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In eukaryotes, genes are transcribed by RNA polymerase-II 
(Pol-II) and introns are removed by the spliceosome largely 
cotranscriptionally1–3; analysis using long-read sequencing 
revealed that splicing occurs immediately after Pol-II passes 
introns in yeast4,5. Here, we developed a Nanopore-based 
method to profile chromatin-bound RNA that enables the 
simultaneous detection of splicing status, Pol-II position and 
polyadenylation at the genome-wide scale in Arabidopsis. We 
found that more than half of the introns remain unspliced after 
Pol-II transcribes 1 kb past the 3′ splice site, which is much 
slower than the rate of splicing reported in yeast4,5. Many of 
the full-length chromatin-bound RNA molecules are polyad-
enylated, yet still contain unspliced introns at specific posi-
tions. These introns are nearly absent in the cytoplasm and 
are resistant to nonsense-mediated decay, suggesting that 
they are post-transcriptionally spliced before the transcripts 
are released into the cytoplasm; we therefore termed these 
introns post-transcriptionally spliced introns (pts introns). 
Analysis of around 6,500 public RNA-sequencing libraries 
found that the splicing of pts introns requires the function of 
splicing-related proteins such as PRMT5 and SKIP, and is also 
influenced by various environmental signals. The majority of 
the intron retention events in Arabidopsis are at pts introns, 
suggesting that chromatin-tethered post-transcriptional 
splicing is a major contributor to the widespread intron reten-
tion that is observed in plants, and could be a mechanism to 
produce fully spliced functional mRNAs for rapid response.

Pre-mRNA splicing is a fundamental process in eukaryotic 
mRNA maturation, and the majority of introns are spliced cotran-
scriptionally4,6,7. Previous studies using synthesized pre-mRNA to 
reconstruct splicing events in vitro have yielded a wealth of knowl-
edge on the mechanisms of splice-site recognition and spliceosome 
assembly8,9. Applications of high-throughput short-read sequencing 
technology in characterizing nascent RNA have greatly facilitated 
the global quantification of splicing events and accurate tracking of 
active Pol-II transcription in animals6,10–14 and plants15–19. However, 
studying the coordination between splicing and transcription 
remains challenging owing to difficulties in simultaneously charac-
terizing splicing events and transcriptional progression on the same 
transcript. Recent research in yeast applied long-read sequencing 
technology to address this challenge and found that introns are 
rapidly spliced after intron exit from Pol-II4,5, but this remains to 
be investigated in multicellular organisms, which often have more 

complex patterns of splicing. In addition to cotranscriptional splic-
ing, abundant post-transcriptional splicing was also reported in ani-
mal cells; intron-containing, polyadenylated transcripts are retained 
at the chromatin20,21. In plants, the splicing kinetics, the link between 
splicing and transcription, and the relationship between splicing 
and polyadenylation (PA) remain largely unknown.

To examine the full spectrum of nascent RNA molecules in 
Arabidopsis, we developed a method to profile both the elongating 
and the polyadenylated fractions using full-length sequencing tech-
nology (Fig. 1a). Two biological replicates of chromatin-bound RNAs 
of Arabidopsis seedlings (aged 12 d) were extracted and converted 
into double-stranded cDNA for long-read Nanopore sequencing by 
ligating a 3′ linker and using template-switch reverse transcription 
PCR (Fig.1a, Supplementary Fig. 1). Nanopore MinION sequencing 
yielded 10 million and 7.6 million raw reads for the first and sec-
ond biological replicate, respectively, and ~95% of the reads were 
mapped to the Arabidopsis genome (Fig.1b, Supplementary Fig. 2). 
A quick glance at the reads that mapped to the genic region showed 
that our libraries were of high-quality—the majority of long reads 
started at the 5′ transcriptional start site and ended along the course 
of transcription; read-through transcripts moved past the polyade-
nylated site, as well as a large number of polyadenylated full-length, 
yet incompletely spliced, transcripts (Fig. 1c). We also observed 
very strong enrichment of RNA 3′ ends exactly at the 5′ splice site 
(Fig. 1d). This is most likely due to the capturing of splicing inter-
mediates produced by the first transesterification reaction during 
the splicing reaction, and has also been reported in other recent 
studies using direct RNA sequencing (RNA-seq) to profile nascent 
RNAs from humans and Drosophila22. The precise 3′ end peak at the 
last nucleotide of the exon also suggests that there was little RNA 
degradation during the process of library construction (Fig. 1d). 
Furthermore, we also detected thousands of reads of entire spliced 
introns (Supplementary Fig. 3c). To obtain an accurate estimation 
of the cotranscriptional splicing kinetics, the splicing intermedi-
ates, as well as reads missing 5′ ends (probably due to incomplete 
reverse transcription), were removed from further analysis (Fig. 
1e). After filtering (Supplementary Fig. 2), we obtained a total of 
~3.5 million full-length clean reads covering 23,844 protein-coding 
genes, with a median of ~50 transcripts per gene (Fig. 1b,f). We also 
developed a data analysis pipeline to distinguish between elongat-
ing RNAs (without a polyadenylated tail) and polyadenylated RNAs 
(with a polyadenylated tail), and estimated the length of the poly-
adenylated tail (a method that we named PolyAcaller; see Methods; 
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Supplementary Figs. 2 and 4). Seventy percent of the full-length 
clean reads were elongating Pol-II products, whereas the remain-
ing 30% were already polyadenylated (Fig. 1b). In contrast to other 
recent long-read nascent RNA-seq techniques that focus on the 
elongating RNA fraction4,5, our method can be used to simultane-
ously investigate splicing, transcriptional elongation and PA.

