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Abstract

Alternative splicing (AS) increases the diversity of transcripts and proteins through the selection of different splice
sites and plays an important role in the growth, development and stress tolerance of plants. With the release of the
reference genome of the tea plant (Camellia sinensis) and the development of transcriptome sequencing, researchers
have reported the existence of AS in tea plants. However, there is a lack of a platform, centered on different RNA-seq
datasets, that provides comprehensive information on AS.

To facilitate access to information on AS and reveal the molecular function of AS in tea plants, we established the first
comprehensive AS database for tea plants (TeaAS, http://www.teaas.cn/index.php). In this study, 3.96 Tb reads from
66 different RNA-seq datasets were collected to identify AS events. TeaAS supports four methods of retrieval of AS
information based on gene ID, gene name, annotation (non-redundant/Kyoto encyclopedia of genes and genomes/
gene ontology annotation or chromosomal location) and RNA-seq data. It integrates data pertaining to genome
annotation, type of AS event, transcript sequence, and isoforms expression levels from 66 RNA-seq datasets. The AS
events resulting from different environmental conditions and that occurring in varied tissue types, and the expression
levels of specific transcripts can be clearly identified through this online database. Moreover, it also provides two use-
ful tools, Basic Local Alignment Search Tool and Generic Genome Browser, for sequence alignment and visualization
of gene structure.

The features of the TeaAS database make it a comprehensive AS bioinformatics platform for researchers, as well as a
reference for studying AS events in woody crops. It could also be helpful for revealing the novel biological functions
of AS in gene regulation in tea plants.
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Background

Alternative splicing (AS) refers to pre-mRNA processing
events that produce multiple mRNAs from the same gene
through variable selection of splice sites. It is an impor-
tant mode of regulating gene expression and increasing
protein diversity [1]. AS can be grouped into four main
types: intron retention (IR), alternative 3’ splice sites
(A3SS), alternative 5 splice sites (A5SS), and exon skip-
ping (ES). AS has been found to be involved in growth
and development of cell types, metabolism, and regulates
the response to biological and abiotic stress in many plant
species [2—4]. For example, the FLOWERING LOCUS M
(FLM) is subject to temperature-dependent AS that regu-
lates flowering in Arabidopsis [5]. In addition, the gene
involved in the AS of an MYB transcription factor affects
anthocyanin biosynthesis in tomato fruits, and mutations
in the splice sites cause a complete loss of function in the
wild-type protein [6]. Moreover, LIHSFA3B-III, an AS
isoform of LIHSFA3B (heat stress transcription factors),
was also found to regulate abiotic heat stress in lily plants
[7]. In tea plants, an AS-associated analysis of different
tissues showed that it could regulate the flavonoid path-
way through certain transcription factors and functional
genes [8]. In response to cold stress, plants undergo AS
to regulate expression of genes involved in sugar metabo-
lism pathways and those coding for antioxidant enzymes
[9]. Furthermore, AS isoforms of the CsLOX gene were
generated by tea geometrid feeding and Glomerella cin-
gulata infection. Thus, AS plays an important role in
plant growth, development and response to stress. AS
databases have been established in many other crops,
such as cucumber [10]. In addition, a comprehensive AS
database of plant communities was established, including
that of cotton [11], tomato [12], fruit plants [13], Brachy-
podium distachyon [14] and other crops. The establish-
ment of these databases enriches the knowledge on gene
functions and facilitates access to AS-related informa-
tion; however, till date, there is no comprehensive data-
base of AS in tea plants (Camellia sinensis).

The tea plant is an important perennial evergreen
woody crop of significant economic and cultural impor-
tance [15]. Tea leaves are used for making tea beverages,
which is one of the three most popular nonalcoholic
beverages consumed worldwide. It not only contains
polyphenols, catechins, caffeine, and other flavorful com-
positions, but it also provides health-promoting benefits
[16, 17]. Several databases have been established to facili-
tate the study of tea plants [18-20], however, these do not
include the information associated with AS.

