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ABSTRACT

Alternative splicing (AS) is a crucial post-transcriptional regulatory mechanism that enhances
transcript and proteome diversity. However, AS in common wheat ( 7riticum aestivum) remains
understudied due to the large and complex genome of this crop. Full-length transcriptome
sequencing, which provides long, high-quality reads, offers a powerful tool for analyzing AS in
wheat. In this study, we used the PacBio Sequel platform to sequence full-length transeripts from
five wheat tissues (root, stem, leaf, spike, and grain) of the cultivar Aikang58 (AKS8). We
identified 560,631 isoforms from 86,073 genes, with 76.7% of genes producing multiple
isoforms and 45.34% undergoing AS events (ASEs). Tissue-specific analysis revealed
differences in the number and function of AS genes (ASGs), underscoring the potential role of
AS in tissue differentiation. A comparison across the three wheat subgenomes showed similar
numbers of ASGs and ASEs but distinct functional patterns, suggesting that AS is involved in
subgenomic divergence. We also examined AS in genes linked to key agronomic traits,
demonstrating association with trait regulation. These findings enhance our understanding of the
adaptability and post-transcriptional gene regulation in wheat, offering insights for future

research and breeding efforts.

KEYWORDS
wheat, full-length transcriptome, alternative splicing, tissue differentiation, subgenome

divergence

INTRODUCTION

Alternative splicing (AS) is a process in which pre-mRNA is spliced in different ways to produce
multiple isoforms of a gene (Wright et al., 2022). AS is widespread in higher eukaryotes, with
AS genes (ASGs) found in up to 95% of Homo sapiens, 60.7% of Drosophila melanogaster,
61% of Arabidopsis thaliana, and 48% of Oryza sativa (Pan et al., 2008; Zhang et al., 2010;
Graveley et al., 2011; Marquez et al., 2012). This widespread occurrence allows organisms to

generate a diverse range of mRNA and protein isoforms from a limited number of genes,
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significantly expanding transcriptome and proteome diversity. AS events (ASEs) are classified
into seven types based on how exons are spliced: skipping exon (SE), mutually exclusive exons
(MXE), alternative 5’ splice site (AS), alternative 3’ splice site (A3), retained intron (RI),
alternative first exons (AF), and alternative last exons (AL) (Wright et al., 2022). The prevalence
of these AS patterns varies among species—SE is more common in animals, whereas RI is the
dominant type in plants (Ast, 2004; Marquez et al., 2012; Li et al., 2016). AS plays a pivotal role
in regulating various biological processes throughout an organism’s life, particularly under stress
conditions such as salt, heat, and drought (Reddy et al., 2013). In plants, AS contributes to
phenotypic variation and enhances adaptability to challenging environments. For example, in
rice, AS of GS3 fine-tunes grain size, influencing yield (Liu et al., 2022);in Arabidopsis, AS of
CONSTANS regulates flowering in response to photoperiod changes«(Wenkel et al., 2006); in
eggplant, AS of DFR controls anthocyanin biosynthesis, which affects pigmentation and stress
tolerance (Wang et al., 2022). Similarly, in wheat, AS of Pm4 confers resistance to powdery
mildew, while AS of 7TaHSFAG6e helps plants adapt to heat stress, underscoring its importance in
environmental adaptation (Sanchez-Martin etal., 2021; Wen et al., 2023).

Advancements in sequencing technology have continuously improved AS research. In the
1990s, researchers used expressed sequence tags (ESTs) from ¢cDNA libraries to identify
transcripts and gene expression levels; revealing the prevalence of AS in eukaryotes (Boguski et
al., 1993; Modrek and Lee, 2002).In the early 2000s, DNA microarrays enabled large-scale AS
studies by detecting’ASEs across different species and conditions (Lee and Roy, 2004). Around
the same time, RNA sequencing (RNA-seq) emerged as a powerful method for transcriptome-
wide AS analysis (Pan et al., 2008; Dong et al., 2018; Yu et al., 2020). By generating high-
throughput, short-read sequencing data, RNA-seq, combined with bioinformatics tools, allowed
researchers to identify ASEs across various biological processes, tissue types, and physiological
states..In the past decade, full-length transcriptome sequencing, also known as third-generation
sequencing, has become an essential tool for AS research. Technologies like PacBio Single
Molecule Real-Time (SMRT) sequencing and Oxford Nanopore sequencing directly read full -
length RNA molecules, eliminating the need for amplification and fragment assembly (Tilgner et
al., 2014; Cartolano et al., 2016). Compared to RNA-seq, these methods provide longer read
lengths and greater sensitivity, allowing for a more detailed analysis of AS (Dong et al., 2015;

Abdel-Ghany et al., 2016).
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Bread wheat (7riticum aestivum) is an allohexaploid species with a large and complex
genome (Xiao et al., 2022). Compared to model plants like O. sativa and A. thaliana, wheat
genomic research has progressed more slowly. While the sequencing of the wheat genome has
provided a strong foundation, AS studies in wheat remain limited (Yu et al., 2020; Gao et-al.,
2021; Sanchez-Martin et al., 2021; Wen et al., 2023). Recent advances in full-length
transcriptome sequencing offer an opportunity to analyze AS in wheat more comprehensively.
This study aims to generate a high-quality, full-length transcriptome of the wheat cultivar
Aikang58 (AKS58) and analyze its AS landscape. By comparing AS patterns.across-different
tissues and subgenomes, we aim to explore how AS contributes to tissue differentiation or
subgenome divergence. Our findings will help identify functional genes associated with key
agronomic traits, such as yield, disease resistance, and stress tolerance. This knowledge will

support wheat breeding strategies and contribute to the development of improved cultivars.

RESULTS

Construction and characterization of the full-length transcriptomes

To investigate AS in AKS8, nine PacBio SMRT libraries were sequenced, covering leaf, stem,
and root at the seedling stage, spike at.young spike developmental stages, and grain tissues at
various developmental stages'(4, 10, 15, 20, and 25 days after pollination [DAP]). Each sample
generated over 43 million subreads. The raw sequencing data were processed by removing
barcode information, primer sequences, and chimeric reads. Next, clustering, collapsing, and
filtering steps were applied to construct the full-length transcriptome. To generate a
comprehensive grain-specific transcriptome, transcriptomes from different grain developmental
stages were merged and deduplicated. Similarly, all tissue transcriptomes were combined and
deduplicated-to produce a consolidated full-length transcriptome. The final dataset includes
transcriptomes for five distinct tissues, grain transcriptomes spanning five developmental stages,

and an overall transcriptome (Supplementary Table S1).

To characterize the transcriptome, we analyzed its composition using the AK58 reference
genome and its annotation. Isoforms were categorized based on their splicing junctions and
structural variants relative to the reference transcripts. In total, 86,073 genes and 560,631
isoforms were identified. Each tissue expressed a diverse set of isoforms, with tens of thousands

of unique isoforms and corresponding genes detected in the root, stem, leaf, spike, and grain
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(Fig. 1; Supplementary Fig. S1). Previously unannotated isoforms from previously unannotated
identified genes were categorized as antisense and intergenic, whereas previously unannotated
isoforms of annotated genes were primarily classified as Novel in Catalog (NIC) and Novel Not

in Catalog (NNC).