As previously shown in other systems4,5,22, capturing the 
full-length elongating transcripts enables us to study the coordi-
nation between splicing and elongation. Introns in Arabidopsis are 
relatively short compared with introns in Drosophila and humans 
(Supplementary Fig. 5), and it will be interesting to determine 
whether Arabidopsis has different splicing kinetics. Our librar-
ies captured ~2.3 million full-length elongating transcripts, of 
which approximately 20% have at least one spliced intron (Fig. 2a).  
More than 50% of the introns remain unspliced when Pol-II already 
transcribed more than 1,100 nucleotides past the 3′ splice site (Fig. 2b).  
To further confirm our results from the analysis of Nanopore 
data, we sequenced a third biological replicate of the long-read 
chromatin-bound RNA library using PacBio, another popular 
long-read sequencing platform (Fig. 1a,b). PacBio utilizes a fun-
damentally different technology compared with the technology 
used by Nanopore, and the downstream signal processing and data 
analysis are also quite different between these two platforms (see 

Methods). The results from PacBio and Nanopore data are highly 
consistent, confirming that our method is robust across different 
platforms and analysis pipelines (Fig. 2b). The half-saturation value 
of the splicing in Arabidopsis contrasts sharply with the much faster 
splicing speed that was reported in yeast (~45 nucleotides)4, but is 
similar to that of Drosophila and humans22, demonstrating a big dif-
ference in the splicing kinetics between yeast and the three higher 
eukaryotes examined to date.

As our full-length long-read sequencing method can simultane-
ously track the status of multiple introns on the same transcript, we 
next examined the splicing order of multiple introns. For any two 
adjacent introns, we found that, in around 70% of cases, the upstream 
intron was spliced first (Fig. 2c). To track the splicing dynamics of 
multiple introns, we checked all of the genes containing five introns 
as an example, and found that the spliced ratios of upstream introns 
are higher than those of downstream introns; a considerable propor-
tion of the upstream introns are spliced before Pol-II transcribed 
past the downstream introns (Fig. 2d). We also observed that certain 
introns on specific transcripts remain unspliced after the downstream 
introns have been spliced or the transcripts have been polyadenyl-
ated. These results showed that the splicing of multi-introns largely 
follows the order of transcription, but some introns are retained even 
after the transcripts are fully polyadenylated (Fig. 2d).
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Fig. 1 | Full-length nascent RNA-seq. a, Schematic of full-length nascent RNA-seq. b, The basic statistics of reads sequenced by Nanopore and PacBio. CB1 
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We also observed a strong association among the splicing status 
of introns on the same transcript. For example, the splicing status 
of the first and second introns is closely linked (Fig. 2d). The coop-
erative splicing of neighbouring introns was also observed in yeast, 
Drosophila and humans5,22. This association is probably due to pre-
vious splicing events recruiting necessary protein complexes and 
therefore facilitating the splicing of other introns on the same tran-
script. As a result, the speed of splicing of the downstream intron 
was generally faster than that of the upstream intron (Fig. 2e). For 
example, more than 50% of the tenth introns were spliced within 
100 nucleotides, whereas only 10% of the first introns were spliced 
within 100 nucleotides. These results show that early splicing events 
could help to create a more favourable environment for additional 
splicing of the same transcript, therefore enabling efficient splicing 
of multiple-intron genes.

Unexpectedly, we also detected a high percentage of polyad-
enylated transcripts on chromatin, and ~30% of these transcripts 
remained incompletely spliced (Figs. 1b, 2a and Fig. 3a). Both the ratio 
of incompletely splicing transcripts and the ratio of unspliced introns 
are highly consistent between the two Nanopore libraries (r = 0.83 
for genes and r = 0.85 for introns; Supplementary Figs. 6 and 7). The 
splicing results are also highly consistent between the PacBio library 
and the two Nanopore libraries (r = 0.87 and r = 0.92 for genes, and 
r = 0.88 and r = 0.91 for introns; Supplementary Figs. 6 and 7). We 
also constructed Illumina RNA-seq libraries of chromatin-bound 
polyadenylated RNA with three biological replicates (Supplementary 

Table 1). The ratios of unspliced introns are also highly consistent 
between Illumina RNA-seq and Nanopore data (r = 0.91), and are 
also consistent across three Illumina RNA-seq biological replicates 
(r = 0.94, r = 0.95 and r = 0.96; Fig. 3b and Supplementary Fig. 7). 
Furthermore, most of the incompletely spliced polyadenylated 
transcripts contained only one or a few unspliced introns, whereas 
the other introns had been spliced efficiently (Figs. 2d, 3a and 3c), 
indicating the specificity of unspliced introns. To further analyse the 
differences between introns with high and low unspliced ratios in 
chromatin-bound polyadenylated RNA, we separated introns into 
two groups using a cut-off value of 0.1. For introns in the group 
with an unspliced ratio of chromatin-bound polyadenylated RNA 
of higher than 0.1, the cotranscriptional splicing rates were much 
slower (Fig. 3d), consistent with the result showing that these introns 
remain unspliced after PA.

