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Abstract: Short crop height is the preferred breeding trait since there is a positive correlation between
lodging resistance and a crop yield increase. Alternative splicing can alter transcriptome diversity and
contribute to plant adaptation to environmental stress. We characterized the transcriptomes obtained
from dwarf and normal soybean lines derived from a cross of Glycine max var. Peking (G. max) and
G. soja var. IT182936 in an F7 RIL population to study the differences between the isoforms. Full-
length mRNA derived from leaf tissues was sequenced using the PacBio RSII platform, generating
904,474 circular consensus sequence (CCS) reads. Using the Structural and Quality Annotation of
Novel Transcript Isoforms (SQANTI) process, 42,582 and 44,762 high-quality isoforms, and 91 and
179 polished low-quality isoforms were obtained in dwarf and normal cells, respectively. As a result,
832 and 36,772 nonredundant transcripts were generated. Approximately 30% of the identified genes
were estimated to produce two or more isoforms. We detected an average of 166,171 splice junctions
(SJs), of which 93.8% were canonical SJs. We identified that novel isoforms accounted for 19% of all
isoforms, among which 12% fell within coding regions. The dwarf soybean demonstrated a greater
number of isoforms in most of the annotated genes, particularly in genes related to growth hormones
and defense responses. Our study provides comprehensive isoform and gene information that may
accelerate transcriptome research in G. max and provide a basis to further study the impact of these
isoforms on plant growth.

Keywords: alternative splicing; dwarf; isoforms; soybean; splice junctions

1. Introduction

Soybean (G. max (L.) Merrill) is a pulse (grain legume) crop cultivated for its seeds,
which are rich in both energy and proteins and are used for food, feed, and industrial
uses [1]. Since the 1950s, global soybean production has increased 15 times, and its sig-
nificance has soared due to the increased demands on renewable fuel and plant-based
proteins as examples. Dwarf plant height is one of the main domestication and breeding
traits. It enhances crop productivity by increasing pod bearing and decreasing the degree
of lodging, resulting in an increased yield [2—4]. In addition, it was the key trait of the
Green Revolution between the 1950s and 1970s: the incorporation of semi-dwarf varieties
of rice and wheat in breeding programs led to an increase in yields [5-7]. In soybean, too,
immense studies proved that shorter stands could lead to a yield increase [8-10].

The cellular machinery of plants has evolved to control various daily activities in
response to environmental conditions and involves crosstalk among multiple layers of
regulation, particularly gene regulation at the cotranscriptional, post-transcriptional, and
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post-transregulation levels [11-14]. Alternative splicing is one mechanism that generates
two or more mRNAs from the same precursor mRNA (pre-mRNA) and may contribute to
protein diversity and genome complexity [15]. Various studies demonstrated that more than
70% of multiexon genes undergo alternative splicing [16-20]. Among all alternative splicing
events observed in plants, intron retention (IR) was found to be present in Arabidopsis,
soybean, and tomato examples [17,21-23]. IR causes the production of mRNAs with
pretermination codons (PTCs) that are either degraded by nonsense-mediated mRINA decay
(NMD) pathways or produce a truncated protein that affects the function and abundance
of its full-length counterpart [24-26]. New isoforms of transcripts may act as dominant-
negative regulators/inhibitors of authentic proteins via interaction and dimerization [15].
However, it is still inexplicit how plants modulate the timing of sense vs. nonsense
alternative splicing transcript production.