Functional annotation was performed to predict the potential roles of these isoforms. Of the
560,631 isoforms analyzed, 546,462 (97.47%) matched the NCBI-nr database, 416,501 (74.29%)
aligned with Swiss-Prot, 436,981 (77.94%) were assigned to Pfam, 239,851°(42.78%) were
associated with Gene Ontology (GO) terms, and 262,203 (46.77%) were linked to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways. These annotations provided valuable
insights into molecular functions, biological pathways, and protein associations. Additionally,
transcription factor (TF) prediction identified 19,246 potential TF isoforms, which may play

crucial roles in gene expression regulation.

Analysis of AS in the AKS8 genome

Genes with multiple isoforms (MIGs) are.not.solely the result of true AS. Variations in
transcription initiation and terminationsites, along with other post-transcriptional modifications,
contribute to isoform diversity. However, genes with a higher number of isoforms are more likely
to undergo AS. Thus, analyzing MIGs within full-length transcriptomes provides insights into AS
potential across the genome. In this study, 560,631 isoforms were identified from 86,073
expressed genes.(EGs) in the AK58 genome, of which 66,033 (76.7%) were classified as MIGs
(Fig. 2A). Among these, 21,432 (76.56%), 22,460 (76.59%), and 21,605 (77.30%) MIGs were
found in‘'the A, Byand D subgenomes, respectively. Based on previously defined homoeologous
gene groups.(Jia et al., 2023), three representative categories were selected for analysis: singleton
(A:B:D configuration of 1:0:0, 0:1:0, or 0:0:1), dyad (1:1:0, 1:0:1, or 0:1:1), and triad (1:1:1). A
totalrof 1,852 singleton, 5,184 dyad, and 15,752 triad gene sets were included, with each set
comprising all homoeologous genes within the corresponding group. MIGs accounted for
approximately 67%, 77%, and 85% of EGs in each category, respectively (Supplementary Table
S2).

Splice sites play a critical role in isoform diversity, making the identification of splice

junctions essential for understanding AS. Using the SQANTI3 pipeline, 3,236,161 splice
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junctions were detected in the AK58 genome. Among these, 2,547,309 matched reference
transcripts (known splice junctions), whereas 688,852 were unannotated (unannotated splice
junctions). These junctions were further classified based on intron sequence type: canonical (GT-
AG, GC-AG, and AT-AC intron sites) and non-canonical (all other combinations). All known
splice junctions were canonical, whereas among unannotated splice junctions, 652,979 (94.8%)
were canonical, and 35,873 (5.2%) were non-canonical. The distribution of known and
unannotated splice junctions varied among isoform categories (Fig. 2B). All.canonical splice
junctions were present in Full Splice Match (FSM) and Incomplete Splice Match (ISM)
isoforms, as these were derived entirely from known splicing events. Since NIC isoforms contain
known splice sites in unannotated combinations, 98.3% of their splice junctions were canonical,
with only 1.7% being unannotated canonical junctions. In contrast, 23:3% of NNC splicing
junctions were unannotated, including both unannotated canonical and non-canonical types.
Notably, unannotated non-canonical splice junctions wereexclusive to NNC isoforms.
Additionally, genic genomic, antisense, and intergenic isoforms—categorized as unannotated—
contained 100% unannotated canonical splice junctions. Fusion isoforms exhibited a nearly equal
distribution of known and unannotated canonical splice junctions, spanning two distinct

annotated loci.

Using SUPPA software; 39,026 ASGs were identified, accounting for 45.34% of EGs, along
with 213,448 ASEs (Table 1, Supplementary Table S3). The frequency of AS varied by tissue,
with 8,707, 12,939,.7,593, 10,591, and 29,344 ASGs in the root, stem, leaf, spike, and grain,
respectively. Among these, 1,369, 1,810, 1,451, 1,261, and 12,338 ASGs were tissue-specific,
with AS detected exclusively in a single tissue (Fig. 2C). Across the A, B, and D subgenomes,
12,674 (45.28%), 13,472 (45.94%), and 12,598 (45.08%) ASGs were identified, corresponding
to 69,245,.75,868, and 66,843 ASEs, respectively (Supplementary Table S4). Meanwhile,
singleton, dyad, and triad genes contained 722 (38.98%), 3,637 (41.86%), and 21,185 (50.37%))
ASGs, respectively (Supplementary Table S2). Notably, 829, 875, and 846 triad genes were
1dentified as subgenome-specific genes, exhibiting ASEs in only one subgenome (A, B, or D)

(Fig. 2D).

The chromosomal distribution of MIGs, ASGs, and ASEs mirrored that of EGs, with fewer

genes near centromeres and more genes towards chromosome ends (Fig. 2E). Although EG and
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ASG counts were lower near centromeres, the ASGs/EGs ratio was higher in these regions,
suggesting that genes near centromeres were more likely to undergo AS. RI events were the most
prevalent ASE type, showing reduced occurrence near centromeres, whereas other ASEs (A3,
AS, AF, AL, MX, SE) displayed no significant decrease in these regions. For example, AL .events
were more frequent near the centromeres of chromosomes 4A, 6A, and 6D. Despite EG counts
varying across different tissues, MIG and ASG distributions, as well as ASE tissue preferences,
remained largely consistent. Analysis across 21 chromosomes revealed a uniform distribution of
MIGs and ASGs in root, stem, leaf, spike, and grain, with reduced occurrences near centromeres
(Supplementary Fig. S2). The proportions of each ASE type remained stableracross tissues, with
A3, AS, AF, MX, RI, and SE accounting for approximately 20%, 15%, 8%, 3%, 0.2%, 40%, and
10% of ASEs, respectively (Table 1).

Protein-level analyses showed that 93.6% of ASEs retained coding potential, of which
58.8% altered amino acid sequences, 32.3% modified functional domain architecture, and 45.8%
shifted translation termination sites (Supplementary Fig. S3). Among AS types, A3, A5, and SE
events exerted the strongest effects on protein sequences, with alteration rates of 66.6%, 61.7%,

and 66.4%, respectively.

AS facilitates tissue differentiation

Gene expression is intricately linked to tissue development and physiological functions;
however, the relationship between AS and gene expression across different tissues remains
poorly understood. To investigate the role of AS in tissue differentiation, AS patterns were
compared across five tissues (root, stem, leaf, spike, and grain), and the association between
tissue-specific ASGs and physiological functions was analyzed. Genes with a higher number of
isoforms.exhibited greater AS potential, suggesting a more complex regulatory landscape. The
number of isoforms per gene varied significantly across tissues, with highly active ASGs
displaying tissue-specific patterns (Fig. 3A). A substantial number of ASGs were identified, with
a notable exhibiting tissue specificity (Fig. 2C; Table 1).

