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Kurzfassung

Die Rolle des alternativen Spleifiens bei der Genregulation des Hawaiianischen Bobtail-Tintenfischs

(Euprymna scolopes).

Alternatives Spleiflen (AS) ist ein kritischer zelluldrer Mechanismus, der die transkriptomische Vielfalt
erhoht, indem er es einzelnen Genen ermdglicht, mehrere reife mRNA-Isoformen zu produzieren, die
moglicherweise zu funktionell unterschiedlichen Proteinen fiihren. Dieser Prozess wird durch verschiedene

genomische Bedingungen reguliert, die gewebespezifische SpleiBmuster bestimmen.

Trotz zahlreicher Studien, die die Rolle von AS in der Genregulation bei verschiedenen Metazoen-Spezies
beleuchten, bleibt seine Rolle in Tintenfischen vollstindig unerforscht. Coleoide Tintenfische, bekannt fiir
ihre genomische Komplexitit und hochentwickelten Nervensysteme, zeigen einzigartige Verhaltens- und
morphologische Anpassungen. Unter diesen hochentwickelten Tieren dient eine Tintenfischart als
aufstrebendes Genomik-Modell. Der Hawaii-Zwergtintenfisch (Euprymna scolopes), dessen evolutionire
Geschichte durch Reorganisationsereignisse geprdgt ist und dessen Genominhalt mit einer Vielzahl
regulatorischer Elemente angereichert ist, stellt einen vielversprechenden Kandidaten dar, um zu

untersuchen, wie Spleiflentscheidungen beeinflusst werden.

Durch den Einsatz modernster Next-Generation-Sequencing-(NGS)-Technologien bieten aktuelle
Publikationen Einblicke in verschiedene regulatorische genomische Merkmale, einschlieBlich konservierter
Gencluster und dreidimensionaler chromosomaler Konfigurationen, und positionieren E. scolopes als
Schliisselmodell fiir das Studium der Genregulation und Evolution von Tintenfischen. Die Untersuchung
der Rolle des alternativen Spleifiens in E. scolopes wird nicht nur unser Verstdndnis seiner genomischen
Architektur erweitern, sondern auch entscheidende Details iiber die Auswirkungen von AS auf die
transkriptomische Vielfalt in verschiedenen Geweben liefern. Dieses Vorhaben wird erheblich zur
umfassenderen Erforschung der Tintenfischgenomik sowie zu den komplexen regulatorischen

Mechanismen des alternativen Spleiflens beitragen.

Schliisselworter: Alternatives Spleilen, Euprymna scolopes, Genomik, Genregulation



Abstract

The role of alternative splicing in Hawaiian bobtail squid (Euprymna scolopes) gene regulation.

Alternative splicing (AS) is a critical cellular mechanism that enhances transcriptomic diversity by enabling
individual genes to produce multiple mature mRNA isoforms, potentially resulting in functionally diverse
proteins. This process is regulated by various genomic conditions that dictate tissue-specific splicing

patterns.

Despite numerous studies elucidating the role of AS in gene regulation across different metazoan species,
its role in cephalopods remains completely unexplored. Coleoid cephalopods, known for their genomic
complexity and highly developed nervous systems, exhibit unique behavioral and morphological
adaptations. Among these highly sophisticated animals, a squid species serves as an emerging genomics
model. The Hawaiian bobtail squid (Euprymna scolopes), with an evolutionary history characterized by
reorganization events and a genomic content enriched with a vast repertoire of regulatory elements, consists

of a promising candidate to explore how splicing decisions are influenced.

Utilizing state-of-the-art next-generation sequencing (NGS) technologies, recent publications provide
insights into various regulatory genomic traits, including conserved gene clusters and three-dimensional
chromosomal configurations, positioning E. scolopes as a key model for studying cephalopod gene
regulation and evolution. Investigating the role of alternative splicing in E. scolopes will not only enhance
our understanding of its genomic architecture but also provide pivotal details on the impact of AS on
transcriptomic diversity across various tissues. This endeavor will contribute significantly to the broader
comprehension of cephalopod genomics as well as to the complex regulatory mechanisms underlying

alternative splicing.

Keywords: Alternative splicing, Euprymna scolopes, genomics, gene regulation
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2. Introduction

2.1 Cephalopods cephalopod evolution

Cephalopods consist of a unique class of marine invertebrates, that emerged around 530 million years ago
(Mya), during the late Cambrian period (Lemche HM 1957). The divergence between Coleoidea (octopuses,
cuttlefish, and squid) and Nautiloidea occurred approximately 350 to 480 Mya (Bergman 2013; Kroger,
2011). Coleoid cephalopods are known to possess the largest and most elaborate invertebrate nervous
systems (Ritschard et al., 2019), with high neuronal complexity as well as cognitive abilities (Young, 1965),
that likely contribute to their dynamic behavioral repertoire, such as rapid changes in skin texture and color
for camouflage. Moreover, large expansions in gene families, like C2H2 zinc fingers and protocadherins,
predominantly expressed in nervous tissues have been recorded (Albertin et al., 2015; Garrett et al 2012).
These gene families are hypothesized to facilitate neuronal diversity in both vertebrates and cephalopods

(Albertin et al., 2015; Styfhals et al., 2022).

