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e Pre-mRNA splicing is an essential step for the regulation of gene expression. In order to
specifically capture splicing variants in plants for genome-wide association studies (GWAS),
we developed a software tool to quantify and visualise Variations of Splicing in Population
(VASP).

e VaSP can quantify splicing variants from short-read RNA-seq datasets and discover geno-
type-specific splicing (GSS) events, which can be used to prioritise causal pre-mRNA splicing
events in GWAS. We applied our method to an RNA-seq dataset with 328 samples from 82
genotypes from a rice diversity panel exposed to optimal and saline growing conditions.

e In total, 764 significant GSS events were identified in salt stress conditions. GSS events were
used as markers for a GWAS with the shoot Na* accumulation, which identified six GSS
events in five genes significantly associated with the shoot Na* content. Two of these genes,
OsNUCT and OsRAD23 emerged as top candidate genes with splice variants that exhibited
significant divergence between the variants for shoot growth under salt stress conditions.

e VaSP is a versatile tool for alternative splicing analysis in plants and a powerful tool for pri-
oritising candidate causal pre-mRNA splicing and corresponding genomic variations in GWAS.
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Introduction

The removal of introns and joining exons during the mRNA
maturation process is an essential step in gene regulation for bio-
logical processes in most eukaryotes. Alternative splicing (AS) is
an important co-transcriptional and post-transcriptional regula-
tory mechanism in plant response to abiotic stresses (Laloum
et al., 2018; Zhu et al., 2018; Jabre et al., 2019; Zhu et al., 2020).
There are five basic types of AS: alternative donor site (AltD),
alternative acceptor (AltA) site, alternative position (AltP), exon
skipping (ExonS) and intron retention (IntronR). ExonS is the
most common type of AS in animals, while IntronR is the most
prevalent form in plants (Gupta et al, 2004; Ner-Gaon et al.,
2004; Wang & Brendel, 2006; Kim ez 4/, 2007; Braunschweig
et al., 2014; Grau-Bove et al., 2018; Chaudhary et al., 2019b). In
plants, up to 60-70% of multi-exon genes have AS, and up to a
half of the AS events are IntronR (Wang & Brendel, 2006; Mar-
quez et al., 2012; Chamala ez al, 2015; Zhang et al., 2017).
These differences suggest that the mechanism of splice site
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recognition may differ between plants (intron definition) and
animals (exon definition) (Barbazuk ez 4/, 2008). Although many
studies on AS are based on expressed sequence tags (ESTs) and
c¢DNAs in plants, only a few studies focus on AS variations at the
plant population level (Chen ez al., 2018; Khokhar ez 4l., 2019).
With advancements in next-generation sequencing technology, it
is feasible to obtain RNA-seq datasets for AS analysis, but it is
challenging to accurately determine and quantify AS due to short
reads and the complexity of splicing when evaluating a large pop-
ulation. Our ability to obtain novel insights into the regulation
and function of splicing is further hindered by the difficulty of
estimating transcript abundance from short-read RNA-seq data.
At present, there are many tools for AS detection using short-
read RNA-seq data (Hooper, 2014; Ding ez al., 2017; Mehmood
et al., 2019). Most of the tools estimate transcript isoform ratios
or exon inclusion levels, which is statistically challenging and
maybe inaccurate when applied to short-read data (Vaquero-Gar-
cia et al., 2016; Li ez al., 2018). A more accurate approach is to
focus on reads that span exon—exon junctions (junction reads) in
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a local splicing region, such as implemented in tools like rMATS
(Shen ez al., 2014), MajQ (Vaquero-Garcia et al., 2016), and
LEarCUTTER (Li et al, 2018). The software tool rMATS was
designed for the detection of differential AS between two groups,
and MAJIQ proposes to estimate local splicing variation and iden-
tifies complex transcript variations. Both tools rely on existing
annotations of genes and transcripts and were not designed for
quantifying intron usage variation in a large natural population.
LEaFCUTTER is able to identify AS events in animal populations
by using junction reads in a cluster region (overlapped introns),
but it cannot detect AS events in a single intron region (Vaquero-
Garcia et al., 2018), such as IntronR, which is the most prevalent
AS form in plants. Furthermore, the current tools for AS analysis
are primarily designed for mammal genomic data (e.g. human or
mouse), but plants and animals have different splicing mecha-
nisms. Compared with human genes, plant genes are smaller with
slightly longer exons and much shorter introns (Barbazuk ez 4/,
2008; Keren et al., 2010), which may affect the output of these
existing tools when applied to plant datasets. Therefore, an efh-
cient and accurate method that will function for the features of
pre-mRNA splicing and to prioritise candidate causal pre-mRNA
splicing events for association studies in plants is needed for the
comprehensive discovery of AS.

Rice (Oryza sativa) is a major staple food crop, and it is also a
model plant for genomics research. Rice is one of the most salt-
sensitive major crops, and it is especially sensitive during the veg-
etative growth stage (Lutts ez 2/, 1996; Munns & Tester, 2008).
Salinity tolerance is a polygenic trait resulting from several under-
lying physiological and molecular mechanisms (Munns & Tester,
2008; Deinlein ez al., 2014). Although many studies have investi-
gated genome-wide expression profiles in response to salt stress in
rice (Kawasaki ez al., 2001; Walia et al, 2005, 2007; Cotsaftis
et al., 2011), only a few methods and datasets have been gener-
ated for exploration of natural variation using expression analysis
(Du et al., 2019). A recent study showed that alternative splicing
plays an important role in maintaining mineral nutrient home-
ostasis in rice, but the association of AS with salt stress or sodium
homeostasis has not been examined (Dong ez 4/, 2018). Thus,
we reasoned that an analysis of AS variation in a diverse rice pop-
ulation would provide new insight into genetic variations associ-
ated with salt stress in rice.

