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ABSTRACT

Alternative splicing is a key mechanism that enhances transcriptome and
proteome diversity in eukaryotes. While canonical GT-AG splice sites have
been extensively characterized, non-canonical combinations remain poorly
understood, especially in plants. Previous studies have mostly focused on model
species and major crops, leaving many plant lineages unexplored. In this study,

KEYWORDS: we conducted a comparative analysis of splice-site usage across 11 plant species
exon, . representing diverse crops. Using high-quality RefSeq annotations, we extracted
?rirrlz; egulation, all introns within coding regions and quantified the frequencies and diversities of
pre-miRN A, canonical and non-canonical splice sites. Normalized intron counts revealed that

the relative proportions of non-canonical classes are stable across well-annotated
genomes, while their diversity increases with the total number of introns. We
further observed that non-canonical splice sites are more frequent in introns
of extreme lengths, suggesting that intron architecture may influence splicing
precision. A small number of recurrent non-canonical combinations (GA-AG,
GT-AA, GT-AT, and GT-GG) were consistently detected across species,
indicating that these motifs are evolutionarily tolerated and may arise through
single-nucleotide substitutions. These results indicate that non-canonical splicing
is an evolutionarily conserved feature of plant transcriptomes and provide new
insights into splice-site variability beyond model species.

splice sites
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1. Introduction

Splicing represents a fundamental stage in the
pathway of gene expression and constitutes a crucial
point of'its regulation (Alizada 2022; Tyurin ef al. 2022;
Mustafayeva et al. 2025). The removal of intronic regions
from precursor messenger RNA (pre-mRNA) molecules
and the subsequent joining of exons occur through a
complex and highly coordinated mechanism mediated by
the spliceosome - a dynamic ribonucleoprotein assembly
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that forms on pre-mRNA substrates (Deyneko et al.
2022; Suhorukova et al. 2022; Alizade 2023; Alizada
& Aliyeva 2024). The spliceosome is sequentially
assembled from small nuclear ribonucleoprotein particles
(snRNPs) together with a range of non-snRNP splicing
factors (Brown & Simpson 1998). Two principal classes
of spliceosomes have been identified: the U2- and U12-
dependent types, which share similar overall functions
but differ in their protein composition (Sharp & Burge
1997; Turunen et al. 2013). Both systems recognize
highly conserved sequence motifs within introns—
typically the canonical GU dinucleotide at the 5’ splice
site, a branchpoint adenosine located several nucleotides
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upstream of the 3’ end, and the AG dinucleotide at the
3’ splice site (Alberts et al. 2015). These positions are
respectively termed the donor (5') and acceptor (3')
splice sites (Sanjaya ef al. 2024). Although these terminal
dinucleotides are indispensable for splicing, they alone
cannot specify which spliceosomal pathway—major
or minor—processes a particular intron (Dietrich et al.
1997).

The majority of canonical GT-AG and non-
canonical GC-AG introns are processed by the
major U2 spliceosome (Parada et al. 2014). Genome-
wide transcriptomic analyses across a range of taxa,
including Arabidopsis thaliana, various plant species,
and metazoans, demonstrate that approximately 98% of
introns conform to the GT-AG type (Cheng et al. 2023).
Two minor variants of U2-type splice sites are also
recognized: GC-AG sites (~0.9%) and the exceedingly
rare AT-AC sites, represented by only a few dozen
introns in the human genome (Sheth et al. 2006; Roca
etal. 2012).

Despite the fact that mutations in splice-site
dinucleotides often disrupt splicing, many introns with
non-canonical boundaries are efficiently removed (Parada
et al. 2014). In most cases, such sites retain similarity
to the consensus sequences of U2- or U12-type introns,
which enables their recognition by the spliceosome.
For example, evolutionarily conserved U2-like introns
with GA—AG splice sites, as well as functional GT-TG
sites, have been described in various genes, highlighting
their regulatory and functional significance (Parada et
al. 2014). These observations suggest that splice-site
strength represents a continuum and that variation in
splice-site sequences can contribute to the flexibility of
alternative splicing and the generation of novel transcript
isoforms.