With the release of the reference genome of the tea
plant [21-23], researchers have made great progress in
the understanding of functional genes and their regula-
tory mechanisms, which also provides a basis for the
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identification of AS. Transcriptome sequencing has
become an important way to study the biological func-
tions of genes. Recently, transcriptomes in response to
different environmental conditions have been analyzed in
many plant species [24, 25]. In tea plants, transcriptome
sequencing has been used to understand the expression
of genes responsive to low temperature, salinity, drought,
and heat stress [9, 26, 27], and also to reveal the mecha-
nisms of self-incompatibility, secondary metabolism,
and development [28-30]. These studies have enriched
the understanding of the biological function of genes in
tea plants, but they only focused on a single transcript
derived from each gene, and did not investigate the
function of multiple transcripts arising from AS events.
Therefore, the role of AS in these biological processes
in tea plants is unclear. Mapping the RNA sequence
(obtained by RNA-seq) to the reference genome and
assembling the genomes are important steps to identify
AS events, which promote the understanding of the bio-
logical function of AS. Thus, the objective of this study
was to establish a comprehensive AS database of tea
plants, the TeaAS, to provide researchers with a public
and freely available AS database.

Construction and content

Data sources

The genome of the tea plant (Camellia sinensis var. sin-
ensis cv. suchazao) was used as the reference genome
[21]. The current release of the tea plant genome and
genome annotations were collected from the TPIA plat-
form (http://tpia.teaplant.org/). Sixty-six RNA-seq data-
sets associated with different environmental conditions
or tissue types were downloaded from the SRA database
(https://www.ncbi.nlm.nih.gov/sra/). Details of all RNA-
seq data are provided in Additional file 1: Table S1.

Data processing

The SRA Toolkit was used to download RNA-seq data
from the NCBI Sequence Read Archive (SRA) database.
All raw sequencing data were filtered through the Trim-
momatic (v0.36) software with the same standard [31].
The adapter sequence was removed by the ILLUMINA-
CLIP parameter with a minimum adapter length of eight.
In addition, reads with a continuous 5 bp base average
quality below 20 and a length under 36 bp after filtering
were filtered out. The remaining paired reads were used
for subsequent analyses.

The filtered RNA-seq reads were mapped to the refer-
ence genome using Hisat2 (v2.1.0) with default param-
eters. The generated sequence alignment map (SAM)
files were converted to BAM files by Samtools software.
Then transcripts were assembled using StringTie soft-
ware (v.1.3.5) with default settings [32]. Finally, the gene
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transfer format (GTF) files from each sample in the same
transcriptome were merged using the StringTie with “—
merge” parameter.

Identification of AS events

The online tool AStalavista (http://astalavista.sammeth.
net/) was employed to identify the AS events from dif-
ferent transcriptome datasets [33]. Briefly, the merged
GTF files were submitted to the website by selecting
other organisms, and the other options used default val-
ues. Four major types of AS events, including IR, A3SS,
A5SS, ES, and multiple splicing events occurring on a
single transcript were extracted from the output files
and counted, respectively. The reads number of splice
sites and differential expression of the AS genes were
analyzed by rMATS (v.4.1.1, rnaseq-mats.sourceforge.
net/) software [34].

Transcripts per million reads (TPM) were used to
quantify the transcript expression levels. The TPM from
each sample was calculated using StringTie. Then, the
gene ID, transcript ID, and their TPM were extracted to
form a dataset of all the transcript expression levels. To
avoid the effect of very weakly expressed transcripts on
the accuracy of the results, we filtered out transcripts
with TPM less than one in all the samples. A gene is con-
sidered to have undergone AS only if it has at least two
mRNAs are produced from the precursor-mRNA and the
TPM of these transcripts is greater than one in at least
one sample.