RNA-Seq analysis that uses single-molecule sequencing to obtain long reads on the
PacBio [27,28] and Nanopore [29] platforms is a powerful tool for conducting transcrip-
tome research, as it minimizes the limitations of conventional short-read sequencing [30].
The major classification of transcripts in most PacBio transcriptome studies is carried out
by comparison with reference sequences and reports to identify the majority of novel
genes [28,31]. Large numbers of full-length (FL) and non-full-length (non-FL) sequences
are typically mapped to gene loci and different processing pipelines can result in signif-
icantly dissimilar final transcript calls. Tardaguila et al. identified ~90,000, 13,000, and
16,000 different transcripts using the TAPIS, IDP, and ToFU pipelines, respectively [32].
We applied a similar transcript annotation pipeline, the SQANTI pipeline, which distin-
guishes long-read transcripts according to 47 individual descriptors. The SQANTI pipeline
takes full-length transcripts, reference genomes, and associated annotations as input and
provides a deep characterization of isoforms at both the transcript and junction level. It
generates a gene model and classifies transcripts based on splice junctions and donor and
acceptor sites. In addition, it also filters out isoforms that are likely to be artifacts. This
classification is based on comparisons between the SJs of transcripts and the provided
reference genome. Transcripts that perfectly match the reference transcripts are referred to
as full splice matches (FSMs) (transcripts matching the reference transcripts at all splice
junctions) or incomplete splice matches (ISMs) (input transcripts matching a few, but not
all, SJs of the reference transcripts). The novel transcripts of known genes are categorized as
novel in category (NIC) (transcripts that contain new combinations of previously annotated
SJs or novel SJs from already annotated junction donors and acceptors) or novel not in
category (NNC) (transcripts that contain novel donors and/or acceptors of previously
annotated genes). The transcripts of novel genes are classified as intergenic (transcripts
occurring outside the boundaries of an annotated gene), genomic intron (transcripts present
within the boundaries of an annotated intron), or genomic (transcripts consisting of partial
exons and intron/intergenic regions of an annotated gene). The final classification of the
transcripts concerns whether they are fusion transcripts (transcripts spanning two anno-
tated loci) or antisense transcripts (transcripts containing poly [A] sequences that overlap
the complementary strand of an annotated transcript) (Figure 1). SQANTI categorizes the
transcripts in relation to their SJs, which can be canonical (GT-AG, GC-AG, and AT-AC) or
noncanonical (all other possible combinations) [32].

We created an RIL population by crossing a cultivar (G. max var. Peking) and a wild
soybean (G. soja var. IT182936). The population segregated into a dwarf phenotype since the
F, generation and inherited the same phenotype in subsequent generations (Figure 2). We
surveyed SNPs and genes that were differentially expressed in selected progeny showing
dwarf and normal in Fg using Illumina short-read RN A-Seq analysis [33,34] in our previous
study. In this study, we aimed to investigate the differences in the isoforms between two
progenies of the F; generation, which revealed distinct phenotypes (normal height and
dwarf height) using the long-read sequencing method of PacBio.
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Figure 1. Alternative spliced isoforms based on the SQANTI classification according to their splice
junctions and donor and acceptor sites. Splice donors and acceptors are indicated in blue lines and

Novel in catalogue

red lines indicate novel donors and acceptors. The categories are full splice match (FSM), incomplete
splice match (ISM), novel in catalogues (NIC), not novel in catalogues (NNC), antisense, fusion, genic
genomic, intergenic, and genic intron. Black boxes refer to reference gene linked with black lines as
introns and grey boxes refer to transcripts in which blue and red lines represent introns where blue
introns are formed due to known splice sites and red introns are formed due to unknown splice sites
(donor or acceptors).
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Figure 2. Schematic representation of RIL lines obtained from the cross of the cultivar soybean Peking
and wild relative soja; both parents have normal phenotype as shown in the top. The plants in the
bottom represent the normal and dwarf lines obtained in this cross.
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2. Materials and Methods
2.1. Plant Material and RNA Isolation

The soybean plants used in the current study were harvested from the field of Kang-
won National University in Chuncheon (Gangwon-do, South Korea). The use of plant parts
in the present study complies with international, national, and/or institutional guidelines.
The G. max var. Peking and G. soja var. IT182936 hybrids were developed until Fs. The
RILs began to exhibit two distinct phenotypes, classified as tall/normal or dwarf, in the
F, generation (Figure 2), although the dwarf line did not produce any seeds. In the F3
generation, five dwarf lines were observed, out of which three produced seeds. The dwarf
seeds continued to produce dwarf progenies in their next generations. Three leaf tissues
(15 days after sowing) from such segregated plants in the F; generation exhibiting both
normal and dwarf phenotypes were collected, immediately frozen in liquid nitrogen, and
stored at —80 °C. RNA isolation from the leaves was performed using a RiboPure Kit
(Applied Biosynthesis, Foster City, CA, USA) following the manufacturer’s protocol. The
RNA concentration was checked with a NanoDrop ND1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA), and the RNA quality was analyzed using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with RIN
values > 8 were used for cDNA generation.

