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Abstract

RNA splicing and spliceosome assembly in eukaryotes occur mainly during transcription. 

However, co-transcriptional splicing has not yet been explored in plants. Here, we built 

transcriptomes of nascent chromatin RNAs in Arabidopsis thaliana and showed that nearly all 

introns undergo co-transcriptional splicing, which occurs with higher efficiency for introns in 

protein-coding genes than for those in noncoding RNAs. Total intron number and intron position 

are two predominant features that correlate with co-transcriptional splicing efficiency, and introns 

with alternative 5′ or 3′ splice sites are less efficiently spliced. Furthermore, we found that 

mutations in genes encoding trans-acting proteins lead to more introns with increased splicing 

defects in nascent RNAs than in mature RNAs, and that introns with increased splicing defects in 

mature RNAs are inefficiently spliced at the co-transcriptional level. Collectively, our results not 
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only uncovered widespread co-transcriptional splicing in Arabidopsis but also identified features 

that may affect or be affected by co-transcriptional splicing efficiency.
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INTRODUCTION

RNA splicing, the central processing step in eukaryotic RNA maturation that defines the 

identity and function of RNAs, plays a pivotal role in regulating development, cell 

differentiation, and responses to the environment. The recognition of cis-acting elements in 

pre-mRNA sequences by trans-acting splicing factors is crucial to spliceosome assembly, 

and this concept formed the foundation for the study of splicing regulation and the 

deciphering of the splicing code (Will and Luhrmann, 2011; Xiong et al., 2014; Jaganathan 

et al., 2019). However, the splicing code, which is based on RNA sequence features, 

accounts only partially for the observed patterns of alternative splicing (Reddy, 2007), 

indicating that additional splicing regulation factors exist.

Indeed, a growing body of studies have reported evidence for the functions of chromatin 

structures and histone modifications in alternative splicing, including the coupling of 

transcription with splicing (Beyer and Osheim, 1988; Bauren and Wieslander, 1994; Bentley, 

2014), the exonic enrichment of several epigenetic modifications (Schwartz et al., 2009; 

Spies et al., 2009; Luco et al., 2011; Li et al., 2015), and regulation of H3K4me3 and 

H3K36me3 in alternative splicing (Luco et al., 2010, 2011; Guo et al., 2014). The epigenetic 

regulation of splicing in principle requires splicing to occur on chromatin-associated 

transcripts. Profiling of biochemically fractionated chromatin-associated nascent 

transcriptomes in model systems, such as yeast, insects, and mammalian cells, has led to a 

general agreement that splicing occurs predominantly at the co-transcriptional level (Carrillo 

Oesterreich et al., 2010; Khodor et al., 2011, 2012; Tilgner et al., 2012). The depletion of 

intron reads observed from global nuclear run-on sequencing indicates the existence of co-

transcriptional splicing in Arabidopsis thaliana (Hetzel et al., 2016); nevertheless, no global 

studies on co-transcriptional splicing have been reported in plants. Although RNA splicing is 

a conserved pre-mRNA processing event in eukaryotes, there are many plant-specific 

features of this process, including a low proportion of genes undergoing alternative splicing, 

a high level of intron retention and low level of exon skipping (ES), a small number of 

introns per gene, genes with long exons and short introns, splice site recognition occurring 

predominantly by intron definition, and the presence of a large number of SR proteins (a 

family of conserved splicing factors) (Reddy, 2007).

Spliceosome assembly involves numerous trans-acting regulatory protein factors. The 

MOS4-associated complex (MAC) in Arabidopsis (containing MAC7, MAC3A, MAC3B, 

PRL1, PRL2, and other factors), also known as the Prp19 complex (Prp19C) in yeast or 

NineTeen Complex (NTC) in humans, is a conserved complex associated with the 

spliceosome and is involved in both steps of intron removal (Hogg et al., 2010; Jia et al., 
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2017). Global splicing defects are observed in pp4r3a-1 and pp4r3a-2, two mutants for a 

gene encoding the regulatory subunit of one form of the PROTEIN PHOSPHATASE 4 (PP4) 

complex, which is a conserved serine/threonine-specific phosphoprotein phosphatase (Wang 

et al., 2019). SNW/Ski-interacting protein (SKIP), a splicing factor and component of the 

spliceosome, links alternative splicing with both the circadian clock and salt tolerance 

(Wang et al., 2012; Feng et al., 2015). PRMT5 is a conserved type II protein arginine 

methyltransferase that methylates core spliceosome proteins to regulate pre-mRNA splicing 

(Deng et al., 2010; Bezzi et al., 2013; Hernando et al., 2015). The RNA recognition motif 

(RRM)-containing protein RRM25, which copurifies with intact spliceosomes, is a putative 

global splicing factor (Zhan et al., 2015; Carlson et al., 2017). Polypyrimidine tract binding 

protein homologs (PTBs) are RNA-binding proteins that regulate splicing through the 

nonsense-mediated-decay RNA surveillance pathway (Ruhl et al., 2012). Although global 

regulation of RNA splicing by these proteins has been revealed through mRNA-seq, which 

is used to examine the outcome of splicing at the mature mRNA level, knowledge of the 

connection between the splicing outcome at the mature RNA level and co-transcriptional 

splicing remains limited.