Moreover, changes in splice-site strength may
influence not only the efficiency of intron removal but
also the selection of alternative pre-mRNA processing
pathways. In particular, it has been demonstrated that
canonical splicing and back-splicing compete for the use
of the same 5" and 3’ splice sites: the presence of strong
splice sites favors the formation of linear transcripts,
whereas their weakening increases the likelihood of
circular RNA production (Ashwal-Fluss et al. 2014;
Pitolli et al. 2022). This example illustrates that variation
in splice-site sequences can alter the balance between
different RNA isoforms and, consequently, affect protein
synthesis and gene expression regulation.

The AT—AC introns are excised by a distinct, though
related, spliceosomal system composed of Ull, U12,
U4atac/Ubatac, and U5 snRNPs (Burset ez al. 2000),

rather than the canonical Ul, U2, U4/U6, and U5
snRNPs that mediate GT-AG splicing.

Although non-canonical splice sites have been
documented in diverse organisms, their biological
significance and evolutionary persistence in plants
remain poorly characterized. Earlier analyses of atypical
splice junctions in fungi and animals have typically
targeted individual species (Frey and Pucker 2020), and
many investigations have emphasized canonical GT-AG
sites while overlooking non-canonical variants (Modrek
et al. 2001).

Given that most previous work has focused on
model or agriculturally important crops, numerous plant
lineages have been underexplored in this context. In the
present study, we conducted a systematic comparative
analysis of splice-site usage across 11 plant species
representing distinct phylogenetic clades. Species
selection was based on two main criteria: (i) availability
of high-quality reference genome annotations, and (ii)
the fact that these reference genomes were assembled or
substantially updated only recently (Table 1). This cross-
species framework allowed us to assess the frequency,
diversity, and conservation of non-canonical splice sites,
thereby providing new insights into the evolutionary
dynamics and variability of splicing mechanisms in
plants.

2. Materials and Methods

Reference genome annotations for the 11 selected
plant species were retrieved from the NCBI RefSeq
repository (https://ftp.ncbi.nlm.nih.gov/genomes/
refseq/). The selection of species was based on the
availability of recently assembled, high-quality reference
genomes not included in earlier comparative studies of
splice-site usage.

Based on these annotations, all introns entirely
contained within coding sequences (CDS) were extracted
for downstream analysis. For each identified intron, the
terminal dinucleotides at the 5" and 3’ splice junctions
were determined. Data extraction and processing were
conducted using a combination of custom Python and
PHP scripts, after which a comprehensive summary
matrix was generated. In this matrix, rows represented
the terminal dinucleotide combinations (e.g., GT-AG),
columns denoted the corresponding species, and cell
values indicated the total number of introns belonging
to each category.

For every species, intron counts were normalized
by the total number of CDS-associated introns. Several
summary metrics were then calculated, including:
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» The proportions of canonical versus non-canonical
introns;

 The absolute abundance of non-canonical introns;

* The diversity index, defined as the number of unique
terminal combinations observed at least once;

* The relative fraction of non-canonical introns with
respect to the overall total.

To evaluate how these parameters correlated with
the total intron count, the Spearman rank correlation
coefficient (p) along with corresponding p-values was
computed. The analyses were conducted for both the
complete set of non-canonical splice sites (including
GC-AG and AT-AC) and, separately, for the minor
non-canonical categories (i.e., all terminal combinations
other than GT-AG, GC-AG, and AT-AC). For each
species, a vector of relative frequencies representing
all observed terminal dinucleotide combinations was
generated. Pairwise Spearman correlations among these
vectors were then used to construct a similarity matrix,
which was subsequently visualized as a heatmap to
illustrate interspecies relationships in splice-site usage
patterns.

All computational analyses were implemented
in Python 3.10 (https://www.python.org/downloads/
release/python-3100/) utilizing the pandas, numpy,
scipy (spearmanr), and matplotlib libraries. Additional
PHP scripts were used during the preliminary stage
to extract intron sequences from annotated genomic
data. All scripts used for data extraction and analysis
are publicly available at https://github.com/bioset-org/
canonic_intron.