2.2. Full-Length cDNA Sequencing

First-strand cDNA was prepared with a Clontech SMARTer PCR cDNA synthesis
kit (Takara Bio USA, Inc., San Jose, CA, USA). The quality of the cDNA samples was
assessed by the OD 260/280 ratio and gel electrophoresis [27]. Through an optimized PCR
cycling procedure, large double-stranded cDNA products were obtained. A SMRTbell
library and full-length cDNA sequences were obtained from the amplified double-stranded
cDNAs using a SMRTbell library kit (Pacific Biosciences, Menlo Park, CA, USA) and the
PacBio RSII platform according to the manufacturer’s protocol (Pacific Biosciences Inc., CA,
USA) at the National Instrumentation Center for Educational Management (NICEM, Seoul
National University, Seoul, South Korea). Library extraction was conducted in batches of
approximately 1-2, 2-3, and 3-6 kb using the BluePippinTM Size Selection System (Sage
Science, Beverly, MA, USA), and each size-dependent library was sequenced. Two SMRT
bell libraries were constructed with the Pacific Biosciences DNA Template Prep Kit 2.0, and
SMRT sequencing was then performed on a Pacific Biosciences Sequel System [27].

2.3. Defining Full-Length cDNA Sequence

PacBio polymerase reads were processed, and polymerase reads <50 bp in length were
removed. The obtained subread BAM file reads were processed into error-corrected circular
consensus sequences (CCSs) with the following parameters: full passes >0 and predicted
consensus accuracy > 0.75. By identifying the 5" and 3’ adapters and poly (A) tail sequences,
full-length and non-full-length reads were obtained from the CCSs. CCSs with both 5" and 3’
sequence reads were referred to as nonconcatemer reads with 5" and 3’ sequences, whereas
those with all three elements that did not contain any additional copies of the adapter
sequence within the DNA fragment were referred to as nonconcatemer reads with 5 and 3’
primers and a poly-A tail, or full-length nonconcatemer (FLNC) reads. The FLNC reads
were clustered into consensus sequences using the Iterative Clustering for Error Correc-
tion (ICE) algorithm (https://www.pacb.com/products-and-services/analytical-software,
accessed on 15 June 2017). These reads were combined with non-full-length transcripts
and further refined into clusters to obtain full-length high-quality polished consensus
sequences using Quiver [35] with the following parameters: hq_quiver_min_accuracy
0.99, bin_by_primer false, 300 bin_size_kb 1, qv_trim_5p 100, and qv_trim_3p 30. The
consensus sequences were further subjected to the removal of redundant sequences with
the CD-Hit package [36]. The polished consensus sequences (FLNC and corrected iso-
forms) were aligned against the reference genome using the Genomic Mapping and Align-
ment Program (GMAP) [37] for mRNAs. To collapse redundant sequences obtained from


https://www.pacb.com/products-and-services/analytical-software

Agronomy 2022, 12, 1685

50f13

different clusters, the mapping output was processed with the Cupcake ToFU package
(https:/ /github.com/Magdoll/cDNA_Cupcake, accessed on 15 June 2017), and unique
isoforms were then defined from the processed output [38]. Full-length transcripts with a
postcorrection accuracy > 99% were used for further analysis.

2.4. Isoform Prediction and Annotations

Corrected isoform prediction, characterization, and splice junction analysis were
conducted using SQANTI, and the splice junctions of transcripts were compared against
the G. max version 2.0 genome as a reference. For functional annotation, unigenes were
searched in the NCBI Nucleotide (NT), Gene Ontology (GO), NCBI nonredundant Protein
(NR), UniProt, and EggNOG databases using BLASTN of NCBI BLAST and BLASTX of
DIAMOND software with a default E-value cutoff of 1.0 x 10~°. All transcript sequences
were analyzed for homology via searches against various databases. The database version
of GlymalD from G. max version 2.0 was used for the analysis. From all the predictions,
only those that were primarily predicted were included in the analyses (http://phytozome.
jgi.doe.gov/pz/portal.html#!info?alias=Org_Gmax, accessed on 15 June 2017). Matches
were determined via BLASTP searches of G. max 2.0 primary proteins against Uniref100
(version 03/27/2014).