In this study, we performed directional RNA sequencing (RNA-seq) of chromatin RNAs to 

profile nascent transcriptomes and uncovered global co-transcriptional splicing in 

Arabidopsis. We also discovered inefficient co-transcriptional splicing of introns close to 

transcription end sites and in genes with fewer introns or alternative introns. Utilizing public 

mature transcriptomes and the nascent transcriptomes from this study, we discovered that 

co-transcriptional splicing efficiency for mature RNAs, but not nascent RNAs, negatively 

correlates with the degree of splicing defects caused by mutations in genes encoding trans-

acting proteins.

RESULTS

Profiling of Nascent Transcriptomes in Arabidopsis

To capture nascent transcripts, we first isolated the chromatin fraction from Arabidopsis. 

Nuclei were separated from the cytoplasm using a well-established protocol (Wang et al., 

2011). The nuclear pellets were treated with urea and nonionic detergents to remove loosely 

associated RNAs and proteins without disrupting ternary Pol II complexes (Pandya-Jones 

and Black, 2009). The chromatin fraction was precipitated, with the supernatant being the 

nucleoplasmic fraction. We evaluated the purity of the fractions by western blotting using 

antibodies against GAPDH, SERRATE, and histone H4 (Figure 1A). Histone H4, a 

chromatin protein, was present only in the chromatin fraction, and GAPDH, a cytoplasmic 

protein (Zaffagnini et al., 2013), was found only in the cytoplasmic fraction, whereas the 

nuclear speckle protein SERRATE (Reddy et al., 2012) was highly abundant in the 

nucleoplasm and was found in trace amounts in the chromatin and cytoplasmic fractions. 

These data confirmed that the fractionation process was effective. We further evaluated the 

distribution of unspliced RNAs in these cell fractions. We carried out RT–qPCR to amplify 

both unspliced and spliced RNAs using primer pairs spanning either exon–exon or exon–

intron junctions for four introns and quantified the levels of unspliced RNAs normalized by 

the levels of spliced RNAs (Supplemental Table 1). We observed a higher level of unspliced 

Li et al. Page 3

Mol Plant. Author manuscript; available in PMC 2021 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNAs in chromatin when compared with levels in the total cell extract, cytosol, and 

nucleoplasm (Figure 1B).

Next, we extracted RNAs from both the chromatin fraction and unfractionated samples and 

subjected them to rRNA depletion followed by RNA-seq library construction, using a 

method that preserves the strandedness of RNAs. Three separate experiments gave highly 

reproducible results (Supplemental Figure 1A). It is expected that, as compared with the 

total RNAs, nascent RNAs might contain higher levels of unspliced introns and might 

display decreasing read intensity from 5′ to 3′ for long transcripts (Carrillo Oesterreich et 

al., 2010). We calculated the percentage of intron reads for every non-overlapping gene and 

found that the percentage was significantly higher for chromatin RNAs than for total RNAs 

(Figure 1C and 1D). In addition, we observed a pattern of decreasing read density from 5′ to 

3′ for long transcripts, but not for all transcripts (Figure 1E and 1F).

Noncoding RNAs (ncRNAs) act as pivotal regulators of genome structure and gene 

expression through their interaction with chromatin-modifying enzymes and nucleosome-

remodeling factors (Saxena and Carninci, 2011), so it is expected that ncRNAs should be 

depleted from cytosolic RNAs and enriched in chromatin RNAs. The Araport 11 annotation 

defines several types of ncRNAs, including long noncoding RNAs (lncRNAs), antisense 

lncRNAs, pseudogene transcripts, and RNAs from transposable elements. We examined the 

abundance of these categories of RNAs separately and found that their enrichment in the 

chromatin fraction was significantly higher than that in total RNAs, consistent with their 

roles in chromatin regulation (Figure 1G and 1H).

Global Co-transcriptional Splicing in Arabidopsis

The level of retained introns is an indicator of intron splicing efficiency, so we calculated the 

level of retained introns as the percentage of introns (PI) (the higher the PI value, the lower 

the intron splicing efficiency) using a web-based pipeline called SQUID. SQUID provides 

two methods for calculating PI: PI_Junction based on intron-inclusion and intron-skipping 

reads, and PI_Density based on reads mapping to intronic regions and reads mapping to 

exonic regions (https://github.com/Xinglab/SQUID) (Figure 2A and Methods). Because 

calculation of intron-inclusion and intron-skipping reads is skewed for alternative introns 

and PI_Junction performed better than PI_Density for constitutive introns (Supplemental 

Figure 2A and 2B and Methods), we calculated PI using PI_Junction for constitutive introns 

and PI_Density for alternative introns.

