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Abstract 

Alternative splicing is a fundamental mechanism that contributes to transcriptome and proteome diversity in 

eukaryotes. While canonical GT–AG splice sites have been extensively studied, non-canonical splice site 

combinations remain less understood, particularly in plants. Most research has focused on model organisms or 

major crops, leaving many plant lineages insufficiently characterized. Here, we present a comparative analysis of 

splice site usage across 13 plant species representing diverse taxonomic groups. Using high-quality RefSeq 

annotations, we extracted all introns located within coding regions and quantified the frequency and diversity of 

canonical and non-canonical splice sites. Normalization of intron counts revealed that the relative proportions of 

non-canonical classes remain stable across well-annotated genomes, whereas their diversity scales with the total 

intron number. These findings highlight the evolutionary persistence of non-canonical splicing and provide new 

insights into splice site variability in plants, broadening the current view of splicing beyond model and 

agronomically important species. 
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1. Introduction 

The genomes of all eukaryotes contain introns, but their number, size, and distribution vary considerably 

between different species.  The correct identification and removal of introns by the splicing machinery is a 

central, conserved step during gene expression in all eukaryotes, and mutations that alter the sequence of splice 

sites or elicit splicing errors are often associated with disease. Furthermore, the noncontinuous exon–intron 

structure of eukaryotic genes allows the formation of alternative mRNA isoforms [1, 2, 5]. Transcription and 

pre-mRNA splicing are extremely complex multimolecular processes that involve protein–DNA, protein–RNA, 

and protein–protein interactions [3, 9]. This process allows variation, which provides the basis for quick 

adaptation to changing conditions. Alternative splicing, e.g., skipping exons, usage of alternative 50 or 30 splice 

sites, and the retention of introns, results in an enormous diversity of synthesized proteins and, therefore, 

substantially expands the diversity of products encoded in eukaryotic genomes. The occurrence of alternative 

splicing provides exciting new possibilities for gene regulation and is responsible for the remarkable 
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transcriptome and proteome diversity in metazoans [4, 7]. Alternative splicing is regulated by interactions of 

RNA-binding proteins (RPBs) and splicing factors with sequences in the pre-mRNA, and by base-pairing 

between complementary RNA sequences in cis and in trans [7, 8, 9]. 

A critical step in pre-mRNA splicing is the recognition and pairing of 5`- and 3`-splice sites [10]. Splice sites 

are recognized during the splicing process by a complex of small nuclear RNAs (snRNAs) and proteins: the 

spliceosome. The spliceosome exists in two main forms, the U2-type and the U12-type, each made up of distinct 

but functionally comparable protein components. While the terminal dinucleotides play a key role in splicing, 

they alone do not determine which spliceosome acts on a given intron. Generally, canonical GT-AG introns and 

most GC-AG variants are processed by the U2 spliceosome. In contrast, the U12 spliceosome usually handles 

AT-AC introns, though certain AT-AC type II introns are instead processed by the U2 system. This highlights 

the intricate nature of splicing, which relies on additional sequence cues within the genome [11]. Generally, GC-

AG and AT-AC are classified as major non-canonical splice site combinations, while all deviations from these 

sequences are deemed to be minor non-canonical splice sites [12]. U2-type introns with GA–AG splice 

junctions, which are evolutionarily conserved, have been reported in FGFR genes, while a functional GT–TG 

splice site has been discovered in the GNAS gene [15, 16, 17]. A few very uncommon intron end sequences have 

been detected, and they are frequently considered possible sequencing artifacts, such as introns ending with GT-

GG or TT-AG [13]. 

Although several models have been proposed, the precise mechanism behind non-canonical splicing remains 

unclear. Earlier investigations into non-canonical splice sites were typically limited to one species or a few 

species. Many of these studies concentrated primarily on the common GT-AG splice sites, while giving little 

attention to the non-canonical variants.  

Non-canonical splice sites have been reported in various organisms, yet their functional importance and 

evolutionary conservation in plants are still not fully understood [14]. While research has primarily concentrated 

on model and agronomically important crops, many other plant groups have rarely been considered in this 

context. In this study, we systematically investigated splice site usage across 13 plant species spanning different 

lineages. This comparative framework enabled us to quantify the frequency, diversity, and conservation of non-

canonical splice sites, thereby expanding our understanding of splicing variation across plants. 

2. Materials and Methods  

Reference gene annotations for 13 plant species were obtained from the NCBI RefSeq database 

(https://ftp.ncbi.nlm.nih.gov/genomes/refseq/). From these annotations, all introns fully located within coding 

sequences (CDS) were extracted. For each intron, the two nucleotides at the 5′ and 3′ ends were identified. These 

data were retrieved using custom Python and PHP scripts, after which a summary table was constructed, with 

rows corresponding to terminal dinucleotide combinations (e.g., GT–AG), columns to species, and cell values 

representing the number of introns of each type. 

For each species, the counts of introns in each class were normalized by the total number of CDS introns. The 

following measures were calculated: the proportion of canonical and non-canonical introns; the absolute number 

of non-canonical introns; the number of distinct combinations observed at least once (diversity); the fraction of 

non-canonical introns relative to the total. 

To assess the relationship of these measures with the total number of introns, the Spearman rank correlation 

coefficient (ρ) with associated p-values was used. Analyses were performed both for all non-canonical splice 

sites (including GC–AG and AT–AC) and separately for “minor” combinations (all except GT–AG, GC–AG, 

and AT–AC). For each species, a vector of relative frequencies of all terminal combinations was constructed. 

Pairwise Spearman correlations between these vectors were used to generate a similarity matrix, which was 

visualized as a heatmap. 