3. Results
3.1. Output of PacBio Sequencing and Error Correction

A multiple-tissue hybrid library was sequenced on the PacBio Sequel platform with
2 SMRT Cells (viz., 2012-1-D-Celll for the dwarf lines and 2012-N-Cell3 for normal lines),
from which 904,474 reads of inserts (ROIs) or CCS reads were generated (Table 1). The
average lengths of the CCSs in the two SMRT Cells (2012-1-D—Celll and 2012-N—-Cell3)
were 2522 and 2422 bp, respectively (Table 1). Further analysis revealed 388,646 and
417,041 reads with 5’ and 3’ primers and 379,564 and 405,629 FLNC reads in dwarf and
normal cells, respectively. After ICE clustering and Quiver analysis, we obtained 42,582 and
44,762 high-quality isoforms with 91 and 179 polished low-quality isoforms from dwarf
and normal cells, respectively. Finally, the CD-HIT and Cupcake ToFU packages were used
to collapse these consensus sequences, yielding 34,832 and 36,772 nonredundant transcripts
in dwarf and normal cells, respectively (Table 1).

Table 1. Pacbio summary statistics in dwarf and normal soybean.

Analysis Metric 2012-1-D-Cell1 2012-N-Cell3
Circular consensus sequence (CCS) reads 432,188 472,286
Reads with 5" and 3’ Primers 388,646 417,041
Nonconcatamer Reads with 5" and 3’ Primers 379,934 405,227
Nonconcatamer Reads with 5 and 3’ Primers and Poly-A Tail 379,564 404,629
Unique Primers 1 1
Number of CCS bases 1,090,153,055 1,144,205,297
CCS Read Length (mean) 2522 2422
Mean Reads per Primer 388,646 417,041
Reads without Primers 43,542 55,245
Transcript clustering
Number of polished high-quality isoforms 42,582 44,762
Number of polished low-quality isoforms 91 179
CD-Hit: Collapsing redundant
Non-redundant Transcripts 34,832 36,772
Number of Isoforms 16,887 17,926
Min Isoform length 147 bp 172 bp
Max Isoform length 11,317 bp 8310 bp
Average Isoform length 2366 bp 2235 bp

Total length of contigs 82,427,510 bp 82,191,889 bp
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3.2. Isoform Detection and Characterization

The nonredundant transcripts were analyzed using SQANTI [32,39], an automated
pipeline for characterizing long-read transcriptomes for sequence identification and quan-
tification. The distribution of annotated genes between dwarf and normal individuals
was similar. We identified 15,570 and 16,608 genes in dwarf and normal soybean plants,
respectively, with 0.9% annotated as novel genes. The total number of alternative splicing
events/SJs identified was 166,171, on average. The annotated genes showed similar exon
distributions between the two soybean types. In contrast, among the novel genes, the
percentage of mono-exon transcripts in the dwarf samples was lower than in the normal
samples (Supplementary Figure S1). We identified 16,887 isoforms, with lengths ranging
from 147 to 11,317 bp (average 2366 bp) in dwarf cells and 17,926 isoforms and with lengths
ranging from 172 to 8310 bp (2235 bp) in normal cells (Table 1). More than 50% of the
genes were found to have only one isoform. By contrast, approximately 15% of the genes
exhibited at least two isoforms, and 4.5% of the genes had three isoforms in both dwarf
and normal cells (Figure 3). The isoforms of dwarf and normal soybean are listed in detail
in Supplementary Tables S1 and S2.

9000 80.0%

69.9%, 7965

68.9%, 8752

Dwarf ® Normal
8500

21.1%, 3789

4,000

21.1%, 3560
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1 2 3 4 5 6 or higher
Number of isoforms
Figure 3. Isoform distribution. The chart represents the number of genes exhibiting the number of
isoforms where the maximum number of genes have single unigenes and more than 30% of the genes
have at least two or more isoforms.

