seq datasets. As for future directions, the database
will be continuously updated (12-18 months) when more
RNA-seq and other types (e.g. RNA editing, small RNAs)
data become available.
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