To address the problem of a lack of tools that are adequate for
the discovery of AS in plants, we developed an R package, VASP
(heeps://www.bioconductor.org/packages/VASP), for quantifica-
tion and visualisation of Variations of Splicing events in a Popu-
lation. We applied VASP on a rice population, using a large set of
short-read RNA-seq samples. VASP quantifies each intron splic-
ing event using a novel statistical score, called the Single Splicing
Strength (3S) score, based on the number of junction reads and
gene-level reads. We used VASP to discover a set of genotype-
specific splicing (GSS) events and their associated splice site varia-
tions, which can prioritise candidate causal pre-mRNA splicing
events for the associate study. Genome-wide association analysis
between GSS variations, as markers, and shoot Na* content, one
of the key traits for salt tolerance, revealed potential genetic varia-
tions involved in salt stress response in rice, which demonstrates
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that the power of GSS for prioritising candidate causal pre-
mRNA splicing for stress response.

Materials and Methods

Populational genotype-specific pre-mRNA splicing
discovery

The R package, VASP (Fig. 1a), was developed to detect varia-
tions in splicing events, especially IntronR, in RNA-seq data
from a diverse set of genotypes. For each candidate junction in

the sample, VASP assigns a Single Splicing Strength (3S) score,
which is defined as follows (Fig. 1b):

R
__Eci,

where R is the count of junction reads for a single intron, and C;

3S Eqn1

is the average coverage of the /" isoform for the parent gene. The
gene-level read coverage, used for normalisation, is the sum of
the average coverages for all transcript isoforms in the gene. In
the R package, one can calculate 3S scores for all splicing junc-
tions in the genome by the function of spliceGenome or in a par-
ticular gene by the function of spliceGene. VASP package also
provides the visualisation to AS events, and users can display dif-
ferential splicing information by using the function of splicePlot
(Fig. 1c,d).

To identify a GSS event in a population, VASP finds nonover-
lapping bimodal distribution of 3S scores in the population and
divides all samples into two groups. The bimodal distribution test
implemented in the function of BMfinder was previously used in
a single feature polymorphism (SFP) detection program (Wang
et al., 2010). The splicing scores of an intron were divided into
two clusters ‘around medoids” with pam function in the R pack-
age cluster, a more robust version of K-means (Reynolds ez af,
20006), and the Z-score test was used to make sure any member of
a cluster did not belong to the other cluster at a probability of
99%. According to the Z-score test, if the probability (P-value) of
a sample belonging to the other cluster was larger than 0.01, the
sample was set to missing (did not belong to any cluster).

For GSS event discovery in the rice diversity panel 1 (RDP1)
population (Famoso er al, 2011; Zhao et al, 2011; Eizenga
et al., 2014), we only focused on reliable intron splicing events
that were supported by at least five junction reads (Danan-Got-
thold e al, 2015) in at least 5% of all samples and in widely
expressed genes: average per-base read coverage > 1 in more than
95% of all samples. Suitable cutoffs of minor allele frequency
(MAF) and missing clustering rate (MISS) were used to control
the stringency. For the analysis of RNA-seq data from RDP1, the
thresholds were set as MAF > 0.05 and MISS < 0.05. The GSS
events under control and salt stress conditions were separately
identified. The two replicates of all accessions under each condi-
tion were then merged, and any accession with the two replica-
tions clustered into different groups was set to missing. The
splicing events with a missing rate > 0.05 were excluded and the
splicing events located in assembled genes (MSTRG-tag)
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Fig. 1 Overview of VaSP, an R package for quantification and visualisation
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of Variations of Splicing events in a Population. (a) The workflow and functions

of VASP. The input is an R data object ballgown produced by a standard RNA-seq data analysis protocol (Pertea et al., 2016), including mapping with
HISAT, assembling with STRINGTiE and collecting expression information with BaLLcown. VASP calculates the Single Splicing Strength (3S) scores for all
splicing junctions in the genome (spliceGenome) or in a particular gene (spliceGene), identifies genotype-specific splicing (GSS) events (BMfinder, see the
main text for details), and displays differential splicing information (splicePlot). The 3S scores can be also used for other analyses, such as differential

splicing analysis or splicing QTL identification. (b) VASP estimates 3S scores

based on junction-read counts normalised by gene-level read coverage. In this

example, VASP calculates the splicing scores of four introns in a gene X with two transcript isoforms. Only the fourth intron is a full usage intron excised by

both the two isoforms and the other three are alternative donor site (AltD)

sites or intron retention (IntronR), respectively. (c) Visualisation of splicing

information in gene MSTRG.183 (LOC_Os07g03070), whole gene without splicing scores. (d) Visualisation of differential splicing region of the gene

MSTRG.183 with splicing scores displaying. In (c) and (d), the y-axes are re

ad depth and the arcs (lines between exons) indicate exon—exon junctions

(introns). The dotted arcs indicate no junction reads spanning the intron (3S = 0) and solid arcs indicate 3S > 0. The transcripts labelled beginning with

'LOC_Os' indicate annotated transcripts by MSU7 and the ones beginning

spanning more than two annotated genes were also removed.
These genes that included more than two annotated genes were
largely due to assembly errors.

Genome-wide analysis of sQTLs and eQTLs under salt
stress

To identify genetic variations associated with GSS events, a
genome-wide association study (GWAS) was conducted using
single nucleotide polymorphism (SNP) genotyping data and 3S
scores of GSS events under salt stress conditions. The splicing
scores of the two replicates for 82 accessions under salt stress con-
ditions were averaged and used as a splicing trait (s-trait). The

© 2021 The Authors
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with ‘MSTRG' are transcripts assembled by STRINGTIE.