All analyses were performed in Python 3.10 (https://www.python.org/downloads/release/python-3100/) using 

the libraries pandas, numpy, scipy (spearmanr), and matplotlib. Additional PHP scripts were used for the initial 

extraction of intron sequences. 

3. Results and Discussion 

https://ftp.ncbi.nlm.nih.gov/genomes/refseq/
https://www.python.org/downloads/release/python-3100/
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Our analysis of 13 species, comprising >2.2 million CDS introns (on average ~171,000 per species), shows 

that the canonical GT–AG splice site dominates (96.6%). The major non-canonical classes GC–AG and AT–AC 

together account for ~1.5%, whereas other minor combinations contribute ~1.8%. The absolute number of non-

canonical introns strongly scales with the total number of annotated introns (Spearman’s ρ = 0.879, p = 

7.25×10⁻9
), but their proportion relative to all introns does not depend on annotation size (ρ = −0.208, p = 0.319) 

(Table 1). This indicates that the increase in non-canonical introns primarily reflects scale rather than 

enrichment. Diversity (the number of distinct terminal dinucleotide combinations observed at least once) 

moderately increases with annotation size (ρ = 0.614, p = 1.08×10⁻³), consistent with the expected sampling 

effect: rare splice site types are more likely to be detected in larger datasets. The same trends hold when 

considering only minor classes: the absolute number is correlated with annotation size (ρ = 0.786, p = 

3.17×10⁻6
), whereas the proportion shows no dependence (ρ = −0.033, p = 0.875). 

 

Table1. Correlation of intron number with non-canonical splice-site usage across 13 plant species 

Dataset Metric Spearman ρ p-value 

Noncanonical all 

Occurrences vs total introns 0.879 7.25e-09 

Types vs total introns 0.614 1.08e-03 

Fraction vs total introns –0.208 3.19e-01 

Noncanonical minor 

Occurrences vs total introns 0.786 3.17e-06 

Types vs total introns 0.614 1.08e-03 

Fraction vs total introns –0.033 8.75e-01 

 

Our results are consistent with broader surveys: Pucker & Brockington (2017) reported ~98.7% GT–AG 

introns in plants, compared to ~99.2% in mammals. Notably, GC–AG occurs almost twice as frequently in 

plants, and minor non-canonical combinations are also more common (0.09% versus 0.02% in mammals). Taken 

together, these observations indicate that both major and minor non-canonical classes represent a more 

prominent component of splicing in plants than in animals, reflecting the greater complexity of the plant splicing 

landscape [18]. 

Correlation analysis of frequency vectors across all splice site combinations further highlights the conserved 

ranking of site usage. The Spearman correlation matrix shows predominantly high positive values: the heatmap 

is dominated by warm colors with no pronounced blue regions (Fig.1). This indicates that the relative ordering of 

splice site classes is stable (GT–AG ≫ GC–AG ≫ others), even when certain rare combinations are absent in 

individual species. 

Despite well-known sources of annotation and mapping artifacts [19, 17], several studies have demonstrated 

that a subset of non-canonical splice sites is evolutionarily conserved. They recur at homologous loci across 

different species and are preserved within species [20, 13]. This supports the notion that many such events are 

maintained by selection, while others represent transient variants that are subsequently eliminated. 
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Fig. 1. Cross-species similarity of splice-site profiles (Spearman correlation heatmap) 

The strong similarity of splice site profiles across species and the stable proportion of non-canonical introns 

indicate that the general hierarchy of splice site usage is maintained by core recognition mechanisms and RNA 

quality control. Rare non-canonical splice sites, however, fall into two categories: some are functionally 

important and preserved by selection, while others are transient and gradually removed. The independence of the 

proportion of non-canonical introns from annotation completeness has important methodological implications. 

Many non-canonical and cryptic events are systematically underrepresented: such transcripts are typically lowly 

expressed, rapidly degraded by NMD or nuclear decay, and therefore poorly detected by standard RNA-seq 

protocols, which are usually biased toward poly(A)+ RNA and long exons. As noted by Sibley et al. (2016), 

[21], cryptic splice sites and pseudoexons are rarely included in annotations, although their activation can lead to 

premature stop codons and the initiation of NMD. This is illustrated by the Nd-1 (Arabidopsis thaliana) genome: 

in its first annotation release (v1.0), non-canonical introns were entirely absent, but after incorporating 

Araport11-based hints and RNA-seq evidence, more than 1,200 cases were identified (v1.1). For comparison, in 

the high-quality Araport11 annotation the class proportions are stable (~98.9% GT–AG, ~1.0% GC–AG, ~0.1% 

AT–AC, and ~0.1% others), and nearly identical values are observed in Nd-1 v1.1. [22, 23]. Thus, while ab 

initio annotations systematically underestimate non-canonical events, annotations of comparable quality yield 

very similar proportions of non-canonical splice sites. This supports the view that the observed differences are 

driven primarily by annotation quality rather than annotation size.  
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4. Conclusion 

In this study, we conducted a systematic analysis of splice site usage in 13 plant species. Our results 

demonstrate that non-canonical splice sites, although rare, are a consistent and reproducible feature of plant 

genomes. The stability of their relative proportions across well-annotated genomes indicates that non-canonical 

splicing is not a random artifact but an evolutionarily conserved phenomenon. At the same time, the scaling of 

splice site diversity with intron number suggests that genome complexity contributes to the emergence of rare 

splicing variants. By extending splice site studies beyond model and crop plants, this work provides a broader 

perspective on splicing variability and establishes a framework for future functional investigations into the 

biological roles of non-canonical splicing in plants. 
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