Since 85% of introns from Araport 11 are constitutive introns, we calculated PI_Junction 

using data from chromatin RNA-seq and total RNA-seq. A total of 19 737 constitutive 

introns were interrogated (Supplemental Table 2). As expected, the levels of retained introns 

in chromatin RNAs were much higher than those in total RNAs (Figure 2B). The facts that 

the median PI for total RNAs was 0.02 and that PI was lower than 0.2 for most introns in 

total RNAs are indicative of relatively complete intron removal in total RNAs. By contrast, 

the facts that the median PI for chromatin RNAs was 0.18, and that PI was lower than 0.8 for 

most introns in chromatin RNAs, indicate that there is genome-wide co-transcriptional 

splicing in Arabidopsis, which matches the patterns previously reported in yeast (Carrillo 

Oesterreich et al., 2010), fly (Khodor et al., 2011), mouse (Bhatt et al., 2012), and human 
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cells (Tilgner et al., 2012). The positive correlation between PI values for chromatin and 

total RNAs suggests that the efficiency of co-transcriptional splicing may positively impact 

the final splicing outcome (Figure 2C). Inefficient and delayed intron splicing of lncRNAs 

has been reported in human cells (Tilgner et al., 2012). In our study, higher PI values for 

both chromatin and total RNAs was also observed for introns from ncRNAs, which is 

indicative of similar inefficient splicing of ncRNAs in Arabidopsis (Figure 2D).

Inefficient Splicing of Alternative Introns with Alternative 5′ or 3′ Splice Sites

The splicing of constitutive introns is more likely to be co-transcriptional than that of 

alternative introns (Brugiolo et al., 2013). To examine the effects of alternative splicing in 

Arabidopsis, we used PI_Density to calculate the splicing efficiency for alternative and 

constitutive introns. To eliminate the bias caused by overlapping exons, we excluded 

alternative introns that overlapped with exons from the analysis (Figure 3A and 

Supplemental Table 3). In Arabidopsis, there are three major types of alternative introns: 

introns with alternative 5′ splicing sites (A5SS), introns with alternative 3′ splicing sites 

(A3SS), and introns with ES (Figure 3A and 3B). The proportion of introns with ES is much 

lower than that of introns with A5SS or A3SS (Keren et al., 2010). Consistent with previous 

reports (Brugiolo et al., 2013), the level of retained introns was higher for alternative introns 

than for constitutive introns in both chromatin RNAs and total RNAs (Figure 3C). We then 

calculated PI for each type of alternative intron and observed higher PI for introns with 

A5SS and A3SS than for constitutive introns in both chromatin and total RNAs, while for 

introns with ES, we observed significantly higher PI only for those in total RNAs (Figure 

3C). To eliminate potential effects caused by differences between sets of genes, we analyzed 

constitutive introns and alternative introns residing in the same set of genes and confirmed 

that the pattern was similar to that seen when all introns were analyzed together 

(Supplemental Figure 3). These results indicate that introns with alternative 5′ or 3′ splice 

sites are less efficiently spliced than constitutive introns.

Predominant Roles of Total Intron Number and Intron Position in Co-transcriptional 
Splicing

Features of introns, flanking exons, and intron-harboring genes may affect splicing, so we 

calculated Pearson correlation coefficients between PI and these features. Among all of the 

features tested, total intron number and gene length of intron-harboring genes showed the 

highest correlations with chromatin RNA PI values (Figure 4A and Supplemental Figure 

4A–4C). Since total intron number correlates tightly with gene length (Supplemental Figure 

4D), we attempted to differentiate the influence of gene length and total intron number on 

co-transcriptional splicing. We divided all tested introns into 10 deciles according to 

increasing chromatin RNA PI value (grouping 1), increasing total intron number (grouping 

2), and increasing gene length (grouping 3) (Supplemental Figure 5). The correlations 

between total intron number and gene length and chromatin RNA PI, and total intron 

number and chromatin RNA PI were calculated for each decile in groupings 1, 2, and 3, 

respectively. The correlations between total intron number and gene length were not affected 

by chromatin RNA PI value (grouping 1), and the correlations between total intron number 

and chromatin RNA PI were not affected by gene length (grouping 3), while the correlations 

between gene length and chromatin RNA PI were diminished when total intron number was 
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within a narrow range (grouping 2) (Figure 4B). This suggested that total intron number, but 

not gene length, plays a major role in determining co-transcriptional splicing efficiency.

Co-transcriptional splicing efficiency is reported to decrease from 5′ to 3′ along genes: i.e., 

introns close to transcription start sites (TSSs) are more efficiently spliced than introns close 

to TTSs (Bentley, 2014; Tilgner et al., 2012). We also found that PI for chromatin RNAs 

negatively correlates the distance to TTSs measured either in intron number or length of 

nucleotide (Figure 4A). Since INT also correlates with total intron number, we further 

differentiated the roles of total intron number and INT. First, we eliminated the effects of 

total intron number to examine the role of INT. When we examined the chromatin RNA PI 

value for introns in genes with two or three introns, we found that PI increased from the first 

intron to the last intron (Supplemental Figure 4E and 4F). We then divided introns in genes 

with more than three introns into four quartiles, Q1–Q4, with decreasing INT, and we found 

that chromatin RNA PI increased from Q1 to Q4 (Figure 4C). The decreasing co-

transcriptional splicing efficiency along genes validated the role of INT, which is consistent 

with the previously proposed “first come, first served model” of splicing (Bentley, 2014). 