We next examined whether these incompletely spliced transcripts 
can be released from the chromatin. We constructed next-generation 
sequencing (NGS) RNA-seq libraries using polyadenylated RNAs 
from different cell fractions, and found that the introns with an 
unspliced ratio of higher than 0.1 in chromatin-bound polyadenyl-
ated RNA were barely detectable in the nucleoplasm and cytoplasm 
(Fig. 3e), suggesting that the intron-containing transcripts were 
still bound to chromatin after PA. Moreover, the RNA accumula-
tion level (fragments per kilobase of transcript per million mapped 
reads (FPKM) value) of genes with a higher incompletely spliced 
ratio in chromatin-bound polyadenylated RNA was notable higher 
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of multi-introns in each nascent transcript derived from genes with five introns. The elongating transcripts were separated into five groups (S1, S2, …, S5) 
on the basis of the number of introns that were transcribed. Transcripts of each group were ordered by the splicing status of the introns. In the S2 group, for 
example, the first two introns had been transcribed; there were therefore four categories of splicing status as follows: both spliced (13.6%), the first spliced 
and the second unspliced (3.3%), the first unspliced and the second spliced (0.8%) and both unspliced (82.3%). These four types of transcripts were 
stacked on top of each other in the figure. e, Global analysis of the ratio of spliced introns versus the transcription distance of introns in different positions; 
‘1’ indicates the first introns, ‘2’ indicates the second introns and so on; the read numbers (n) are indicated.

Nature Plants | www.nature.com/natureplants

http://www.nature.com/natureplants


Letters Nature Plants

in the chromatin fraction than in the nucleoplasm or cytoplasm, 
strongly suggesting that the incompletely spliced transcripts 
were retained on the chromatin (Fig. 3f). Furthermore, if these 
intron-containing transcripts were to be released from chromatin, 
they would probably be targeted by the nonsense-mediated decay 
(NMD) pathway, but we found that the accumulation level of most 
of these unspliced introns remained the same in the up frameshift 
1 (upf1) upf3 double mutant, which disrupts the NMD pathway  
(Fig. 4b), suggesting that most of these incompletely spliced tran-
scripts are not degraded by NMD, consistent with previous reports 
that most transcripts with intron retention (IR) are resistant to 

NMD in plants23. Thus, our results suggest that chromatin retention 
of incompletely spliced transcripts represents an important step in 
mRNA maturation and has a critical role in post-transcriptional 
gene regulation. Misannotation of introns are frequent and would 
appear as IR events when analysing the RNA-seq data. To obtain 
introns that are being actively spliced, we followed a recent study 
that characterized splicing kinetics in Drosophila and humans, and 
we used only constitutively spliced introns for our splicing analy-
sis (see Methods)22. To simplify the analysis, we hereafter define pts 
introns as constitutively spliced introns with an unspliced ratio of 
at least 0.1 in the chromatin-bound polyadenylated RNA fraction.  
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An alternative explanation for the observed chromatin-bound 
intron-containing, yet polyadenylated, transcripts is that PA of these 
transcripts is still in process, and splicing will be completed when 
the PA step is finished, and what we observed is a reflection of the 
delay in this process. Given the technical difficulties in measuring 
the completion of the PA step, these alternative explanations remain 
to the resolved until more data on the dynamics of PA process are 
available in the future.

To determine whether the splicing of pts introns is affected in 
certain mutants or regulated by environment signals, we selected 
6,521 high-quality, publicly available RNA-seq libraries that account 