Apart from their advanced nervous system, coleoids cephalopods excel in the interplay between gene
regulation and evolution, where both changes in transcription level due to gene regulation as well as non-
synonymous changed in protein-coding regions comprise significant evolutionary drivers (Ritschard et al.,
2019). Furthermore, cephalopods employ epigenetic mechanisms such as DNA methylation and histone
modification (Macchi et al 2022) that can regulate transcript diversity in a similar way observed in

vertebrate nervous tissues (Liscovitch-Brauer et al., 2017; Garrett & Rosenthal, 2012).

Additionally, species-specific symbiotic organs, like in the case of Euprymna genus, offer promising models
for exploring the evolution of organismal novelties (Albertin et al., 2020; Ritschard et al., 2019). Given
these specialized attributes, coleoid cephalopods can be considered focal points for extensive research
across various disciplines, including behavioral biology, developmental biology, and neurobiology

(O’Brien et al., 2018; Hanlon et al., 2018; Wollesen et al., 2015; Koenig et al., 2016).
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2.2 Euprymna scolopes as emerging genomics model

This project focuses on the Hawaiian bobtail squid (Family: Sepiolidae), Euprymna scolopes, a model
organism known for its symbiotic relationships with bacterial consortia in two organs, namely the light
organ likely evolved through the subfunctionalisation of genes expressed in the eye, and the accessory
nidamental gland, enriched with novel, species-specific orphan genes (Belcaid et al., 2019). The E. scolopes
genome is notably large (approximately 5.1 Gb) and is characterized by a high repetitive content (Belcaid
et al., 2019; Schmidbaur et al., 2022). This repetitive nature is largely due to transposable elements (TEs),
particularly from the long interspersed nuclear elements (LINEs) family, which constitute 48.2% to 50.5%
of the identifiable repetitive elements (Heckman et al., 2021). This particularly large number of TEs in
Euprymna genus, is also contributing to the significant disparity in genome sizes between Euprymna species

and closely related taxa like Rondeletiola species.

Initially, the substantial size and complexity of the E. scolopes genome had been attributed to a speculated
whole-genome duplication event (Hallinan and Lindberg, 2011; Yoshida et al., 2011). However, after the
emergence of new genomic data, recent research has identified a large-scale genomic reorganization in E.
scolopes, suggesting its potential role in shaping cephalopod complexity (Belcaid et al., 2019). Changes in
the genomic content may provide the template for new gene linkages, that can directly impact gene
expression, as different regulatory blocks arise or change position (Harewood et al 2014). Furthermore,
additional findings propose that the genome's size and complexity may also stem from high variability in

intronic sequences (Ritschard et al., 2019).

2.3 Alternative splicing and transcriptomic diversity
Numerous studies on AS and isoform quantification have provided valuable insights into the transcriptional
enrichment of eukaryotic organisms (Pan et al., 2008) as well as of various methods for assessing the

diversity of transcriptome (Jones et al., 2024).

Almost 98% of the eukaryotic genome consists of non-coding regions that do not encode protein sequences
(Mattick et al., 2001), meaning that only 2% consists of protein coding genes, able to produce functional
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molecules, raising the reasonable question of how such genomic content generates vast phenotypic
complexity. One explanation lies in the ability of a gene transcript to be spliced into different combinations
of exons, leading to the production of diverse isoforms (Fig. 1a,b) with variable functions. Although not all
isoforms might lead to functional proteins in a specific environmental context, this cellular process acting
on precursor mRNA enhances the transcriptomic and proteomic diversity of multicellular organisms.
Moreover, recent comparative studies across different metazoan species suggest that AS complexity
increases with organismal complexity, correlating with the number of unique cell types (Barbosa et al.,

2012; Chen et al., 2014).

Data derived from different studies have shown that AS occurs frequently in neural tissues leading to the
generation of a high isoform variety, characterizing their dynamic functionality and additionally
contributing to their development and function (Marasco et al., 2023; Baralle et al., 2017). AS also
contributes to intraspecific biodiversity by producing different isoforms between sexes and morphs of the

same species (Rogers et al., 2021; Cordellier et al 2020; Grantham et al 2018).

Given the significance of the nervous system in development and behavior, it is reasonable to speculate that
it could consist of a target for natural selection to act upon. Conversely, if AS is important in phenotypic
complexity, it is feasible that is involved in the evolution of unique structures in the nervous systems, like
in the case of coleoids. This can lead to an extensive transcriptome and a potentially more functionally

diverse proteome, emphasizing its pivotal role in complex organisms like E. scolopes.

Figure 1. 4 schematic diagram delineating the six studied modes of AS. The exons are depicted by different
colored boxes, whereas introns are represented by grey lines. The connections between exons signify
segments excised from the final transcript. Of note, the red lines emphasize AS events (adapted from Rogers

et al 2021, supplementary material).
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2.4 Phenotypic plasticity and alternative splicing

One of the distinctive traits that cephalopods are renowned for, is their ability to swiftly modulate body
coloration by mimicking their surroundings (Cloney et al., 1968). The influence of transcriptomic diversity
from AS could potentially be one of the major mechanisms that contribute to this observed rapid phenotypic
plasticity. Together with other reported genomic features, such us differential gene expression and RNA
editing (Rosenthal & Eisenberg 2023; Albertin et al., 2022), the hypothesis that multiple protein isoforms

resulting from AS can aid these mechanisms provides a plausible explanation for their adaptive capabilities.

When a gene is undergoing AS, a dominant isoform typically emerges alongside several others transcribed
at lower levels, suggesting their functional neutrality in specific environmental contexts (Ahi & Singh,
2022). This splicing variation that may contain deleterious effects, accumulates, but due to purifying
selection, remains unexpressed (Xing & Lee, 2007, Rogers et al 2021). However, the unutilized isoforms

may harbor concealed phenotypic effects (Wright & Laue 2021). When external pressures disrupt these



hidden effects, these transcript variants may confer advantages upon release, leading to the selection of
novel functional isoforms. Thus, with the use of this hidden genetic variation, AS could potentially

contribute to adaptive evolution by influencing ecological adaptation over time.