Next, we eliminated the effects of INT to examine the role of total intron number. We 

selected two groups of introns by restricting INT (in G1) or total intron number (in G2) to a 

certain range. Since INT is also limited by total intron number, G2 is a subset of G1 with 

lower total intron number. If total intron number plays a role in co-transcriptional splicing 

efficiency, chromatin RNA PI values should be higher for G2 than for G1. As expected, 

chromatin RNA values were higher for G2 than G1 (Figure 4D), which supports a role of 

total intron number. Since both total intron number and INT correlate with chromatin RNA 

PI value, we further compared their effects by calculating the Pearson correlation 

coefficients for groups of introns with different minimal total intron numbers. The difference 

between the Pearson correlation coefficients between INT and chromatin RNA PI and 

between total intron number and chromatin RNA PI increased with increasing total intron 

number (Figure 4E). The results suggest that total intron number plays a dominant role for 

introns in genes with a small total intron number, whereas intron position relative to TTSs 

plays a dominant role for introns in genes with a large total intron number.

In addition, we observed positive correlations between PI for chromatin RNAs and the 

lengths of introns and flanking exons. Since the length of introns and flanking exons is 

negatively correlated with total intron number (Supplemental Figure 4G), we carried out a 

test similar to the one done for gene length to differentiate their roles: all introns were 

divided on the basis of chromatin RNA PI values (grouping1), total intron number (grouping 

2), and length of introns or flanking exons (grouping 3). Similar to what we found for gene 

length, we did not observe correlations between chromatin RNA PI value and length of 

introns and flanking exons (grouping 2) (Supplemental Figure 6), suggesting that it is total 

intron number, and not the length of introns and flanking exons, that plays a major role in 

determining co-transcriptional splicing efficiency. In addition, since ncRNAs tend to have 

fewer introns (Supplemental Figure 7A), we tested whether the higher PI for ncRNAs is due 

to a low total intron number. We compared PI for ncRNAs and genes with equal ranges of 

total intron number, and we still observed higher PI for ncRNAs in both total and chromatin 

RNAs (Supplemental Figure 7B and 7C), which suggests that other factors lead to 

inefficiency of ncRNA intron splicing.
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Moreover, we observed a weak negative correlation between splice junction strength and PI 

values for total and chromatin RNAs, which is consistent with the fact that splice junction 

strength, which is based on maximum entropy, is commonly used for predicting 5′ and 3′ 
splice sites (Yeo and Burge, 2004) (Supplemental Figure 4A). The weak positive 

correlations between PI values for total and chromatin RNAs and intron GC content, and 

weak negative correlations between PI values for total and chromatin RNAs and exon GC 

content, may be explained by the influence of GC content on pre-mRNA secondary structure 

(Supplemental Figure 4A) (Zhang et al., 2011). We also observed weak negative correlations 

both between gene expression level and PI values for chromatin RNAs and between gene 

expression level and PI values for total RNAs (Supplemental Figure 4A).

Chromatin RNA PI Correlates with the Degree of Splicing Defects Caused by Mutations in 
Genes Encoding trans-Acting Proteins

Spliceosome assembly on pre-mRNAs depends on the recognition of cis-elements in the pre-

mRNAs by trans-acting proteins. Here, we sought to explore the connection between co-

transcriptional splicing and the action of these trans-acting proteins. As a first step, we 

identified introns that are regulated by trans-acting proteins by analyzing splicing defects in 

the corresponding mutants using public mRNA-seq data. We selected four mutants for which 

public mRNA-seq datasets were available (Supplemental Table 4): mac3a mac3b (MAC3A 

and MAC3B are two homologous MAC proteins with E3 ligase activity in vitro) (Jia et al., 

2017), prl1 prl2 (PRL1 and PRL2 are two homologous nuclear WD-40 proteins in the MAC) 

(Jia et al., 2017), pp4r3a (PP4R3A is a conserved serine/threonine-specific phosphoprotein 

phosphatase) (Wang et al., 2019), and skip (SKIP is a splicing factor and component of the 

spliceosome) (Wang et al., 2012). Global splicing defects were found in these mutants, and 

differentially spliced introns (DSIs) were identified using SQUID (Supplemental Figure 8). 

Since these four trans-acting proteins with transcriptome data are splicing activators, we 

only included DSIs with increased PI in this study. To quantify the degree of splicing defects 

at these DSIs, we calculated delta_PI (PI in mutants minus PI in wild type), and used it as an 

indicator of splicing defects: the higher the delta_PI, the higher the degree of splicing 

defects.