To understand functional differences, GO and KEGG enrichment analyses were performed
on genes with a higher number of isoforms in each tissue on tissue-specific ASGs. The results

aligned with those of tissue-specific EGs, with enriched pathways closely associated with tissue
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development and physiological functions (Fig. 3B-C; Supplementary Fig. S4 and S5). In the
root, ASGs were primarily associated with secondary metabolism and transport processes,
consistent with their role in nutrient uptake and stress response. In the stem, enriched ASGs were
linked to cell structure and transport, reflecting their function in structural support and nutrient
translocation. In the leaf, pathways linked to photosynthesis and metabolism were highly
enriched, supporting its primary role in energy production. In the spike, ASGs were associated
with cell growth and hormone signaling, highlighting their role in reproductive development. In
the grain, genes involved in starch and sugar metabolism were significantly enriched,

underscoring its function in nutrient storage.

These findings suggest that AS may be involved in regulating tissue-specific gene
expression and contribute to functional specialization. The observed variation in AS patterns
across tissues reflects adaptive transcriptomic modulation in response to developmental or
physiological demands. These results provide insights into the complexity of AS-mediated gene

regulation and its potential involvement in tissue differentiation during wheat development.

AS is associated with subgenome divergence

A comparison of AS patterns-across the A, B, and D subgenomes revealed a similar number of
identified ASGs and ASEs (Supplementary Table S4), suggesting limited variation in AS among
the three subgenomes. Moreover, the distribution of ASE types remained consistent across
subgenomes, indicating no subgenome-specific preference for splicing types. These findings

point to a similar’AS landscape across the three subgenomes.

To further characterize subgenome-specific AS, we examined the conservation and
divergence of AS types across 15,752 triad gene sets (Supplementary Table S5). Based on AS-
type concordance among homoeologs, triads were classified into five categories (Fig. 4A):
All_non-AS, in which none of the three homoeologs exhibited AS (6,114; 38.8%); Partially non-
AS, in which at least one homoeolog lacked AS or was not expressed (5,179; 32.9%);

Partially conserved, in which all three homoeologs showed AS but with only partially
overlapping AS types (4,063; 25.8%); Conserved, in which all three homoeologs displayed
identical AS types (358; 2.3%); and Divergent, in which all three homoeologs exhibited
completely distinct AS types (38; 0.2%). This distribution mirrors the subgenome-based AS gene
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patterns shown in Fig. 2D, indicating that many homoeologs have gained or lost splicing
regulatory functions in specific subgenomes. Although overall numbers of ASGs and ASEs were
comparable among subgenomes, homoeolog-level AS patterns showed substantial divergence.
The rarity of fully conserved AS and the dominance of partially conserved or non-AS categories
suggest extensive regulatory differentiation among homoeologs, likely contributing to

subgenome functional diversification following polyploidization.

Then, we analyzed isoform composition of three subgenomes and subgenome-specific
ASGs in triad genes. Among 15,752 triad gene sets, isoform numbers were quantified for each
homologous gene, and the ratio of isoforms from each subgenome to-the total isoforms in the set
was calculated. Based on these ratios, triad gene sets were categorized as dominant, suppressed,
or balanced. If two subgenomes had isoform ratios below 20%, the remaining subgenome was
classified as dominant. Conversely, if two subgenomes had.isoform ratios above 20% and the
third subgenome’s ratio was below 20%, the subgenome with the lower ratio was classified as
suppressed. If none of these conditions were applied, the triad gene set was categorized as
balanced. The results identified 720, 707, and 713 dominant triad gene sets in the A, B, and D
subgenomes, respectively. Similarly, 2,241, 2,215, and 1,914 suppressed triad gene sets were
identified in the A, B, and D subgenomes (Fig. 4B-C). Among the 15,752 triad gene sets with
AS, 829, 875, and 846 contained ASEs unique to the A, B, or D subgenomes, respectively (Fig.
2D). Functional enrichment analysis of dominant, suppressed, and subgenome-specific ASGs
revealed distinct pathway enrichment patterns (Fig. 4D-E; Supplementary Fig. S6). The A
subgenome exhibiteda high AS activity in nucleic acid regulation and functional development
but lower AS activity in photosynthesis-related functions. The B subgenome showed increased
AS activity in secondary metabolism and stress responses, while AS activity in nucleic acid
metabolism was lower. The D subgenome demonstrated significant AS activity in cell cycle
regulation and had reduced AS activity in metabolic regulation. These findings suggest that
although AS patterns exhibit a similar landscape across the three subgenomes, functional

divergence is evident across specific genes in each subgenome.
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AS is involved in trait regulation

The role of AS in controlling agronomic traits in wheat has been partially explored, though only
a small fraction of the identified ASEs have been investigated (Guo et al., 2020; Sanchez-Martin
et al., 2021; Zhang et al., 2022; Wen et al., 2023). To further examine the relationship between
AS and agronomic traits, AS patterns were analyzed during grain development, and their

potential influence on grain traits was assessed.

The serine/arginine (SR) protein family, a key group of splicing factors involved in gene
splicing regulation, plays a critical role in AS (Shepard and Hertel, 2009; Xie et al., 2022). A
BLAST search of plant SR protein sequences against the AK58 protein database, followed by
domain analysis, identified 59 candidate SR protein family genes'in the AK58 genome. These
genes contained RNA-binding domains (RBDs) at the N-terminus and arginine/serine-rich
domains (RSs) at the C-terminus (Xie et al., 2022). RNA-seq data from different developmental
stages of AK58 grain were used to quantify SR protein family gene expression. The results
revealed a gradual decline in overall SR gene expression during grain development (Fig. 5A),

indicating a reduced AS activity.

Analysis of the full-length transcriptome of grains at different developmental stages further
demonstrated a progressive decrease in the number of MIGs (Fig. 5B). Genes with a higher
number of isoforms were significantly more abundant during early stage (4DAP and 10DAP)
compared to late stage (15SDAP;20DAP, and 25DAP) (Fig. 5C). Count and ratio analysis of
ASGs from early and late stage confirmed significantly higher AS activity during early grain
development (Fig..5D; Supplementary Table S6). Functional enrichment analysis of early- and
late-stage’/ASGs revealed distinct pathway enrichments (Fig. SE-F). Early-stage ASGs were
predominantlyinvolved in growth, cell expansion, and photosynthesis, whereas late-stage ASGs
were enriched in pathways related to macromolecule processing and transcriptional regulation.
These findings suggest that AS plays a critical role in regulating developmental processes, with
early-stage AS contributing to growth and late-stage AS facilitating transcriptional modifications

associated with grain maturation.

To further understand the relationship between AS and grain development, the isoform
profiles of grain trait-related genes were analyzed across developmental stages (Fig. 5G). Based

on previously reported wheat grain trait-related genes, 98 homologous genes were identified in

10
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the AK58 genome (Wei and Jiao, 2024). These genes exhibited higher AS potential during early
grain development like the overall trend, suggesting that AS more actively influences key traits

related to grain formation and maturation.