Functional annotation of transcripts

All amino acid and nucleotide sequences of the full-
length transcripts and AS isoforms were extracted using
GTF files generated by Stringtie. NR, GO and KEGG
annotation databases were used to compare all tran-
scripts to the annotations of the reference genome. The
coding region and amino acid sequence of the newly
generated transcripts were predicted using the Trans-
Decoder software (https://github.com/TransDecoder/
TransDecoder, v5.5.0). Only one coding sequence (CDS)
per transcript was the output using the “—single_best_
only” parameter and homology search against the Uni-
Prot database. To prevent the generation of nonsense
codons or short peptides, we used any amino acids
greater than or equal to 100 aa for further analysis. The
domains information of all amino acids was identified
using the Pfamscan software (ftp://ftp.ebi.ac.uk/pub/
databases/Pfam/Tools/).

Utility

A multistep process was used to construct the TeaAS
database (Fig. 1). The TeaAS web interface offers four
main functional sections, including Home (search),
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Summary, Tools, and Download, to provide information
on the AS. In addition, the links section provides users
with links to the genome and other databases of tea spe-
cies, Users can provide feedbacks through the “Contact-
ing Us” section.

General functions

The home page contains the search interface (Fig. 2). The
users can search the database using the gene ID (e.g.,
CSS0013065.1), gene name (e.g., bZIP transcription fac-
tor), gene annotation [non-redundant (NR), Kyoto Ency-
clopedia of Genes and Genomes (KEGG), gene ontology
(GO) annotation, and chromosomal location], and RNA-
seq datasets (e.g., drought stress). Search results are rep-
resented on the results page in two ways. First, a list of
genes and associated information would be presented
if the user conducted the search for all the above-men-
tioned annotations and for varying environmental condi-
tions (Fig. 3a). Each gene in the list can be double-clicked
to determine the environmental condition upon which an
AS event has occurred. The transcript and protein prod-
ucts of the AS event can be visualized after a gene and
treatment are selected. Second, the environmental condi-
tions and genetic information are rendered when the user
searches with gene IDs and gene families (Fig. 3b). Sub-
sequently, the details of the AS event can be browsed by
clicking on one environmental condition.

Database overview

Data and statistical information can be found on the
summary page (Additional file 2: Figure S1). This page
provides: (I) the transcriptome information, which
includes an introduction to the transcriptome, the NCBI
accession number, information for each treatment sam-
ple, and corresponding publications; (II) statistics of the
four major types of AS events and the number of AS
genes (Additional file 3: Table S2); (III) the percentage
of AS genes among all annotated genes; (IV) the distri-
bution of AS genes on 15 chromosomes; (V) annotation
information of all AS genes; and (VI) percent spliced in
(PSI) between treatments and the number of reads at
splice sites (Additional file 4: Table S3).

The results showed that a total of 131,924 AS events
were identified in 11,320 genes in the transcriptome
of PRJNA576575, whereas only 9,152 AS events were
identified in a self-incompatibility transcriptome
(PRJNA355226). This may be due to the differences in
treatment conditions of the tea plants and the size of
the sequencing data. A total of 28,648 genes underwent
AS, which accounts for 56.7% of the total number of
annotated genes (50,525). Moreover, only 0.56% of the
genes that underwent AS were common in all the tran-
scriptome datasets.
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Fig. 1 Workflow of the construction of the TeaAS database
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A Search of 'salinity stress and drought stress'
Gene ID Location GO annotation Description KEGG annotation

1 CSS0000996.1 Chr9: 92363565--92370946 strand Cellular Component: nucleus (GO: hypothetical protein JCGZ_15866 K06630

2 (CSS0002278.1 Chr15: 114694401--114695107 str Molecular Function: calcium ion bin PREDICTED: calcium-binding aller K13448

3 CSS0002553.1 Chr2: 61799305--61814640 strand: non_annt hypothetical protein MIMGU_mgv1 non_annt

4 CSS0004104.1 Chr12: 67774888--67780504 stran Molecular Function: high-affinity gi PREDICTED: sugar transport prote non_annt

5 (CSS0004210.1 Chr7: 63605025--63624701 strand: Molecular Function: monooxygena Cytochrome P450, family 71, subfa non_annt