SNP genotyping data were downloaded from imputed genotypes
of RDP1 (http://www.ricediversity.org), and the genotypes of the
82 accessions used in this study were extracted with MAF > 0.05.
We applied the univariate linear mixed model with the score test
(-lmm 3) implemented in GEMMA software for splicing quantita-
tive trait locus (sQTL) analysis (Zhou & Stephens, 2012). The
window size used for an sQTL was set to 500 kb and the thresh-
old of significant P-value was 1 x 107°. For sQTL detection, we
filtered significant SNPs from top to bottom according to the P-
values. For each GSS event, the most significant SNP with the
smallest P-value was picked as the first sSQTL if there were at least
three significant SNPs in the 500-kb window of an sQTL region
(each side 250-kb) to avoid false-positive outlier SNPs. We then
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conducted linkage disequilibrium (LD) analysis for the associated
SNPs using R package sneSTaTs (Clayton, 2020), and removed
all other significant SNPs linked to the most significant SNP
(lead SNP) (* > 0.1) (Chen et al,, 2018). Then, we stepped to
the next independent significant SNP until there was no signifi-
cant SNP left. An sQTL was defined as ¢is-sQTL if it was located
within 250 kb from both sides of the GSS event because, in rice,
the LD decay is 100-350 kb (Zhang ez 4/, 2019) and the recom-
bination rate is about 230 kb/cM (Yu ez 4l., 2011). The analysis
of expression-QTLs (eQTLs) was similar to the sQTLs except
that the gene expression fragments per kilobase per million reads
(FPKM) were log, transformed, log,(FPKM + 1), and averaged
for the two replicates, which were used as an expression trait (e-
trait).

Association analysis of GSS variations with salt tolerance-
related phenotypes under salt stress condition

To identify GSS events associated with shoot Na* content, one
of the key salt tolerance-related phenotypes, a linear model was
used to fit the phenotype with the genotype as follows:

y=x+PC; +PCy +PC3 +PCy + ¢, Eqn2
where y is the shoot Na* content, the phenotype from our previ-
ous works (Campbell ez 4/, 2017; Du et al., 2019), x is the clus-
ters of each GSS event (genotype), PC;—PCy are the first four
principal components from clusters of all GSS events under salt
stress conditions (control population structure), and € is the
error. The threshold of a significant P-value was 0.01. The events
due to mapping errors were manually removed from the result.
To test if a discovered GSS variation was associated with rice
growth response to salinity, we leveraged 14-d temporal RGB
imaging data generated for the same population under 90 mM
NaCl salt stress and control conditions (Campbell ez 4/, 2015).
These imaging data were used to derive a pixel count of the shoot
tissue of the rice genotypes called the Projected Shoot Area
(PSA), which shows a strong positive correlation with manual
biomass-related measurements (shoot area, fresh weight and dry
weight). We used PSA to measure plant growth status, and the
square root-transformed ratio of the plant PSA under salt stress
over that of plants under normal growth conditions to measure
the salt-induced growth response (Campbell ez 4, 2015). We
extracted the data for the 82 accessions used in this study and did
a pairwise comparison of growth responses between different

GSS clusters.

Plant materials, growth conditions for RNA sequencing

The rice materials used in this study are a subset of the RDP1,
which comprises 421 accessions collected from 85 countries
(Famoso ez al., 2011; Zhao ez al., 2011; Eizenga et al., 2014). In
total, 328 samples from 82 accessions of RDP1 with two condi-
tions, control and salt stress conditions, and two replicates in each
condition, were used for transcriptomics data analysis in this
study (Du ez al, 2019). The experiment was conducted in a

New Phytologist (2021) 230: 1273-1287
www.newphytologist.com

New
Phytologist

walk-in growth chamber as described previously by Campbell
et al. with modifications (Campbell ez 2/, 2017, 2020). Plant
growth, salt stress treatment and RNA sequencing were con-
ducted as described by Du ez al. (2019).

RNA-seq mapping and transcript assembly

All RNA-seq data (BioProject: PRJNA385135), obtained from
[llumina 101-bp single-end RNA sequencing, were examined
using the software FAsTQC (Andrews, 2014). All raw short reads
were screened and trimmed using TRIMMOMATIC (Bolger ez al.,
2014) with single-end-mode. Trimmed short reads were mapped
to the rice reference genome (Kawahara ez al, 2013) using
HISAT2 (Kim ez al., 2015). The aligned reads were assembled to
the reference annotation (MSU7) or novel transcripts with
STRINGTIE (Pertea ez al., 2015). Assembled transcripts from all
samples were merged with the transcripts from the reference
annotation, and then the abundances of all the merged transcripts
were re-estimated for all samples, using STRINGTIE (Pertea ez al.,
2015). The information about the coordinates and expression
profiles of genes, transcripts, exons, and introns was stored in the
object of ballgown using R BALLGOWN package (Frazee er al,
2015), which was used as the input of VASP.

Results

VASP can identify pre-mRNA splicing events in a population

We developed VASP (Fig. 1a) to detect variations in splicing
events, especially IntronR, in RNA-seq data from a diverse set of
genotypes. After applying the standard RNA-seq data analysis
protocol (Pertea ez al., 2016), VASP obtained read mapping infor-
mation, such as junction reads and read coverage, from the object
of ballgown in R BALLGOWN package (Frazee et al., 2015). For
each candidate junction in the sample, VASP quantifies the splic-
ing event by assigning a 3S score (Fig. 1b), which is the count of
junction reads normalised by gene-level read coverage. The 3S
score histogram of all high-confidence introns from our RNA-seq
data indicated that the majority of the values were around 1 or
larger than 1, implying frequent usage of that intron, and some
score 0, implying no usage of that intron (Fig. 2a). The 3S score
is different from the traditional splicing qualification factor per-
cent-spliced-in (PSI) in that a 3S score can be larger than one
(100%), because the reads may be unevenly distributed along the
gene and the number of junction reads could be larger than the
average gene-level coverage. For example, usually poly(A) RNA-
seq is biased toward the 3’ end of transcripts that results in more
reads on the 3’ end than the 5" end. The 3S scores calculated by
VASP reflect this characteristic in RNA-seq samples (Fig. 2b).
Therefore, in general, the larger the 3S score, the higher the splic-
ing level. It is pertinent to point out that the comparison of 3S
scores between two different intron splicing locations in a gene is
not meaningful. Despite this limitation, 3S scores are useful for
quantifying splicing among samples or in a population, and
therefore can be used for differential AS analysis or splicing quan-
titative trait locus (sQTL) identification (Fig. 1a).
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Fig. 2 The distribution of Single Splicing Strength (3S) scores from RNA-seq data in RDP1 population. (a) 3S score histogram of all high-confidence introns.
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respectively, and boxes have ranges from 25% to 75% quantiles and a centre line for 50% quantile (median). Dots indicate outliers. (c) An example of the

nonoverlapping bimodal distribution of 3S scores for a splicing intron.