We next constructed a gene co-expression network using transcriptome data across multiple
developmental stages, incorporating all ASGs, TF genes, and SR protein family members. In
total, 20 co-expression modules comprising 25,271 expressed genes were identified
(Supplementary Fig. S7). Four modules were significantly and positively correlated with AS
activity, MEgreenyellow (r = 0.96, p <0.05), MEred (r = 0.85, p <0.05), MEblue (r =0.83, p <
0.05), and MEturquoise (r = 0.80, p <0.05). MEgreenyellow showed the strongest association
with AS activity and contained 323 hub genes, including 25 TFs and 2 SR family members
(Supplementary Fig. S7; Supplementary Table S7). A regulatory network centered on these two
SR genes revealed that 87.2% (511/586) of module genes exhibited highly similar expression
patterns with strong topological overlap (TOM > 0.2). These results indicate that SR proteins
likely exert broad regulatory control within this module, acting as key splicing factors
coordinating downstream AS events and potentially driving the dynamic AS changes observed

during grain development.

Beyond grain development, AS patterns were examined in genes associated with key
agronomic traits, including tillering, grain shape, grain weight, and disease resistance
(Supplementary Table'S8 and S9). A significant proportion of these genes underwent AS, with
certain genes, such as ARF, Fhbl, [AA21, Q, Sus1, and Sus2, exhibiting a high number of
isoforms and diverse AS types. To validate the presence of these isoforms and ASEs, the O-54
gene—a critical domestication gene regulating plant height, rachis length, and spike
morphology—was analyzed. Three Q transcripts had previously annotated in the A subgenome
(TraesCS5A02G473800.1, TraesCS5A02G473800.2, and TraesCS5A02G473800.3), with
TraesCS5A02G473800.1 identified as the major transcript. In this study, 24 Q-54 isoforms were
identified, undergoing ASEs of the A3, RI, and SE types. Visualization using Integrated
Genomics Viewer (IGV) identified 10 O-54 isoforms in stem tissue (Fig. 6A). To confirm these
isoforms, primers spanning the first and last exons were designed (Fig. 6A; Supplementary Fig.
S8). Among the PCR products, five distinct bands corresponding to target isoforms were

observed and excised for Sanger sequencing (Fig. 6B; Supplementary Table S10). The resulting
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sequences matched the PacBio full-length isoforms, confirming their presence. Aside from the
major transcript, the remaining isoforms represented findings differing from previously
annotated transcripts and potentially carrying uncharacterized functions. These results further

underscore the regulatory role of AS in wheat agronomic traits and developmental processes.

To investigate the functional relevance of Q-54 isoforms, we focused on spike morphology
and analyzed their transcriptional profiles. Using public RNA-seq data from 90 wheat accessions
at the double ridge stage (Wang et al., 2017), we quantified expression of the O-54 gene and all
24 0-54 isoforms identified in this study. Each accession expressed 49 isoforms
(Supplementary Table S11), and 15 isoforms were detected in spike-tissues (Fig. 6C;
Supplementary Table S12 and S13). These were designated 0-54 “isoform.1 to Q-

54 isoform.15, with O-54 isoform.1 corresponding to the reference transcript
TraesCS5402G473800.1 and the remainder representing previously unidentified splice variants.
Overall 0-54 expression was significantly correlated with spike-related traits (Fig. 6D). To
evaluate isoform-specific effects, we assessed correlations between the relative abundance of
each isoform and spike morphology traits (Fig. 6E; Supplementary Table S14). Using this
proportion-based metric, Q-54_isoform.6,.0-54 isoform.11, and OQ-54 isoform.12 showed
significant trait associations. By contrast, isoform number per accession was not significantly
correlated with spike morphology (Supplementary Table S14), indicating that isoform
composition, rather than'AS frequency alone, underlies phenotypic variation. These results
suggest that distinct’Q-54 isoforms exert divergent regulatory roles during spike development,
with highly expressed isoforms (e.g., O-54 isoform.1, 2, 3) likely fulfilling structural or
constitutive functions, whereas low-abundance, trait-associated isoforms (e.g., O-54_isoform.6,

11, 12) may mediate fine-scale or genotype-specific regulatory effects.

To further evaluate the role of AS in trait regulation, we analyzed isoform—trait associations
for four additional spike development genes (DEPI-5D, FUL2-2A, Ppd-2D, and TaCol-B5-7B).
Using the same 90-accession RNA-seq dataset, we quantified isoform expression and calculated
each isoform’s proportion relative to total gene expression (Supplementary Table S12-S13).
Spearman correlation analysis identified multiple significant associations between isoform
proportions and spike traits (Supplementary Table S14; Supplementary Fig. S9). Specifically,
Ppd-2D isoform.13 was positively correlated with floret number (r = 0.30, p = 0.005), and Ppd-
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2D isoform.3 was positively associated with spikelet number (r = 0.28, p = 0.010). Conversely,
TaCol-B5-7B_isoform.2 showed a negative correlation with floret number (r =—0.24, p = 0.021),
and FUL2-24 isoform.2 was negatively associated with spikelet number (r =—0.21, p = 0.046).
Collectively, these findings demonstrate that AS-mediated isoform variation across multiple

spike development genes is associated with phenotypic diversity in spike architecture, Supporting

a broad role for AS in the regulation of agronomic traits.

DISCUSSION

AS, a crucial post-transcriptional regulatory mechanism, plays a fundamental role in various
biological processes (Wright et al., 2022). Recent advancements in sequencing technologies have
greatly enhanced wheat genomic research, providing essential resources for studying AS in gene
expression (Jia et al., 2023; Liu et al., 2024). In particular, full-length transcriptome sequencing
offers substantial advantages in AS detection. Cross-platform validation in this study revealed
that Iso-Seq identified approximately 7.1-fold more ASEs than short-read RNA-seq, while
robustly capturing the majority of splicing events detectable by RNA-seq platforms
(Supplementary Fig. S10). In wheat, AS research has primarily focused on stress responses,
whereas studies examining AS differences across tissues and subgenomes remain limited
(Sanchez-Martin et al., 2021; Zhang et al., 2022; Wen et al., 2023). In this study, full-length
transcriptome analysiswas conducted across different tissues and developmental stages of wheat,
leading to the identification of numerous ASGs and ASEs. These findings provide a
comprehensive overview of the AS landscape in wheat. Genome-wide analysis revealed the
widespread and complex nature of AS, underscoring its crucial role in tissue and subgenome
divergence. This study establishes a foundation for future research exploring the contribution of
AS to.agronomically important traits, such as yield and grain quality. Moreover, the resulting
full-length transcriptome dataset represents a valuable resource for functional genomics and
molecular breeding by enabling isoform-level analysis of gene regulation and trait-associated

variants.