2.5 Detection of alternative splicing

Genomic analysis has significantly changed since the arrival of next-generation sequencing (NGS)
techniques. In the context of AS, the focus is directed to the identification of splice junctions, which
facilitate the transition from precursor to mature mRNA. The canonical splicing sites in eukaryotic mRNA
processing typically involve a conserved sequence motif, with the donor sequence GU at the 5' end of the
upstream exon and the splice acceptor sequence AG at the 3' end of the downstream exon (Zhang et al.,
2021 ; Dou et al 2006). Thus, the quantification of AS events relies on the approach of analyzing sequencing
reads that comprise splice junctions (Ding et al., 2017; Au et al., 2010). A common method of detecting AS
isoforms is to localize reads where the sequence transitions from the GU motif of the 5' exon to the AG

motif of the 3' exon differ from those in the reference genome.

Additionally, to investigate AS events in a robust way is by using short-read data alongside a reference
genome of good quality. This method quantifies differences in splicing levels based on read coverage, where
high read depth reliably detects variations (e.g.in the case where sample A has half the reads mapping to a
splice junction compared to sample B, this indicates that the isoform using that splice junction is expressed

half as frequently compared to sample A).

Moreover, recent advancements in the field of sequencing, particularly with long-read data, have
significantly contributed to studies focusing on AS, by allowing the sequencing of entire isoforms (Wright
et al., 2022). In essence, short-read data are indispensable for achieving high sequence depth and accurately
identifying AS junctions while long-read data can additionally offer the ability to sequence entire isoforms

(Weirather et al., 2017).
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2.6 Influence of genomic features on alternative splicing

Recent surveys have uncovered evidence supporting large, conserved gene orders (termed as synteny)
across phyla boundaries, even in early branching lineages like Porifera, suggesting the presence of a
fundamental genetic framework , similar regulatory constraints and potential functional significance dating

back to the metazoan ancestor (Simakov et al 2022; Robert et al 2022; Simakov and Kawashima 2017).

In Euprymna scolopes, Schmidbauer et al. 2022 categorized two types of syntenic regions (termed as
microsyntenies): MACIs (microsyntenies associated with cephalopod innovations), that emerged post
genome rearrangement and are specific to cephalopods, likely responsible for the unique functions that only
evolved in these lineages, and metazoan microsyntenies, orthologous gene sets shared with distantly related

species, implying the significance of evolutionary conserved functions across different phyla.

The evolutionary trajectory of coleoids has been shaped by large-scale genomic reshuffling, including the
loss of the ancient bilaterian microsyntenies (Albertin et al., 2015), leading to the disruption of conserved
gene linkages in the genome of E. scolopes and other coleoid species, such as Octopus bimaculoides, giving
rise to the cephalopod-specific syntenic regions (Belcaid et al., 2019; Bosch 2019). Given that all genes are
subject to AS, understanding how AS is influenced by these conserved microsyntenic regions may elucidate
whether evolution primarily affects genes unique to cephalopods or is more pronounced in universally

distributed orthologs shared across metazoans.

Furthermore, the three-dimensional organization of the squid genome is characterized by topologically
associating domains or TADs (Schmidbaur et al 2022; Rouressol et al 2023). By bringing close transcription
start sites and enhancer regions, TADs can facilitate transcriptional coordination, that could potentially
affect the splicing of precursor mRNA within or near these domains (Dixon et al., 2012; Pope et al., 2014;

Symmons et al., 2016).

The spatial distribution of AS genes within TADs could reveal patterns indicative of regulatory influences

on splicing patterns. Components like the conserved zinc finger protein CTCF (CCCTC-binding factor),
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contributing to TAD formation, may act as regulators of AS for genes near TAD boundaries, while other
elements within TADs could influence splicing variation for genes located deeper within these domains
(Alharbi et al., 2021; Tian et al 2020). Understanding how AS genes are organized within TADs can provide
insights into how genomic architecture influences splicing patterns, or even if differential splicing across

various tissues is impacted by divergent of TAD structures.

2.7 Impact of this study

Despite the high genomic complexity and extensive mRNA production (Albertin et al., 2022) of coleoid
cephalopods, little to no information exist about the impact of AS in their gene regulation. To address this
key question, we focus on the Hawaiian bobtail squid, Euprymna scolopes, an emerging model organism
for genomic studies, due to the intriguing attributes of its genome that provide a template to investigate how
a complex mechanism like AS is coordinated. Expectations from this analysis include first insights on the
splicing profile of a squid species as well as differential splicing patterns across tissues, deciphering the
distribution of AS modes, and understanding the impact of genomic organization on AS. The research is
motivated by hypotheses concerning the role of AS in gene regulation, including tissue specific AS profiles,
its association in microsyntenic regions, and how it is impacted from the three-dimensional genome
architecture. The findings are expected to provide a foundation for future relevant studies on other coleoid
species, studies dedicated to the functionality of AS isoforms in squids, and endeavors focusing on how

genome regulatory blocks influence splicing patterns.