VASP considers one intron splicing as a splicing event, and
each intron is assigned a 3S score. Each intron can overlap with
other introns from different transcript isoforms in the same gene.
VaSP makes the identification of pre-mRNA splicing straightfor-
ward after junction reads are counted and transcript isoforms are
assembled. As the 3S score for each intron splicing is based on
the normalisation of gene-level average coverage, 3S scores for an
intron in different samples are comparable. Moreover, as all reads
are considered for normalisation, the effect caused by the variance
of gene expression levels is reduced, compared with using a small
portion of reads around junction sites. These advantages make
VASP suitable for population-level analysis. Although VASP does
not directly distinguish different types of AS events like rMATS
(Shen ez al., 2014), it can detect events from all basic AS types by
a combination of individual VASP-detected introns. VASP pack-
age also provides the visualisation to AS events, including novel
ones, with publication-quality multipanel figure output (Fig. lc,
d), to enhance AS annotation.

To prioritise high-confidence causal pre-mRNA splicing asso-
ciated with a phenotype of interest, VASP implemented an addi-
tional functional module to discover GSS events, which is based
on the fact that the biallelic homozygous populations are fre-
quently used in plants, especially inbred or natural populations.
Using multiple samples or an inbred plant population, VASP can
identify large-effect pre-mRNA splicing variations without the
need for genotypic information. VASP evaluates the nonoverlap-
ping bimodal distribution of 3S scores in the population and
divides all samples into two groups by applying K-means cluster-
ing and Z-score testing (Fig. 2c). More specifically, for each can-
didate junction, VASP conducts K-means clustering to classify all
samples (population) into two alleles based on 3S scores. Then,
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the Z-score is calculated to test if the two groups of samples have
a nonoverlapping bimodal distribution. A junction with signifi-
cant nonoverlapping bimodal distribution 3S scores indicates
that a given splicing event is a large-effect pre-mRNA splicing
variation, and hence is called GSS. As all samples are clustered
into two groups, corresponding to two homozygous genotypes,
this method is particularly useful for biallelic homozygous popu-
lations in plants, that is either inbred or natural populations with-
out heterozygous genotypes, which are frequently used for
biological research. Moreover, the 3S scores calculated by VASP
can be used for differential splicing analysis between two sample
groups (Dong ez al., 2018) or the identification of sQTLs in large
populations (Chen et al., 2018). Although the GSS event identifi-
cation is limited to biallelic homozygous populations, the 3S
scores can be used in different types of populations, including
populations with heterozygous genotypes. Using GSS as markers
can prioritise causal pre-mRNA splicing in a GWAS.

Genome-wide discovery of GSS variations in a rice diversity
panel We tested VASP on an RNA-seq data set of 328 RNA
samples for 82 genotypes from the rice diversity panel 1 (RDP1)
(Famoso et al., 2011; Zhao et al., 2011; Eizenga et al., 2014;
McCouch et al., 2016; Wang ez al., 2018). Shoot tissues were col-
lected for RNA-seq with two replicates for plants grown under
control and salt stress conditions (Du ez 4/., 2019). Using the cri-
teria of being supported by at least five junction reads in at least
5% of all the 328 samples (Au et al., 2010; Edriss et al., 2013;
Ding et al., 2017), VaSP discovered 108 180 significant intron
splicing events, which were for any single intron splicing. Of
these, 9396 (8.7%) were novel junctions, as they are not anno-
tated by MSU7 or RAP-DB/IRGSP1.0 (Kawahara ez al., 2013)
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(Supporting Information Fig. S1a). To avoid false positives, we
further limited this set to 94 856 intron splicing events (6781 are
novel, 7.15%) in 13 787 widely expressed genes (their gene-level
average read coverage > 1 in at least 95% of all 328 samples)
(Emig ez al., 2010; Law ez al., 2018).

In total, 752 and 764 significant GSS events were identified by
VASP for control and salt stress conditions, respectively. Among
these GSS variations, 633 events in 448 genes were common for
both control and salt stress conditions and, when combined,
there were in total, 883 events in 577 genes (Fig. S1b). These
events included different types of AS, such as ExonS (65, 7.4%),
IntronR (207, 23.4%), AltD (120, 13.6%), AltA (172, 19.5%),
and AltP (88, 10.0%) (Fig. 3). In the distribution of genome-
wide 108 180 pre-mRNA splicing events, the majority (84 876,
89.5%) was located in gene-coding regions (Fig. Slc), while
among the 883 GSS events, only 66.3% (585) were located in
gene-coding regions (Fig. S1d).

For comparison using the same dataset, VASP used the splicing
scores calculated by LearCurTer (Li et al, 2018), MajQ
(Vaquero-Garcia et al., 2016), and a score based on transcript

New
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isoform ratio for clustering for identification of GSS events.
Among all existing scores, the 3S scores calculated by VASP iden-
tified the largest number of GSS events (Table 1). VASP also
identified more shared splicing events between the two conditions
than the other methods. For quantifying pre-mRNA splicing
events, VASP performed similarly to LEAFCUTTER, but identified
more IntronR events. Although the isoform quantification
derived from the output of STRINGTIE or CUFFLINKS for input into
VASP to calculate gene-level read coverage may be inaccurate,
using the gene-level read coverage for normalisation is more reli-
able than using exon reads around splice sites, where reads could
be ambiguously assigned (Vaquero-Garcia er al, 2016). This
makes the 3S scores calculated by VASP more tolerant to incor-
rectly assembled transcript models, and hence, increases the abil-
ity to detect pre-mRNA splicing variations in a population.

Most GSS events are cis-regulated

GSS events reflect significant splicing variations between two
genotypes. In order to find out how the large-effect splicing
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Fig. 3 Examples of different alternative splicing types. (a) exon skipping (ExonS). (b) Intron retention (IntronR). (c) Alternative donor site (AltD). (d)
Alternative acceptor site (AltA). (e) Alternative position (AltP). (f) Other types of complex splicing. The y-axes are read depth and the arcs (lines between
exons) indicate exon-exon junctions (i.e. introns). The dotted arcs indicate no junction reads spanning the introns and solid arcs indicate introns with

junction reads.
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Table 1 Numbers of genotype-specific splicing (GSS) events and their corresponding genes identified in the RDP1 using Single Splicing Strength (3S) scores

of VaSP, the scores of LearCuTTeR, the scores of Maiiq and isoform ratio to perform clustering with the VASP function.