13

920z |4dy |L.Z uo Jasn sadualog |eln}nouby Jo Awapedy eulyd Aq G791598/1 Lzbeny/sAudid/ee0L 0L /1op/a1o1le-aoueape/sAydid/woo dno-ojwapeoe//:sdiy wouy papeojumoq



N o oo A ODN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30

Universality and diversity of AS in wheat

The widespread occurrence of AS in wheat is evident from genome-wide analysis, which
revealed that 76.7% of genes produce multiple isoforms, while 45.34% exhibit ASEs. Moreover,
protein-level analysis revealed that a substantial proportion of ASEs led to changes in protein
sequences or functional domains.These findings highlight AS as a pervasive mechanism that
increases gene expression complexity and serves as a key strategy for meeting the developmental

and physiological needs of the plant.

AS diversity in wheat is reflected in differences in AS patterns across tissues, subgenomes,
and developmental stages. First, the number of ASGs and ASEs varies among tissues, with
higher AS activity observed in young tissues exhibiting high transcriptional activity. The
functions and biological pathways associated with ASGs differ between tissues, often aligning
with their developmental and adaptive requirements..For instance, in the young stem during the
seedling stage, where gene expression is particularly active, a greater number ratio of ASGs and
ASEs were identified. In this stage, ASGs were enriched in pathways related to cellular structure
and transport, which are crucial for stem.development and its function. Second, despite overall
landscape in ASG and ASE numbers across the three subgenomes, functional distribution biases
were observed. AS patterns of specific genes exhibited clear differentiation across subgenomes,
revealing functional diversity withinthe wheat subgenomes. Finally, AS diversity in wheat is
also evident in its dynamic changes across developmental stages. The number and patterns of AS
shift throughout grain development and maturation. AS activity was significantly higher in the
early stages of ‘grain development compared to later stages, with a greater number of ASGs and
ASE:s identified. Furthermore, functional differences were observed between early- and late-
stage ASGs. Early-stage ASGs were primarily enriched in pathways related to growth,
development, and cell expansion, whereas late-stage ASGs were enriched in pathways related to

macromolecule processing pathways.

Together, these results establish AS as a central mechanism shaping transcriptomic
complexity in wheat, characterized by pronounced spatial and temporal specificity. Tissue-
specific ASGs are strongly enriched in pathways aligned with the core biological functions of
their respective tissues, supporting a role for AS in tissue differentiation and physiological

specialization. Moreover, several functional genes exhibit subgenome-specific splicing patterns,
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suggesting that AS is associated with functional divergence among the A, B, and D subgenomes.
AS also displays clear temporal dynamics during grain development, with elevated splicing
activity at early developmental stages. This trend parallels the expression patterns of splicing
factors, indicating coordinated regulation by stage-specific upstream regulators. Collectively,
these findings highlight the multilayered regulatory architecture of AS and clarify its functional

significance in wheat development.

Polyploidization enhances AS complexity in wheat

Wheat, a hexaploid species that has undergone two independent polyploidization events, exhibits
a level of AS complexity that surpasses that of most diploid and tetraploid plants. Studies have
shown that 42-61% of genes in plants undergo AS (Marquez.et al., 2012; Reddy et al., 2013;
Klepikova et al., 2016; Liu et al., 2024). However, ASin.wheat is more complex, as evidenced
by the identification of 560,631 isoforms from 86,073 EGs, exceeding the average observed in
other plants. Additionally, 39,026 ASGs and 213,448 ASEs were detected in wheat, a number
significantly higher than in diploid plants.such as rice, corn, and soybean, as well as other
polyploid species such as cotton, peanut, and zoysia (Supplementary Table S15). These findings
indicate that wheat possesses a unique and highly complex transcriptome with distinct AS
patterns. The greater AS complexity observed in wheat is likely caused by its larger genome size
and higher gene redundancy, which provide additional opportunities for isoform generation and

finer regulation of ‘gene function.

The polyploid nature of wheat, characterized by its three subgenomes, plays a significant
role in the flexibility of gene expression regulation. Among the three subgenomes, the number of
ASEs and ASGs exhibits similar landscape; however, functional divergence is observed in ASGs,
reflecting specializationacross subgenomes. Furthermore, the distribution of AS across different
homologous gene types (singleton, dyad, and triad) underscores this regulatory complexity. Triad
genes, which possess homologs in all three subgenomes, exhibit the highest proportion of ASGs
(50.38%), followed by dyads (41.86%) and singletons (38.98%). This pattern reflects the
increased transcriptomic diversity contributed by the retention of multiple homologous copies in
polyploid wheat, which may facilitate more flexible and robust regulation of gene expression.

The observed AS bias among subgenomes and the differential ASG distribution among
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homologous genes reveal intricate regulatory interactions within the wheat genome. These
interactions enhance cooperative dynamics across subgenomes, allowing wheat to adapt flexibly
to developmental and environmental challenges. Additionally, subgenome interplay in hexaploid
wheat has reprogrammed AS patterns, particularly through the incorporation of the D
subgenome, which significantly influences AS in the A and B subgenomes (Yu et al., 2020). This
interaction further increases the complexity and flexibility of the gene regulatory network in

polyploid wheat.

Polyploidization is crucial in plant evolution by providing abundant genetic resources for
gene mutations, selection, and functional diversification. In wheat; the acquisition or loss of
ASEs enables adaptation to diverse environmental conditions.However, AS is not uniformly
distributed across the polyploid wheat genome but instead follows specific temporal, spatial, and
functional biases. For example, during early grain development, ASGs are notably enriched in
transport and energy metabolism pathways, whereas stress-responsive genes undergo specific
ASEs under heat and drought stress (Liu et al., 2018). These findings suggest that AS optimizes
key gene functions, enhancing wheat’s evolutionary adaptability. Moreover, the divergence of AS
patterns in triad gene sets in wheat further:supports the notion that AS in polyploid plants
strengthens the complexity of gene regulatory networks, providing a significant evolutionary

advantage.

AS is associated with tissue differentiation and subgenome divergence

At the tissue‘level, distinct tissue-specific ASGs were identified across different wheat tissues.
Further analysis revealed that these ASGs are closely associated with the physiological functions
of specifictissues. For example, ASGs in leaves are predominantly involved in photosynthesis
and metabolic pathways, whereas those in roots are enriched in secondary metabolism and
transport functions. These findings indicate that AS generates diverse spliced isoforms to support
the functional specialization of different tissues, enabling them to better meet their physiological

demands and environmental conditions.

At the subgenome level, despite the overall similar landscape in ASG and ASE numbers
among the three subgenomes, functional differences among ASGs reflected subgenome divergent

evolution. For instance, genes involved in nucleic acid regulation exhibit higher AS activity in
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the A subgenome, while genes related to secondary metabolism and stress response undergo
more active AS in the B subgenome. In contrast, the D subgenome shows dominant AS activity
in genes associated with cell cycle regulation. These AS differences among subgenomes suggest
that AS facilitates functional complementation, promoting adaptive evolution under diverse
environmental conditions. This underscores the role of AS in both subgenome coordination and
the optimization of gene functionality and diversity, thereby enhancing the regulatory flexibility

of gene expression network in wheat.