for 1,512 matched groups with at least two biological replicates of 
each sample, including 713 groups of mutant versus wild type (WT) 
and 799 groups of treatment versus mock/CK, to search for dif-
ferentially retained introns at genome-wide scale (Supplementary 
Tables 2 and 3). From the mutant versus WT analysis, we identi-
fied ten mutant samples with an increased retention ratio (that 
is, increased unspliced ratio) in more than 500 introns compared 
with their matched WT controls (see Methods). The corresponding 
genes for these mutants were all previously reported to be involved 
in splicing, such as PROTEIN ARGININE METHYLTRANSFERASE 
5 (PRMT5) and SKI-INTERACTING PROTEIN (SKIP)24–27 (Fig. 4a, 
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public RNA libraries. Only treatments with more than 50 upregulated IRs are shown. e, The Δunspliced ratios (treatment − control/mock) distribution of 
introns with different unspliced ratios in chromatin-bound polyadenylated RNA. Only introns with total junction read numbers detected in both treatment 
and WT samples of more than 10 were used. The numbers of four groups of introns (labelled as 0–0.05, 0.05–0.1, 0.1–0.2 and 0.2–1) are 34,317, 9,215, 
7,447 and 7,907, respectively. For the box plots, the centre lines show the median, the box limits show the interquartile range and the whiskers extend to the 
furthest value within 1.5× the interquartile range from the quartiles. f, Example of cold-regulated intron in the clock gene TOC1. CK: SRA, SRX3203983; cold: 
SRA, SRX3203987. g, A model for nuclear retention and post-transcriptional splicing as an important layer of post-transcriptional regulation.
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Supplementary Table 2). Although pts introns account for only 28% 
of all introns, ~80% of enhanced IR events in these ten groups were 
found at pts introns (Fig. 4a). The prmt5 and skip mutants strongly 
suppress the splicing of pts introns while having small impacts on 
the non-pts introns (Fig. 4b). Moreover, the cotranscriptional splic-
ing rates of introns affected in either the prmt5 or the skip mutants 
are also slower than those that are unaffected by the mutations 
(Supplementary Fig. 8a,b). PRMT5 is implicated in various devel-
opmental processes, such as flowering time control, stress response 
and circadian rhythm, by promoting the recruitment of NineTeen 
Complex to the spliceosome and modulating pre-mRNA splicing of 
diverse genes24,25,27. We found that most of the signature IRs that were 
previously identified in prmt5 (refs. 24,25,27) were at pts introns, such 
as the first intron in AT2G17340 (Fig. 4c). These results showed that 
the splicing of pts introns was susceptible to regulation by PRMT5, 
SKIP and other splicing-related proteins, whereas splicing of the 
normal introns was less dependent on these factors. Furthermore, 
these two groups of introns, which were impacted in prmt5 and 
skip mutants, were largely distinct from each other (Supplementary  
Fig. 8c,d), suggesting that pts introns can be further classified into 
subgroups of which the splicing is regulated by distinct pathways.

Moreover, most of the introns that showed an increase in reten-
tion ratio under various stress treatments compared with the 
controls were also pts introns (Fig. 4d, Supplementary Table 3),  
suggesting that pts introns provide an important basis for observed 
IR events in plants. Several reports have shown that rapid induc-
tion of expression could lead to an increased proportion of 
nascent RNA compared with mature mRNA28,29 and, therefore, a 
higher fraction of intron-derived reads. We examined whether the 
increased IR that we observed was correlated with upregulation of 
gene expression, and found that increased IRs were not enriched 
in genes that showed upregulated expression levels, suggesting that 
the increase in IRs that we observed was not due to the potential 
rapid production of nascent RNA during transcriptional upregula-
tion (Supplementary Fig. 9). Thus, the splicing of pts introns can 
be regulated by various environmental signals. For example, the 
splicing of a large number of pts introns was inhibited after cold 
and heat treatment, which is suggestive of temperature-regulated 
splicing (Fig. 4d,e). Furthermore, temperature-dependent IR has 
an important role in regulating the expression of circadian clock 
genes during temperature transitions30, and these retained introns 
on clock genes, such as TIMING OF CAB EXPRESSION 1 (TOC1), 
are also mostly pts introns (Fig. 4f). The dynamic regulation on the 
splicing of pts introns may therefore have an important role in plant 
responses to environmental challenges.

Two recent studies used Illumina sequencing to profile 
chromatin-bound nascent RNAs and showed that cotranscriptional 
splicing is widespread in Arabidopsis16,17, which fits well with our 
observation using long-read sequencing methods. In contrast to 
the Illumina-based method, one unique advantage of our approach 
is that it could simultaneously track the status of splicing and the 
progress of transcriptional elongation, which enabled us to directly 
calculate the splicing kinetics in Arabidopsis. Furthermore, our 
method can also detect polyadenylated-tail length and the splic-
ing order of multiple introns, which cannot be observed using 
the regular RNA-seq method. Our method also captured a large 
number of splicing intermediates, which can be used to estimate 
the splicing reaction rates31,32, and our data show that pts introns 
have lower splicing efficiency compared with the non-pts introns 
(Supplementary Fig. 10). Moreover, the intron-containing, yet poly-
adenylated, transcripts in our library are well positioned to examine 
the relationship between splicing and PA site usage. We found that, 
for those genes with increased IR ratio under cold or heat stress, 
only a small fraction undergo alternative PA (APA), and the ratio 
is similar to other genes without increased IR (Supplementary Fig. 
11a). For genes with multiple PA sites, we found that the spliced 

ratios of their introns are similar between the major PA isoform and 
the minor PA isoform (r = 0.91; Supplementary Fig. 11b). There are 
a handful of introns with a different spliced ratio between the major 
and minor PA isoforms (Supplementary Fig. 11c), suggesting that 
PA site usage could potentially influence splicing, or vice versa. In 
the future, it will be interesting to further investigate the causal rela-
tionship between these two processes in regulating these genes.

