Nucleic Acids Research, 2026, 54, gkag400
https://doi.org/10.1093/nar/gkag400
Genomics

OXFORD

Impact of alternative splicing on Arabidopsis proteome

Andres V. Reyes'?, Christopher Zhang', Sumudu S. Karunadasa’, Ruben Shrestha’,
TaraBryn S. Grismer'?, Danbi Byun', Shou-Ling Xu ®12*

'Department of Plant Biology, Division of Biosphere Science and Engineering, Carnegie Institution for Science, Stanford, CA 94305, United
States
2Carnegie Mass Spectrometry Facility, Carnegie Institution for Science, Stanford, CA 94305, United States

*To whom correspondence should be addressed. Email: sixu@stanford.edu

Abstract

Limited proteomic evidence makes it unclear to what extent alternative splicing (AS) isoforms are translated and functionally relevant in eu-
karyotes. Here, we present a comprehensive proteomic analysis in plants using large-scale data mining, extensive fractionation of AspN- and
trypsin-digested proteomes, and both label-free and TMT labeling. In total, we identified 471 196 peptides from 22 479 proteins by searching
against Araport11, revealing 32 110 isoform-specific peptides. Using an integrated proteogenomic workflow coupled with SUPPA, we classified
these peptides into 2442 AS events, 879 of which involved intron retention (IR). Further analysis of unannotated events revealed 91 additional IRs
that are translated, supporting that retained introns can give rise to peptides. AlphaFold modeling predicted the structural and functional impacts
of these isoforms. Our dataset improved existing gene model annotations. By comparing wild-type plants with the AS mutant acinus pinin,
we found that IR regulates transcript and protein abundance nonlinearly. Phenotypic assays revealed the functional consequences, including
reduced chlorophyll, impaired growth, and increased anthocyanin. Overall, our results support widespread translation of AS isoforms in plants

and suggest that AS contributes to proteome diversification, protein abundance regulation, and growth and developmental outcomes.
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Introduction

Alternative splicing (AS) is a widespread and conserved reg-
ulatory mechanism, affecting over 95% of multi-exon genes
in animals and 70% in plants [1-3]. AS is essential for devel-
opment, tissue identity, immunity, and stress responses across
species, and its dysregulation is linked to diseases such as can-
cer [4-10]. Functional studies have highlighted AS’s impact on
growth and development across species [11-14]. For example,
thousands of Dscam1 isoforms are essential for normal neural
circuit development in Drosophila [11, 12]. Other examples
include plant Rubisco activase and HYPERSENSITIVE TO
ABA1 (HAB1), which generate isoforms with distinct regula-
tory roles [15-17], while retained introns in animals can con-
fer growth advantages to cancer cells [18]. These examples

underscore AS as a key mechanism shaping gene regulation
and adaptation across evolution.

Although plants and animals share the same major types of
AS events, the frequency and predominant forms differ signif-
icantly between the two kingdoms [19, 20]. Exon skipping is
the most common type in metazoans, whereas intron reten-
tion (IR) is the dominant form in plants, accounting for over
60% of events in plants [3, 21, 22]. The exact reasons for this
divergence remain unclear but likely involve a combination of
cis-regulatory elements, such as intron length, and differences
in splicing factors [20, 23].

These differences may have various consequences for the
proteome [7, 19, 22, 24, 25]. Exon skipping and the use
of alternative 5’ or 3’ splice sites are thought to increase
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proteome diversity by creating different protein isoforms or
by modulating gene expression through mechanisms such as
nonsense-mediated decay (NMD) and uORFs [19, 26]. IR is
also hypothesized to increase diversity by introducing novel
sequences or truncated isoforms. Emerging studies also pro-
pose that retained introns may play additional regulatory
roles. For example, they may be exported to the cytoplasm for
degradation by NMD, sequestered in the nucleus for delayed
processing into fully spliced messenger RNAs (mRNAs) [13,
27], or degraded by the nuclear exosome. Most of these out-
comes, particularly in plants, remain speculative and require
experimental validation to determine their actual impact on
proteome regulation.

A key unresolved question is the extent to which splice vari-
ants are translated and functionally relevant [22, 28, 29]. Ev-
idence from animal studies suggests that AS events often pre-
serve frame and exhibit evolutionary conservation [30, 31].
Ribosome profiling studies further indicate that many tran-
script variants associate with polysomes, suggesting that they
are translated [32-36]. In addition, many splicing events and
their regulatory elements are conserved across species; for ex-
ample, splicing signals in retained introns are found to be more
conserved than those in constitutive introns [37, 38], implying
selective pressure to preserve their functions. However, many
of these AS variants may be expressed at low levels, leading to
debate about their overall functional significance within the
proteome.

Direct evidence of splice variant translation at the
proteome-wide level has come from mass spectrometry-based
analyses. However, the limited number of available studies
has yielded conflicting conclusions [39-41], highlighting per-
sistent technical challenges associated with proteomics ap-
proaches. These challenges include limited proteomic cover-
age and sensitivity, the tissue- or condition-specific nature of
many AS events, and the difficulty of detecting splice junctions
using standard tryptic digestion. This difficulty arises because
evolutionarily conserved nucleotide usage at exon boundaries
increases the frequency of lysine- and arginine-coding triplets
at exon ends, making detection of exon—exon and exon—intron
junctions challenging [42]. Several efforts have begun to ad-
dress these barriers in human systems. For example, some
studies have leveraged splicing mutants [43], while others have
applied deep proteome sequencing strategies [44]. However,
comparable large-scale efforts remain lacking in plants.

To address this knowledge gap, we conducted a thor-
ough investigation into how AS influences the Arabidop-
sis thaliana proteome. By analyzing over 900 liquid
chromatography—tandem mass spectrometry (LC-MS/MS)
datasets—720 from public repositories and 180 generated
in-house—we achieved the first large-scale identification of
isoform-specific peptides in plants. Using our in-house pro-
teogenomic approach, coupled with SUPPA [45] for event
classification and additional library annotations, we detected
a total of 2533 splice events. Our results support that diverse
AS events are translated and detectable at the proteome level,
substantially expanding the diversity of the Arabidopsis pro-
teome. Notably, not only are canonical events such as exon
skipping and 5" or 3’ AS translated, but many IR events are
also translated. This proteomic evidence further provides a
better basis for gene model annotation.

We further incorporated the acinus pinin double mutant,
which has previously been shown to exhibit 2446 altered
AS events at the transcript level, including 1106 IR, 206

exon skipping, 371 alternative donor, 498 alternative accep-
tor, and 265 combined alternative donor-acceptor events [23,
46]. Many of these regulated IR events can be recapitulated in
wild-type (WT) plants subjected to biotic or abiotic stress. Our
approach allowed us to quantitatively analyze the impact of
retained introns on transcripts and proteins, revealing a non-
linear relationship between IR and transcript/protein abun-
dance. Our data further show that these impacts, driven by
both AS and transcriptional regulation, are functionally sig-
nificant, correlating with the phenotypic defects observed in
the acinus pinin mutant.