In summary, AS serves as a key factor contributing to both subgenome and tissue functional
differentiation in wheat. By regulating diverse splice forms, AS enhances the flexibility and
adaptability of wheat through gene regulatory mechanisms, allowing for optimized function and

improved environmental resilience.

AS has potential regulatory roles in‘agronomic traits

AS plays a significant regulatory role in agronomic traits by generating diverse isoforms that
enable precise modulation of gene expression and function. This process influences essential
traits in wheat, such as plant architecture, stress resistance, and yield potential. In this study, AS
of genes related to agronomic traits were analyzed, and the potential effects of AS on agronomic
traits were revealed. For example; isoform—trait correlation analyses of spike-related genes,
including O-54, DEP1-5D, Ppd-2D, FUL2-2A4, and TaCol-B5-7B, revealed significant
associations between the relative abundance of specific isoforms and spike morphology traits.
These results indicatethat AS-generated transcript diversity is closely associated with phenotypic
variation in wheat spike architecture. Additionally, genes such as /4421 and Fhbl, which are
associated with tillering and disease resistance, exhibit notable AS activity. The generation of
specifieisoforms in these genes suggests a role in enhancing the resilience to environmental

stress and improving yield stability in wheat.

Furthermore, AS plays an important role in grain development, regulating physiological
processes at different developmental stages. This study found that AS activity is significantly
higher during early grain development than in later stages, closely correlating with the

expression of genes involved in cell expansion and material accumulation. Such regulatory
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patterns suggest that AS facilitates rapid grain growth and maturation by modulating functional
gene expression over time. Additionally, key genes related to carbohydrate metabolism, such as
Sus1 and Sus2, exhibit distinct AS patterns that may directly influence starch biosynthesis and

grain quality, thereby affecting wheat’s agricultural value.

In conclusion, AS is likely involved in regulating key agronomic traits in wheat modulating
the expression of essential genes, like O, 4421, and Fhbl, as well as genes involvedin
developmental pathways. This regulatory mechanism provides a molecular framework for
improving traits such as stress resistance, tillering, and grain development. These insights offer
directions for functional genomics research and establish a theoretical foundation for targeted

breeding strategies in wheat improvement.

AS holds great potential for agricultural applications

A deeper understanding of the relationship between specific ASEs and agronomic traits offers
opportunities for target genetic improvement in wheat. By identifying key genes and ASEs
associated with growth, stress resistance, and.yield, breeders can develop strategies to optimize
desirable traits without altering the underlying gene structure. For instance, modifying the AS
pattern of critical genes such-as O'may enhance wheat morphology, improve resistance to pests

and diseases, or increase grain yield while preserving the gene’s natural sequence.

From a breeding perspective, AS represents a highly flexible and efficient tool for fine-
tuning gene expression. Unlike traditional genetic modification or transgenic approaches, AS-
based strategies allow precise regulation of gene function without introducing foreign DNA or
inducing excessive genomic alterations. By selectively modulating AS, breeders can promote the
expression of beneficial isoforms, leading to enhanced stress tolerance, improved grain quality,

or increased yield potential.
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MATERIALS AND METHODS

Sample selection and RNA extraction

Five tissues from the hexaploid wheat cultivar AK58 were selected, including root,stem, and
leaf at the seedling stage, as well as spike at different developmental stages (W2, W3, W4, W5,
W6, W7, W8), and grain at 4, 10, 15, 20, and 25 DAP (Waddington et al., 1983). Roet, stem,
leaf, and spike tissues were collected from greenhouse-grown plants, while grain was harvested
from field-grown plants. For each tissue or developmental stage, samples were collected from at
least five individual plants and pooled to form a composite biological sample, ensuring
representation and reducing individual variation. Following collection, the samples were
immediately flash-frozen in liquid nitrogen and stored at -80 °C. Total RNA was extracted from
root, stem, leaf, spike, and grain samples using the TRIzol method (Chomczynski and Sacchi,
1987). Equal amounts of RNAs from spikes at different'developmental stages were pooled to
create a composite sample. Quality control assessment was performed on all RNA samples.
Purity and concentration were evaluated using agarose gel electrophoresis and a Nanodrop
spectrophotometer, while RNA integrity was determined using the Agilent 2100 Bioanalyzer
(Schroeder et al., 2006; Desjardins and Conklin, 2010). The A260/280 ratios were approximately
1.9, and the RNA integrity number (RIN) values ranged from 7.5 to 9.4, confirming the high

purity and integrityof the samples, which were suitable for library construction and sequencing.

c¢DNA library construction and sequencing

Polyadenylated mRNA was enriched using Oligo(dT) magnetic beads and reverse transcribed
into eDNA using a SMARTer PCR cDNA Synthesis Kit. Fragment selection was performed with
magnetic beads, followed by large-scale PCR amplification to generate sufficient total cDNA.
The full-length cDNA underwent damage repair, end repair, and ligation of SMRT dumbbell-
shaped adapters to construct the full-length transcriptome library. Exonuclease treatment was
applied to remove sequences lacking ligated adapters at both ends of the cDNA. Subsequently,
primers were added, and DNA polymerase was bound to the cDNA to form a complete SMRT
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bell library. After quality control, full-length transcriptome sequencing was performed on the

PacBio Sequel II/1Ie platform.

Full-length transcriptome construction

The raw data from PacBio full-length transcriptome sequencing were processed using the IsoSeq
pipeline in SMRT Link v13.0 (https://www.pacb.com/support/software-downloads). The pipeline
included multiple steps, such as generating circular consensus sequences (CCS), removing
primers, clustering, and collapsing redundant sequences. Default parameters were used, with key
settings set as follows: minimum draft length before polishing = 10, minimum number of passes

=3, and minimum predicted accuracy = 0.99.

Subreads were extracted from each zero-mode waveguide (ZMW). If at least two full passes
were detected, the subreads were corrected against each other to obtain CCS through self-
correction from multiple passes of a single molecule."Sequences were then classified as full -
length (FL) or non-full-length (non-FL) based on the presence of 5' primers, 3' primers, and a
poly(A) tail at the 3' end. FL sequences were clustered using a hierarchical n*log(n) algorithm to
generate both cluster consensus sequences and high-quality singleton consensus sequences.
These were combined to obtain corrected consensus isoforms, which were subsequently aligned
to the reference genome.Redundant isoforms were removed, yielding a set of non-redundant

isoforms.

However, non-redundant isoforms generated by the IsoSeq pipeline may still have included
false positives. To eliminate these, the SQANTI3 v5.2.1 tool was employed, applying the default
filtering criteria in the sqanti3_filter.py pipeline under the rules option (Pardo-Palacios et al.,
2024). The sqanti3_rescue.py pipeline was then executed in full mode with default parameters to

restore isoforms that were incorrectly filtered, producing the final set of filtered isoforms.