On average, 79% and 1.2% of the transcripts were identified as FSM and ISM, respectively,
in both dwarf and normal individuals (Table 2, Figure 4, Supplementary Tables S3 and 54), in
accordance with known references. The novel transcripts in the known genes categories
(NIC, NNC) accounted for approximately 16.19% of our transcripts. Novel gene transcripts
(intergenic and genomic intron categories) accounted for 0.57% of the transcripts, and
transcripts in the genomic, antisense, and fusion classes accounted for 2.18%, 0.36%, and
0.11%, respectively. The transcripts in the ISM category had longer transcript lengths and
greater exon numbers than those in the FSM category (Supplementary Figure S2A-D). The
median lengths of all categories were similar except for the fusion category (Supplementary
Figure S2A,B), which had not only a higher median length but also included multi-exon
transcripts. This was in contrast with the remaining novel gene categories, which were
composed mainly of mono-exon transcripts (Supplementary Figure S2C,D). The majority
of the isoforms identified had ORFs in all categories except those in the intergenic and
antisense categories, which presented a lower proportion of genes in the coding regions
(Supplementary Table S3). In terms of the completeness of FSM isoforms, there was no
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significant difference between the normal and dwarf samples (Supplementary Figure S3).
Less than 20% of FSMs showed an exact match with the transcription start site (TSS) and
transcription termination site (TTS). The majority of the FSM transcripts were annotated in
the upstream regions of both TSSs and TTSs (Supplementary Figure S3A-D). We found that
the majority of isoforms had TSSs and TTSs upstream from the annotated isoforms, and only
~24% were in the range of 0-20 bp of annotated TSSs and TTSs (Supplementary Figure S3).

Table 2. Distribution of transcripts and splice junctions (SJs) in the structural categories in dwarf and
normal soybean.

Classification Categories Number in Dwarf Number in Normal Average Percentage
Genes 15,570 16,608
Isoforms 16,887 17,926
G Classificati Annotated Genes 15,413 16,462 99.12
ene Classification Novel Genes 157 146 0.89
Known canonical 155,268 156,073 93.86
S classification Known Noncanonical 0 0 0
classthicatio Novel canonical 9937 9343 5.61
Novel Noncanonical 858 863 0.51
FSM 13,132 14,507 79.39
ISM 190 230 1.21
NIC 1782 1585 9.67
Characterization of NNC 1200 1069 6.52
transcripts based on Genic Genomic 395 365 2.18
splice junctions Fusion 17 20 0.11
Intergenic 101 91 0.55
Antisense 68 56 0.36
Genic Intron 2 3 0.01
17000
3 Dwarf
15000 o 3
s f Normal
13000 § R
é 11000
S g
o N 50y
2 20000 g 8
o 0 3\‘:
3 s g
€ 1500 s &
S 2 £
1000 .
o s o e s o
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Structural categories

Figure 4. Alternative spliced isoform distribution across structural categories based on SQANTI in
soybean. The maximum number of isoforms were under the FSM category whereas ~15% of the
isoforms under newly formed from known genes were NIC and NNC. The novel categories were
genic genomic, fusion, intergenic, antisense, and genic intron.



Agronomy 2022, 12, 1685

8of 13

% Splice junctions

% Adenines in gDNA window downstreamTTS

100%

75%

50%

25%

0%

Distribution of SJ type among structural classification

3.3. Characterization of Transcripts Based on Splice Junctions (S]s)

The percentage distribution of SJs was similar in both dwarf and normal individuals
(Figure 5A). When we examined the S] distribution, the known SJs included all canonical
types in both dwarf and normal individuals (dwarf 155,268 and normal 156,073: Table 2).
However, among the novel SJs, 92% (9937 dwarf and 9343 normal) were canonical, and
approximately 8% (858 dwarf and 863 normal) were noncanonical types (Table 2). Across
the structural categories, the noncanonical SJs were absent in the NIC, FSM, and ISM
categories (Figure 5A). The NNC and fusion categories included three types of SJs (viz.,
known canonical, novel canonical, and novel noncanonical SJs). In contrast, the genic
genomic, antisense, intergenic, and genic intron categories consisted of only novel canonical
and novel noncanonical SJs (Figure 5A). The only exception was the normal soybean genic
intron category, comprising only novel canonical SJs. Across the structural subcategories,
they all included monoexon and multiexon isoforms except for ISM, NIC, and NNC
(Supplementary Table S4). The ISMs consisted of isoforms formed by 3’ fragments, 5’
fragments, internal fragments, and monoexons; NIC consisted of monoexons associated
with intron retention and a combination of annotated junctions; and NNC consisted of two
types of isoforms (viz., those with at least one annotated donor/acceptor and those with
no annotated donor/acceptor) (Figure 5B).