The outcomes of this project align with existing literature by providing further insights into the crucial role
of AS in enhancing functional diversity, particularly in the complex tissues of metazoan species.
Furthermore, additional findings highlight evidence of the complex regulation of AS in cephalopods,
influenced by three-dimensional genome organization and group-specific gene clusters, contributing to
ongoing research on how evolutionary pressures shape transcriptomic flexibility in highly sophisticated

organisms.
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3. Materials and methods

In this study, a range of bioinformatics tools were employed. Each step of the analysis is detailed in the
respective section of the constructed pipeline. Data visualization and statistical analysis were conducted in
the R environment (v. 4.2.1), while Python3 (v. 3.11.7) was employed for the manipulation of large datasets.

Some scripts were optimized using LLMs approaches, to enhance efficiency via code debugging.

3.1 Sample collection and library preparation

Detailed descriptions of specimen collection, preparation, RNA extraction, and the generation of long and
short read data are available in two publications. Rouressol et al. 2023 cover the sequencing and mapping
of short read data, while Rogers et al. 2024 provide details about the generation of long read data. These
studies collectively offer a comprehensive RNA-seq dataset from a wide range of tissues and samples,

divided into two distinct batches.

In this study, a total of 17 male adult samples from both batches, covering six different tissues were selected.
The exclusive focus on male samples was due to the availability of long read data solely for this gender.
The tissues of interest included the central brain and left optic lobe (referred to as brain tissues), the
hectocotylus (referred to as a hybrid tissue), and the skin, mantle, and left gills (referred to as somatic
tissues). For each tissue, three samples were selected, except for the left gills, where only two male samples
were available. A complete description of the sample details can be found in the supplementary material,

Table 5.

3.2 Quality control

Initially, the FastQC (v.0.12.1) (Andrew S., 2010) package was utilized with default parameters to generate
quality control reports for both R1 and R2 reads (forward and reverse, respectively) of all samples. After a
comprehensive review of the reports, raw RNA-seq data that required treatment, underwent trimming of
adaptor content using Trim Galore (v.0.6.10) (Krueger et al 2023). For all samples, no instances of low-
quality reads were observed. The parameters specified for Trim Galore included the Illumina adaptor (--

illumina) and paired-end reads (--paired). De novo, FastQC reports were generated for the curated data.
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3.3 Indexing and mapping reads on the reference genome

Subsequently, the reference genome (BioProject number PRINA6616848, Schmidbaur et al. 2022) was
indexed, with the help of the GTF file containing the gene indices (Rogers et al 2024) and sample reads
were mapped using the STAR alignment tool (v. 2.7.11a) (Dobin et al 2013). Genome indexing utilized the
-genomeGenerate run mode, with the -sjdbOverhang parameter to define splice junction characteristics.
BAM files were generated for each sample, sorted by genomic coordinates (--SortedByCoordinate). Quality
assessment of BAM files was conducted using Samtools flagstat (v.1.19) (Li et al 2009), while Samtools

index was employed to generate indexes for each BAM file to facilitate subsequent analyses.

3.4 Gene expression analysis

Using featureCounts tool of Subread package (v. 2.0.6) (Liao et al 2014) on BAM files generated by STAR,
genes expressed in each tissue were identified. An expression threshold based on the log2 fold change was
established, with genes exhibiting a fold change above 1 being considered as expressed (Love et al 2014).
Genes failing to surpass the predetermined expression level, were deemed to represent captured noise and

were filtered out from downstream analysis.

In addition to the default parameters of featureCounts, we specified several additional others, that included
-g to designate gene IDs as the attribute type, -t set to exons to focus counting on reads mapping exclusively
to exonic regions associated with gene expression, -M to include counts from multi-mapping reads, and -p

for paired-end read data processing.

By default, featureCounts output raw counts i.e. the number of reads that are assigned to each feature (e.g.,
genes, exons, transcripts), which aren’t characterized by a particular unit. After normalization, using
DESeq2 (v. 1.38.3) (Love et al 2014), the counts are represented in CPM units (counts per million). The
normalization process scales the counts to represent the expression of each feature in CPM, accounting for

differences in sequencing depth across samples.
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3.5 Alternative splicing event detection

The identification of AS events was conducted using Spladder (v. 3.0.5) (Kahles et al., 2016). The Spladder
build mode, employed with default settings and the --ignore-mismatches parameter to account for
imperfectly mapped reads, processed BAM files to construct a custom benchmark of detected AS events.
This mode was run separately for each of the six tissues to assess tissue specific AS events and collectively

for all tissues, enabling a comprehensive AS event analysis.

The filtration procedure in build mode is implemented at the program's initiation during the construction of
splice graphs, by using criteria like number of mismatches, to remove low-quality reads or number of
alignments to confirm intron edges. This integrated filtering along with the additional step of gene

expression analysis, ensured a robust approach by including reliable splicing events.

An important metric in alternative splicing (AS) studies is the Percent Spliced In (PSI) index, which
quantifies the proportion of transcripts that include a specific exon or splice site compared to all possible
transcripts that could include it. Specifically, for each detected AS event, the corresponding PSI value
represents the ratio of normalized read counts indicating the inclusion of a transcript over the total
normalized reads for that event. For instance, for a hypothetical exon skipping event, a PSI value of 0.6
would mean that the exon is included in approximately 60% of the transcripts in the sample. This metric is
crucial for comparing different samples, as shifts in PSI values indicate changes in splicing patterns between
samples or for a particular AS event. The PSI value ranges from 0 to 1 denoting that one of the two isoforms
is expressed while a middle value of 0.5 indicating the equal expression of both isoforms. PSI can be
calculated using the following formula:

Number of trasncripts that support isoform

PSI =
Total number of transcripts

PSI values used for the construction of heatmaps, visualizing the matrix of AS events (Figure 2b). In
instances of NaN (Not a Number) values, due to inadequate coverage or very low expression levels, these

values were substituted with 0 to prevent computational errors. Moreover, in cases where the total sum of
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PSI values for the selected subset of samples was 0 or the PSI value of every sample was 1, these AS events
were also removed, since there are no differences across the selected subset of samples. Additionally the
pvclust package (v. 2.2-0) (Suzuki et al 2006) in R was utilized, to generate cladograms for each AS mode,

employing the bootstrap method for assessing clustering profiles of samples.