Taken together, our findings provide the first large-scale
demonstration directly linking AS variation to proteomic out-
comes in plants, offering new insights into the regulatory im-
pact of AS on plant development and physiology.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana Col-0 (WT), acinus-2 pinin-1 (ap) mu-
tants, and complementation line (ap + ACINUS) [23, 46] were
used. Seeds were surface-sterilized, stratified for 3 days, and
germinated on % MS agar plates at 22°C under constant light.
Seedlings were harvested at specific stages. All plates were
grown vertically except for Fig. 6C.

Chlorophyll measurement and root length assay

Chlorophyll was extracted from 30 mg of 7-day-old seedling
tissue, following protocol described in [47]. Samples were
flash-frozen, ground, and extracted with 80% acetone
overnight at 4°C. After centrifugation (5544 x g, 15 min,
RT), absorbance was measured at 663 nm and 645 nm (Tecan
plate reader). Chlorophyll content was calculated as follows:
Chlorophyll = 8.02 x (chlorophyll a absorbance A663) +
20.20 x (chlorophyll b absorbance A645). For root assays,
seedlings grown vertically for 7 days on 4 MS were pho-
tographed. Images were analyzed in Image], and root lengths
were measured from the hypocotyl-root junction to the root
tip (WT: 7 = 60; ap: n = 82; ap + ACINUS: n = 60). Statistical
significance was assessed using Student’s t-test.

Anthocyanin analysis

Anthocyanin was extracted from 30 mg of 11-day-old vertical
plates, frozen, and ground tissue in 1 ml of 1% HCl-methanol.
Samples were vortexed and incubated overnight at 4°C in the
dark, then centrifuged (16 000 x g, 5 min). Absorbance of
the supernatant was measured at 530 nm and 657 nm (Tecan
plate reader), and anthocyanin content was calculated as [ab-
sorbance at 530 (A530) — 0.25 x absorbance at 657 (A657)].

Sample preparation for AspN and TMT11
experiments

Tissue (100 mg) from 9-day-old WT and acinus pinin
seedlings grown on vertical plates was harvested, flash-frozen,
and ground. Proteins were extracted as described in [48],
with a slight modification to extraction buffer Y (100 mM
Tris=HCl, pH 8.0; 2% SDS wiv; 5 mM EGTA; 10 mM
ethylenediaminetetraacetic acid; 1 mM PMSF; 2 x protease
inhibitor, Roche). Extracts were reduced with TCEP, alky-
lated, and digested with trypsin or AspN, followed by desalt-



ing using Sep-Pak columns (Waters). For TMT experiments,
five biological replicates per group were prepared.

TMT 11-plex labeling

TMT 11-plex reagents (Thermo Fisher, Cat# A34808) were
reconstituted in anhydrous acetonitrile (10 pg/ul). Approxi-
mately 200 pg of peptides from each sample were dissolved
in 66 ul of 50 mM HEPES buffer. Of this, 60 ul (182 ng) was
labeled with 40 ul of TMT reagents (TMT126-130N), while
the remaining 6 pl (18.2 pg) was pooled to 60 ul and labeled
with 40 ul TMT131C. Reactions proceeded for 1 h at 25°C
with shaking at 700 rpm and were quenched with 5 pul of 1 M
Tris (pH 8). Peptides were then acidified with 45 ul of 10%
FA in 10% acetonitrile. The final reaction contained TMT at
4 ng/ul, peptides at 2 ug/ul, and 40% acetonitrile (v/v), similar
to formular described in [49]. The labeling scheme is shown in
Supplementary Fig. S3. One-eighth of the 11 labeled samples
was combined for high-pH reversed-phase HPLC fractiona-
tion [48].

Fractionation of peptide samples for AspN and
TMT samples

High pH reverse-phase chromatography was performed on
the Vanquish Flex system (Thermo Fisher) equipped with a 4.6
x 150-mm Gemini 5 pm C18 column for TMT-labeled pep-
tides and AspN digested samples. Peptides were loaded onto
the column in 25 ul of buffer A (20 mM ammonium formate,
pH 10). Buffer B consisted of buffer A with 90% (vol/vol)
acetonitrile. Peptides were separated at 0.5 ml/min using high-
pH reversed-phase gradients. Common steps included column
equilibration at 1% B and sequential increases to 50%-70%
B, 70%-100% B, and 100% B hold. Fractions were collected
every 1-2 min. TMT batch 1: 5 min equilibration; 1%-5% B
in 2 min, 5%-50% B in 58 min; fractions every 1 min, with
39 fractions selected for subsequent analysis. TMT batch 2:
10 min equilibration; 1%-10% B in 10 min, 10%-50% B
in 40 min; fractions every 2 min, with 10 fractions selected
for subsequent analysis. TMT Batch 3: 10 min equilibration;
1%-10% B in 20 min, 10%-50% B in 80 min; fractions ev-
ery 1 min, with 50 fractions selected for subsequent analy-
sis. AspN sample: 5 min equilibration; 1%-5% B in 2 min,
5%-50% B in 58 min; fractions every 1 min, with 45 frac-
tions selected for further analysis. All collected fractions were
vacuum-dried prior to LC-MS/MS analysis.

LC/MS/MS analysis of AspN and TMT samples

Peptides were analyzed on a Q-Exactive HF or Orbi-
trap Eclipse hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher) coupled to an Easy LC 1200 UPLC system.
Peptides were trapped on an Acclaim PepMap 100 C18 col-
umn (75 um x 2 cm) and separated on a 25 cm x 75 pm, 1.7
pm C18 Aurora column (IonOpticks) at 300 nl/min using a
120 min gradient: 3%-28% solvent B (80% ACN, 0.1% FA)
over 106 min, 28%—44% B over 15 min, followed by a 9 min
wash at 90% B. Batch 1 TMT samples were analyzed on the
Q-Exactive HF with MS1 scans over m/z 375-1600 and were
acquired at m/z 375-1600, resolution 120 000, AGC 3E6, and
max injection 100 ms. MS2 scans select the top 20 multiply
charged precursors for HCD fragmentation (NCE 30, isola-
tion 1.0 m/z) with a scan range of 200-2000 m/z, resolution
30000, AGC 5E4, max injection 60 ms, and dynamic exclu-
sion 24 s. Batch 2 and 3 TMT and AspN samples were ana-
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lyzed on the Eclipse; AspN MS1 scans were acquired at m/z
375-1600, resolution 120000, AGC 2ES, max injection 50
ms, and MS2 targeted top multiply charged precursors (charge
2-8) with HCD 27%, isolation 1.4 m/z, resolution 15000,
AGC 5E4, max injection 22 ms, cycle time 3 s, dynamic exclu-
sion 30 s. TMT samples were measured using real-time library
search [50], with MS1 m/z 400-1600, resolution 120 000, in-
tensity threshold SE3, charge 2-6, and dynamic exclusion 45
s; MS2 in the ion trap (isolation 0.7 m/z, CID 35%, max in-
jection 35 ms); MS3 using synchronous precursor selection
of 10 precursors (isolation 0.7 m/z, HCD 65%, Orbitrap res-
olution 50000, scan range 100-500 m/z, max injection 200
ms, cycle time 2.5 s). Real-time data searches [51] were per-
formed against the TAIR10 database with carbamidomethyl
and TMT11plex (static) and oxidation (variable) modifica-
tions.