3. Results

A comprehensive examination of 11 plant genomes
revealed a consistent distribution of splice-site classes
across species. In total these annotations contain 2.824.011
coding-sequence introns. Across this set the sum of
detected non-canonical introns is 89.350, yielding a
weighted non-canonical fraction of 3.16% (canonical
splice sites = 96.84%). The per-species proportion of
canonical (GT-AG) splice sites ranges from 96.28%
to 97.36% (Table 2). The mean non-canonical fraction
across species is ~3.23%.

Table 1. Information of the samples used and the number of introns analyzed per sample

Spesies Family Clade Assembly RefSeq Total introns
Arachis hypogaea Fabaceae Eudicot arahy.Tifrunner.gnm2.J5K5 GCF_003086295.3 351.561
Arachis stenosperma Fabaceae Eudicot arast.V10309.gnm1.PFL2 GCF_014773155.1 159.003
Colffea arabica Rubiaceae Eudicot Coffea Arabica ET-39 HiFi GCF_036785885.1 274.499
Colffea eugenioides Rubiaceae Eudicot Ceug 1.0 GCF_003713205.1 132.868
Hordeum vulgare Poaceae Monocot MorexV3 pseudomolecules GCF_904849725.1 145.956
assembly
Lolium perenne Poaceae Monocot Kyuss 2.0 GCF _019359855.2 202.166
Lolium rigidum Poaceae Monocot APGP_CSIRO Lrig 0.1 GCF_022539505.1 233.944
Triticum aestivum Poaceae Monocot IWGSC CS RefSeq v2.1 GCF_018294505.1 545.841
Triticum dicoccoides Poaceae Monocot WEW v2.1 GCF _002162155.2 351.023
Triticum urartu Poaceae Monocot Tu2.1 GCF _003073215.2 185.707
Vicia villosa Fabaceae Eudicot Vvill.0 GCF 029867415.1 241.443

Table 2. Summary of canonical and non-canonical splice-site proportions across 11 plant genomes

RefSeq Canonical (GT-AG), % Non-canonical count Non-canonical, (%)
GCF_003086295.3 97.27 9.600 2.73
GCF_014773155.1 97.19 4474 2.81
GCF_036785885.1 96.92 8.459 3.08
GCF_003713205.1 96.31 4.900 3.68
GCF_904849725.1 96.35 5.318 3.64
GCF _019359855.2 96.28 7.510 3.71
GCF_022539505.1 96.29 8.679 3.70
GCF_018294505.1 96.94 16.716 3.06
GCF_002162155.2 96.75 11.414 3.25
GCF_003073215.2 96.82 5.900 3.17
GCF_029867415.1 97.36 6.376 2.64
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In our study, Spearman correlation was selected
because it provides a quantitative assessment of
similarity or dissimilarity in the structure of relative
splice-site frequency profiles between species (Pucker
and Brockington 2018). Correlation analysis of the splice-
site frequency vectors across species (Spearman rank
correlation) reveals consistently high similarity in the
relative usage of splice-site classes: the mean pairwise
Spearman p is ~0.657 (median p = 0.659). All pairwise
correlations among these 11 species are highly significant
(pairwise p-values < 0.001). The heatmap of Spearman
correlations (Figure 1) shows predominantly warm colors,
reflecting the conserved ordering of classes (GT-AG >>
GC—AG >> other minor combinations) across genomes.

Correlation analysis showed a strong positive
relationship between total intron number and the absolute
count of non-canonical introns (p ~ 0.92, p < 10*), whereas
the proportion of non-canonical sites was uncorrelated

arachis_hypogaea

arachis_stenosperma

coffea_arabica

coffea_eugenioides

hardeum_vulgare

lalium_perenne

lolium_rigidum

triticum_aestivum

triticum_dicoccoides

triticum_urartu

vicia_villosa
] -] m u
o £ o @ 2
o] = o = g,
o @ m =} ==
=] a = = 3
a ] L = =
> o 1 @ 1
= c m o £
| 7] ] =)
. = b= @ 2
= “l I=1 | L)
3 2 * 32 &
=
s 5 g 2
e o
]

Spearman correlation of splice-site profiles

Ioliurm_perenne

or slightly negatively associated with annotation size
(p=-0.45, p=0.17). Similar trends were observed for
minor non-canonical classes (Table 3).