Spladder test mode was used to perform pairwise comparisons between all tissues to identify differential
splicing events, utilizing default parameters. Differential splicing was determined based on the delta Percent
Spliced In (dPSI) value, which quantifies the difference in the percentage of transcripts including a specific
exon between two different tissues. The results of these analyses are presented in Table 4 which details the
differential splicing events for each tissue pairwise comparison, while Table 5 displays the number of
unique differentially spliced genes in a matrix format.

3.6 Venn diagrams

Venn diagrams was used to quantify the overlap of AS genes between brain tissues and other tissue types
(Figure 3A). Additionally, a comprehensive Venn diagram (Figure 3B) incorporating all six target tissues
was created in order to identify conserved AS genes shared across all tissues and to determine the unique
number of tissue specific AS genes. The generation of the Venn diagrams was carried out using the R

package ggVennDiagram (version 1.5.2) (Gao, C.-H et al 2024).

To further analyze the overlaps, we conducted a Super Exact Test using the R package SuperExactTest (v.
1.1.0) (Wang M. et al 2015). This approach defined the extent of shared AS genes beyond visual
representation, enabling the statistical validation of the overlaps observed in the Venn diagrams, ensuring

that they did not occur due to random chance. The results are depicted at the Supplementary Table 1.

3.7 Protein annotation analysis
Protein annotation enrichment analysis was conducted to identify enriched functional categories across

tissues, aiming to the determination of the predicted proteins generated by genes with alternative isoforms.
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The purpose of this step was to determine if AS genes are enriched in specific functions compared to the

entire genome.

Protein annotation from Rogers et al. 2024 was employed to assist in defining the functions of the
corresponding genes. The annotation data were processed in R to create tables correlating gene IDs with
their specific functions. Contingency tables were then constructed for pairwise tissue comparisons,
identifying differences in gene function expression. To infer for statistical significance Fisher’s exact test
was utilized, with p-values adjusted for multiple comparisons using FDR correction. Only p-adjusted values

< 0.05 were considered significant. The results are summarized in Table 6.

Additionally, genomic background comparisons were conducted for all six tissues. The genomic
background which represents all the expressed genes in the E. scolopes genome, was used in order to

identify tissue-specific enrichments of unique AS genes compared to the total number of expressed genes.

3.8 Microsynteny association analysis

Data of identified Microsynteny IDs and their corresponding conserved gene orders (Schmidbaur et al.,
2022) were utilized, to quantify the number of AS genes associated with two types of microsyntenies in
each tissue. Furthermore, the count of non-syntenic AS genes for each tissue was determined by subtracting
the combined number of AS genes in MACIs and metazoan microsyntenies from the total number of AS

genes observed in that tissue.

The percentage of AS genes within each of the three categories (MACIs, metazoan, non-syntenic) was
calculated to determine their respective proportions. For non-syntenic genes, the percentage was computed

by dividing the number of non-syntenic AS genes by the total number of AS genes in that tissue.

A custom Python script was used to assess matching cases of AS genes ids, with the provided information
on microsyntenic gene orders. Subsequently, Fisher’s exact test was employed to assess significant

enrichment of AS genes in MACIs or Metazoan syntenies for each tissue. This test, chosen for its suitability
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with small sample sizes (less than 1000 values), evaluated the association between AS gene presence in

these synteny categories.

3.9 Interacting gene pairs

In order to investigate if interacting gene may display coordinating splicing, data on the interaction
frequencies of Euprymna scolopes gene pairs including corresponding orthologous gene pairs from the
closely related species Octopus bimaculoides were analyzed (Rogers et al in prep) . The gene interaction
pairs were categorized into four groups (see Figure 6). The analysis focused exclusively on exon skipping
due to the straightforward detection of changes in exon inclusion levels using RNA-seq data. PSI values

from all 17 samples across six different tissues were utilized.

The interacting gene pairs were required to have both genes undergoing AS and detected by SplAdder.
Aiming to determine the relationship between their splicing patterns, Pearson correlation analysis of PSI
values for each gene pair was conducted. The calculated mean and median correlation values provided an
overview of the four categories (Table 9). A high correlation may suggest potential co-splicing, (i.e. the
splicing pattern of one gene is related to its interacting pair), while a low or no correlation may signify
independent splicing patterns of the gene pair. Mean correlation provides the average correlation coefficient
for gene pairs within each interaction category, while median correlation offers a view to the central
tendency unaffected by outliers. Finally, the results of the probability density function for the four

interaction categories were visualized with the use of a kernel density plot.