Overlap of intron retention analysis by
PlanintrontDB

Introns exhibiting increased retention in acinus pinin mu-
tants (single-end RNA-seq) [46] were retrieved from the Plant
Intron Splicing Efficiency Database (PlantIntronDB; plantin-
tron.com) [3], prioritizing datasets generated under compara-
ble conditions by independent groups, and used for statistical
analysis in Supplementary Fig. S1.

Data analysis of overlapping differentially
expressed genes and altered retained intron
transcripts

Pair-end RNA-seq data for WT and acinus pinin mu-
tants were processed as described [23]. Additional RNA-seq
datasets for selected biotic and abiotic stresses—flg22 (PR-
JNA1124505) [52], cold (12 h, PRJNA1062790) [53], and
heat (PRJNA1262915)—were downloaded using SRA-Tools
(v2.10.0). Reads were aligned with STAR (v2.7.10b) using
quantMode = GeneCounts, outFilterMultimapNmax = 20,
and outSAMattributes = NH HI AS nM MD. Transcriptomic
and AS analyses followed [23,46]. Dataset overlaps were eval-
uated with a hypergeometric test. Pairwise overlaps were clas-
sified as concordant (shared upregulated or downregulated
events) or discordant (oppositely regulated), and statistical
significance was assessed via Fisher’s exact test on a collapsed
2 x 2 contingency table. Intron numbers from Rack] analy-
sis (Supplementary Table S1) are assigned relative to the plus
strand, from 5’ to 3’; for genes on the negative strand, introns
are numbered in descending order. In figures, intron numbers
have been adjusted to ascending order for clarity.

Data search and detection of isoform-specific
peptides

Isoform-specific peptides were identified by searching all 909
runs (Fig. 2) using Protein Prospector and MSFragger with
similar parameters. Previous studies showed that these two
search engines yield complementary peptide identification re-
sults [54]. For all HCD data, the precursor mass tolerance was
set to 10 ppm and MS/MS tolerance to 20 ppm. For CID TMT
data, low resolution, precursor mass tolerance was set to 10
ppm and MS/MS tolerance to 0.6 Da. Carbamidomethylation
of cysteine was set as a fixed modification, while variable mod-
ifications included protein N-terminal acetylation, peptide N-
terminal Gln conversion to pyroglutamate, and methionine
oxidation. Additionally, for TMT data, a mass of the TMT11
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tag (229.16293) was set as a variable modification on lysine or
on the N-terminal of a peptide. False discovery rates were set
at 5% for proteins and 1% for peptides. Cleavage specificity
was defined according to the protease used (trypsin or AspN),
allowing one missed cleavage and up to two modifications per
peptide. Raw data were searched against the Araport11 pro-
tein database, which contains 48 354 entries.

Peptide-level processing and isoform assignment

Peptide-level identification results were imported into R and
processed as follows. Decoy matches were removed, and se-
quences with N-terminal methionine loss were adjusted ac-
cordingly. Peptides from both Protein Prospector and MS-
Fragger searches were combined, retaining only one pep-
tide per distinct sequence. Peptides mapping to single-isoform
genes or to multiple genes were excluded. Isoform-specific
peptides were defined as those mapping to isoforms disjoint
from at least one set of isoforms represented by other pep-
tides from the same gene locus (see algorithm breakdown,
Supplementary Fig. S7).

Proteome-genomic mapping and classification of
splicing events

Peptides identified from the database were filtered to retain
only those corresponding to genes with multiple distinct pro-
tein isoforms. For each peptide, an in-house R script (available
on GitHub and Zenodo) was used to retrieve its position on
the protein and the transcript to which it maps. Genomic co-
ordinates of each transcript exon were then obtained. Coding
sequence (CDS) exon coordinates were enumerated, and the
base pairs corresponding to each amino acid of the peptide
were calculated (first amino acid: position x 3 — 2; last amino
acid: position x 3). Peptides spanning exon junctions were
identified by comparing these coordinates with exon bound-
aries.

In parallel, Araport11 annotations were provided to SUPPA
(v2.3) [45] to generate a comprehensive set of annotated AS
events with genomic coordinates. SUPPA was run under de-
fault settings, with the variable option enabled for IR events.
Peptide-genome coordinates were integrated with SUPPA-
derived AS coordinates to identify splicing events. For retained
introns, alternative 5" and 3’ splice sites, and alternative first
and last exons, events were called based on coordinate over-
lap. For exon skipping and mutually exclusive exon events,
junction-spanning peptides were used to support splicing pat-
terns. All analyses, except for those using SUPPA, were per-
formed with custom R scripts, available in the project reposi-
tory.

Intron depth ratio and creation of custom
databases and data search

Intron depth ratios were calculated according to the protocol
described by [23]. Briefly, STAR alignment files were processed
by RACK] to retrieve both read counts and read depth for
each annotated intron and exon. To analyze IR, the intron
read depth ratio (IDratio) was determined by dividing the read
depth of a target intron by the average read depth of its two
flanking exons. For the first and last introns, the IDratio was
calculated using only the second (3') or the first (5') flanking
exon, respectively. This adjustment was made because read
depths for terminal exons can be inaccurate due to inherent
sequencing biases.

A custom database of unannotated IR transcript events
was generated by first filtering introns with high IR depth ra-
tios (>0.15) in either WT or mutant samples from our high-
coverage RNA-seq dataset. Genomic coordinates of the se-
lected introns were retrieved, and introns already annotated in
Araport11 (as determined by SUPPA) were excluded to avoid
redundancy. Each intron of interest was mapped onto the ge-
nomic coordinates of all transcripts for its corresponding gene.
Introns fitting without gaps—either immediately upstream of
the first exon, downstream of the last exon, or between two
exons—were used to assemble the genomic sequences, sorted
by strand, using the IRanges R package. The underlying ge-
nomic sequences were translated into protein sequences using
the BSgenome R package. Newly constructed proteins were
appended to the Araport11 protein database for downstream
peptide searches. Subsequent searches were performed as de-
scribed earlier, retaining only peptides that mapped to the cus-
tom proteins.