VaSP LEAFCUTTER Masa Isoform ratio
Method Events Genes Events Genes Events Genes Events Genes
Control 752 (85.2%) 506 (87.7%) 556 (80.2%) 421 (83.7%) 533 (74.4%) 185 (80.0%) 409 (74.9%) 270 (76.3%)
Salt 764 (86.5%) 520 (90.1%) 601 (86.7%) 440 (87.5%) 594 (83.0%) 193 (83.5%) 421 (77.1%) 280 (79.0%)
Shared?® 633 (71.7%) 449 (77.8%) 464 (67.0%) 358 (71.2%) 411 (57.4%) 147 (63.6%) 284 (52.0%) 196 (55.4%)
Total® 883 (100%) 577 (100%) 693 (100%) 503 (100%) 716 (100%) 231 (100%) 546 (100%) 354 (100%)

Numbers in brackets are the percentages of GSS events under a certain condition in all discovered GSS events.
#The common GSS events and genes discovered in both control and salt stress conditions.
bThe total number of nonredundant GSS events and genes for both control and salt stress conditions.

variations are regulated, we selected all the GSS variations discov-
ered by VASP in RDP1 population under salt stress condition
and conducted sQTL analysis for genomic variations within the
population. For a given GSS event, the average 3S scores of the
two replicates for each genotype were used as splicing traits (s-
traits). We used 3.34 million imputed SNPs for RDP1 as the
genotypic data for the 82 accessions (Wang ez al, 2018). As a
result, in total, 1366 sQTLs were obtained for 764 GSS events
with the cutoff of P-value < 1 X 107, each with zero to four
sQTLs (Fig. 4a). Among these, 551 (account for 72.1% of
events) are cis-sQTLs with the distances to affected GSS introns
less than 250 kb, while the rest 815 are #rans-sQTLs (Fig. 4b).
Furthermore, most of the cissQTLs were located in or near the
introns that they affect (Fig. 4c). Although there was also a large
number of trans-sQTLs identified, they were less significant with

(b)

much smaller effects (Fig. 4d). As here we showed that GSS
events are mainly cisregulated and genotype specific, one can
easily determine the cis-regulating SNPs for a GSS from the result
of GWAS using GSS as markers.

An AS event can be reflected by the differential expression of
transcripts or isoforms in a given gene (Wang et al., 2008). It
has been shown that AS and gene-level expression are under rel-
atively independent genetic control (Chen er al, 2018). To
check the relationship between AS and overall gene expression,
we then performed eQTL analysis for the parent genes of GSS
events under salt stress conditions. As a result, 141 (account for
27.1% of 520 GSS genes) ciseQTLs were obtained. We com-
pared two sets of genes with ¢is-sQTLs or cis-eQTLs, and found
that 122 (31.7%) out of 385 genes with cis-sQTLs also have
ciseQTLs (Fig. 4e). For example, there were both significant
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Fig. 4 Splicing QTL (sQTL) analysis of genotype-specific splicing (GSS) events under saline conditions. (a) The number of sQTLs identified for each GSS
event. (b) Different types of sQTLs for each GSS event. (c) Distances of sSQTLs to the introns they affect. (d) Significances of cis-sQTLs and trans-sQTLs.
For boxplots, the lower and the upper horizon lines are minimum and maximum values of —logo(P), respectively, and the boxes have ranges from 25% to
75% quantiles and a centre line for 50% quantile (median). Dots indicate outliers. (e) Overlaps of genes with cis-sQTLs and cis-eQTLs. (f) An example of
genes with overlapped cis-sQTLs and cis-eQTLs. The horizontal red dotted line indicates the threshold P-value = 1x107° and the vertical green dotted line
indicates the position of the target gene, OsSRAD23 (LOC_0s09g24200).
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cissQTLs and ciseQTLs in gene OsRAD23 (LOC_Os09¢24
200) (Fig. 49).

GSS events naturally link to splice site mutations

sQTL analysis is only a primary step to find the regulation of AS.
Due to the limitation of the population size, the large number of
SNPs, and the large extent of LD decay in rice (Mather ez al.,
2007), the peak regions of sQTLs could be very large (Fig. 4f)
and it is hard to find out the causal SNPs. As most of the GSS
events are cis-regulated, they are likely to be related to splicing
cistegulatory elements, such as splice sites, exonic and intronic
splicing regulators. Among variations in these splicing regulatory
elements, a splice site mutation is the most consequential as it
directly causes a GSS variation. To identify the causal SNP asso-
ciated with each RNA intron splicing event from multiple linked
SNPs in a sQTL peak region, we collected and screened all SNPs
existing at the splice sites. By using all assembled transcripts as a
reference, we identified 3825 SNPs located at splice donor or
acceptor sites of 3335 genes from 3.34 million SNPs by SNPEFE
(Cingolani et al., 2012). Out of the 3335 genes, 2990 genes are
annotated by MSU7, 1442 (48.23%) of which were annotated as
transposable element (TE)-related genes (Fig. S2). In the rice
genome, only 30.35% (16 937/55 801) of all genes annotated by
MSU7 are TE-related genes. This result shows that splice site
mutations tended to be enriched with TE-related genes, which
have much lower transcript abundance than non-TE-related
genes (Jiao & Deng, 2007). Out of 3825 SNPs, only 240 (6.3%)
were located at splice sites of 253 introns in 230 widely expressed
genes (the gene-level average read coverage > 1 in at least 95% of
all 328 samples) in the assayed rice seedlings. Most of the intron
splicing site SNPs, 3585 (93.7%), were located in genes that were
not widely expressed in all 82 accessions.