Our data highlight that chromatin-tethered post-transcriptional 
splicing is an important stage in the maturation of a large num-
ber of mRNAs. We speculate that this stage can be regulated by 
various splicing factors and can act as an important layer in gene 
regulation in response to a wide range of environment signals. 
Future profiling of the chromatin-bound RNAs, as well as cyto-
plasmic RNAs, in mutants that influence the splicing of pts introns,  
such as prmt5 and skip, would be critical in validating this concept 
(Fig. 4g). Splicing-based, post-transcriptional regulation can have 
some key advantages as a regulatory step during mRNA matura-
tion. The nuclear-retained, polyadenylated, incompletely spliced 
transcripts are only one step away from being fully functional by 
splicing of the pts intron, and these transcripts can be stored in the 
nucleus, safe from being degraded by the NMD pathway in the cyto-
plasm, until splicing is activated by the environmental or develop-
mental triggers. Many previous studies in various systems support 
this model. In regard to whether intron-containing, yet fully poly-
adenylated, RNAs can be stored in the nucleus and released after 
environmental or developmental signals, it was previously demon-
strated that a large amount of intron-containing, polyadenylated 
pre-mRNA is stored in the microspore of Marsilea vestita (named 
intron-retaining transcripts (IRTs)), and the maturation of IRTs to 
mRNA required the function of the spliceosome machinery, but 
not the transcription machinery; these introns are removed from 
IRTs at specific timing during development, enabling translation 
to proceed33. The chromatin-tethered polyadenylated, yet incom-
pletely spliced, transcripts were also reported in various cell types 
and tissues in animals, including mouse embryonic stem cells21, 
mouse inflamed macrophages20, meiotic spermatocytes34 and neo-
cortex35. These intron-containing RNAs can be further spliced in 
response to a stimulus. For example, a group of intron-containing 
polyadenylated transcripts retained in the nucleus of the mouse 
neocortex is rapidly spliced within minutes in response to neuro-
nal stimulation35. There are also studies that support that incom-
pletely spliced transcripts were tethered in the nucleus. In human 
cells, a study combining fluorescence in situ hybridization and 
fluorescence recovery after photobleaching showed that slower 
splicing leads to an increase in retention of the full-length poly-
adenylated pre-mRNA at the transcription site36. In plants, there 
is direct evidence, obtained using imaging of living cells, showing 
that intron-containing transcripts from two genes, ARGININE/
SERINE-RICH ZINC KNUCKLE-CONTAINING PROTEIN 
(RS2Z33) and SERRATED LEAVES AND EARLY FLOWERING 
(SEF), are retained in the nucleus so that they are not subject to 
NMD before being fully spliced and exported to the cytoplasm37. 
Nuclear retention and post-transcriptional splicing may therefore 
serve as a conserved layer for post-transcriptional regulation in 
both plants and animals.

Methods
Extraction of chromatin-bound RNA. Chromatin-bound RNAs were extracted 
using a previously reported method18,38. Arabidopsis seedlings (Col-0) were grown 
on 1/2 MS plates at 22 °C (16 h light–8 h dark) for 12 d before collection. Seedlings 
(2 g) were ground with liquid nitrogen into fine powder and transferred into an 
ice-cold 50 ml tube with 10 ml Honda buffer (0.44 M sucrose, 1.25% (w/v) Ficoll, 
2.5% (w/v) dextran T40, 20 mM HEPES-KOH pH 7.4, 10 mM MgCl2, 0.5% (w/v) 
Triton X-100, 1 mM dithiothreitol (DTT), 1× protease inhibitor (Roche) and 
100 ng μl−1 tRNA). After homogenization by vortexing, the homogenate was filtered 
through one layer of Miracloth. Another 10 ml of Honda buffer was added to the 
filter to wash the remaining plant material. After centrifugation at 4 °C and 3,500g 
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for 5 min, the supernatant was collected as the cytoplasmic fraction and the pellet 
was resuspended and washed once with another 20 ml Honda buffer. The pellet 
was then resuspended in 1 ml Honda buffer (0.44 M sucrose, 1.25% (w/v) Ficoll, 
2.5% (w/v) dextran T40, 20 mM HEPES-KOH pH 7.4, 10 mM MgCl2, 0.5% Triton 
X-100, 1 mM DTT, 500 ng μl–1 tRNA, 2× proteinase inhibitor (Roche) and 10 μl 
RNase inhibitor (RNase out, Thermo Fisher Scientific)) and centrifuged at 4 °C 
and 8,000g for 1 min. The supernatant was completely removed and the nuclei 
pellet was weighed. One volume of nuclei resuspension buffer (50% glycerol, 
0.5 mM EDTA, 1 mM DTT, 25 mM Tris-HCl pH 7.5, 100 mM NaCl, 1× RNase Out 
and 200 ng μl−1 tRNA) was added and the pellet was stirred to mix with a pipette 
tip. Two volumes of washing buffer (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 M 
urea, 0.5 mM EDTA, 1 mM DTT, 1% Tween-20, RNase Out and 200 ng μl−1 tRNA) 
were then added, and the pellet was washed by pipetting up and down 30 times 
and centrifuged at 4 °C and 8,000g for 1 min. The supernatant was collected as the 
nucleoplasmic fraction. For the second wash, the pellet was resuspended in one 
volume of resuspension buffer, and washed by pipetting up and down seven  
times with one volume of washing buffer, and was centrifuged at 4 °C and 8,000g 
for 1 min. The supernatant was removed, and the pellet was retained as the 
chromatin fraction.