Quantitative TMT11-plex data analysis

For Eclipse MS data, raw files were searched using MaxQuant
v2.4.2.0. In the global parameters, the type was set to MS3
ion reporter mode using the correction factors provided by
the TMT reagents. No normalization setting was set. The first
peptide mass tolerance was set to 20 ppm and the main search
peptide mass tolerance was set to 4.6 ppm. The MS2 match
tolerance was set to 20 ppm. Reporter mass tolerance was set
to 0.003, and the isobaric weight exponent was set to 0.75.
The reference protein database used was a modified version of
the Arabidopsis thaliana TAIR 10 database, downloaded from
TAIR: “TAIR10_pep_20101214.fa”. All other parameters re-
mained at their default. For protein level analysis: MaxQuant
outputs proteinGroups.txt and evidence.txt were used with R
package MStatsTMT [55]. The parameters for MSstatsTMT’s
proteinSummarization function: method was set to msstats,
global normalization was set to true, reference normalization
was set to true, and remove normalization channel was set to
true. Protein level quantifications for each sample were ana-
lyzed to impute protein quantifications that were only com-
pletely missing in one condition while being completely quan-
tified in all 5 replicates in the other condition. The imputa-
tion was done from a normal distribution with a width of
0.3 and downshifted 1.8 from the values of the total matrix.
Following imputation, a moderated statistical test was done
using MSstatsTMT’s groupComparison TMT function. Pro-
teins with missing P-values were filtered out. If an ambigu-
ous protein group existed with different gene loci, they were
discarded. If multiple protein groups existed for a single gene
locus, the protein group with the most peptides quantified was
kept (also see Supplementary Fig. 16). Protein groups with a
P-value <.05 and a fold change greater than 1 or less than —1
were considered as differentially abundant proteins. Peptide
level quantifications shown in Fig. 5G were generated from
Maxquants’s peptides.txt output. To determine each peptide’s
position relative to intronic regions, we developed a custom R
script that maps intron coordinates onto specific isoforms to
retrieve the amino acid position of the intron insertion.

GO analysis

Gene Ontology (GO) analysis was performed using the
topGO package in R. For both transcriptomic and pro-
teomic datasets, the ontology was restricted to biological pro-
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Figure 1. IR events in acinus pinin mutants overlap with stress-induced IR events in WT plants. (A) UpSet diagram showing the overlap of differentially
retained introns between the acinus pinin mutant and WT plants subjected to cold, heat, or flg22 treatment. (B-D) Pairwise comparisons of upregulated
and downregulated retained introns in the WT upon various stress conditions and in the acinus pinin mutant. (E-G) Representative examples of retained
introns. Statistically significant differences (t-test) (P < .05) are indicated by an asterisk (x). Error bars represent the mean + standard deviation. Sample
sizes indicate the number of biological replicates (n = 4 for WT and the ap mutant; n = 3 for all other genotypes).

cesses, and differentially significant genes were tested against
all genes detected in the respective dataset. Two statistical
approaches were applied: a classic Fisher’s exact test and
topGO’s weight01 algorithm. GO categories were considered
statistically significant if the weightO1 Fisher’s test yielded a
P-value <.0S.

Structure display

Protein structures were obtained from the Uniprot database
as AlphaFold-predicted models and visualized using PyMOL
(https://www.pymol.org/).

Results

Intron retention events detected in acinus pinin
mutants are recapitulated in WT plants under
abiotic or biotic stress

IR is the most prevalent type of AS in plants and is often re-
sponsive to stress [19, 25]. Therefore, we examined whether
the altered IR events at the transcript level observed in the
acinus pinin mutant overlap with stress-responsive events
in WT plants. To accomplish this, we searched for altered
IR events detected in the mutant using PlantIntronDB [56]

and prioritized those reported in independent studies under
similar stress conditions. Several altered IR events present
in acinus pinin mutants occurred in response to cold, os-
motic stress, dehydration, flagellin, fungal infection, or heat
(Supplementary Fig. STA-E and Supplementary Table S1).

To evaluate the statistical significance of the observed over-
laps, we reanalyzed a few publicly available RNA-seq datasets
that met the following stringent criteria: at least three bi-
ological replicates; paired-end reads; sufficient sequencing
depth; and stress treatments applied at the seedling stage
(Supplementary Table S1). We observed significant overlap in
IR events between acinus pinin mutants and WT plants sub-
jected to cold (PRJNA1062790) [53], heat (PRJNA1262915),
and flagellin (PRJNA1124505) [52] treatments (Fig. 1A-D
and Supplementary Fig. S2A—C). While some IR events were
shared across stress conditions, others were stress-specific (Fig.
1A, E-G), highlighting a complex and condition-dependent
splicing landscape. Notably, IR events shared between the ac-
inus pinin mutant and cold or heat treatments were predom-
inantly upregulated (Fig. 1B and C). Conversely, IR events
associated with the flagellin response exhibited an oppo-
site pattern of regulation (Fig. 1D). However, this trend
was not evident at the level of differentially expressed genes
(Supplementary Fig. S2D-1).
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Figure 2. AS makes a substantial contribution to the diversity of proteins validated by proteomic analysis. (A) Computational workflow for identifying
splice isoform-specific peptides and mapping AS events. A total of 909 nanoscale LC-MS/MS runs, including both trypsin- and AspN-digested samples,
were analyzed to maximize proteome coverage, enable isoform quantification, and catalog AS events. Proteome-to-genome mapping strategy was
performed and integrated with SUPPA-derived splicing coordinates for comprehensive AS annotation. (B) Summary table showing the number of
proteins, total peptides, and isoform-specific peptides identified across three datasets, as well as the combined unique totals, highlighting large-scale
peptide identification achieved in the Arabidopsis proteome. (C) Distribution of gene loci with proteomic evidence supporting 2, 3, or 4 isoforms based
on isoform-specific peptides. (D) Summary of AS events annotated in Araport11 and detected by proteomics. Events are grouped by AS type within
coding regions (CDS), with peptide identifications supporting each type. Detection percentages represent detected versus annotated events.

Together, these results imply that many IR events in the mu-
tant mirror the physiological responses to both abiotic and
biotic stress observed in WT plants. These findings imply AC-
INUS and PININ as key integrators of environmental signals
in the regulation of AS. We included the acinus pinin mutant in
our qualitative proteomic analysis to identify the splice vari-
ants, and in our quantitative analysis to evaluate the impact
of IR on transcript and protein abundance.

Alternative splicing makes a substantial
contribution to the diversity of proteins validated
by proteomic analysis
To investigate whether splice variants are translated, we an-
alyzed large-scale proteomics datasets, including data from
the Arabidopsis draft proteome project [57]. This reference
dataset, generated from 30 distinct tissues, involved tryptic di-
gestion combined with extensive fractionation and comprised
720 nLC-MS/MS runs. In addition, we generated two com-
plementary datasets: (i) 90 runs from AspN-digested, fraction-
ated proteomes of WT and acinus pinin mutant seedlings, and
(i) 99 trypsin-digested TMT-labeled, fractionated proteome
runs derived from pooled peptide samples of WT and acinus
pinin mutants (Supplementary Fig. S3) (see the “Materials and
methods” section). Together, these datasets encompass 909
nanoscale liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) runs (Fig. 2A).