In addition, the non-parametric Wilcoxon signed-rank test was employed, to infer for significant differences
for each gene pair on their PSI values across different interaction categories. The mean p-value was
calculated to indicate any statistical significance or not, of splicing level differences between the two genes

in each pairwise comparison of the different categories (Supplementary Table 4).
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3.10 Localization of AS genes at TADs

Micro-C data from Rogers et al in prep. were used for the creation of Hi-C contact maps. Reads were
previously mapped to the reference genomes (Belcaid et al., 2019; Albertin et al., 2022) using Hi-CPro v.
3.1.0 (Servant et al., 2015). Insulation scores were calculated using FAN-C (v. 0.9.28) (Kruse et al 2020) to
estimate the likelihood of boundary locations forming Topologically Associated Domains (TADs). To
determine the positioning of AS genes within or at the boundaries of TADs, a subset of 70 random individual
AS genes was selected (10 AS genes for each tissue and 10 of the brain tissues overlaps). Except for
randomness, additional criteria of the selected AS genes subsets, were that the candidate genes must belong
to a gene interacting pair that both genes are AS, and their average interaction frequency is above 10 (KR
normalized). Hi-C contact maps, focused on a resolution of 25 kb, were visualized with Juicebox (v. 1.9.8)

(Robinson et al 2018).

3.11 Isoform classification

To effectively distinguish AS events from transcriptional noise, an approach diverging from conventional
methodologies was implemented. While conventional processes involve the use of more than one tools to
identify AS events and assess their overlap, in this study, SQANTI3 (v. 3-5.2) (Pardo-Palacios et al., 2024)
was integrated into the pipeline alongside Spladder (following gene expression filtering) for sanity
verification. SQANTI3 takes input, long-read data in order to classify isoforms as genuine or artifacts. The
available of long-read data for four of the six target tissues (left optic lobe, hectocotylus, central brain, and

skin), facilitated the implementation of this approach

SQANTI3 employs a two-way validation approach and distinguishes artifacts (or transcriptional noise)
from genuine novel isoforms through two main steps: isoform classification and filtering. Its filtering
mechanism prioritizes features such as adenine content at the 3' end, consecutive adenines, and retention of
transcription start sites (TSS). Moreover, SQANTI3 excludes isoforms with minimal short-read coverage

and single-exon structures as potential artifacts.
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Initially, the sqanti3_qc.py function with default parameters was employed, which utilizes long-read data
in collapsed GFF format (Rogers et al. 2024), along with the GTF file and reference genome of Euprymna
scolopes (Schmidbaur et al. 2022), to generate the initial classification file. Subsequently, we applied the
sqanti3_filter.py rules function with default parameters to the initial output, to assess the isoforms

characterization.

The data were then categorized into artifacts and true isoforms and overlapped with results from Spladder.
Our criterion was that if SQANTI3 identified at least one true isoform for each gene that Spladder

characterized as alternatively spliced, then it was considered a true alternatively spliced gene.
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4. Results

4.1 Tissue-specific analysis on alternative splicing

Reported paired read mapping rates ranged from 99.97% to 100%. Table 1 presents the number of expressed
genes, the identified AS genes, the proportion of AS genes relative to the total expressed genes, and the
derived AS events for each tissue. These results reflect the overall AS gene pool per tissue, not tissue
specific AS genes, indicating that common gene IDs may appear across different tissues (refer to Figure 3

for the number of unique AS genes per tissue).

Central brain | Left optic lobe | Hectocotylus Skin Left gills Mantle
Expressed genes 16771 18682 17556 17315 15147 15857
AS genes 2515 2665 2294 1718 1286 1882
Proportion 14.99% 14.26% 13.06% 9.92% 8.49% 11.86%
AS events 8189 8205 7385 4765 2998 6161

Table 1. Number of total expressed genes in each tissue studied, along with the total alternatively spliced
(AS) genes per tissue and the corresponding proportion of these AS genes relative to the expressed genes.
The fourth row illustrates the number of AS events per tissue generated by the AS genes, considering that
one gene may undergo multiple modes of splicing or be spliced more than once for the same mode, resulting

in a higher count of AS events compared to AS genes.

The left optic lobe exhibits the highest number of expressed genes, while the left gills have the lowest. This
trend is consistent for AS genes, with the left optic lobe having the highest number and the left gills having
significantly fewer, less than half as many. However, the central brain shows the highest proportion of AS
genes relative to the total expressed genes. Hectocotylus, which is characterized as hybrid tissue as a part
of this is tissue is neurated, based on the total number of AS genes detected, correlates more to brain tissues

rather than somatic tissues.

Concerning the proportion of AS events a similar pattern is observed, as brain tissues exhibit significantly

higher measure, followed by the hybrid tissue hectocotylus, and then the three somatic tissues. Notably, the
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discrepancy in the number of total AS events and AS genes arises because a single gene can produce
multiple transcripts, each capable of being spliced in various ways and involving multiple AS modes (Figure
1). These results demonstrate that tissues influenced by the presence of nerves are more prone to AS
compared to less innervated tissues. Another intriguing finding revealed that the number of genes
undergoing AS using the 3' alternative acceptor and 5' alternative donor site are relatively enriched in the

cellular splicing machinery of E. scolopes.

Different types of AS events across tissues were quantified, Tables in 2 and 3 detail the total number of AS
genes and events by the splicing modes depicted in Figure 1, for each tissue. Exon skipping mode was the

commonest AS mode, followed by intron retention.

Tissue 3’SS 5SS ES IR MES MUTEX | Total AS genes
Central brain 728 652 1315 970 233 70 2515
Hectocotylus 663 584 1094 875 188 55 2294
Left optic lobe 728 661 1439 1022 268 88 2665
Skin 475 445 801 591 115 51 1718
Left gills 361 291 608 322 78 35 1286
Mantle 573 487 930 681 133 58 1882

Table 2. Total number and classification of AS genes for each of the six AS modes across each tissue (3°SS
= alternative 3’ acceptor site, 5’SS = alternative 5’ donor site, ES = exon skipping, IR = intron retention,

MES = multiple exons skipped, MUTEX = mutually exclusive exons).