For RNA extraction, the pellet was resuspended in 1 ml TRIzol. The 
cytoplasmic and nucleoplasmic fractions were mixed with three volumes of 
TRIzol LS, vortexed to mix thoroughly and kept at room temperature for 
10 min. Chloroform (0.2 ml) was then added, vortexed for 10 s and kept at room 
temperature for 5 min. The mixture was centrifuged at 4 °C and 14,000 r.p.m. 
for 10 min. The supernatant was transferred to a new tube, and one volume of 
100% ethanol was added. The tube was mixed by inverting, and the solution was 
transferred to a ZYMO RNA column. The extraction procedures were performed 
according to the manufacturer’s instructions (ZYMO, R2070). The RNA samples 
were quantified using a Nanodrop and stored at −80 °C.

To verify the purity of each fraction, the total protein and the cytoplasmic, 
nucleoplasmic as well as chromatin protein fractions were subsequently analysed 
using western blot. For immunoblot analysis, antibodies against UGPase (Agrisera, 
AS05086, 1:1,500) and Histone H3 (ABclonal, A2348, 1:5,000) were used for 
cytoplasmic and chromatin fraction-specific markers, respectively.

Removal of rRNA. Before ribosomal RNA (rRNA) depletion, RNA samples (6 μg) 
were concentrated using the ZYMO RNA Clean & Concentrator-5 kit (ZYMO, 
R1013). rRNA was then eliminated using the RiboMinus Plant Kit for RNA-Seq 
(Invitrogen, A10838-08) twice according to the manufacturer’s instructions. RNA 
was eluted with 6.5 μl RNase-free H2O. The RNA samples were quantified using a 
Qubit 3.0 Fluorometer using the Qubit RNA BR Assay Kit (Life Technologies).

Adapter ligation and cDNA synthesis. A 50 pmol 3′ adapter 
(5′-rAppCTGTAGGCACCATCAAT–NH2-3′), where ‘rApp’ is a modified 
base, was added to the rRNA-depleted RNA, mixed by pipetting and 
incubated at 65 °C for 5 min, and then placed on ice for >1 min. Then, 
2 μl 10× T4 RNA ligase reaction buffer (NEB, M0242), 10 μl 50% PEG 
8000 (NEB, M0242), 1 μl RNaseOUT (40 U μl−1) and 1 μl T4 RNA ligase 2, 
truncated K227Q (NEB, M0242) were added to the RNA tube and mixed 
thoroughly by pipetting. After a brief centrifugation, the reaction was 
incubated at 16 °C for 10 h. The RNA was then purified using the ZYMO 
RNA Clean & Concentrator-5 kit (ZYMO, R1013) and eluted with 6 μl 
RNase-free H2O. Double-stranded cDNA synthesis was performed using 
the SMARTer PCR cDNA Synthesis Kit (Takara, 634926) with minor 
modifications. For first-strand cDNA synthesis, according to the NEB Universal 
miRNA Cloning Linker, the SMART CDS Primer II A was replaced by 
5′-AAGCAGTGGTATCAACGCAGAGTACATTGATGGTGCCTACAG-3′.

Library construction and sequencing using Nanopore and PacBio. To 
minimize PCR bias, PCR cycle number optimization was performed according 
to the instructions of Procedure & Checklist-Iso-Seq Template Preparation for 
Sequel Systems (Pacbio, PN 101-070-200 Version 05). The PCR products were 
recovered by gel purification and analysed by TA cloning (Vazyme, C601) and 
Sanger sequencing for quality control. A large-scale double-stranded DNA 
library was amplified from the remaining cDNA using the optimized cycle 
number and then purified twice with the VAHTS DNA Clean Beads (Vazyme, 
N411). For the Nanopore method, 100–200 fmol double-stranded DNA was used 
to construct a library and was sequenced using a MinION sequencer according 
to the 1D Lambda Control Experiment protocol (SQK-LSK109). For the PacBio 
method, 1 μg double-stranded DNA was used to prepare a library according to 
the protocol of SMRTbell Template Prep Kit 1.0-SPv3, and sequenced using a 
PacBio Sequel II System.

NGS RNA library construction and sequencing. The mRNA libraries were 
prepared and sequenced at the HaploX Bioinformatics Institute. In brief, 
polyadenylated RNAs from cytoplasmic, nucleoplasmic and chromatin fractions 
were purified using poly(A) beads and converted to strand-specific libraries 
using the VAHTSTM mRNA-seq V2 Library Prep Kit for Illumina (Vazyme). The 
libraries were then sequenced using an Illumina HiSeq X Ten platform.