All MS data were acquired using Orbitrap mass spectrome-
ters, which provides high-resolution MS1 acquisition for more

accurate identifications. The resulting MS data were searched
against the Araport11 protein database [58], which provides a
reannotation of the Arabidopsis thaliana genome. This more
comprehensive database, which is larger than the canonical
TAIR annotation, contains 48 354 protein-coding transcript
isoforms encoded by 27650 genes, representing a total of
40779 non-redundant protein forms. Importantly, 31% of
these protein-coding genes in this database encode more than
one distinct isoform (Supplementary Fig. S4A), with the ma-
jority producing two (Supplementary Fig. S4B). To maximize
peptide and protein identification, database searching was
performed using two complementary search engines: Protein
Prospector and MSFragger [54, 59, 60].

Using the Arabidopsis draft proteome and our in-house
data, we identified a total of 471196 unique peptides
from 22479 gene loci (Fig. 2B). We systematically re-
fined this dataset through a multi-stage filtering pipeline
(Supplementary Fig. S5A and B) to isolate peptides specific
to particular protein isoforms. The filtering removed 280 916
peptides for single-isoform genes, 12 412 that were not locus-
specific, and 145 758 peptides representing a cumulative total
across many annotated proteins, where each peptide is shared
among all isoforms of its corresponding gene locus. The final
high-confidence dataset comprised 32 110 peptides that map
either uniquely to a single protein isoform or to a subset of iso-
forms within the same gene locus (Fig. 2B and Supplementary
Table S2). Subsequent mapping of these isoform-specific pep-
tides (Supplementary Fig. S6A—C) suggested the expression of
multiple protein variants at 950 gene loci (Fig. 2C). This anal-
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ysis revealed 923 loci with two isoforms, 26 with three, and
one with four, supporting a greater number of multi-isoform
loci than was previously documented [57].

The classification of AS events and the extent of their
translation in plants have remained unknown, despite pre-
vious large-scale proteomic studies in Arabidopsis [57, 61].
To investigate this, we developed and employed an inte-
grated proteogenomics workflow with SUPPA event classifi-
cation (Fig. 2A). Our robust pipeline directly mapped pep-
tides derived from mass spectrometry to their genomic loca-
tions in the Araportl1 genome, achieving high resolution by
accounting for intron—exon junctions and codon ambiguity.
Using SUPPA’s splicing coordinates, we accurately classified
isoform-specific peptides to identify AS event types (see the
“Materials and methods” section) (Supplementary Table S2).
This analysis identified 2442 AS events (Fig. 2D), categorized
as follows: 879 IRs, 192 exon skippings, 437 alternative 5’
splice sites, 852 alternative 3’ splice sites, 58 alternative first
exons, 13 alternative last exons, and 11 mutually exclusive
exons. Importantly, this dataset provides the first direct pro-
teomic evidence supporting the translation of numerous IR
events in plants.

Representative alternative splicing events validated
by proteomic evidence

Figure 3 presents representative cases of AS captured at the
proteomic level. AspN digestion provided complementary se-
quence coverage by generating unique peptides that supported
the presence and translation of distinct spliced isoforms.

In Auxilin-like 1, frame-preserving IR of intron 2 adds 27
amino acids to the N-terminal intrinsically disordered regions
(Fig. 3A and Supplementary Fig. S8A and B). Peptide evi-
dence supports expression of both the intron-retained (exon
2—intron 2 and intron 2—exon 3) and spliced out (exon 2—exon
3) isoforms, with five unique junction peptides identified. No-
tably, this specific intron has been previously annotated as an
exitron, with the corresponding retained isoform character-
ized as the predominant (major) form [62].

Rubisco activase (RCA; Fig. 3B and C) has been re-
examined, revealing a third isoform and revising our under-
standing of the previously defined RCA-B. While earlier work
identified only the full-length RCA-& and a shorter RCA-
B [15, 16], our proteomic data suggests the translation of
three distinct isoforms. Junction peptides provided evidence
for the full-length isoform (AT2G39730.1, 474 aa), derived
from the exon 6—exon 7 junction, as well as a 441 aa isoform
(AT2G39730.3), which results from intron 6 retention (exon
6-intron 6 junction) (Supplementary Fig. S9A-D). Further-
more, five peptides supported an intermediate 446 aa isoform
(AT2G39730.2), generated by a frameshift from an alternative
5’ splice site. Our findings show that the previously considered
single RCA-f isoform consists of these two shorter variants,
both of which lack the redox-sensitive cysteines and are thus
insensitive to redox regulation (Supplementary Fig. S10A) [135,
16]. Alternative explanations, such as a model involving tran-
scription initiation at exon 6 of RCA combined with IR, can-
not be formally excluded. However, both events occur at very
low frequency, making their co-occurrence unlikely. We there-
fore consider the retained intron model to be the most parsi-
monious explanation for the observed peptides.

In LEAF RUST 10 DISEASE-RESISTANCE LOCUS
RECEPTOR-LIKE PROTEIN KINASE-LIKE 3 (LRK10L3)
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[63] (Fig. 3D), multiple peptides supported the use of an alter-
native first exon. This suggests alternative transcription start
site (TSS) usage, which generates isoforms with distinct N-
terminal extracellular domains but identical transmembrane
and C-terminal kinase regions (Supplementary Fig. S10B).
This modular arrangement may enable recognition of diverse
extracellular signals while retaining a common signaling core.

We also detected an alternative 3’ splice site in EIF2 BETA
(Fig. 3E and Supplementary Fig. S11A) that inserts an addi-
tional glutamine residue and exon skipping in ribosomal pro-
tein P2Z (Fig. 3F and Supplementary Fig. S11B), further illus-
trating the diversity of AS events detectable by proteomics.

Collectively, these examples provide direct proteomic evi-
dence that a wide spectrum of AS isoforms are translated in
vivo. In addition to expanding proteome diversity, many of
these isoforms likely alter protein structure and function, as
shown by AlphaFold structure predictions, with potential bi-
ological consequences.

Detection of translated retained introns improves
annotation of plant proteome

We show that IR, the most prevalent form of AS in plants,
contributes to proteome diversity (Figs 2D and 3A and B).
While many IR protein events are captured in the Araportl1
annotation (Fig. 2D), a substantial proportion is missing. To
systematically assess these unannotated events, we analyzed
transcripts with an IR ratio greater than or equal to 15% (i.e.
>15% of transcripts retaining the intron) in WT or acinus
pinin seedlings using paired-end RNA-seq data from seedling
tissues [23]. This analysis identified 4931 IR protein events, of
which 2458 (49.8%) were annotated in Araportl1 and 2473
(50.2%) were absent. Because proteomic searches depend on
reference protein databases, the absence of unannotated IR
protein sequences limits the ability to detect AS-derived pep-
tides by mass spectrometry.

To address this limitation, we created an expanded pro-
tein database that incorporates unannotated IR protein
events within coding regions (CDS) (Fig. 4A and B and
Supplementary Fig. S12). Of the 1901 unannotated CDS-IR
events, 1742 (91.6%) were predicted to produce truncated
proteins, compared with only 509 (40.2%) of the 1265 anno-
tated IR protein events in Araport11. Such truncated proteins
typically result from premature stop codons or frameshifts in-
troduced by retained introns, producing shorter polypeptides
than the fully spliced isoforms.