Tissue 3°SS 5’ SS ES IR MES MUTEX | Total AS events
Central brain 1505 1074 2694 2436 333 147 8189
Hectocotylus 1694 1055 2183 2035 312 106 7385
Left optic lobe | 1492 1048 2958 2170 376 161 8205
Skin 1045 722 1494 1213 190 101 4765
Left gills 918 417 960 566 99 38 2998
Mantle 1342 914 1824 1680 262 139 6161

Table 3. Total number and classification of AS events for each of the six AS modes across each tissue (3°SS
= alternative 3’ acceptor site, 5’SS = alternative 5’ donor site, ES = exon skipping, IR = intron retention,

MES = multiple exons skipped, MUTEX = mutually exclusive exons).

26



W Exon skip

M Intron ret
Alt.donor (5")

m Alt. acceptor (3)
Others

Figure 2. [llustration of E.scolopes splicing profile, constructed from six different tissues, highlighting the
proportions of each AS mode. The category “Others” includes the sum of the modes mutually exclusive

exons and multiple exons skip.

4.2 Tissue-specific splicing patterns and clustering analysis revealed by PSI values

Employing percent spliced in (PSI) values across the six AS modes, tissue-specific splicing patterns were
assessed. Results were visualized with six heatmaps (Figure 2a) and an additional cladogram showing
sample clustering and branching points. Robustness of the clustering was confirmed using Bootstrap

method, with derived associated values indicating the clustering confidence.

The samples of brain tissues (central brain, left optic lobe) consistently clustered together across the
different AS modes, indicating high similarity in their broad splicing patterns. In the case of the somatic
tissues, skin and left gills samples also exhibited consistent clustering, suggesting uniform splicing patterns.
Even though two of the three mantle samples continuously clustered together, one deviated frequently.
Notably, hectocotylus samples showed variable clustering, occasionally aligning with brain tissues, while

other times with somatic tissues, highlighting this tissue’s distinct splicing patterns.
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Figure 3. Visual representations of the percentage of the four six distinct patterns of alternative splicing
are depicted in heatmaps. Percent spliced-in values (PSI) indicate the proportion of alternative isoforms at
a splice site. A PSI value of 1 or 0 signifies exclusive expression of one isoform, while 0.5 denotes equal
expression of both isoforms. The red and green numbers indicate the bootstrap probability values,
highlighting the same observation out of 100 distinct samplings (CB = central brain, OLL = left optic lobe,

HEC =Hectocotylus, SK = skin, MANT = mantle, LG = left gills).

4.3 Differential splicing analysis

The differential splicing analysis across the six tissues was conducted in order to assess patterns of
individual splicing. Therefore, despite that two tissues might be grouped together based on PSI values
considering they share similarities in broad splicing patterns, in differential splicing analysis, splicing

events might vary between them, because more localized differences are detected.

The dPSI (delta percent spliced in) metric proved invaluable to quantify these local splicing changes, as it
measures changes in PSI values between two groups, providing a quantitative assessment of local splicing
variations. Only results with adjusted p-values on log scale (p-adj < 0.05) were considered for robustness

and reduced bias.

Table 4 summarizes differential splicing findings, detailing different AS events across tissue comparisons.
Exon skipping (ES) mode showed the highest numbers, except in three instances (central brain and left
optic lobe, hectocotylus and left gills, hectocotylus and skin) where intron retention (IR) was more
prevalent. Additionally, Table 5 presents a matrix highlighting the number of unique differentially spliced

genes. Several key insights can emerge from this analysis.

Particularly, the brain tissues (central brain and left optic lobe) exhibited the highest number of
differentially spliced events and genes with skin. Their comparison with left gills and mantle showed
additional large disparity in the number of events and genes, underscoring a significant splicing pattern

divergence between brain and somatic tissues.
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Surprisingly and despite its hybrid nature, hectocotylus showed a substantial number of differentially

spliced genes and events with both central brain and left optic lobe. In contrast, it revealed minimal

differences with the somatic tissues, with the lowest being compared to mantle.

Lastly, pairwise comparisons among somatic tissues revealed fewer differentially spliced genes and events,

indicating more conserved splicing profiles in these tissues. Overall, these findings underscore a complex

landscape of AS across the six tissues.

Tissue comparisons 3’SS | §'SS ES IR MES | MUTEX | Total number
Central brain & Left gills 6 14 92 34 44 25 215
Central brain & Mantle 11 7 54 8 63 40 183
Central brain & Hectocotylus 8 17 150 33 72 44 324
Central brain & Skin 0 21 180 40 88 41 370
Central brain & Left optic lobe 2 8 27 39 20 10 106
Hectocotylus & Left gills 1 4 4 5 11 13 38
Hectocotylus & Mantle 1 0 6 2 0 1 10
Hectocotylus & Skin 3 0 4 12 14 16 49
Left optic lobe & Hectocotylus 25 28 195 56 88 38 430
Left optic lobe & Left gills 3 16 97 21 51 29 217
Left optic lobe & Mantle 10 11 93 29 69 43 255
Left optic lobe & Skin 17 25 219 56 102 51 470
Skin & Left gills 0 1 8 3 20 2 34
Skin & Mantle 0 1 5 2 12 0 20
Mantle & Left gills 0 0 5 0 8 11 24

Table 4. Enumeration of the differentially alternatively spliced events identified in pairwise comparisons

between different tissues. The identification of significantly alternatively spliced events was based on

adjusted p-values on log scale (p-adj < 0.05) obtained from each pairwise tissue comparison. These

stringent criteria ensure the robustness of the results, highlighting AS event differences between the tissues

analyzed.
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Figure 4. Waterfall plot visualizing the count of the differentially spliced genes across all possible pairwise
tissue comparisons (p-adj on log scale < 0.05). The numbers are ranked from the smallest difference (HEC
& Mant) to the highest (Oll & SK). Abbreviations: CB = central brain, Oll = left optic lobe, HEC =

hectocotylus, LG = left gills, SK = skin and Mant = mantle.