Distribution of SJ type among structural classification

100%
5%

50%

% Splice junctions

25%

0%

<) o &
& N o O FPo o
& o
E € ¥ & S8 & & ¢
v
IKnown DKnown Ichvel Novel
L X . . ok . Known Known Nowel Novel
cananical Non-cananical canenical Non-canenical nical NG i el RARAIEAL i
Normal

Dwarf

Adenine enrichment downstream TTS (intra primming)

100

25 l = |
0
<
5 Fof F &
< Re 2 o NS & 2 O
(',\m,\\a‘?? & & @

B3 3 fragment E=2 Internal fragment

B 5 fragment B3 Mono-exon

B Multi-exon B8 Combination of annotated junetions

I Mot combination of annotated jnctions 3 Mono-exon by intron retention
B3 Without annotated donors/acceptors

Dwarf

Figure 5. (A) Distribution of splice junction (SJ) types across SQANTI categories. NNC, genic genomic,
antisense, fusion, intergenic, and genic intron are enriched in noncanonical SJs. (B) Percentage of adenine
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in the 20 nt window of genomic DNA downstream from TTS. All groups had monoexon and
multiexon isoforms except ISM and NIC. NIC consisted of a combination of annotated junctions,
mono exon by intron retention, and not combination of annotated junctions. ISM consisted of isoforms
formed by 3’ fragment, 5 fragment, internal fragment, and monoexons. NNC consisted of two types
of isoforms viz. at least one annotated donor/acceptor and combination of annotated.

3.4. Isoform Distribution across Normal and Dwarf Lines

We observed that the isoforms in a number of genes demonstrated different numbers
in the dwarf and normal lines. We shortlisted such isoforms, and 61 genes showed a
difference of 3 or more between dwarf and normal lines (Supplementary Table S5). For
example, the GLYMA_14G209400 gene had 4 isoforms in the dwarf line and 11 isoforms in
the normal lines. Moreover, GLYMA_14G092800 had 10 isoforms in the dwarf line and 7 in
the normal lines. We observed the dwarf line compared with normal controls. Among the
61 genes, 14 were related to the defense response, with the dwarf type demonstrating the
greatest number of isoforms of all the genes (Figure 6). Among the shortlisted isoforms,
the 61 genes produced 283 and 258 isoforms in the dwarf and normal plants, respectively
(Supplementary Tables S5 and S6). Approximately 50% of the identified isoforms were
novel in both the dwarf and normal lines (129 in dwarf and 100 in normal). The majority of
isoforms were produced from canonical SJs.

12
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Figure 6. Number of isoforms in dwarf and normal soybean lines among genes related to the defense
response. The maximum number of genes had an increased number of isoforms in dwarf as compared
to normal soybean.

4. Discussion

In the current study, we obtained a large number of isoforms from the majority of the
identified genes. Among an average of 16,089 genes from both lines (normal and dwarf),
69.18% were annotated with no isoforms compared to the remaining 30.7%, which had
at least two or more isoforms. We identified 166,171 SJ events, among which 93.8% were
canonical and ~6% were novel canonical and noncanonical SJs. This number is higher
than the 115,881 events reported in a previous work [40], of which 95% were canonical
SJs, higher than the percentage identified in the current study. Another study in G. max
reported 99.69% canonical junctions [23]. SQANTI analysis confirmed the enrichment of
RT switching among novel SJs in NNCs. The higher percentage of noncanonical junctions
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might have occurred due to RT switching (Supplementary Figure 54). The average number
of isoforms identified in our study was 2.5 per gene, which is lower than the numbers
reported in other plants, such as Zea mays (6.56 isoforms per gene) [31] and Brassica napus
(3.81) [22]. The genome size of soybean and B. napus is similar, thus; we assumed there is no
simple correlation between genome size and isoform numbers. In addition, the numbers of
OREF coding genes are doubled in soybean compared to maize, but the average numbers of
isoforms in maize are 2.5 times higher than in soybean. Further investigation is suggested.