To compare the length distributions of introns with
canonical and non-canonical splice site combinations,
we combined all introns from the 11 analyzed species
(Figure 2). The resulting distributions are largely similar
across most regions but differ noticeably at both extremes
of the length range. Introns with non-canonical splice
sites (NCSS) are more frequent among very short
introns (<100 bp) and very long introns (>5 kb), whereas
canonical introns (CSS) dominate in the central region
around 200 bp, corresponding to the most common
intron length in plants. Long introns are hotspots for
alternative splicing. Non-canonical splice sites (NCSS)
are generally considered weaker than canonical splice
sites (CSS), making them more susceptible to regulatory
modulation. By harboring a non-canonical site, the cell
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Figure 1. Spearman correlation matrix of splice-site frequency profiles across 11 plant species
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Table 3. Spearman correlation of intron number with occurrence, diversity, and proportion of non-canonical splice sites

Dataset Parameter compared with total introns Spearman’s p p-value
All Non-canonical Occurrences (absolute count) 0.918 6.66 x 10°
Types (distinct combinations) 0.301 0.368
Fraction (relative proportion) —0.445 0.170
Minor Non-canonical Occurrences (absolute count) 0.927 3.97 x 10°
Types (distinct combinations) 0.301 0.368
Fraction (relative proportion) -0.309 0.355
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Figure 2. Comparison of intron length distributions between canonical and non-canonical splice sites

may gain additional flexibility in splice-site selection,
allowing exon inclusion or skipping to respond to specific
cellular or environmental cues. The predominance of CSS
at ~200 bp likely reflects structural constraints on exon
definition. Spliceosome assembly is strongly influenced
by the spatial organization of exons and introns, and
experimental evidence shows that spliceosome formation
is strongly inhibited when exon lengths are artificially
expanded beyond ~300 nucleotides (De Conti ez al. 2013).
This observation highlights the importance of optimal
spacing between splice sites for efficient recognition. At
intermediate lengths, where splice-site pairing is most
efficient, there is strong selective pressure to maintain
the canonical GT-AG consensus to ensure rapid and
accurate processing (Sibley et al. 2016).

Although both CSS and NCSS classes display largely
similar overall shapes, the NCSS curve is slightly elevated
around the modal intron length (~200 bp), suggesting
a modest enrichment of non-canonical splice sites in
introns of typical size. Both distributions show additional

divergence at the extremes — NCSS are more common
among very short introns (<100 bp) and somewhat more
frequent in very long introns (>5 kb), indicating a broader
overall length distribution.

In our study, the intron length distribution appears
highly uneven because this pattern is not an analytical
artifact but a well-known architectural feature of plant
genomes described in previous studies (Pucker and
Brockington 2018; Thakur et al. 2025). Across all analyzed
species, the same overall distribution shape is preserved,
characterized by a pronounced peak of short introns and
a long right-skewed tail, indicating the universality of
this pattern. In this study, introns were pooled across all
species to highlight the general trend and to compare
the distributions of canonical and non-canonical splice
sites, rather than to perform interspecies comparisons
of intron length.

To examine which minor non-canonical splice-site
variants are most common in plants, we compared the
frequency of individual dinucleotide pairs across the 11
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analyzed genomes (Figure 3). The four most recurrent
non-canonical combinations (GA-AG, GT-AA, GT-AT,
and GT-GG) were detected across all species, with median
counts of approximately 10-40 introns per genome. Their
relatively high frequencies suggest that these splice-site
motifs arise repeatedly and are tolerated by the splicing
machinery. The “others” category, which aggregates
numerous rare dinucleotide combinations, displayed
the widest dispersion and several high-value outliers,
indicating substantial heterogeneity among infrequent site
types. Overall, these data show that plant genomes share
a conserved set of dominant minor splice-site classes,
while additional rare variants occur sporadically and are
likely species-specific.

4. Discussion

The stable pattern of splice-site usage across different
plant genomes shows that the main rules of splice-
site recognition are highly conserved. Although plant
species differ in genome size and intron number, the
proportions of canonical and non-canonical splice sites
stay nearly the same. This suggests that non-canonical
splicing is a regular and evolutionarily conserved part
of gene expression in plants. The strong correlation
between the total intron count and the absolute number
of non-canonical introns reflects scaling effects rather

than genuine enrichment, while the lack of association
between non-canonical fraction and annotation size
supports the robustness of these proportions across
datasets.