We next searched the proteomic data against the com-
bined Araportll + IR-inclusive database. As noted previ-
ously, IR-derived peptides are often challenging to detect be-
cause exon—intron junctions are frequently enriched in K/R
residues, which can obscure the identification of AS-specific
peptides [42, 44]. Nevertheless, our analysis identified 106
unique peptides supporting 91 previously unannotated IR-
derived proteins (Fig. 4B). For example, we detected peptides
supporting translation of a truncated isoform (500 aa) of
AT1G15280 (CASC3/Barentsz, an e[F4Alll-binding protein,
BTZ2) compared with its fully spliced version (584 aa) (Fig.
4C and Supplementary Fig. S13A and B). BTZ2 protein is in-
trinsically disordered, which allows it to interact with various
binding partners [64] (Supplementary Fig. S14A). Similarly,
peptide evidence supported a truncated isoform (878 aa) of
AT4G28650 (PXL2) compared with the full-length protein
(1013 aa) (Supplementary Fig. S135).
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Figure 3. Representative AS events validated by proteomic evidence. Junction and isoform-specific peptides identified by deep proteomics provide
direct evidence for the translation of both isoforms across multiple types of AS events: IR (A, B), alternative 5 splice site (C), alternative first exon (D),
alternative 3’ splice site (E), and exon skipping (F). (A) IR in AUXILIN-LIKET generates two isoforms, one of which has a 27 amino acid (aa) extension
translated from the retained intron. Both isoforms are supported by peptide evidence. (B, C) Peptide evidence supports the translation of three Rubisco
activase (RCA) isoforms: a full-length isoform and two truncated isoforms. IR produces a 441 aa isoform, while the use of an alternative 5’ splice site
introduces a frameshift, yielding a 446 aa isoform. Both truncated isoforms lack redox-sensitive cysteines and are not subject to redox regulation. (D)
Proteomic support for both isoforms of LRK10L3 supports alternative first exon usage, producing isoforms with distinct N-terminal extracellular domains
but identical transmembrane and C-terminal kinase domains. (E) Isoform-specific peptides support that an alternative 3’ splice site in EIF2 BETA

generates two isoforms, one of which carries an additional glutamine residue (Q). (F) In ribosomal protein P2Z, peptide evidence validates the translation
of both isoforms, with exon skipping producing a shorter isoform lacking 12 aa.
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Figure 4. Detection of translated retained introns improves annotation of plant proteome. (A) Comparison of IR effects in annotated versus
non-annotated CDS events. In Araport11 annotations, 40.2% of IR events are predicted to produce truncated proteins, compared with 91.6% of
non-annotated events newly identified by RNA-seq. RNA-seq data were obtained from paired-end sequencing of WT and acinus pinin mutants [22];
events with a retention ratio >15% in either genotype were considered. (B) Expanded database in peptide searches identified 106 additional peptides,
providing direct proteomic evidence for 91 previously unannotated IR events. (C) Example of truncated protein detection caused by retention of intron 6.
Proteomics identified peptides from both the fully spliced and intron-retained isoforms in WT and acinus pinin mutants, supporting translation of both. A
peptide spanning the exon—intron junction was detected in both WT and mutant backgrounds. (D) RNA-seq and Araport11 annotation of AT1G56500
(SOQ1). While all three annotated isoforms encode transcripts longer than 850 aa, RNA-seq shows a sharp drop in signal across Intron 7 and
downstream exons, contradicting the annotation. (E) Proteomic evidence supports both the intron 7-retained truncated isoform and the fully spliced
isoform of SOQ7. Three junction peptides spanning exon 7-intron 7 support the truncated isoform, while four junction peptides spanning exons 7-8 and
three peptides from exon 8 support the fully spliced isoform. Retention of intron 7 introduces a stop codon that truncates the protein. (F) The truncated
S0OQ1 isoform (SOQ1-IR) lacks the transmembrane, Trx-like, NHL, and CTD domains; the Trx and CTD domains confer redox sensitivity to SOQ1.

Integrating proteomics and RNA-seq also allowed us to re-
fine existing genome annotations. For example, although Ara-
portl1 predicts three isoforms for AT1G56500 (SOQ1, SUP-
PRESSOR OF QUENCHINGT1), our data revealed an unan-
notated IR protein event in intron 7 that generates a truncated
protein of 299 amino acids (Fig. 4D-F and Supplementary
Figs S14B and S16A and B). RNA-seq coverage shows a sharp
reduction in read density across intron 7 and downstream ex-
ons, while proteomics supported translation of the retained
intron through three unique peptides, which introduce a stop
codon. The data further suggests an alternative 3’ end process-
ing within the retained intron. The truncated protein retains
the chloroplast transit peptide and HAD domain of the full-
length isoform but lacks the transmembrane, Trx-like, NHL,
and CTD domains. Notably, the Trx and CTD domains con-
fer redox sensitivity to SOQ1 (Supplementary Fig. S14B) [635,
66]. In addition, peptide evidence revealed novel isoforms of
AT4G31980 (PPPDE thiol peptidase), AT3G50030 (ARM-
repeat/TPR-like protein), and AT5G02360 (DC1 domain-
containing protein) (Supplementary Figs S17-519).

In sum, these results show that combining deep proteomics
with RNA-seq uncovers previously hidden IR-derived pro-
teins and refines gene model annotations, thereby expanding
the known plant proteome.

Quantitative TMT proteomics reveals the non-linear
impact of intron retention on the proteome

While we detected translation of many retained introns, the
overall identification rate remains low, partly because most IR
transcripts are only a small proportion of the total transcripts.
To more comprehensively assess the effects of IR, we leveraged
the AS mutant acinus pinin (ap). We performed genome-wide
proteomic and transcriptomic profiling of WT and mutants
(Fig. 5A and Supplementary Table S3), enabling a direct eval-
uation of how retained IR transcript influences protein abun-
dance.