Having identified the DSIs regulated by trans-acting proteins, the next step was to examine 

the PI for these DSIs in the nascent transcriptomes we generated in this study. We found that 

these DSIs had a significantly higher chromatin RNA PI values compared with all introns 

(Figure 5A), suggesting that the introns regulated by these trans-acting proteins tend to have 

lower co-transcriptional splicing efficiencies. Consistent with this, we found that these DSIs 

had both lower total intron number and lower INT compared with all introns (Figure 5B and 

5C). Having shown that the DSIs tend to be poorly spliced at the co-transcriptional level, we 

next sought to determine whether the splicing defects in DSIs in the mutants correlated with 

the efficiency of co-transcriptional splicing. We performed Pearson correlation analysis 

between delta_PI and chromatin RNA PI value, total intron number, and INT. We discovered 

that chromatin RNA PI value positively correlates with delta_PI (Figure 5D), whereas such 

correlations were not found for total intron number or INT. This suggests that chromatin 

RNA PI is the predominant factor that correlates with the splicing regulation by trans-acting 

proteins. We also extended our analysis to DSIs regulated by more trans-acting proteins and 
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DSIs responsive to environmental stress using other public datasets (Supplemental Table 4), 

and found that these DSIs always had higher chromatin RNA PI values, but that they were 

not necessarily from genes with a lower total intron number and INTs (Supplemental Figure 

9), which is consistent with the dominant role of chromatin RNA PI correlated with splicing 

defects caused by mutations in genes encoding trans-acting proteins.

One potential problem in the analyses above is that the public RNA-seq datasets were from 

different tissues or plants grown under different conditions as compared with the samples 

used in our chromatin RNA-seq. To evaluate whether RNA-seq data from different samples 

gives different intron splicing efficiencies, we determined the splicing efficiencies using 

wild-type transcriptomes from different datasets. We found that the level of splicing of 

constitutive introns was comparable between wild-type transcriptomes despite differences in 

growth conditions or tissue types or stages (Supplemental Figure 10 and Supplemental Table 

4). Thus, we focused only on constitutive introns in the identification of DSIs in the analyses 

above.

Mutations in MAC Lead to Different Splicing Defects in Nascent Versus Mature RNAs

We further explored the regulation of splicing by trans-acting proteins by constructing 

libraries with two biological replicates of rRNA-depleted nascent chromatin RNAs and poly-

A mature RNAs from two MAC double mutants: mac3a mac3b and prl1 prl2 (Supplemental 

Figure 1B). We found that levels of unspliced introns in the mutants were higher in both 

nascent and mature RNAs, and that the splicing defects were more severe in nascent RNAs 

than in mature RNAs (Figure 6A and Supplemental Table 5). To further examine the 

different splicing defects in nascent and mature RNAs, we identified DSIs regulated by 

MAC3A and MAC3B or PRL1 and PRL2 from both nascent and mature RNAs. When we 

quantified the splicing defects for these DSIs, we found that the degree of defects was 

similar in nascent and mature RNAs for DSIs identified from mature RNAs, but was 

significantly lower in mature RNAs than in nascent RNAs for DSIs identified from nascent 

RNAs (Figure 6B and 6C). When we examined co-transcriptional splicing efficiencies in the 

wild type, we observed higher chromatin RNA PI values for DSIs identified from mature 

RNAs but not for DSIs identified from nascent RNAs (Figure 6D). Our results indicate that 

defects in splicing of nascent RNAs in mac3a mac3b and prl1 prl2 can be rescued in mature 

RNAs when introns have regular chromatin RNA PI values, but not when introns have 

higher chromatin RNA PI values.

DISCUSSION

In this study, we found that, for nearly all introns in Arabidopsis thaliana, splicing begins 

during transcription, and this occurs with higher efficiency for introns in protein-coding 

genes than for those in ncRNAs. Many intron-surrounding features are reported to correlate 

with co-transcriptional splicing efficiency, including intron position, intron length, gene 

length, and alternative splicing (Khodor et al., 2011, 2012; Tilgner et al., 2012). Here, we 

conducted a thorough investigation of the impact of these features on co-transcriptional 

splicing in Arabidopsis. Intron position is a common and striking feature observed in 

Drosophila melanogaster, mice, and human cells, as well as in Arabidopsis: co-
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transcriptional splicing efficiency decreases with decreasing distance from the TTS. Intron 

length negatively correlates with co-transcriptional splicing efficiency in Drosophila and 

human cells, and gene length negatively correlates with co-transcriptional splicing efficiency 

in Drosophila and mice. In Arabidopsis, we initially observed a negative correlation between 

gene length and PI values for chromatin RNAs and a positive correlation between PI values 

for chromatin RNAs and length of introns and flanking exons, but we found that the 

correlation disappeared once the effects of total intron number were eliminated. Single-

intron genes are inefficiently spliced in Drosophila and mice. In Arabidopsis, we found that 

total intron number is another striking feature positively correlated with co-transcriptional 

splicing efficiency beside intron position. Total intron number is more important for introns 

in genes with a small total intron number, whereas intron position is more important for 

introns in genes with a large total intron number. Given that the cap-binding complex 

functions in the recognition of the first exon, that there is reciprocal interaction between 3′-

end processing and last-intron splicing, and that spliceosome assembly involves stages of 

snRNP assembly and release (Herzel et al., 2017), it is expected that spliceosome assembly 

on introns in transcripts with a small total intron number will take longer. Since there are on 

average four introns per gene in Arabidopsis versus eight introns per gene in humans 

(Reddy, 2007), the role of total intron number in Arabidopsis is more striking. Inefficiently 

spliced ncRNAs and alternative introns are two conserved features in both plants and 

mammals (Tilgner et al., 2012).

