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Abstract: Pre-mRNAs splicing is one of the fundamental process which generates multiple transcripts from a single gene, 

contributing to transcriptome and proteome diversity. AS is regulated by the cooperation of trans-factors and cis-elements. In 

plants, extensive alternative splicing occurs not only in tissue-specific manner but also in response to stress conditions. Intron 

retention is the most predominant splicing type. However, the cis-elements regulating intron retention are still ambiguous in 

plants, especially under environmental stresses. This study aimed to elucidate the cis-elements underlying intron retention in 

plants under adverse enrironments. Using RNA-seq data of rice cultivars IRAT109 and ZS97 under drought environments, we 

compared the sequence characteristics between constitutive and retained introns. The results show that the main AS types 

include intron retention (IR), alternative acceptor sites (AA), alternative donor sites (AD) and cassette exon (exon skipping, 

ES). Among of them, IR was the prevelent pattern with frequencies of 30.8-31.2%. Motif analysis of 5' and 3' 200bp intron 

sequences found rich U(T) in the motifs for both constitutive and retained introns. By further analysis of base composition of 

sequences flanking splice sites, we detected a notable difference in U(T) content between introns and their neighboring exons 

in constitutive introns, but not in retained introns. The results in this study suggested that the lack of significant changes in U(T) 

content between retained introns and neighboring exons might be a potential cis feature of intron retention. 
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1. Introduction 

Alternative splicing (AS) is a process by which different 

combinations of exons can be joined together to produce a 

diverse array of messenger RNA (mRNA) isoforms from a 

single primary transcript. This process is a common 

mechanism for controlling gene expression and generating 

protein diversity in higher eukaryotic cells [1, 4, 36]. 

Several types of AS events have been explored, including 

intron retention (IR), exon skipping (ES), alternate 5′ splice 

sites (alternate donor site, AD) and alternate 3′ splice site 

(alternative acceptor site, AA) [4]. The accurate regulation of 

AS needs the cooperation of trans-factors and cis-elements 

[26, 34]. Increasing evidences show that additional 

mechanisms help generate plastic AS events with high 

specificity and fidelity, including the regulators of 

spliceosome assembly, chromatin remodeling, epigenetic 

modification, RNA structure and so on [2, 24]. 

In recent years, cis-acting elements have been identified 

with a profound influence on splicing outcome [3, 5, 25]. The 

cis-elements regulating intron recognition and excision 

include the consensus splice site sequences (mainly GT and 

AG at the intron termini), branch point sequence YURAC, 

exon splicing enhancers (ESE), exon splicing silencers (ESS), 

intron splicing enhancers (ISE) and intron splicing silencers 

(ISS) [22]. Besides these major cis-features for intron 
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excision, others like exon length, intron length, RNA 

modification and base content of introns and exons also have 

an impact on the correct identification and splicing of introns 

[19, 32]. Increasing efforts were put into AS behavior and 

regulation in computational biology field, known as 

"Splicing Codes" [12, 14, 17, 20]. 

Intron retention has been revealed to be an important 

component to finely tune transcriptomes in mammals [7, 13]. 

Weak 3' splice site recognition and differential GC content 

between exons and introns have been shown to establish 

splicing strategies of introns in human [27]. A recent study in 

Drosophila has suggested that the introns with increased 

retention have exon-like characteristics, including the length, 

GC content, and RNA polymerase II occupancy [6]. In plants, 

GC-rich exon sequences in pre-mRNAs have been reported to 

act as recognition targets [16]. The unusual UA- or U-rich 

compositional bias of plant introns was thought to be 

important for correct mRNA processing and splice-site 

selection [11, 16]. 

Substantial evidence suggests AS is an essential 

post-transcriptional regulatory mechanism in plant 

development and environmental response [15, 19, 33]. 

Although IR has been extensively demonstrated to be the 

predominant type of AS in plants [8, 18, 29, 35, 37], the 

mechanism influencing efficient splicing of retained introns 

is yet to be determined, especially in plant responsive to 

abiotic stresses. In the present study, we aim to decode the 

sequences characteristics regarding to intron retention events 

in plant under environmental stress through analyzing 

RNA-seq data of rice under drought stress. We found the 

potential role of the stiff UA-content differences between 

intron and exon in promoting intron splicing. 

2. Data and Methods 

2.1. Plant Materials, cDNA Libraries Construction and 

Illumine Sequencing 

Rice accessions IRAT109 and ZS97, drought-resistant and 

drought-sensitive variety, respectively were grown in 

separated pots in greenhouse, for 4 weeks in well-water 

conditions and followed by one-week with or without 

watering as control or drought stress treatment. Total RNA 

was extracted from the leaves of two independent pots 

separately as two biological replicates for each variety using 

plant RNA kit (OMEGA Bio-Tek, USA). cDNA libraries and 

Illumina sequencing was performed at Novogene 

Bioinformatics Technology Co., Ltd., Beijing, China 

(www.novogene.cn) individually for each using Illumina 

sequencing platform (HiSeqTM 2500). The detailed RNA 

preparation, libraries construction and sequencing were 

described in a previous report [37]. 