The event of alternative splicing among transcripts decreases from the 5 end to
the 3’ end [41], as confirmed by our data. We observed that the maximum number of
isoforms were distributed near TSSs rather than TTSs (Supplementary Figure S3A-D).
The nonfunctional isoform synthesis in plants illustrated how they avoid the unfavorable
effects and metabolic costs that occur under the effect of stress when functional proteins
confer resistance [42]. Mastrangelo et al. [43] suggested alteration in the splicing sites
under biotic/abiotic stresses occurred, and the production of full-length proteins saved
time and energy in the transcriptional activation and accumulation of necessary mRNAs.
Furthermore, it was reported that the formation of a large number of unproductive isoforms
is a widespread phenomenon among plant circadian clock genes [25].

According to the SQANTI classification of unigenes, 96.79% of the identified genes
belonged to the known categories (FSM, ISM, NIC, and NNC) compared with the remaining
genes, which were classified as novel genes. The NIC and NNC comprised those isoforms
that were predicted to become known genes, among which the NNC contained the greatest
number of genes. Intron retention contributes to the majority of alternative splicing events
in plants [22,31,44]. In the SQANTI analysis, possible isoforms resulting from intron
retention (in addition to NIC transcripts) can be classified under the fusion, genic genomic,
or genic intron categories since partial introns are also included. The total number of
isoforms in all of the above categories accounted for 17% of all isoforms. Shen et al.
reported 26.47% IR alternative splicing events in G. max [23], which is an extremely high
percentage compared to that observed in our study. This can be attributed to the fact that we
surveyed alternative splicing events from a single leaf tissue instead of multiple tissues. In
addition, we used a classification system based on SQANTI with 47 separate subcategories
and ASTALAVISTA [45], which only performed categorization in 11 classes. By comparing
multiexon genes, we discovered that 86.65% of these genes revealed AS. Reddy et al. [13]
demonstrated that more than 60% of multiexon genes in plants indicated alternative
splicing under biotic/abiotic stresses [46]. We established that the identified novel isoforms
accounted for 19% of the isoforms present in our plants (Supplementary Tables S1 and S2),
with 12% located in coding regions. The impact of these genes on protein alterations and
their effect on phenotypes need further investigation.

Our primary objective was to observe the major differences in the number of isoforms
between the two soybean lines (normal and dwarf); therefore, we shortlisted the genes
that were common to the two lines and illustrated extreme contrast in the isoform count.
Among the identified genes, we observed that the maximum genes associated with plant
stress responses were discovered to have fewer isoforms in the dwarf line than in the
normal line. For example, GLYMA_04G017500 and GLYMA_08G293100 were found to
negatively regulate growth in response to biotic/abiotic stresses and have more than double
the isoforms numbers in the dwarf line (Supplementary Table S5). In our previous work,
we established that the expression of defense response genes was upregulated while that of
genes related to photosynthesis was downregulated [33]. The greater number of isoforms in
dwarf lines may indicate the production of nonfunctional isoforms that could be responsible
for the dwarf phenotype. In post-transcriptional gene regulation, alternative splicing
isoforms may produce stop codons due to frameshifts in mature mRNA sequences leading
to the occurrence of NMD [26]. Similarly, genes associated with carbohydrate metabolism
primarily indicated a greater number of isoforms in the dwarf line. Apart from a few
exceptions, most of the stress response and growth-related genes showed higher numbers
of isoforms in the dwarf line. In contrast, GLYMA _14G209400 and GLYMA_08G303800,
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both of which are flavin-containing amine oxidases, showed fewer isoforms in the dwarf
line. In Arabidopsis and Brassica juncea, it has been reported that shoots in which flavin
amino oxidase is downregulated are highly regenerative, suggesting an effect on plant
growth [47]. This indicates that greater numbers of isoforms are correlated with non-
functionality. This study, however, has few limitations. The tissue sample size is small,
and we were not able to check the reproducibility and repeatability of the AS due to cost
constraints. The list of genes presented here could be a valuable asset to further research to
understand the impacts of these isoforms on plant growth.

5. Conclusions

The current study is one of the first to adopt the SQANTI process to identify isoforms
in plants. Prior to this, the method was reported only in mouse [32] and human cells [48].
More than 30% of the identified genes indicated two or more isoforms, among which 17%
were categorized as novel isoforms. In addition, the results in this study have enhanced
the knowledge of the unexplored process of alternative splicing. Tissue-specific analysis,
along with isoform expression analyses, need to be performed to understand the detailed
role of genome expression/functions in driving the growth phenotype of soybean. This
information could be essential to comprehensive trait characterization for gene discovery
in genome editing examples
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