Features of pre-mRNA sequences lead to different efficiencies of co-transcriptional splicing; 

however, most introns that are not spliced during transcription are spliced later, after the 

completion of transcription, either while transcripts are still attached to chromatin or after 

they are released to nuclear speckles (Bhatt et al., 2012; Girard et al., 2012). An important 

question thus arises: does co-transcriptional splicing efficiency matter? To address this point, 

we examined the role of PI values for chromatin RNAs in the context of the regulation of 

splicing by trans-acting proteins. Transcriptome profiling of mature RNAs is an approach 

that is widely used to identify the regulatory role of trans-acting proteins. We observed 

higher chromatin RNA PI values for DSIs identified from the transcriptomes of eight 

mutants with trans-acting protein mutations as well as from four abiotic stress 

transcriptomes, suggesting that introns with poor co-transcriptional splicing tend to be 

targets of splicing regulation. We further profiled the transcriptomes of nascent and mature 

RNAs from plants with MAC protein mutations. For introns with regular co-transcriptional 

splicing efficiency, the splicing defects in nascent RNAs are rescued in mature RNAs, 

probably through post-transcriptional splicing or post-transcriptional RNA removal through 

the RNA surveillance pathway (Girard et al., 2012; Drechsel et al., 2013). Interestingly, for 

introns with low co-transcriptional splicing efficiency, the splicing defects remain in mature 

RNAs in the MAC mutants. These results lead us to propose the following model: RNAs 

recruit trans-acting proteins to regulate splicing co-transcriptionally; but only the RNAs with 

low co-transcriptional splicing efficiency (i.e., with high chromatin RNA PI values) require 

the trans-acting proteins for the final outcome of mRNA splicing. Thus, the regulatory role 

of trans-acting proteins cannot be detected in RNA-seq data for a portion of transcripts with 

binding sites for those proteins (Meyer et al., 2017). Our findings thus provide novel insights 

into the substrate repertoire of trans-acting splicing regulators.
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METHODS

Plant Materials and Growth Conditions

All tissues used in the study were from unopened flower buds, and all Arabidopsis thaliana 
strains used were in the Columbia (Col-0) ecotype. Plants were cultivated at 22°C with a 16-

h light/8-h dark cycle. The mac3a mac3b and prl1 prl2 mutants in the Col-0 ecotype were 

described previously (Monaghan et al., 2009; Ji et al., 2015).

Chromatin–Nucleoplasmic–Cytoplasmic Fractionation

The cytosolic and nuclear fractions were isolated following a published protocol with β-

mercaptoethanol replaced by DTT (Wang et al., 2011). The chromatin fraction was further 

precipitated with urea and nonionic detergents as described by Pandya-Jones and Black 

(2009). The nucleus pellets were suspended in 500 μl of glycerol buffer (20 mM Tris–Cl [pH 

7.9], 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 50% glycerol, 0.125 mM PMSF, 10 mM 

β-mercaptoethanol, and 160 unit/ml RNase inhibitor) and carefully overlaid on top of 500 μl 

of urea buffer (10 mM HEPES [pH 7.6], 1 mM DTT, 7.5 mM MgCl2, 0.2 mM EDTA, 0.3 M 

NaCl, 1 M urea, 1% NP-40, 0.5 mM PMSF, proteinase inhibitor cocktail, 10 mM β-

mercaptoethanol, and 160 unit/ml RNase inhibitor). The tube was gently vortexed two times 

for 2 s, incubated on ice for 5 min, and then centrifuged for 5 min at 4°C at 13 000 rpm. The 

nucleoplasm supernatant and the chromatin pellets were retained for later experiments.

Antibodies Used in the Study

SERRATE: Agrisera AS09 532A; histone H4: Millipore, 04–858; GAPDH: Santa Cruz, 

SC365062.

RT–qPCR

RNAs were extracted from total cells as well as cell fractions (cytosol, nucleoplasm, and 

chromatin) using the TRI Reagent (MRC, TR118) and treated with DNase I (Roche, 

04716728001). cDNAs were synthesized using a random hexamer (Invitrogen, N8080127) 

with SuperScript III Reverse Transcriptase (Invitrogen, 18080085). RT–qPCR was 

performed with three technical replicates using iTaq Supermix (Bio-Rad, 1725120) on the 

Bio-Rad CFX96 Real-Time PCR System. The information for primer sequences and internal 

controls is listed in Supplemental Table 1.