2.2. Transcriptome Assembly and Alternative Splicing 

Analysis 

FastQC analysis was performed to estimate the quality of 

the raw reads. After trimming adapter sequences and filtering 

low-quality reads with >5% ambiguous bases and 

low-quality reads, the clean reads were used to assembly the 

transcriptome based on the reference genome of 

Os-Nipponbare-Reference-IRGSP-1.0. TopHat 2.0.11 

program was used for read mapping and cufflinks were used 

for transriptome assembly [30]. Cuffmerge were employed to 

generate comprehensive transcripts [10]. Splice junction 

information was analyzed using ASTALAVISTA software 

[9]. The detailed analyzing method were previously 

described [37]. 

2.3. Investigation of AS-Associated Cis Features 

The datasets for motif analysis were obtained using 

in-house Perl scripts with genome sequences and exon/intron 

boundary position information (Figure 1). In brief, to 

compare potential motif in retained and constitutive introns, 

the 5' and 3' 200bp sequences were retrieved from the 

constitutive and retained introns, respectively. To compare 

the base content of sequences relevant to intron splicing, the 

200bp sequences flanking donor and acceptor sites were 

retrieved for retained and constitutive introns, respectively. 

MEME suite web version was employed for motif searching 

with 6- and 15-mers as the minimum and maximum width of 

each motif, respectively [21]. Sequences retrievement and 

calculation of base content in the sequences was performed 

with in-house Perl scripts. 

 

Figure 1. Sequence retrievement for obtaining datasets for cis-feature 

analysis of intron retention. (A). The parameters used to retrieve the four 

datasets used to compare potential cis-elements in retained and constitutive 

introns. (B) The parameters used to retrieve the four datasets used to 

compare the base content of sequences flanking donor and acceptor sites of 

retained and constitutive introns. The gray boxes represent exons and the 

white boxes indicate introns. 

3. Results 

3.1. Transcripts Assembly and Alternative Splicing Analysis 

About 30.6 million 100-bp paired-end clean reads pairs for 
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each library were generated after adapter trimming and 

low-quality reads filtered. On average, about 53.7 and 51.3 

million reads were uniquely mapped to reference in 

Zhenshan97 and IRAT109 respectively. AS events were 

identified using ASTALAVISTA [9]. 19120 events of 9342 

genes and 20091 AS events of 9644 genes were detected in 

Zhenshan97 and IRAT109 respectively. Totally 5301 genes 

show AS in both samples, whereas 4041 and 4343 genes show 

AS either in Zhenshan97 or in IRAT109. The main AS types 

include intron retention (IR), alternative acceptor sites (AA), 

alternative donor sites (AD), cassette exon (exon skipping, ES). 

IR was the prevelent pattern with frequencies of 30.8% and 

31.2% in Zhenshan97 and IRAT109, respectively [37]. 

3.2. The Cis-features of Retained and Constitutive Introns 

While numerous studies have attempted to investigate the 

mechanisms underlying AS, many questions still remain, 

particularly the cis features underlying intron retention in 

plants. Regulatory cis elements in AS regions can serve as 

binding sites for trans-splicing factors to recruit the splicing 

machinery [23]. The prevalence of IR events in plant 

encouraged us to explore the different cis-elements between 

retained introns (RIs) and constitutive introns (CIs). The base 

content and ratio between RIs and CIs in the two genotypes 

were analyzed using the genome sequences and 

transcriptome data. To acquire the constitutive introns data 

sets, the merged gene model file was used to identify introns 

larger than 200 bp in a given genes and spliced out in all 

transcripts (Figure 1A). For the retained introns data sets, 

genes containing introns larger than 200 bp and from IR 

events common to the two rice genotypes were identified 

(Figure 1A). The 5′ and 3′ 200 bp sequences from 1596 

constitutive introns and 1498 retained introns were used to 

screen 6- to 15-mer conserved motifs using the MEME suite 

[21]. The constitutive introns generated a highly conserved 

15-nucleotide motif with enriched C and T nucleosides in 5′ 

sequences and a 12-nucleotide motif with enriched T 

nucleosides in 3′ sequences, especially T-quadruplex at first 

4 sites (Figure 2, CI 5′ and CI 3′). Slightly different motifs 

were identified in the 5′ and 3' sequences of retained introns. 

These motifs were similar with a high proportion of the 

nucleoside ‘T’, while a T-quadruplex present at last 4 sites of 

RI 5’ sequences (Figure 2, RI 5′ and RI 3′). This was 

anticipated as it is generally believed that high U(T) levels in 

introns are important for splice site recognition [11, 16]. 

 

Figure 2. Motifs information generated using MEME analysis of constitutive and retained introns. Constitutive intron (CI) 5' and CI 3' refer to the 5' and 3' 

terminal sequences of constitutively spliced introns, respectively. Retained intron (RI) 5' and RI 3' refer to the 5' and 3' terminal sequences of retained introns, 

respectively. 

