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Intron is a non-coding sequence of a broken gene and participates in important biological processes, such as
transcription regulation, alternative splicing, and nuclear export. With the development of plant genomes, a
comprehensive platform for intron analysis in plants must be established. Plant Intron Database (PID), a publicly
available searchable database, was developed to efficiently store, query, analyze, and integrate intron resources
in plants. The information of intron, exon, and gene can be searched by key words in PID. Users cannot only view
intron length distribution pie chart and 5′ and 3′ splice site sequence feature maps in a statistical interface but
can also browse intron information in a graphical visualization interface through JBrowse. ViroBlast for sequence
homology searches, Intron detection and sequence interception tools were also provided. PID contains annotated
genes from 118 sequenced plants, 24,782,048 introns, 30,843,049 exons, and 414 visual maps. This tool will
greatly accelerate research on the distribution, length characteristics, and functions of introns in plants. PID is
accessible at http://biodb.sdau.edu.cn/PID/index.php.

1. Introduction
Introns are important non-coding sequences that are widely
distributed in eukaryotic genes. Non-coding introns in a freshly tran
scribed pre-mRNA must be removed by a spliceosome comprising five
snRNAs and more than 150 proteins before protein translation (Hoskins
and Moore, 2012; Hang et al., 2015; Zlotorynski, 2019). Although in
trons are not involved in protein coding, they participate in gene
expression and regulation by interacting with corresponding mRNA
sequences (Zhang et al., 2016) and play a role in alternative splicing
(Thatcher et al., 2014; Chen et al., 2019).
Several studies have reported intron properties, such as genomic
DNA base composition (GC content) (Mower et al., 2019), as well as
diversification of length and ordinal position (Zhu et al., 2009; Zlotor
ynski, 2019). In Oryza sativa and Arabidopsis thaliana, the average intron
length and the ratio of total exon length to total intron length are
negatively correlated with the number of introns. (Atambayeva et al.,
2008). Large genes have a small variation in the GC content of introns in
plants (Singh et al., 2016). Intron length regulate alternative splicing by
determining which exons are involved in alternative splicing rather than
constituting splicing (Roy et al., 2008). Intron length also affects the

efficiency of natural selection (Keane and Seoighe, 2016). Research has
shown that length of introns may depend upon gene function and
expression level (Sena et al., 2014). Highly expressed genes contain
more and longer introns than lowly expressed genes in O. sativa and
A. thaliana (Ren et al., 2006; Sena et al., 2014). A convergence of studies
has proved the consensus rule of the splice signal 5′ GT dinucleotide and
3′ AG dinucleotide in eukaryotes (Cheng et al., 1995; Filichkin et al.,
2010).
Several intron databases, such as PIECE (Wang et al., 2013, 2017)
and IntronDB (Wang, 2019), have been developed in recent years. PIECE
is a plant intron–exon database that provides intronless gene and gene
structure information as well as a comparison of gene structures among
49 plant species. IntronDB, a database for eukaryotic introns, shows
dinucleotides around the intron boundaries and the consensussequence
characteristics of each genome compared to PIECE. However, most of
these tools contains less studies of intron characteristics, online tools for
extracting intron information and genome browser to browse and
analyze intron information Next-generation sequencing has led to an
unprecedented development in plant genomics. In this regard, a
comprehensive platform for intron analysis in plants is urgently needed.
In this study, Plant Intron Database (PID) was developed to identify,
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query and browse intron information as well as provide a series of
graphical visualization interfaces for display. Online tools for extracting
intron information and intercepting intron sequences were retrieved and
obtained. PID will become a fundamental comprehensive database for
plant intron research and greatly facilitate further investigation of the
distribution, length characteristics and splicing properties of introns.

bp in Selaginella moellendorffii to 1,528 bp in Amborella trichopoda
(Table 1). The reason for the large variations in intron length in different
species has not been resolved. However, intron length was divided into
15 gradients, and the frequency distribution peak occurs within the
range of 50–100 bp (Fig. 1). This finding suggests that the length of
introns relies on their function (Michael and Manyuan, 1999; Atam
bayeva et al., 2008).

2. Materials and methods

3.2. Relationship between intron length and GC content

2.1. Data sources

The length and GC content of each intron of 30 species in six families
were calculated. When the GC content of introns was sorted from low to
high and the average length of per 1,000 introns and their average GC
content were plotted, their relationship can be represented by a curve
(Fig. 2). Although a curvilinear relationship existed between intron
length and GC content in Brassicaceae, the curvilinear relationship was
not particularly obvious due to the small difference in intron length.