After studying SNPs existing at the splice sites to GSS events
and non-GSS events, one can find there were different effects on
pre-mRNA splicing regulation by these splice site variations.
Based on their functions, we classified splice site mutations into
three types: explicit-effect, implicit-effect and non-effect, to help
understand the regulation of pre-mRNA splicing and to identify
the most important and causal splice site mutations (Fig. S3).
Explicit-effect mutations produce a new splice site inside the
original intron or IntronR where the mutant position can be
identified in the new transcript. Implicit-effect mutations pro-
duce a new splice site outside the original intron and the mutant
splice sites do not appear on transcripts. Non-effect mutations do
not have significant effects on intron splice levels (Fig. S3).
Among 240 splice site mutations located in widely expressed
genes in the population, 21 (8.8%) were explicit-effect mutations
and 31 (12.9%) were implicit-effect mutations, which are located
in the ¢is-sQTL peak regions and highly correlated with the lead
SNPs (# > 0.8). The rest of 188 (78.3% of 240 splice site muta-
tions) were non-effect mutations, as their effect on splicing varia-
tions was not detected by our algorithm (Table S1 for more
details of explicit- and implicit-effect SNPs). Most of these non-
effect mutations were located in introns with few junction reads
supporting or low splice levels in the population. We examined
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the 22 non-effect mutations located in high read coverage and
high splicing level introns (in which the 3S score and junction
count of at least 95% of the whole population are larger than 0.5
and 5, separately), and found that they were all located in splice
donor sites, 19 of them were GT to GC mutations, which are just
two types of canonical splice sites (GT-AG and GC-AG). There-
fore, the effect of splice site mutations identified in this study
could be consequential and these splice site mutations may play
an essential role in regulating pre-mRNA splicing.

Association analysis of GSS variations as markers with
phenotypic outcomes to prioritise causal AS candidates

In our previous study, we reported the complex polygenic nature
of salinity tolerance in rice using the same population (Campbell
et al., 2017). There was only one large-effect QTL for root
sodium content identified by GWAS and the other salinity-re-
lated phenotypes were regulated by a large number of loci with
small effects. To identify AS associated with salt stress response,
we employed the shoot Na* content from RDP1 panel under salt
stress conditions (Campbell ez al, 2017). Although we can use
3S scores of all introns to perform an association study, there
would be a high false-positive rate and hence it is challenging to
identify the causal SNPs linked to phenotypes. Therefore, we
conducted an association study to associate GSS events, as mark-
ers, with phenotypes to prioritise the candidate causal AS and
corresponding SNPs. This analysis identified six GSS events in
five genes associated with shoot Na* content (P < 0.01, Table
2). These GSS events included AltD, AltA, and IntronR, and
most of them change the deduced protein sequence by changing
the number of amino acid residues or producing a premature
stop codon. To further confirm the function of these genes in salt
stress response, we then asked whether these six GSS variations
were associated with rice growth response to salinity. For this
analysis, we leveraged temporal PSA from RGB imaging data
generated for the same population for 14 d under salt stress and
control conditions (Campbell ez al,, 2015). We found three out
of six GSS events to be associated with significant differences in
shoot growth response between different splicing clusters with P-
value < 0.01 (Table 2).

There were two GSS events, for the combination of Intron
147728 and Intron 147745 in the gene, OsNUCI
(LOC_Os04¢52960), which has been identified as a salt-respon-
sive gene (Sripinyowanich er 4/, 2013; Udomchalothorn ez al.,
2017; Boonchai et al, 2018). Introns 147728 and 147745,
located in between the third and fourth exons of OsNUC], are a
pair of AltA events with the same 5" end and similar lengths
(Table 2), but Intron 147728 is six nucleotides shorter than
Intron 147745 at the 3’ end (Fig. 5a). There are two genotypes
in the population: Genotype 1 (the reference genotype) produced
only one transcript with Intron 147728 and had no transcript
with Intron 147745 (Fig. 5, red samples); Genotype 2 produced
two transcripts with the expression ratio of about 0.4 : 0.6 (Fig.
5, blue samples). These two transcripts differ in length, as the
transcript with Intron 147728 is 6-nt longer than transcript with
Intron 147745, which results in a two amino acid (2 aa) deletion
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Table 2 Information about genotype-specific splicing (GSS) events in which the splicing variation was significantly associated with shoot Na* content.

Intron AS Growth
ID Chr Start End Strand type Effect response MSU7 locus MSU7 annotation
91601 2 22 366 972 22367 092 - AltD 2aa P =0.59 LOC_0Os02g37030 Protein binding protein, putative,
deletion expressed
147728 4 31546 251 31546895 + AltA 2aa P =0.0049* LOC_0Os04g52960 Nucleolin, putative, expressed
insertion
147745 4 31546 251 31546901 + AltA 2aa P =0.0038* LOC_0Os04g52960 Nucleolin, putative, expressed
deletion
162765 5 19785085 19785537 - AltA 5'UTR P=0.76 LOC_0Os05g33630 Inosine-uridine preferring nucleoside
hydrolase family protein, putative,
expressed
171645 6 1653 470 1653 637 + AltD C-terminal P =0.29 LOC_Os06g04040 WD domain, G-beta repeat domain
change containing protein, expressed
232443 9 14 365 419 14365735 + IntronR  premature P =0.0043* LOC_0Os09g24200 RAD23 DNA repair protein, putative,
stop expressed

Alternative splicing (AS) types include intron retention (IntronR), alternative donor site (AItD), and alternative acceptor site (AltA).
*Indicates significant difference between two alleles (P < 0.01). aa, amino acid; 5'UTR, five-prime untranslated region.

in the protein sequence. This 2 aa deletion is located in the
amino terminal acidic serine-rich (SR) region of OsNUCI pro-
tein (Sripinyowanich ez al., 2013). Although the mechanism of
how the OsNUCI protein with the 2 aa deletion directly alters
the response of rice to salt stress is not known, Genotype 2 with
two transcripts has a significantly better growth response than
Genotype 1 which transcribes only the longer transcript (Fig.
5d). While the longer transcript with Intron 147728 was anno-
tated by MSU7 (LOC_0Os504¢52960.1) and RAP-DB/IRGSP1.0
(Os04t0620700-01), the shorter transcript with Intron 147745
was not annotated. This suggests that the novel shorter transcript
could enhance salt stress tolerance in rice. Our results provide a
potential clue for a detailed functional analysis of OsNUCI in salt
response.