TMT quantified 11565 proteins (13 850 protein groups)
across five biological replicates (Supplementary Fig. S20),
while RNA-seq measured 24 500 transcripts. Differential ex-
pression analysis identified hundreds of upregulated and
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Figure 5. Quantitative TMT proteomics reveals the non-linear impact of IR on the proteome. (A) Genome-wide proteomic and transcriptomic profiling of
WT and acinus pinin mutants. Proteomics was performed with five biological replicates, providing quantitative measurement of protein abundance,
while transcriptomics used four biological replicates. (B, C) Differential expression analysis using TMT-based proteomics and RNA-seq identified
hundreds of proteins and transcripts that were upregulated and downregulated, including known targets. Proteins and genes associated with systemic
acquired resistance and/or ABA signaling are highlighted. Positive controls quantified by TMT (ACINUS, PININ, SR45, and SAP18) and by RNA-seq (FLC)
are labeled. (D) GO analysis of both proteomic and transcriptomic data revealed additional pathways affected in acinus pinin mutants, beyond those
reported in our prior study of ABA signaling. (E) Transcript—protein changes show a modest correlation (R = 0.63). (F) Nonlinear effects of retained
introns that are increased in acinus pinin mutants on transcript and protein abundance. Protein abundance changes (y axis) were plotted against RNA
changes (x-axis, bottom) and IR depth in the mutant (x-axis, top panel), with density plots also generated. Density plots show the distribution of changes
in RNA (bottom panel) and protein (top panel) levels in the acinus pinin mutants, both shifted toward negative values for IR events in CDS. IR in
untranslated regions (UTRs) had minimal impact on protein levels, except for AT1G51840 (1). Retained introns in CDS regions typically reduced transcript
abundance and caused stronger reductions at the protein level, as illustrated by AT1G01790/KEA1, AT1G65540/LETMZ2, and AT4G30690/SVRIL1 (2-4).
Some genes, e.g. AT3G27260/GTES8, AT4G39690/MIC60, and AT2G36810/SGR6 (5-7), showed minimal transcript changes but substantial protein
decreases. Conversely, IR occasionally increased protein levels without affecting transcripts, as observed for AT6G01670 (8). (G) Peptide quantifications
for the proteins highlighted in panel (F). Peptides upstream and downstream of retained introns are colored green and red, respectively.
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Figure 6. Cumulative effects of IR on protein abundance drive mutant phenotypes. (A) Proteins involved in regulating leaf color and plant growth. For
genes with increased IR (IIR), the average IR depth in the acinus pinin mutant is included. The number of biological replicates was n = 5 for proteomic
analyses and n = 4 for RNA analyses. (B) Corresponding reductions in protein and transcript levels for these genes, as revealed by quantitative
proteomics (log, TMT intensity) and RNA-seq of (log, counts). (C) Phenotype of acinus pinin mutants showing reduced growth and pale-green leaves.
Scale bar = 2 mm. Quantitative analysis of chlorophyll content (D) and root length (E) in WT, acinus pinin mutants, and the complemented line
(+ACINUS). More than 60 biological samples were analyzed for each genotype.

downregulated proteins and transcripts, including known tar-
gets such as ACINUS, PININ, SR45, and SAP18 at the protein
level and FLC at the transcript level (Fig. 5B and C). Inte-
grative pathway analysis further showed that ACINUS and
PININ regulate broad biological processes—including sys-
temic acquired resistance, salicylic acid signaling, senescence,
and anthocyanin biosynthesis—beyond their established role
in ABA signaling (Fig. 5D and Supplementary Table S3). Tran-
script and protein changes were modestly correlated (Pear-
son R = 0.63, P < 2.2 x 107'¢), indicating widespread post-
transcriptional regulation (Fig. SE).

We then quantified increased IR (IIR) transcript events in
acinus pinin mutants, defined as >15% IR depth and >1.5-
fold change, and assessed their impact on RNA and protein
abundance (Fig. SF). These IIRs occurred in 5 UTRs (33
genes), CDS regions (404 genes), and 3’ UTRs (12 genes), in
contrast to animal systems where IR is enriched in UTRs and
non-coding RNAs [24, 38]. To visualize their impact, protein
abundance changes (y axis) were plotted against RNA changes
(x-axis, bottom) and IR depth in the mutant (x-axis, top
panel), with density plots also generated. IR in UTRs gener-
ally did not alter protein levels, except for SIF1 (At1G51840),
where IR caused a marked reduction (Fig. SF and G). In
contrast, CDS IR typically led to decreased transcript abun-
dance and an even stronger reduction in protein abundance
(e.g. KEA1,LETM2,SVRIL1; numbered 2—-4), consistent with
NMD-mediated degradation (Fig. SF and G).

The analysis also revealed non-linear behaviors (Fig. SF and
G): some genes showed little change in RNA but strong re-
ductions in protein abundance (e.g. GTE8, MIC60, SGR6;
numbered 5-7), while others exhibited protein increases (e.g.
AT5G01670; numbered 8). These patterns suggest that IR can
alter proteome output through mechanisms beyond simple
transcript degradation.

To further investigate, we annotated peptides relative to re-
tained introns, reasoning that truncated proteins would gen-
erate differential peptide abundance upstream versus down-
stream of the IR site. For most genes, peptide levels changed
concordantly in the mutant, suggesting that truncated pro-
teins are rarely produced, unstable, or that current TMT
methods lack the resolution or precision to detect such dif-
ferences. In one isolated case (AT3G27260/GTES), the de-
tected upstream peptide remained unchanged while the down-
stream peptide was reduced, consistent with the production
of a truncated protein, although such instances appear to be
rare.

Overall, the effects of IR were non-linear: CDS IR strongly
reduced mRNA and protein levels, UTR IR was largely neu-
tral, and a subset of cases showed disproportionate effects at
the protein level. These results indicate that IR exerts com-
plex, context-dependent effects on gene expression and pro-
teome output in Arabidopsis. For events with decreased IR,
conclusions remain limited, likely due to the smaller number
of detectable cases (Supplementary Fig. S21).
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Figure 7. Upregulated proteins in anthocyanin biosynthesis correlate with increased anthocyanin accumulation in acinus pinin mutants. (A) Box plot
showing the abundance of proteins associated with anthocyanin biosynthesis, as defined by GO analysis, in acinus pinin mutants (ap, red) and wild type
(WT, blue). Protein levels are significantly higher in the mutant. The number of biological replicates was n = 5 for proteomic analyses. (B) Abaxial
cotyledon images showing elevated anthocyanin accumulation in acinus pinin mutants. Scale bar, 2 mm. (C) Quantification of total anthocyanin content
in WT, acinus pinin mutants, and the complemented line (+ACINUS), showing increased levels in the double mutant. Statistical significance was
assessed using student's t-test. Six biological replicates were analyzed for each genotype.

Cumulative effects of intron retention on protein
abundance drive mutant phenotypes

The functional impact of AS on individual proteins is often
difficult to assess, partly due to redundancy within pro-
tein families and the challenge of knocking out a single
isoform without affecting others. However, the striking
phenotype of the acinus pinin mutant suggests that the
altered AS and transcript change have functional con-
sequences. We therefore tested whether the cumulative
downregulation of multiple proteins contributes to aci-
nus pinin mutant phenotypes. Analysis of proteomic and
transcriptomic data (Fig. 6A and B) revealed that STRESS-
RESPONSIVE PROTEIN 9-LIKE 1 (SVR9IL1) [67], LEUCINE
ZIPPER-EF-HAND-CONTAINING TRANSMEMBRANE
PROTEIN 2 (LETM2) [68], NIEMANN-PICK DISEASE
TYPE C1-2 (ATNPC1-2) [69], POTASSIUM EFFLUX AN-
TIPORTER 1 (KEA1), LIMIT DEXTRINASE/ATLDA [70],
and SODIUM/HYDROGEN ANTIPORTER 5 (NHXS) [71]
were downregulated at both transcript and protein levels due
to significant IR, whereas BRANCHING ENZYME 3 (BE3)
[72] and S-ADENOSYLMETHIONINE TRANSPORTER 1
(SAMT1) [73] were downregulated at transcript and protein
levels without affecting the splicing. Notably, these genes have
been previously reported to influence chlorophyll content and
root growth when combined with additional mutations.
Guided by these proteomic insights, we measured chloro-
phyll content and root length, finding significant reductions

in both traits in acinus pinin mutants that were rescued by
ACINUS expression (Fig. 6C-E). These results indicate that
the pleiotropic defects may arise from the combined reduction
of multiple proteins through IR and other regulatory mecha-
nisms, linking AS directly to functional outcomes.