3.3. The Cis-features of Splicing Sites Relevant to Retained 

and Constitutive Introns 

To decipher the possible role of intron and exon 

nucleotide content in intron retention, we further compared 

the flanking sequences of splicing donor and acceptor sites 

from the retained and constitutive introns. Four data sets 

were obtained including: (1) 200-bp-long sequences 

upstream and downstream of 1596 constitutive intron donor 

sites; (2) 200-bp-long sequences upstream and downstream 

of 1498 retained intron donor sites; (3) 200-bp-long 

sequences upstream and downstream of 1596 constitutive 

intron acceptor sites and (4) 200-bp-long sequences 

upstream and downstream of 1498 retained intron acceptor 
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sites (Figure 1B). The frequencies of T, A, C, and G for 

each 10-bp sliding window were calculated for all four data 

sets (Figure 3). For the constitutive intron donor sites, the 

upstream (exon) region is composed of about 40% AT(U) 

and 20% T(U), whereas in the downstream (intron) region 

the percentage of AT(U) and T(U) increased sharply to an 

average of 55% and 31%, respectively. A similar 

phenomenon was observed for the upstream (intron) and 

downstream (exon) regions of constitutive intron acceptor 

sites (Figure 3). The data from the constitutive introns 

indicated that the sharp increase in AT content in the 

intronic compared with the exonic region might be a key 

feature for efficient intron splicing. In contrast, no profound 

differences in the nucleotide fractions were observed 

between the exon and intron regions around splicing sites 

for the retained introns (Figure 3). This suggests that the 

lack of stiff changing of AU(T) content around the splicing 

sites might hinder the precise recognition by spliceosome 

and ultimately cause intron retention. 

 

Figure 3. The frequencies of nucleotides around splicing donor and acceptor sites for constitutive and retained introns. Frequencies of nucleotides were 

generated by counting the numbers of each type of nucleotide in sliding windows of 10 nucleotides, fromsequences flanking splice sites of constitutive and 

retained introns, grouped as constitutive intron donor (CID), retained intron donor (RID), constitutive intron acceptor (CIA), and retained intron acceptor 

(RIA) sites. The X-axis scale is 10 bp and the Y-axis shows the % frequency of T, A, C and G in each 10-bp region. The vertical red line represents the 

boundary of introns and exons; the white horizontal lines show nucleotide frequency of 30%. 
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4. Discussion 

The Constant Base Content Around Splicing Sites Might 

Be Responsible for Intron Retention 

The studies of cis elements underlying AS in animals 

generally focused on intronic sequences flanking constitutive 

and alternatively spliced exons, because exon skipping is the 

predominant AS type in animals [31]. Comprehensive intron 

recognition and excision are determined by sequence 

elements in pre-mRNA, including 5′ and 3′ splice sites, 

branch point and poly-pyrimidine tract, and the binding of 

trans-splicing factors [4]. It has been revealed that high 

U(T)A, and especially high U(T), levels in plant introns are 

crucial for the correct recognition and splicing of introns [11, 

28]. In the present study, we found rich U(T) content was 

found in the motifs of both constitutive and retained introns 

in the present study (Figure 2). As there was no clear 

difference in the U(T) content between the constitutive and 

retained introns, we looked further for any possible 

cis-differences between them. By examining the base 

composition of sequences flanking splice sites for 

constitutive and retained introns, a notable difference in base 

content between introns and their neighboring exons was 

identified for constitutive introns (Figure 3). In contrast, a 

consistent U(T) level around splice sites was detected for 

retained introns. Therefore, We propose that simple 

U(T)-rich introns is not enough for intron recognition and 

excision, while a relatively higher U(T) content and lower 

GC content in introns than neighboring exons is essential for 

splicing of introns. The absence of a U(T) content difference 

between introns and their neighboring exons might lead to a 

low intron recognition efficiency and therefore, a high 

occurrence of IR events. 

By using RNA-Seq data, the present results not only 

support the role of U(T)-rich regions in splice efficiency but 

also expand the idea that only rich U(T) in intron sequences 

is not sufficient for high splicing efficiency. We infer that the 

sharp changing of U(T) content between introns and their 

neighboring exons plays an essential role in intron 

recognition and excision. Conversely, the lack of this contrast 

will decrease the recognition, splicing efficiency and as a 

consequence, intron retention. 

5. Conclusion 

By comparing base content around the splicing sites 

between the constitutive and retained introns we propose that 

the lack of significant differences in U(T) content between 

introns and neighboring exons might be an important 

cis-feature of intron retention. This discovery extends 

previous research findings and will encourage future studies 

on gene splicing in plants. However, one limitation of this 

study is that we only explore the sequence characteristics for 

intron retention with RNA-seq data from rice under drought 

stress. Data from more diverse plant species, different growth 

conditions and variant tissues is necessary to decode the 

precise cis-features underlying different AS types. 

Furthermore, the rapid increasing RNA-seq data of 

populations will promote the analysis of splicing QTL for 

alternative splicing, which will provide causing cis-elements 

underlying splicing efficiency. Hereafter, we will employ 

more comprehensive data to decode more general theory 

regarding to cis-elements underlying AS in the next project. 
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