Full-length transcriptome characterization and transcript classification
The SQANTI3 v5.2.1 tool was used to characterize the filtered isoforms (Pardo-Palacios et al.,
2024). The sqanti3_gc.py pipeline was employed to analyze transcriptional and splicing

characteristics using default parameters. This pipeline first aligned the isoforms to the AKS58
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reference genome and then compared their genomic positions with existing annotations (Jia et
al.,2023). This comparison helped identify both annotated and previously unannotated genes and
transcripts. In this study, genes and transcripts identified using the IsoSeq pipeline and SQANTI3
were labeled as "identified genes/transcripts." Those present in reference databases were
classified as "annotated genes/transcripts," whereas those absent from the reference database
were designated as "previously unannotated genes/transcripts." Isoforms aligned to unannotated
genomic regions were considered unannotated gene loci. If multiple isoforms-shared similar
exon structures within the same genomic region, they were categorized under-a single
unannotated gene locus. Additionally, isoforms aligning to different exons of known gene

regions were identified as unannotated transcripts.

SQANTI3 also classified isoforms based on splice junctions and splicing variant structures
relative to reference transcripts. [soforms were categorized.into nine main types: FSM, ISM,
NIC, NNC, Antisense, Genic Intron, Genic Genomic, Fusion, and Intergenic. FSM isoforms
possessed the same exon number and internal splice junctions as reference transcripts. ISM
isoforms lacked one or more 5’ or 3’ exons but maintained identical internal junctions. NIC
isoforms used known splice junctions from annotated transcripts but did not match FSM or ISM
criteria. NNC isoforms contained at least one unannotated exon or intron absent from the
reference annotation and didnot fitESM or ISM categories. Antisense isoforms were transcribed
in the opposite direction of an annotated gene. Genic Intron isoforms were entirely contained
within an annotatedintron, while Genic Genomic isoforms overlapped both exonic and intronic
regions. Intergenic isoforms were located between annotated genes, and Fusion isoforms resulted

from exon combinations of two or more distinct genes.

AS junction and events analysis

SQANTI3 analyzes AS junctions based on the splice donor and acceptor sites. Splice junctions
present in reference transcripts were classified as “known splice junctions,” while those absent
from the reference were designated as “unannotated splice junctions.” Furthermore, splice
junctions were categorized as either canonical (e.g., GT-AG, GC-AG, AT-AC) or non-canonical

based on the dinucleotide sequence at intron boundaries.
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SQANTI3 generated an annotation file in GFF format for the filtered isoforms, which was
subsequently used for the ASE identification via SUPPA v2.3. By examining exon and intron
positions in both isoforms and gene annotations, SUPPA identifies seven main types of ASEs:

SE, RI, MX, A5, A3, AF, and AL (Trincado et al., 2018).

Functional annotation of isoforms

The filtered isoforms were systematically annotated using multiple major databases, including
NCBI-nr, Swiss-Prot, Pfam, GO, and KEGG. These databases provided complementary insights
into isoform functions. The NCBI-nr and Swiss-Prot protein sequence databases facilitated
functional prediction through sequence homology analysis (Boutet et al:, 2007). For this purpose,
a high-throughput sequence aligner, Diamond (v2.1.8), was used to perform BLAST searches
against these databases (Buchfink et al., 2015). GO annetation categorized isoform functions into
three domains: Cellular Component (CC), Molecular Function (MF), and Biological Process
(BP), providing a structured framework for functional characterization (Gene Ontology, 2015).
KEGG pathway analysis was performed to determine isoform involvement in biological
processes and signaling pathways, offering insights into potential regulatory roles (Kanehisa et
al., 2016). To classify protein families, the Pfam database was employed to identify conserved
domains and structural features(Punta et al., 2012). Functional annotation was further enhanced
using the eggNOG-mapper platform, which integrated GO, KEGG, and Pfam data (Huerta-Cepas
et al., 2019; Cantalapiedra et al., 2021). Functional enrichment analysis of target gene sets was
conducted using TBtools to identify significantly enriched biological categories (Chen et al.,
2023). P-values adjusted using the Benjamini-Hochberg method in TBtools, represented as “p-
adjust”. Additionally, transcription factor prediction was performed using PlantTFDB (v5.0), a
specialized database for plant transcription factors, offering insights into the regulatory functions

of identified isoforms (Tian et al., 2020).

Identification of homoeologous gene groups among subgenomes
Homoeologous gene groups across the A, B, and D subgenomes were defined based on the
dataset reported by Jia (Jia et al., 2023), who established homoeologous relationships using the

AKS8 reference genome. Only gene groups with unambiguous homoeologous assignments were
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retained, including singletons (1:0:0,0:1:0,0r0:0:1),dyads(1:1:0,1:0:1,0r0:1:
1), and triads (1 : 1 : 1). Groups with complex or ambiguous configurations (e.g., 1: 1:n,0:0:
n, or n : n : n) were excluded because copy number variation in multi-copy groups may confound
AS pattern analyses. Genes unanchored to chromosomes were also removed from subgenome-

level splicing analyses.

Co-expression network analysis

Gene co-expression networks were constructed using the WGCNA R package (Langfelder and
Horvath, 2008). RNA-seq data from AK58 grains at multiple developmental stages were
normalized as fragments per kilobase of exon model per million.mapped fragments (FPKM) and
used as input. To improve network robustness, genes with negligible expression (FPKM <1 in
all samples or total expression across samples < 3) were.filtered out. A total of 25,271 expressed

genes, including ASGs, TF genes, and SR family genes, were retained for network construction.

The pickSoftThreshold function identified a soft-thresholding power of 6, satisfying the
scale-free topology criterion (R? > 0.85). Networks and modules were generated using
blockwiseModules with the following parameters: power = 6, maxBlockSize = 25271, TOMType
= "unsigned", minModuleSize = 100, pamRespectsDendro = FALSE, reassignThreshold = 0,
mergeCutHeight = 0.1, numericLabels = TRUE, corType = "pearson", and verbose = 3. This
analysis yielded 20 co-expression modules. To identify modules associated with AS activity
during grain development, correlations between module eigengenes and phenotypic traits were
calculated. Hub genes were defined by high module membership (MM > 0.9) and strong trait

correlation (GS.>.0.6). The resulting networks were visualized using Cytoscape.

Characterization of isoforms with agronomic traits

Isoforms related to key agronomic traits were identified based on SQANTI3 output data. As a
representative example, the well-characterized Q gene, which influences agronomic traits in
wheat, was analyzed. Structural isoforms of the O gene were visualized using IGV (v 2.16.2),
enabling detailed examination of isoform architecture and splicing patterns (Robinson et al.,

2011). Additionally, the isoforms were experimentally validated through PCR amplification of
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their corresponding cDNA sequences, followed by gel extraction and Sanger sequencing to

confirm isoform identity.

Trait association analysis of Q-54 isoforms

To evaluate the functional relevance of O-54 isoforms in spike development, we analyzed
transcript abundance and phenotypic associations using RNA-seq data from 90 wheat accessions
at the double ridge stage (Wang et al., 2017). Expression levels of all 24 @-54.isoforms
identified in this study were quantified with Salmon (v1.9.0) (Patro et al., 2017) and expressed as
transcripts per million (TPM). Isoforms with TPM > 1 in at leastone aceession were considered

expressed and retained for analysis.