Upregulated proteins in anthocyanin biosynthesis
correlate with increased anthocyanin accumulation
in acinus pinin mutants

Many splicing factors have been reported to influence tran-
scription, although the underlying mechanisms remain un-
clear [43, 74]. Guided by transcriptomic and proteomic data,
we found that ACINUS and PININ regulate the expression of
numerous genes (Supplementary Fig. S2 and Supplementary
Table S1) without affecting their AS, indicating regulation at
the transcriptional level. Notably, several genes encoding pro-
teins involved in anthocyanin-containing compound biosyn-
thesis, as cataloged by GO analysis, were strongly upregulated
in the mutants at both the transcript and protein levels (Figs
5D and 7A and Supplementary Table S3).

Based on these molecular changes, we predicted altered an-
thocyanin accumulation in the double mutants and exam-
ined their anthocyanin phenotype. Indeed, when grown on
Y% MS plates, the mutants exhibited pronounced anthocyanin
accumulation beneath the cotyledons, resulting in a distinct
purple coloration and quantitatively higher anthocyanin con-
tent, both of which were fully rescued by ACINUS expression
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(Fig. 7B and C). Because both transcript and protein levels are
altered, we conclude that the anthocyanin phenotype in acinus
pinin mutants is driven by transcriptional regulation. Whether
ACINUS and PININ directly bind these loci to control expres-
sion remains unknown and will be addressed in future studies.

Discussion

For decades, researchers have debated whether AS represents
a key evolutionary innovation or merely stochastic splicing
noise. A central question is whether splice variants are trans-
lated and functionally relevant [28, 29]. Ribosome profil-
ing studies suggest that many transcript variants are asso-
ciated with polysomes [32-34, 36, 75], yet it remains un-
clear whether these translation events yield stable, functional
proteins. Proteomics offers more direct evidence; however,
technical constraints in coverage and sensitivity have histor-
ically limited conclusions [42], leading to conflicting reports
[39-41].

In this study, we analyzed over 900 LC-MS/MS datasets—
720 from public repositories and 189 generated in-house—
using a custom-expanded library, dual protease digestion
(trypsin and AspN), both label-free and TMT labeling, and
two complementary search engines (Protein Prospector and
MSFragger) (Figs 2 and 3). This strategy enabled the first
large-scale identification of isoform-specific peptides in plants
and the identification of 2533 splice events. Our findings sup-
port that diverse AS isoforms, particularly those involving IR,
are translated and detectable at the proteome level. Although
our dataset is smaller in scope than comparable human studies
[44], it provides strong evidence that AS substantially expands
the Arabidopsis proteome. Additionally, cases of IR followed
by polyadenylation (e.g. SOQ1) highlight the complexity of
transcript regulation. These findings suggest that coordinated
control among transcription, AS, and polyadenylation collec-
tively shapes mRNA and protein isoform outcomes. Notably,
58 detected events involved alternative first exons, which may
arise from alternative TSS usage. Because tools like SUPPA
classify these broadly as AS, caution is warranted when inter-
preting their mechanistic origin. While our results confirm the
presence of isoform-specific peptides, the underlying regula-
tory processes may not always stem from classical AS alone.
Ultimately, improved proteome annotation and the integra-
tion of long-read RNA sequencing will be essential for further
resolving the complexity of plant AS.

Future efforts incorporating enzymes such as chymotrypsin
and Lys-C, as suggested by the Ruan group’s iz silico analy-
sis for junction peptide detection [76], will further enhance
sequence coverage and deepen our understanding of how AS
shapes the proteome. Notably, our large-scale analysis iden-
tified 32 110 trypsin/AspN isoform-unique peptides—an ex-
tensive resource that substantially expands experimental ev-
idence for AS-derived proteoforms. Although this represents
~6% of peptides predicted in silico, the difference likely re-
flects inherent technical and biological constraints. Many the-
oretical peptides may be underrepresented due to losses during
sample preparation (e.g. extreme hydrophilicity or hydropho-
bicity) or suboptimal ionization efficiency. In addition, numer-
ous splice isoforms are dynamically regulated by environmen-
tal cues or restricted to specific cell types, which likely limit
their detectability under standard growth conditions and bulk
proteomic analyses.
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The identification of protein isoforms containing retained
introns is noteworthy, as many of these transcripts harbor
premature termination codons (PTCs) typically targeted by
NMD [25, 77-79]. Although protein annotation in this con-
text remains incomplete and requires further refinement, their
detection at the protein level indicates that a subset of these
transcripts can bypass, evade, or be translated prior to canon-
ical mRNA surveillance and degradation pathways. To deter-
mine whether these events correspond to exitrons—internal
protein-CDS—we cross-referenced our findings with the 1002
exitrons previously defined in Arabidopsis [62]. Among the
879 IR-derived protein events detected in Fig. 2D, 56 overlap
with annotated exitrons, whereas none of the 91 IR protein
events in Fig. 4B show such overlap. Importantly, the iden-
tification of peptides mapping to retained intron sequences
provides direct experimental evidence that at least a subset of
these isoforms (i) are exported from the nucleus, (ii) evade—or
are translated before—NMD-mediated degradation, and (iii)
give rise to detectable protein products.

Beyond expanding proteomic diversity, our results support
that AS, specifically IR, serves as a potent regulator of gene
expression (Fig. SF). We provide experimental evidence that
retained introns not only reduce transcript abundance but
frequently lead to a disproportionately severe reduction in
protein levels. Notably, for a subset of genes, protein levels
decreased substantially while mRNA levels remained stable,
highlighting a non-linear relationship between IR and pro-
teomic output.

This control mechanism suggests that AS performs a dual
function: simultaneously broadening the repertoire of protein
isoforms and fine-tuning gene expression in response to devel-
opmental and environmental signals [13]. While proving the
relevance of individual isoforms remains difficult, established
examples—such as dominant-negative truncated forms or reg-
ulatory “escape” variants like RCA proteins [15-17, 80]—
support our findings. Our data also suggests that the cumu-
lative effect of multiple AS events drives the observed growth
and chloroplast defects in our mutants. By utilizing AS to man-
age a cost-to-benefit balance, plants can adjust their physio-
logical responses through either transcript downregulation or
the synthesis of novel protein variants. Our work thus pro-
vides a critical link between AS and proteome complexity in
plants.
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