Construction and Processing of RNA-Seq Libraries

RNAs were extracted from total tissues and chromatin pellets using TRIzol. DNA-free 

RNAs (10 μg) were either subjected to rRNA removal using a Ribominus Kit (Thermo 

Fisher Scientific, A1083808) for RNA-seq libraries or subjected to mRNA purification using 

the mRNA magnetic isolation module (NEB, E7490) for mRNA-seq libraries. These RNAs 

were used to construct NGS libraries using the NEBNext Ultra Directional RNA Library 

Prep Kit (NEB, E7420) and sequenced in 150-nt paired-end mode using Illumina HiSeq X 

Ten. The sequence data were deposited in the NCBI database under accession number GEO: 

GSE126064.
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RNA-seq reads were collapsed into nonredundant reads and mapped back to the TAIR10 

reference genome with Araport 11 annotation using STAR aligner with a maximum of eight 

mismatches per paired-end read (Dobin et al., 2013). The gene expression level for 

chromatin and total RNAs was quantified with Cuffdiff (Trapnell et al., 2013). The intronic 

and exonic reads were calculated as described previously (Gaidatzis et al., 2015), and the 

percentage of intron reads was calculated as intronic reads divided by the sum of intronic 

and exonic reads for all non-overlapping genes.

Definition of Constitutive Introns and Alternative Introns

In this study, constitutive introns were defined as introns that do not overlap with other 

splicing events, and all other introns were defined as alternative introns (Supplemental 

Figure 2A). Note that retained introns were not defined as alternative introns in this study, 

since most of the chromatin RNAs have retained intron reads and the PI_Junction 

calculation is not confounded by retained intron reads.

Quantification of Intron Retention

Araport 11-annotated introns with a minimum length of 50 nt were obtained using an in-

house python script. The levels of retained introns were calculated as the PI using a web-

based algorithm, SQUID (https://github.com/Xinglab/SQUID). In brief, there are two ways 

of calculating PI: PI_Junction is calculated as intron-inclusion reads divided by the sum of 

intron-inclusion reads and intron-skipping reads (Figure 2A), and PI_Density is calculated 

as observed intron reads (normalized intronic reads) divided by expected intron reads 

(normalized exonic reads). For alternative introns, both intron-inclusion reads and intron-

skipping reads can be skewed by reads from alternative splicing transcripts, while for 

alternative introns that do not overlap with other exons, both the intronic and exonic reads 

are not skewed (Supplemental Figure 2A). Theoretically, both PI_Junction and PI_Density 

should perform well on constitutive introns and PI_Density should perform better on 

alternative introns that do not overlap with other exons. To evaluate their performance at 

constitutive introns, both PI_Junction and PI_Density were calculated for RNA-seq data 

simulated using Flux Simulator with a known true PI (Griebel et al., 2012). Only introns 

with enough reads were kept, that is the sum of intron-inclusion reads and intron-skipping 

reads was no less than 20 for PI_Junction calculation and introns in genes had a minimum of 

10 fragments per kilobase of transcript per million mapped reads for PI_Density calculation. 

The results suggested that PI_Junction performed better than PI_Density on constitutive 

introns (Supplemental Figure 2B), so in this study we used PI_Junction for analysis of 

constitutive introns and PI_Density for analysis of alternative introns.

Calculation of DSIs

DSIs were obtained using a very stringent method in SQUID using the cutoff: 

combined_FDR < 0.1, Diff_PI_Junction > 0.05, Diff_PI_Density > 0.05.

Calculation of Splice Junction Strength

The splice junction strength was assessed with MaxEntScan based on the 9-mer sequences at 

5′ splice sites and 23-mer sequences at 3′ splice sites (Yeo and Burge, 2004).
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Parameters for Boxplots Used in this Study

The horizontal line in the box represents the median value, and the bottom and top of the 

box represent the lower (Q1) and upper quartiles (Q3), respectively. The upper whisker is 

min(max(x), Q3 + 1.5 3 IQR), and the lower whisker is max(min(x), Q1 − 1.5 3 IQR). IQR 

(interquartile range) = Q3 – Q1. Black dots located outsides the whiskers are outliers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Construction of Nascent Transcriptomes in Arabidopsis.
(A) Western blot analysis of GAPDH, SERRATE, and histone H4 in chromatin, 

nucleoplasm, cytoplasm, and total cells. Experiments were repeated three times 

independently with similar results.

(B) Relative levels of unspliced RNAs in chromatin, nucleoplasm, cytoplasm, and total cells 

were quantified using RT–qPCR. Error bars were calculated based on three technical 

replicates. Experiments were repeated two times independently with similar results.

(C) Cumulative density plot showing global enrichment of intron reads in chromatin RNAs. 

p = 0 (one-tailed Wilcoxon test).
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(D) Genome browser view showing reads for retained introns in chromatin RNAs. The black 

arrow indicates the direction of transcription; reads from the positive strand of the reference 

genome were detected.

(E) Coverage of chromatin RNA-seq reads over the gene body for all genes (blue lines) and 

genes longer than 5000 bp (red lines).

(F) Genome browser view showing a decreasing gradient of reads from 5′ to 3′ for 

chromatin RNAs. The black arrow indicates the direction of transcription; reads from the 

negative strand of the reference genome were detected.