6 CSS0004818.1 Chr8: 109748834--109751821 stra non_annt Acyl-CoA sterol acyl transferase 1, non_annt

7 CSS0005847.1 Chr9: 85590364--85591513 strand: Cellular Component: plant-type cell PREDICTED: protein EXORDIUM non_annt

8 (CSS0008166.1 Chr4: 91064859--91065279 strand: non_annt PREDICTED: proteinase inhibitor non_annt

9 (CSS0008676.1 Chr9: 118778026--118778295 stran non_annt hypothetical protein CISIN_1g0360 non_annt

10 CSS0010972.1 Chr1: 40592342--40595214 strand: non_annt PREDICTED: putative serine/threo non_annt v

10 v Page| 1 |of 749

B Gene result 1

>

Displaying 1 to 10 of 7488 items

Gene ID:

CSS0043153.1 chitinase

GO annotation:

Molecular Function: chitinase activity
(G0O:0004568);Biological Process:
carbohydrate metabolic process
(G0O:0005975);Biological Process: chitin
catabolic process (G0O:0006032);
Molecular Function: chitin binding
(G0O:0008061);Biological Process:

cell wall mac

Description:

Location:
Chr1: 168777315--168779426 strand:+

KEGG annotation:
K20547

Click one RNA-seq data to view AS information

salinity stress and drought stress [{]]

different nitrogen treatment [{/]

Fig. 3 Search results by gene ID, gene name and RNA-seq datasets. a The list of genetic information based on gene annotation and RNA-seq
datasets; and b results page upon searching by the gene ID and gene name

Other functions
TeaAS mainly provides users with two effective
tools, Basic Local Alignment Search Tool (BLAST)
[35] and Generic Genome Browser (GBrowse).
BLAST can be used to find homologous sequences
in the tea plant. Users can compare the query
sequences with any of the assembled transcripts
from the 66 transcriptome datasets. The results
could then be analyzed for the occurrence of AS
events. GBrowse was used to visualize the gene
structure of tea plants, including the transcripts
from 66 transcriptome datasets.

The download page allows users to download all
the data for free. The assembled GTF files, AS event

identification files, and all transcription expression
files from 66 transcriptome datasets can be down-
loaded from this page. Moreover, the results of the
search can also be downloaded directly. In addition,
TeaAS provides a link to the tea plant genome website
and to the other tea plant databases on the link page.

Usage cases

Case study 1, To search for AS events in a gene: The users
can directly use the gene name and gene ID to search
whether the gene is capable of undergoing AS. At the
same time, users can also submit a sequence for confirm-
ing the gene ID by the BLAST tool. For example, a search
with the ID CSS0005154.1 yields the result that the gene



Mi et al. BMC Plant Biol (2021) 21:280

encodes a NAC transcription factor and undergoes AS
events under multiple treatment conditions, such as salt
stress, exposure to sucrose, and cold acclimation. In addi-
tion, users can identify genes that undergo AS a specific
treatment. For instance, many disease-resistant genes
and transcription factors undergo AS under conditions of
gray blight disease.

Case study 2, To obtain details associated with AS
genes: For example, retrieval based on the gene ID
CSS0011081.1 yields the WRKY gene, which is located
on chromosome 14, encodes a transcription factor,and
has no GO and KEGG annotations. Furthermore, the
conditions under which AS events have occurred can
also be identified, such as anthracnose diseases, in differ-
ent tissue types, and upon shade treatments. After click-
ing on “different tissues 2,” we determined that this gene
undergoes AS and yields two transcripts, CSS0011081.1
and MSTRG.14319.1 (Fig. 4a). The structure of these two
transcripts is shown in Fig. 4b, where the second exon
of the AS isoform is missing. The RNA sequence, cod-
ing sequence (CDS), and amino acid sequences of the
transcripts can be viewed directly from the sequence
options (Fig. 4c). The two transcripts were found to have
the highest expression levels in the flowers through the
data of expression levels (Fig. 4d). Although a 30 bp
nucleic acid sequence was lacking in the AS isoform, this
sequence was not present in the WRKY domain (Fig. 4e).