Another significant GSS event, for Intron 232443, is in the
gene OsRAD23 (LOC_0s09¢24200), which encodes a RAD23
DNA repair protein. This GSS event was associated with alterna-
tive splicing (AS) caused by a GT to AT mutation, SNP ID:
mlid0064466340, at the splice donor site of the sixth intron,
resulting in an IntronR, represented by Sample 133 in Fig. 6a.
As this IntronR was the largest effect AS found in the gene and
the other AS in the 1%, 6" and 7 introns with small 3S scores
had small effects on pre-mRNA splicing, this IntronR is the main
difference in the population (Fig. 6a). It should be noted that
this evidently IntronR event was not identified using splicing
scores of LEAFCUTTER or MaJIQ. Interestingly, OsRAD23 also has
a significant ciseQTLs (Fig. 4f). The overall expression of
IntronR allele (A-allele) was higher than the reference G-allele.
RAD23 proteins contain four domains: ubiquitin-like (UBL),
ubiquitin-associated 1(UBAL), stress-inducible-1 (STI1), and
UBA2 domains. The IntronR allele produces a premature stop
codon and results in a truncated protein without the C-terminal
STI1 and UBA2 domains (Fig. 6b) (Farmer ez al, 2010; Fu
et al., 2010). Association analysis shows that the mutant allele (A-
allele) had higher shoot Na* content under salt stress, indicating
that the truncated protein increases salt sensitivity (Fig. 6¢).
Therefore, the IntronR allele (A-allele) is more salt-sensitive than
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the G-allele, which is also supported by the growth response dif-
ference under salt stress (Fig. 6d).

Discussion

Versatile applications of R package VASP

We present a new software package, VASP, with a novel 3S score
feature to evaluate each intron splicing event. VASP was able to
identify novel splicing events independent of prior transcript
annotations, especially IntronR, the most prevalent form in
plants. Moreover, VASP uses gene-level read coverage of all iso-
forms for normalisation to avoid the challenges associated with
estimating transcript isoform ratios or exon inclusion levels. The
3S scores are useful for quantifying splicing among samples or in
a population, and therefore can be used for differential AS analy-
sis or sQTL identification.

VASP provides an optional further analysis in biallelic homozy-
gous populations. The 3S score can be used for clustering to
identify GSS variations without the need for genotypic informa-
tion for multiple samples or in an inbred plant population, and
two clusters of GSS events can differentiate two homozygous
genotyping groups. This is particularly useful in plants, where
inbred or natural populations, generally without heterozygous
genotypes, are frequently used for biological research.

The VASP package also provides visualisation of gene structure
and AS events with publication-quality multipanel figure output.
The transcriptional isoforms, RNA-seq read depths, and the
splicing information can be shown in a single figure. One can use
it to check the reliability of AS events at gene level for multiple
samples.

AS for rice salt tolerance

Salinity is one of the major environmental factors limiting rice
production globally, and there is a need for breeding salt tolerant
rice with high yield potential. Like other types of abiotic stresses,
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Fig. 5 Genotype-specific splicing (GSS) events in OsNUC7 comparison of salt-induced growth response between different splice levels of GSS events. (a)
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which forms two GSS events. In this manuscript, we used GSS events as markers, and the ‘Genotype 1' and ‘Genotype 2' in one GSS event indicates the
two clusters of rice lines. The difference between '‘Genotype 1' and ‘Genotype 2' is the difference in splicing levels of two introns in OsNUCT. (b) The
distribution of 3S scores for Intron 147728 and two clusters (two genotypes) were discovered. The cluster with light blue colour has lines of Genotype 2
with low 3S scores for Introns 147728, while lines in the red cluster (Genotype 1) have 3S scores close to 1, indicating transcripts having Intron 147728
only. (c) The distribution of 3S scores for Intron 147745 and the same two clusters were discovered. The cluster with pink colour has lines of Genotype 1
with almost zero 3S scores for Intron 147745, while the blue cluster (Genotype 2) has 3S scores close around 0.6. (d) The comparison of salt-induced
growth response between Genotypes 1 and 2. The red line indicates the growth response for Genotype 1 (only protein with a two amino acid insertion
translated) and the blue line indicates the growth response for Genotype 2, and the shadow indicates the standard errors. The vertical dashed lines at —3

and —1 d indicate the time when 45 mM and 90 mM NaCl were treated, separately (Campbell et al., 2015).

however, salt tolerance is a polygenic trait (Munns & Tester,
2008; Deinlein ez al., 2014). To identify salt-responsive splicing
variations, the GSS score feature of VASP was applied to an asso-
ciation study and correlated with the shoot Na* accumulation
phenotype. Although 3S scores of all intron splicing events could
be used for the study, we only focused on GSS events due to their
large effects on splicing variations and the potential important
biological functions. AS and salt-related phenotypes are traits
largely influenced by the environment. The direct association
analysis of AS and salt-related phenotypes would produce a large
false-positive rate, especially for a relatively small population. It is
easier to find out the causal SNPs for large-effect GSS events that
are linked to phenotypes.