(G) Boxplot showing the enrichment of different types of ncRNAs in chromatin: lncRNAs, 

antisense lncRNAs, and transcripts from pseudogenes and transposable elements (TEs).

(H) Genome browser view showing enrichment of ncRNAs in chromatin RNA-seq data. The 

black arrow indicates the direction of transcription; reads from the positive strand of the 

reference genome were detected. Throughout, R1, R2, and R3 denote three biological 

replicates.
nsp > 0.1, *p < 0.1, ***p < 0.001 (one-tailed Wilcoxon test).
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Figure 2. Global Co-transcriptional Splicing in Arabidopsis.
(A) Diagram showing the PI_Junction calculation using intron-inclusion and intron-skipping 

reads.

(B) Distribution of PI for three replicates (shown as three bars) of RNA-seq data from total 

RNAs and chromatin RNAs.

(C) Heat scatter plot showing pairwise comparisons of PI for chromatin and total RNAs. 

Pearson correlation coefficient (r) is at top left.

(D) Boxplot showing PI distribution for introns in protein-coding genes and in ncRNAs.

***p < 0.001 (one-tailed Wilcoxon test).
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Figure 3. Inefficient Splicing of Alternative Introns.
(A) Diagram showing introns undergoing three major types of alternative splicing: A5SS, 

A3SS, and ES. Subtype 1 introns are those that do not overlap with exons and were therefore 

used for later analysis. Subtype 2 introns overlap with exons and were discarded from later 

analysis to eliminate bias.

(B) Pie chart showing the composition of constitutive and alternative introns in Arabidopsis.

(C) Boxplots showing PI distributions for constitutive and alternative introns. The plots 

show all alternative introns as well as introns with A5SS, A3SS, and ES separately.
nsp > 0.1, **p < 0.01, ***p < 0.001 (one-tailed Wilcoxon test).
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Figure 4. Predominant Roles of Total Intron Number and Intron Position in Co-transcriptional 
Splicing.
(A) Correlations between PI values for total and chromatin RNAs with features of introns, 

flanking exons, and intron-harboring genes.

(B) Pearson correlation coefficients for three groupings. In grouping 1, introns were divided 

into 10 deciles according to increasing chromatin RNA PI value. Correlations between total 

intron number and gene length were calculated for all introns and for each of the 10 deciles. 

In grouping 2, introns were divided into 10 deciles according to increasing total intron 

number. Correlations between chromatin RNA PI value and gene length were calculated for 

all introns and for each of the 10 deciles. In grouping 3, introns were divided into 10 deciles 

according to increasing gene length. Correlations between chromatin RNA PI value and total 
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intron number were calculated for all introns and for each of the 10 deciles. All, all introns; 

D1–D10, the 10 deciles.

(C) All introns in genes with total intron number ≥4 were divided into four quartiles, Q1–

Q4, with decreasing INT. The distribution of PI values for chromatin RNAs is shown in the 

boxplot.

(D) Chromatin RNA PI value/123 is shown for introns with INT (G1) or total intron number 

(TIN) (G2) values within certain ranges: [1], TIN/INT = 1; [1,2], 1 ≤ TIN/INT ≤2; [1,5], 1 ≤ 

TIN/INT ≤5; [1,10], 1 ≤ TIN/INT ≤10.

(E) Bar plot showing the difference in Pearson correlation coefficients (Pearson’s r). Delta_r 
was calculated as the Pearson’s r between INT and chromatin RNA PI value minus 

Pearson’s r between total intron number and chromatin RNA PI value.

***p < 0.001 (one-tailed Wilcoxon test).
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Figure 5. Introns Regulated by trans-acting Proteins in Mature RNAs Have Higher Chromatin 
RNA PI values.
(A–C) Boxplot showing chromatin RNA PI, total intron number, and INT values for DSIs in 

mac3a mac3b, prl1 prl2, pp4r3a, and skip.

(D) Bar plot showing Pearson correlation coefficients between chromatin RNA PI values and 

delta_PI for constitutive introns. Delta_PI was calculated as PI_Junction in mutants minus 

PI_Junction in wild type.

*p < 0.1, ***p < 0.001 (one-tailed Wilcoxon test).

Li et al. Page 21

Mol Plant. Author manuscript; available in PMC 2021 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Different Splicing Defects in Nascent and Mature RNAs Caused by MAC Mutation.
(A) PI distribution in wild type, mac3a mac3b, and prl1 prl2.

(B–D) mac3_chr_DSIs denotes DSIs identified in mac3a mac3b nascent RNAs, 

mac3_m_DSIs denotes DSIs identified in mac3a mac3b mature RNAs, prl_chr_DSIs 

denotes DSIs identified in prl1 prl2 nascent RNAs, and prl_m_DSIs denotes DSIs identified 

in prl1 prl2 mature RNAs. Delta_PI was calculated as PI_Junction in each mutant minus 

PI_Junction in wild type. (B and C) Boxplot showing delta_PI for these DSIs. (D) Boxplot 

showing chromatin RNA PI values for these DSIs.
nsp > 0.1, ***p < 0.001 (one-tailed Wilcoxon test).
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