Spike morphology traits, including spikelet number, floret number, and seed number, were
used to assess isoform—trait relationships. Spearman correlation coefficients were calculated to
determine the strength and direction of associations between isoform abundance and individual

traits, with corresponding p-values used to evaluate statistical significance.
Accession Numbers

The accession numbers (gene IDs) and sequences of the major genes mentioned in this study are

provided in Supplementary Tables.

LIST OF ABBREVIATIONS
A3wAlternative 3’ Splice Site

A5: Alternative 5° Splice Site
AF: Alternative First Exons
AKSS8: Aikang58

AL: Alternative Last Exons
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AS: Alternative Splicing

ASE: Alternative Splicing Event
ASG: Alternative Splicing Gene
BP: Biological Process

CC: Cellular Component

CCS: Circular Consensus Sequence
DAP: Days After Pollination

EG: Expressed Gene

EST: Expressed Sequence Tag

FL: full-length

FPKM: Fragments Per Kilobase of exon model per Million mapped fragments
FSM: Full Splice Match

GO: Gene Ontology

ISM: Incomplete Splice Match
KEGG: Kyoto Encyclopedia of Genes and Genomes
MF: Molecular Function

MIG: Multiple Isoform Gene
MXE: Mutually Exclusive Exons
NIC: Novel in Catalog

NNC: Novel Not in Catalog

RBDs: RNA-binding domains

RI: Retained Intron

RIN: RNA Integrity Number
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RNA-seq: RNA sequencing

SE: Skipping Exon

SMRT: Single Molecule Real-Time
SR: Serine/Arginine

TPM: Transcripts Per Million

ZMW: Zero-Mode Waveguide
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TABLES
Table 1. Summary of identified ASEs and ASGs

Sampl  \ogs ASOYEG  \qps A3 A5 AF AL
(] S

> Z

Root 8,707  21.2% 18,881 4,641 3,077 1,596 266 50 7,35l 1,900

12,93 12,71
Stem 9 25.8% 30,609 7,005 4,546 2,729 560 71 2,981

Leaf 7,593 23.5% 19,521 4,427 2,670 1,073 545 37 9,090 1,679

1
Spike 0i59 24.2% 22,502 5,394 3821 1,380 318 45 9,048 2,496
) 29,34 o 126,68 23,79 17,39 14,79 39 53,90 11,09
Grain 4 40.5% 7 4 5 9 5,300 3 7 9
39,02 213,44 38,41 27,74 29,02 10,57 74 88,78 18,18
All b 45.30 b b 2 b b b 2
6 o 8 3 1 2 0 1 0 1

ASEs: alternative splicing events; ASGs: alternative splicing genes

SE: skipping exon; A5/A3: alternative 5'/3" splice sites; MX: mutually exclusive exons; RI: retained intron; AF/AL: alternati ve first/last exons

FIGURE LEGENDS

Figure 1. Construction and characterization of the full-length transcriptomes.

The number.of genes and isoforms included in the full-length transcriptomes across different
tissues (root, stem, leaf, spike and grain), with isoform classification. Isoform classification
categories include Full Splice Match (FSM), Incomplete Splice Match (ISM), Novel in Catalog
(NIC), Novel Not in Catalog (NNC), Antisense, Genic Intron, Genic Genomic, and Intergenic.
Identified genes/transcripts refer to those detected through the IsoSeq pipeline and SQANTI3,
annotated genes/transcripts are those present in reference databases, and previously unannotated

genes/transcripts are those absent from the reference database.

Figure 2. Genome-wide alternative splicing (AS) landscape in AK58S.
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(A) Distribution of genes with varying numbers of isoforms in the full-length transcriptome. (B)
Distribution of splicing junction categories across different isoform classifications. (C) Statistics
of AS genes (ASGs) across different tissues. (D) Statistics of ASGs in triad gene sets within the
A, B, and D subgenomes. (E) Distribution of expressed genes (EGs), genes with multiple
isoforms (MIGs), ASGs, and AS events (ASEs) on chromosomes: a. chromosome ideograms (red
boxes indicate centromere positions), b. EG density, c. MIG density, d. ASG density, e:
ASGs/EGs proportion density, f. distribution of different AS types across chromosomes, and g.
ASE density.

Figure 3. AS facilitates tissue differentiation.
(A) Comparison of isoform numbers per gene across tissues. The heatmap using log, (n+1). (B)
KEGG enrichment of genes with higher isoform numbers.in each tissue. (C) KEGG enrichment

of tissue-specific ASGs.

Figure 4. AS is associated with subgenome divergence.

(A) Conservation and divergence of AS types among triad homoeologous genes across the A, B,
and D subgenomes. (B) Proportion of isoform numbers for triad genes across the A, B, and D
subgenomes. (C) Gene number in the ternary plot. (D) KEGG enrichment analysis of dominant

and suppressed genes. (E) KEGG enrichment of subgenome-specific ASGs.

Figure 5. AS is involved in grain development and maturation.

(A) Expression levels of serine/arginine (SR) protein family candidate genes in AK58 grain
across different developmental stages. The heatmap using log, (FPKM+1). (B) Comparison of
isoform numbers per gene in grain at different stages. (C) Distribution of genes with varying
isoform numbers in grain full-length transcriptomes of different stages. The heatmap using log»
(n+1). (D) Statistics of ASGs across different grain developmental stages. Bars represent the
number of ASGs, and black dots connected by lines indicate the trend across stages. (E) GO
enrichment of genes with higher AS activity in early (4 DAP, 10 DAP) and late (15 DAP, 20
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DAP, 25 DAP) grain development. (F) KEGG enrichment results of genes with higher AS
activity in early and late grain development. (G) Isoform numbers of grain trait-related genes in

the AK58 genome at different developmental stages. The heatmap using log> (n+1).

Figure 6. AS is involved in trait regulation.

(A) Visualization of 10 isoforms identified in the stem. Thick blue boxes represent coding
regions, thin blue boxes represent untranslated regions (UTRs), thin lines.connecting boxes
represent spliced junctions, and arrowheads indicate the direction of transcription. Red boxes
indicate primer locations. Genomic coordinates are shown at the top. (B) PCR amplification
results of O-54. (C) Expression profiles of O-54 isoforms. across 90 wheat accessions. The
heatmap using log (TPM+1). (D) Correlation analysis between.Q-54 gene expression and spike-
related traits (the number of spikelets, seeds and florets per main spike). Blue dots represent
individual wheat accessions. Dashed red lines represent LOESS regression curves, and gray
shaded areas represent 95% confidence intervals to indicate data trends. Spearman correlation
coefficients (r) and p-values (p) are shown.in‘each panel. (E) Correlation coefficients between Q-
54 isoforms’ proportion and spike'morphology traits (the number of spikelets, seeds and florets

per main spike). The heatmap using -logio (p-value).
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