In our study, the efficiency of this analysis in RDP1 popula-
tion was demonstrated by the identification of two salt-responsive
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genes: OsNUCI and OsRAD23 with splice variants that exhibit
significant divergence between the variants for shoot growth
under salt stress conditions. We identified six GSS events associ-
ated with rice shoot sodium content from our analysis of geno-
types from the RDP1. Among these six GSS events, three GSS
variations in two genes were associated with significant differ-
ences in salt-induced growth response between two different iso-
forms. One of the genes, OsNUC]I, has two AltA sites. OsINUCI
contains five domains: bipartite nuclear localisation signal (NLS),
the SR region, two RNA recognition motifs (RRM), and a C-ter-
minal glycine- and arginine-rich (GAR) domain (Sripinyowanich
et al., 2013). Previous studies have reported that OsNUCI is a
salt-responsive gene and its over-expression enhances salt toler-
ance in transgenic Arabidopsis and rice (Sripinyowanich ez al,
2013; Udomchalothorn et 4l., 2017; Boonchai et al., 2018). In
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Fig. 6 The genotype-specific splicing (GSS) event in OsSRAD23 and the association with shoot sodium content and salt-induced growth response. (a) VASP
splice plot of OSRAD23 (LOC_0Os09g24200) for transcript structures and splicing information in different genotypes, represented by Sample 102 (purple)
and Sample 133 (red). The y-axes are read depth and the arcs (lines between exons) indicate exon—exon junctions (introns). The dotted arcs indicate no
junction reads spanning the introns and solid arcs indicate introns with junction reads. (b) Impact of intron retention (IntronR) on protein coding. The
IntronR of the 6™ intron causes a premature stop codon (TAG) and hence the corresponding transcripts (A-allele) will be translated into a truncated protein
without the C-terminal region. (c) The association of splice site mutation with shoot Na* content (left) and splicing levels of the 6 intron were indicated by
Single Splicing Strength (3S) scores (right). For boxplots, the lower and the upper horizon lines are minimum and maximum values, respectively, and boxes
have ranges from 25% to 75% quantiles and a centre line for 50% quantile (median). The points indicate values from individual accessions. (d) The
comparison of salt-induced growth response between the genotypes with IntronR (A-allele) and without IntronR (G-allele). The red line indicates the
growth response for A-allele and the purple line indicates the growth response for the G-allele. The shadow indicates the standard errors. Two vertical
dashed lines at —3 and —1 d indicate the time when 45 mM and 90 mM NacCl were treated, respectively (Campbell et al., 2015).

our study, the transcript abundance of OsINUCT was significantly 2010; Kang ez al., 2017; Wang ez al., 2017). Specifically, the
downregulated under salt stress. We show that a novel 6-nt ~ UBA2 domain is important for ubiquitin binding and RAD23
shorter transcript (2 aa deletion in SR region of OsNUCI pro-  stability in proteasomal degradation (Chen ez 4/, 2001; Heessen
tein) is associated with enhanced salt tolerance in the rice et al., 2005; Jang ez al., 2012). The UBL-UBA protein OsDSK2a

germplasm. Interestingly, a salt tolerant QTL, gSES4, was identi- ~ mediates seedling growth and salt responses in rice by combing
fied on rice chromosome 4 and OsINUCI is one of candidate ~ with polyubiquitin chains, and interacts with the gibberellin
genes in the region (Pang ez al., 2017). (GA)-deactivating enzyme EUI, resulting in its degradation

An IntronR (GT to AT splice site mutation) in OsRAD23,  through the ubiquitin-proteasome system (Wang ez al., 2020).
which also has a ¢is-eQTL, is associated with salt sensitivity. ~ The IntronR A-allele we identified encodes a truncated RAD23

OsRADZ23 is also responsive to salt stress (Nveawiah-Yoho ez al,  protein lacking the C-terminal STI1 and UBA2 domains, which
2013; Li et al., 2015; Lakra ez al., 2019). RAD23 proteins play a  are essential for ubiquitin binding and RAD23 protein stability
role in stress response and development through their delivery of in proteasomal degradation (Chen et al., 2001; Heessen et al.,
ubiquitinated substrates to the 26S proteasome (Farmer er al, 2005; Jang er al., 2012). Relative to the reference allele (the G-
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allele) with a full-length protein, genotypes with the A-allele are
more salt-sensitive. Therefore, we hypothesise that replacing the
A-allele with the G-allele could potendially improve the salt toler-
ance of currently A-allele genotypes.

Splice site mutation, AS and evolution

AS increases the transcriptome and proteome diversity and, in
plants, many alternative transcripts may not be translated into
proteins or buffer against the stress-responsive transcriptome
(Nilsen & Graveley, 2010; Tress et al., 2017; Chaudhary et 4l.,
2019a), therefore contributing to phenotypic diversity in eukary-
otes. Although several studies have focused on the mechanism and
the regulation of AS, (Lopez, 1998; Modrek & Lee, 2002; Black,
2003; Matlin ez al., 2005; Irimia & Roy, 2014; Lee & Rio, 2015),
even including the mechanism of chromatin remodeling in
AS under stress (Yu ez al, 2019), the evolution of AS is less
explored (Keren ez a/., 2010). Although the basic ability of splicing
introns is conserved throughout evolution, the splicing signals and
their corresponding splicing factors evolved (Schwartz ez a/., 2008)
and the prevalence of AS throughout evolution is important
(Keren er al, 2010), for instance, in shaping the evolution of
genomes (Gamazon & Stranger, 2014) and the evolution of novel
phenotypes (Bush ez 4/, 2017). There are four main splicing sig-
nals directing intron splicing: the 5" donor and 3 acceptor splice
sites (5’ SS and 3’ SS), the branch site (BS), and the polypyrim-
idine tract (PPT) (Murray ez al., 2008; Schwartz ez al., 2008).
Among them, 5" SS and 3’ SS, especially the intronic terminal din-
ucleotides, are highly conserved and the most important splice
sites (the three canonical splice site combinations are GT-AG,
GC-AG and AT-AC, the first being by far the most common).
Splice site mutations could affect splicing in multiple ways, includ-
ing a change in splice junctions, and intron retention. These muta-
tions can also affect splicing efficiency, reducing but not necessarily
eliminating the normally spliced transcript. In the rice RDP1 popu-
lation, 3825 SNPs were identified at splice donor or acceptor sites for
3335 genes, but only 230 of these genes were widely expressed (the
gene-level average read coverage > 1 in at least 95% of all 328 sam-
ples) in this rice population. As about half of the genes with splice site
mutations were TE related, which are an extensive source of muta-
tions and genetic polymorphisms (Bourque ¢z 4/, 2018) and usually
have lower transcriptional activities (Jiao & Deng, 2007), the splice
site mutations have low evolutionary pressure or selection pressure.
Most of these TE-related genes with splice site mutations are retro-
transposons or Class 1 TEs (Fig. S2).
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