NGS RNA-seq data analysis and identification of differentially retained introns 
between paired samples. Paired-end reads were aligned to the Arabidopsis TAIR10 
genome39 by HISAT2 (v.2.1.0) using the following parameters: --min-intronlen 
20 --max-intronlen 12000. The PCR duplicates were then removed using Picard 
(v.2.18.22-SNAPSHOT) and the FPKM values were calculated using StringTie 
(v.1.3.6) with the parameters ‘-e --rf -B’ using the Araport11 annotation file40. For 
public RNA-seq data, StringTie was also used, but without the parameter ‘--rf ’, 
and DEseq2 (v.1.19.31) was used to calculate the fold change in the level of gene 
expression between different samples41.

The ratio of unspliced introns was estimated on the basis of the PIR value, 
similar to that described previously42. In brief, for a specific intron (I) and its two 
adjacent exons (E1 and E2), three types of junction reads were extracted from the 
alignment file: (1) the junction reads connecting E1 and E2 and I (E1I and E2I) 
represented intron retention events. (2) The junction reads connecting E1 and 
E2 (E1E2) represented splicing events. (3) The junction reads represented other 
alternative splicing events (O). Each feature (such as E1, E2 and I) connected 
by these junction reads was required to be covered by at least four bases. The 
PIR and the percentage of splicing in (PSI) values were defined as follows: 
PIR = 100 × (E1I + E2I)/(E1I + E2I + 2 × E1E2 + 2 × O); PSI = 100 × (2 × E1E2)/
(E1I + E2I + 2 × E1E2 + 2 × O). For samples with biological replicates, the junction 
reads from all of the biological replicates were combined and used to calculate the 
PIR or PSI of the sample. Introns with a total junction read number of less than 10 
were discarded.

For all of the intron-associated analyses (including NGS and Nanopore data), 
we selected only constitutively spliced introns in the represented transcripts as 
described previously22. Constitutively spliced introns were defined as introns with a 
PSI value in the cytoplasmic sample of more than 0.8.

To identify differentially retained introns in mutants and environmental 
stresses, we collected more than 20,000 public RNA-seq libraries deposited at NCBI 
by performing a search using the keyword ‘((Arabidopsis thaliana[Organism]) 
AND “transcriptomic”[Source]) AND “rna seq”[Strategy])’ and organized the 
library information manually. To reduce the interference of experimental batches, 
we filtered for matched samples that have either ‘mutant versus wildtype’ or 
‘treatment versus mock/control’ under the same research project, and each sample 
has at least two replicates. The resulting 6,000+ RNA-seq libraries—representing 
713 mutants and 799 treatments, as well as their corresponding controls—were 
selected and analysed as described above. The counts of E1I, E2I, E1E2 junction 
reads were then calculated from each biological replicate, and only introns that 
satisfied the following two criteria were used for further differential analysis: 
(1) the PIR value of at least one sample was greater than 0.2; and (2) the total 
junction read number of each sample was more than 10. The IR count (E1I + E2I) 
and the splicing count (E1E2) of each biological replicate were then submitted 
to a generalized linear model in the DESeq2 package (v.1.19.31)41 as used in 
IRFinder43 to perform the differential IR test. The P values were adjusted using 
the Benjamini–Hochberg method to decrease the false-discovery rate. The introns 
with an adjusted P < 0.05 and with a PSI fold change higher than 2 (mutant/WT, 
or treatment/mock) were identified as introns with increased retention ratio in 
mutant or treatment samples.

Nanopore sequence basecalling and mapping. The Nanopore data analysis 
workflow is provided in Supplementary Fig. 2. First, raw signal FAST5 files 
were basecalled using Guppy (v.3.1.5+781ed57) with the default parameters (--c 
dna_r9.4.1_450bps_hac.cfg). The reads with a mean quality score of less than 7 
were filtered out. The remaining reads were mapped to the Arabidopsis TAIR10 
genome39 using Minimap2 (v.2.17-r943-dirty)44 with the following parameters: -ax 
splice --secondary=no. The reads mapped to rDNA, mitochondria and chloroplast 
genomes were removed, and only the reads from protein-coding genes were used 
for further analysis.

The 3′ end cDNA adapter can indicate the 3′ end integrity of cDNA, which 
is the basis for the identification of PA and Pol-II position, and can also be used 
to determine the strand direction of mRNA. Thus, only reads with the 3′ end 
adapter were used for further analysis. To find the cDNA adapter, the 5′- and 
3′-end unmapped region and their nearest 20-nucleotide mapped regions were 
aligned against the cDNA 3′ end adapter sequence using BLASTn (v.2.9.0+)45 
with the following parameter: -word_size 6. The length of the 3′-end and the 
5′-end adapters was 42 nucleotides and 30 nucleotides, respectively. The first 15 
nucleotides of the 3′-end adapter and the first 3 nucleotides of 5′ end adapter is a 
specific sequence, but the final 27 nucleotides are consistent between the adapters. 
A 3′-end-adapter alignment must meet the following criteria: (1) the alignment 
start position of the 3′ end adapter is ≤12; and (2) the alignment length is ≥15.