Previous large-scale surveys have reported similar
distributions: Pucker and Brockington (2017) found
approximately 98.7% GT—AG introns in plants and
99.2% in mammals, highlighting the slightly higher
prevalence of GC-AG and other minor combinations
in plants. This greater diversity is consistent with the
complex regulatory architecture of plant transcriptomes,
where alternative splicing and RNA surveillance play
central roles in environmental adaptation (Reddy e al.
2013).

Spearman is a nonparametric method that does not
require assumptions about the data distribution and
is suitable for comparing ranked profiles of relative
frequencies (Pucker and Brockington 2018). Correlation
analysis of splice-site frequency profiles across species
revealed high similarity in the relative ordering of
classes, underscoring the evolutionary conservation of
the splicing hierarchy (GT-AG >> GC-AG >> minor
types). Such conservation implies strong selective
constraints acting on core spliceosomal recognition
signals. However, non-canonical sites themselves appear
to follow a dual evolutionary trajectory. Some of them
are conserved and functionally relevant—maintained
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by selection due to specific roles in gene regulation or
transcript processing (Rogozin et al. 2003; Pucker et
al. 2017)—whereas others are likely transient, arising
through local mutations or transcriptional noise and
eventually eliminated from the genome.

Methodologically, the stability of non-canonical
splice-site proportions has important implications. The
observed independence from annotation completeness
indicates that differences across datasets are primarily
determined by annotation quality rather than size. Many
non-canonical and cryptic introns remain undetected
because they are weakly expressed or subject to
post-transcriptional quality-control pathways, such
as nonsense-mediated decay (NMD) and nuclear
degradation. Standard RNA-seq protocols, typically
biased toward poly(A)+ RNA and long exons,
underrepresent these transcripts. As noted by Sibley et
al. (2016), activation of cryptic splice sites can introduce
premature stop codons and trigger NMD, explaining their
systematic underrepresentation in most transcriptome
annotations.

In addition to frequency patterns, the analysis of
intron length distributions revealed that splice-site
composition is not uniform across the intron size range.
Non-canonical splice sites were more common among
very short (< 100 bp) and very long (> 5 kb) introns,
whereas canonical sites dominated around the modal
intron length (~ 200 bp). This trend suggests that extreme
intron sizes may reduce splicing precision and favor
the usage of alternative recognition motifs. Similar
tendencies have been described in previous studies,
in which long or structurally complex introns were
associated with reduced spliceosomal fidelity and an
increased occurrence of non-canonical junctions (Burset
et al. 2000; Parada et al. 2014). Such length-dependent
variability implies that intron architecture itself can
influence splice-site selection, potentially contributing
to the emergence and maintenance of rare non-canonical
events in plant genomes.

Analysis of minor non-canonical splice-site
combinations revealed a conserved subset of recurrent
variants (GA—AG, GT-AA, GT-AT, and GT-GG)
shared across all examined plant species. Their repeated
occurrence in independent genomes suggests that these
alternative dinucleotide pairs can arise frequently
through single-nucleotide mutations in canonical GT—
AG sites, as previously noted for similar cases in plants
(Pucker and Brockington 2018) and mammals (Burset
et al. 2000). The spliceosome can correctly recognize
splice sites that slightly differ from the canonical GT—

AG sequence when supported by nearby enhancer
elements or favorable snRNA interactions (Roca et al.
2013; Sibley et al. 2016). Most of the very rare variants,
however, appear transient or artifactual and typically
lack evolutionary conservation (Rogozin et al. 2003).
Together, these observations indicate that a small number
of minor non-canonical motifs are stably maintained
across plants, while many others reflect sporadic splicing
noise or annotation artifacts.

Opverall, these findings demonstrate that non-canonical
splicing is a reproducible and conserved phenomenon
across plant species. While its absolute frequency scales
with genome complexity, its relative proportion remains
constant, pointing to deep evolutionary and mechanistic
constraints. Expanding analyses beyond model and
agronomically important plants will help clarify the
functional relevance of rare splice-site variants and their
contribution to transcriptome plasticity in diverse plant
lineages.
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