Plant genome sequences and gene annotation files (gff3) were
collected from public platform. The species names were rewritten ID
based on the first letter of the genus of the Latin name and the species
name to facilitate readers. An additional Excel file shows the details
(http://biodb.sdau.edu.cn/PID/Public/table/Sample.xlsx). The length,
position and fasta sequences of introns, exons and genes were scanned
by a pipeline composed of perl scripts and stored in the form of file.

3.3. Database features and utilizations

2.2. Identification of intron–exon splice boundaries

PID collects information from multiple resources and provides a
comprehensive resource of introns. Task batch management are per
formed using analysis scripts. The results provide data files for down
loading and visualizations. Compared with other databases, PID focuses
more on intron characteristics such as length distribution, GC content,
and base preference. PID also provide query function such as unique
identification to search for intron information. In addition, analytical
tools such as online extraction information and interception sequence of
introns, graphical visualization and genome browse to help predict and
browse information of the putative intron (Fig. 3).
The search module is divided into exon, intron, and gene search
(Fig. 4a). Exon search can be used to search exon information through
four keywords, namely, (i) species names, which are listed in Latin
alphabetical order in a pull-down menu, the Latin names of each species
are connected by underscores; (ii) chromosome, in which the corre
sponding examples are enumerated; (iii) exon ID, which refers to a
unique identification to search for exon information; and (iv) exon
starting and ending position. The search results present the details of
species name, chromosome, positive and negative strands, exon ID,
number, starting position, ending position, and length in the form of a
table. The total number of search results and the page numbers are listed
at the top of the search result page (Fig. 4b). The intron search module is
increased by seven entries, including the length and the starting and
ending positions of exons that are located upstream and downstream of
introns, and Detail. (Fig. 4c). When you click on the detail column, you
can access the location of this intron in the JBrowse Genome browser.
Users can view intron details, such as sequence position and length, by
right-clicking the intron track and left-clicking View Details and

Based on the annotation files and genome sequences, both flanks of
the splice sites were intercepted with 6 bp each by perl script, and a 12
bp sequence was obtained to span the splice sites. The motif of the ob
tained 12 bp sequence for 5′ and 3′ splice sites of introns was depicted by
WebLogo (Crooks et al., 2004). Sequences with intron lengths less than
10 bp (Thatcher et al., 2016) and unqualified sequences were deleted to
deal with the frameshift introns.
2.3. Analysis of intron length and GC content
Sequenced genomes were selected from six families, namely, Gra
mineae, Brassicaceae, Solanaceae, Rosaceae, Leguminosae and Ruta
ceae. Five species were selected from each family. The length and GC
content of all introns were calculated and sorted. All introns were
divided into groups containing 1,000 introns each. The average of the
GC content and length of each group was calculated and plotted in a
graph (Zhu et al., 2009).
2.4. Scanning of simple sequence repeats (SSRs) in introns
SSRs were mined using an intron sequence by the perl-based MISA
program (Beier et al., 2017). Default parameters of the MISA program
were selected, and the GFF option fills was set to false.
2.5. Database implementation
PID was constructed using LAMP framework (Linux, Apache, MySQL
and PHP) and debugged via ThinkPHP 3.2.3 and xampp 3.2.2. The web
interface was constructed using HTML 5, Bootstrap, eChart and Java
Script languages. All data and information were stored in MySQL. PHP
script was used to transfer query information and extract data from
MySQL database to generate the result page. In addition, the genome
browser tool was implemented by JBrowser (Skinner et al., 2009). For
interactive alignment of exon sequences, BLAST was performed by
ViroBLAST (Deng et al., 2007).

Table 1
Number, length, GC content and intron-containing genes of intron, exon and
gene.

3. Results and discussion
3.1. Distribution characteristics of intron
A total of 24,782,048 introns were analyzed in 118 plants. The GC
content of introns of different species had relatively large variations,
ranging from 24.2 % to 64.3 %. The GC content diversity may play a
significant role in the evolution of the Earth’s biological community
(Smarda et al., 2014). The lengths of the average introns varied from 110
2

Average

Maximum (species)

Minimum (species)

Introns/gene

4.09

Exons/gene

5.09

Intron-containing
genes
Intron length (bp)

35,507.81

Auxenochlorella
pyrenoidosa
Auxenochlorella
pyrenoidosa
Humulus lupulus

468.44

Amborella trichopoda

Exon length (bp)
Gene length (bp)
Intron GC (%)
Exon GC (%)