After adapter alignment, the following reads were filtered out: (1) reads without 
the 3′ end adapter; (2) the antisense transcripts (the strand direction of mRNA 
was determined by the position of 3′ end adapter); and (3) reads missing the 5′ 
end (the 5′ end is located downstream of the annotated first exon, probably due to 
incomplete reverse transcription). Further poly(A) identification and read filtering 
are described below.

3′ poly(A) identification and length estimation using PolyAcaller. As the DNA 
passes through the pores of the Nanopore, the changes in the base sequence cause 
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transitions in the raw current signal. However, for long polymer regions, the raw 
signal value fluctuates less, making it difficult to determine the region length. 
Therefore, the base-calling software may even recognize 100 consecutive A bases as 
one A. To solve this problem, we developed a method called PolyAcaller to infer the 
poly(A) length from the duration of the measured signal (Supplementary Fig. 4).  
As the double-stranded cDNA libraries can be sequenced from either the 5′ end 
or from the 3′ end, we first determined whether to find poly(A) or poly(T) on the 
basis of the 3′ adapter position. For example, to find poly(A), the base sequence and 
the duration of the signal (in units of the event) corresponding to each base were 
extracted from the Guppy output file. To reduce errors, only the unmapped region 
of the read between the genome mapping region and the 3′ adapter region was used 
to find poly(A). The final ten bases of the genome mapping region and the first five 
bases of the adapter region were also included. The bases near A and with event 
lengths of greater than 20 × mean event length were converted to A. A local score 
system (A, 1 × event length; non-A, −1.5 × event length) was then used to search for 
the local poly(A) region with the highest score. The poly(A) length was calculated 
by dividing the total event length of this region by the mean event length.

We then separated full-length clean reads into two groups. The 3′ end of the 
reads in group I was located upstream of the last exon, and therefore belonged to 
elongating transcripts (which may also include a few polyadenylated transcripts 
owing to the APA). The other reads belonged to group II, and included elongating 
transcripts and polyadenylated transcripts. The results showed that the calculated 
poly(A) length of reads in group I had one peak at 3 bases, and 98% of reads 
were less than 15 bases, while the poly(A) length (logarithm) of reads in group 
II had two peaks, one at 3 bases and one at ~130 bases (Supplementary Fig. 4d). 
Thus, we chose a cut-off of 15 to distinguish between elongating transcripts and 
polyadenylated transcripts.

Filtering splicing intermediates and reads with low mapping accuracy at the 
3′ end. For the reads representing elongating transcripts, the genome mapping 
position indicated the Pol-II transcription position, and the 3′ adapter was 
expected to be exactly next to the genome mapping region. However, sequencing 
errors of a few bases at the 3′ end may result in inaccurate alignment and, 
therefore, inaccurate determination of the Pol-II transcription position. Thus, if 
the distance between the start position of the 3′ adapter and the end position of the 
genome mapping region was more than 5, the read was removed. Furthermore, we 
also filtered out splicing intermediates because their Pol-II positions could not be 
determined. Considering the potential inaccuracy of 3′ end alignment, all reads 
with the 3′ end between 10 nucleotides upstream and 10 nucleotides downstream 
of the 5′ splice site of an intron were considered to be splicing intermediates and 
were removed.

Determining intron splicing status. The introns with a mapping ratio of at 
least 80% in a read were identified as unspliced, and the others were identified 
as spliced. To reduce the interference of alternative splicing, only constitutively 
spliced introns were used for further analysis.

PacBio data analysis. The highly accurate circular consensus sequences (CCS reads)  
were extracted from PacBio subreads using ccs (v.4.0.0) with the parameter 
‘--min-rq 0.9’. The adapter was identified and removed using lima (v.1.11.0) with 
the parameter ‘--isoseq’. The adapter-removed CCS reads were mapped to the 
Arabidopsis genome using the same method as described in the Nanopore data 
analysis. The final 20 bases of the genome mapping region and the unmapped 
region of the 3′ end read were used to find poly(A) using a local alignment score 
method (A score, 1; non-A score, −1.5). The read including a polyadenylated 
region of longer than or equal to 15 bases was identified as a polyadenylated read. 
The splicing intermediates, as well as reads missing 5′ ends were removed as 
described above.

Analysis of APA. The polyadenylated RNA reads terminating at each high 
confidence PA site annotated in PlantAPAdb46 were counted. The PA site with the 
most reads in a gene was referred to as the major PA site, and the other sites were 
referred to as the minor PA site. To identify the introns that were differentially 
spliced in different PA isoforms, the counts of spliced and unspliced reads were 
submitted to a generalized linear model in the DESeq2 package (v.1.19.31)41 using 
the same method as described for the identification of differentially retained 
introns from RNA-seq data.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data generated in this study were deposited at NCBI under the accession 
number PRJNA591665.

Code availability
The code used to perform Poly(A) tail analysis is available at https://github.com/
zhailab/polyACaller.
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