Discussion

AS is a gene regulatory mechanism that has been
shown to play an important role in plant growth and
development and in responses to biotic and abiotic
stresses [1, 2, 36]. In tea plants, AS is involved in gene
expression associated with metabolism [37], response
to low temperature [9], and drought stress [38]. How-
ever, there is a lack of data available for researchers
regarding AS in tea plants. In this study, we have
established, for the first time, a comprehensive AS
database for tea plants. The datasets included in our
database can be used as a reference for AS, and the
abundant transcriptome data can provide basic infor-
mation on gene function.

AS databases have been reported in other plants. For
example, an AS database for cucumbers, named CuAS,
provides detailed information on AS events and tran-
scripts [10]. This database provides information on the
AS isoform sequences, domains, and expression levels.
In addition, a large number of tissue-specific AS events
have been identified in CuAS. However, sequencing data
from only 17 different tissues of two cucumber species
were included in this database, which is far from what is
sufficient to fully understand the AS in cucumber plants.
Another AS database was established in tomatoes [12],
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wherein 300,665 expressed sequence tag sequences and
27 transcriptome datasets were used to identify AS.
Compared to the cucumber database, the tomato data-
base represented a variety of tissue types, however, it
only provided a search page with limited AS information.
To enrich the content of the database established in this
study, we collected 66 transcriptome datasets obtained
upon exposure to different environmental conditions for
a total of 3.96 Tb sequencing reads, making the identi-
fication of AS in tea plants accurate and comprehensive.
Additionally, more information about full-length tran-
scripts and AS isoforms is presented on our website, and
useful tools for analysis are provided. Thus, TeaAS can
be used as a reference for the AS in tea plants. With the
publication of a high-quality tea plant genome sequence,
the Tea Plant Information Archive (TPIA) was estab-
lished [18], which contains information on the tea plant
genome, transcriptome, and metabolome. It provides a
powerful tool for analyzing genomic data and elucidat-
ing biological mechanisms of growth and development in
tea plants. The database of simple sequence repeat (SSR)
markers [19] and co-expression networks [20] have been
established in tea plants, providing a basis for the study
of functional genes and breeding in tea plants. However,
a database related to AS has not been reported yet. The
establishment of TeaAS would provide an important
tool for studying gene regulation in relation to AS in tea
plants.

TeaAS provides a comprehensive information on AS
by mapping RNA-seq data to the reference genome.
In recent years, with the development of sequenc-
ing technology, numerous transcriptome datasets
have been sequenced. For instance, transcriptome
sequencing has revealed that several genes involved
in sugar metabolism, proline metabolism, induction
of CBF (C-repeat binding factor) expression, and the
cold-responsive (ICE—CBF — COR) pathway play key
roles in cold acclimation in tea plants [39]. Using the
same data for AS analysis, researchers found that AS
could also affect the sugar metabolism pathway. Fur-
thermore, AS may respond to low temperatures via
oxidoreductase and transcription factors (e.g. bHLH,
WRKY) [9]. In addition, there have been several
reports identifying genes related to anthocyanin syn-
thesis in tea plants [40, 41]. In fact, the synthesis of
anthocyanin was not only regulated by the full-length
transcripts, but also by AS isoforms of genes such as
anthocyanidin reductase (ANR) and anthocyanidin
synthase (ANS) [37]. These results indicated that AS
plays an important role in regulating metabolism and
stress responses of tea plants. To facilitate the acqui-
sition of AS information, TeaAS provides researchers
with a simple search interface.
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AATGGAATCAAGAATGGATTATACAAGTCTCAACCTCAACCTCAACA
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Conclusions

In summary, TeaAS is a platform that provides compre-
hensive information on full-length transcripts and their
AS isoforms in tea plants. The establishment of TeaAS
provides a reference for AS and would be helpful in
potential role of AS in gene regulation via comparative
analyses in tea plants.
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