314.71
3,475.12
36.28
46.82

Gene GC (%)

41.02

Corchorus olitorius
Symbiodinium minutum
Chlorella variabilis
Aureococcus
anophagefferens
Emiliania huxleyi

Ostreococcus
lucimarinus
Ostreococcus
lucimarinus
Ostreococcus
lucimarinus
Selaginella
moellendorffii
Chlorella variabilis
Fragaria orientalis
Olea europaea
Corchorus olitorius
Olea europaea
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statistic module table (Fig. 4f). The relationship between average intron
length (y-axis) and GC content (x-axis) among all species indicates that
the GC content of algae is relatively large, regardless of intron length
(Fig. 4g). This finding may be related to some mechanisms of plant
evolution.
The tool module is mainly used for online extraction information and
interception sequence of introns. Gff or sequence file can be imported by
pasting from a clipboard,(Fig. 4i). In the tool of interception intron se
quences, the options of chromosome, chain, starting position, and
ending position must be filled in. The starting and ending positions refer
to from 5′ end to 3′ end (Fig. 4k). When the bottom of submit is clicked,
the result files are opened in a new page and can then be downloaded
(Fig. 4j). Exon location page to deal with the information based on the
information obtained by exon sequences BLAST alignment, then user
can get R script to draw an exon location map by R software.Blast which
could extract conserved exon sequences from multiple plant species.
BLAST was implemented by using ViroBLAST for sequence homology
searches. User can search sequences of one species or multiple species
including coding sequences. BLASTN can be conducted to search the
sequences of scaffolds and gene CDS (Fig. 5).
The reference genome sequence, gff3, exon and intron information
file are included into the genome browser (Fig. 4l). In Jbrowse page, the
left column lists three options, namely, gff, intron, and the reference
sequence of plant species genome. The right column displays the gff and
intron information when users click on the selection in the left column.
Each chromosome or scaffold or contig can be selected from the drop
down menu at the top. Detailed intron information such as sequence,
location, and length, can be conveniently browsed by zooming in and
out the interested region to view the information by clicking on intron
tracks. In the gff area, a complete scaffold, contig, or a gene information
is described above.
The SSR module collects the information of monomer, dimer, trimer,

Fig. 1. The intron length distribution pie chart. Each sector shows the pro
portion of introns of this length span.

download the sequences.
The statistic module provides statistical information in table and
figure formats (Fig. 4d). The identifiers of Taxonomy database of Na
tional Center for Biotechnology Information (NCBI) were provided for
each plant, and species ID in statistics interface can be linked to the
Taxonomy database. Each species has a detailed column that provides
graphical visualization for the splice site and intron length of species.
A. thaliana was selected as an example; it has conserved dinucleotides at
intron termini, presenting the GT-AG rule. Introns have long splice
motifs with five preferred nucleotides at both ends (5’-GTAAG…
TGCAG-3’) (Fig. 4e). The intron length distribution peaks at 50–100 bp
(Fig. 4h). The average intron length of all species is displayed below the

Fig. 2. Variation of intron length with GC content in 6 families. (a) Rutaceae (b) Gramineae (c) Rosaceae (d) Leguminosae (e) Brassicaceae (f) Solanaceae.
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Fig. 3. The overview of PID. Block diagrams showing the modules and functions of PID. Data collection and Input data are on the left, output data presented on the
right. A pipeline was used to scan each genome sequence and genome annotation file to generate data report and visualizations.

Fig. 4. Sample results of different modules. (a) Search page. The page contains exon search, intron search and gene search. (b) Exon search results. (c) Intron search
results. (d) Statistic page. The page contains 118 plants’ information, and Details. (e, h) Statistic page detail information. Pie chart of intron length distribution and
the signature diagram of sequence features around the splicing site. The frequency distribution of nucleotides at 5′ splice site and 3′ splice site in A. thaliana. The
frequencies of A, T, G, and C at each position are represented by the height of the corresponding letter. (f) Display average intron length histogram of all species. (g)
Dot plot for average intron GC content and average intron length comparison in all species. (i) Tool for identifying intron information. (j) The display of a sample
tool’s results. (k) Tool for intercepting intron sequences. (l) The Jbrowse tool for visualizing the gff and intron information.
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Fig. 5. ViroBLAST for sequence homology searches.

tetramer, pentamer, hexamer, and other SSR-related information. The
SSR-related information of species is queered by inputting species names
in the search box. The starting and ending positions, length, and
sequence of introns, exons, and genes; detailed information about plant
species; and intron information scan script can be downloaded for free in
PID.
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