4.4 Overlapping AS genes across different tissues

Venn diagrams were used to assess the overlap of shared AS genes across the brain, hybrid and somatic
tissues. A significant number of common AS genes exhibited between brain tissues and hectocotylus
(Figure 3A), indicating the highest similarity among all comparisons. In contrast, brain tissues compared
with left gills showed the fewest shared AS genes (Figure 3B), while comparisons with mantle and skin
(Figures 3C and 3D, respectively) revealed nearly identical numbers of shared genes. These findings
underscore the dissimilar AS profile of brain tissues compared to somatic and propose a closer association

with hectocotylus.
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Subsequently, a comprehensive Venn diagram was constructed, to illustrate the shared sub-groups of AS
genes across the six target tissues, identifying a conserved group of 696 AS genes. Additionally, unique AS
gene counts were determined for each tissue: 440 for left optic lobe, 328 for central brain, 205 for
hectocotylus, 105 for skin, 104 for mantle, and 48 for left gills. These results are analogous with the overall
number of AS per tissue depicted in Table 1, proposing that the enrichment of AS genes in brain tissues
might be indicative of higher complexity and regulation of AS in these regions. Furthermore, the
comprehensive Venn diagram revealed two intriguing findings: 311 AS genes shared by the central brain

and left optic lobe, and 186 AS genes shared across all tissues except the left gills.

Centralbrain  Left optic lobe Centralbrain  Left optic lobe E

)4

A Hectocotylus B Mantle

Left optic lobe

Centralbrain  Left optic lobe Centralbrain  Left optic lobe

Skin
Left gills

C Left gills D Skin Mantle

Figure 5. Venn diagrams illustrate the distribution of AS genes across multiple comparisons, with a color
gradient indicating gene counts: blue for the fewest and yellow for the most genes. Panels A-D compare
common AS genes between two brain tissues (central brain and left optic lobe) and the rest of the tissues.
Panel E shows the distribution of AS genes across all six tissues. The peripheral regions (highlighted with
bold letters) represent unique AS genes specific to each tissue, while the central yellow area highlights the
core set of AS genes shared by all six tissues. The findings, evaluated using the Super Exact Test, are detailed

in Supplementary Table 1.
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4.5 Protein annotation analysis

Protein annotation proved instrumental for elucidating the functional implications of identified AS gene
sets across tissues. Tissue - pairwise functional enrichment analysis was conducted for each tissue’s unique
AS gene set. For all analyses, Fisher’s exact test, adjusted for multiple comparisons was utilized to identify

significant enrichments (adjusted p-value < 0.05).

The conserved set of 696 AS genes did not exhibit significant enrichment in any terms and background
comparisons showed also no significant findings. On the other hand, pairwise comparisons of functional
enrichment between brain tissues and the rest of the tissues are summarized in Table 6. Brain tissues and
hectocotylus showed similar predicted functions of AS genes, with no significant differences noted. In
contrast, comparisons with somatic tissues revealed significant differences, particularly with the left optic

lobe showing more enriched functions compared to the central brain.

Enriched in specific protein domains, common to brain tissues compared to somatic tissues included
WD40/YVTN repeat-like-containing domain superfamily, WD40-repeat-containing domain superfamily,

Zinc finger, and P-loop containing nucleoside triphosphate hydrolase.

Unlike somatic tissues, hectocotylus showed no significant differences in functional enrichment compared
to brain tissues, underscoring its hybrid nature at functional level too. Somatic tissues did not exhibit
significant enrichment in any pairwise comparisons, highlighting functional distinctions between brain and

non-brain tissues in terms of AS genes.

Hectocotylus Left Gills Mantle Skin
Central Brain 0 4 2 4
Left Optic Lobe 0 14 11 13

Table 5. Number of significantly enriched protein annotations identified using Fisher's exact test between
the two brain tissues (central brain, left optic lobe) and the four non-brain tissues (hectocotylus, left gills,

mantle, and skin), after the adjustment of p-value. All protein annotations are enriched in both brain tissues.
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4.6 Microsyntenies

The aim of this section was to provide insights into the relationship between AS and conserved gene
clusters. The focal point constituted whether AS predominantly affects sets of genes contributing to
cephalopod-specific traits or is more prevalent in the universally shared ortholog gene sets among
metazoans. In E. scolopes, MACls comprise of 2.297 genes, whereas Metazoan microsyntenies include
1.486 genes. Table 7 shows the proportion of AS genes within MACIs and Metazoan syntenies relative to
these totals. The non-syntenic genes comprise the total number of AS genes that do not appear within either
of the two microsyntenies. Their proportion is calculated relative to the total number of AS identified per

tissue. Total AS genes are summarized in Table 1, and tissue-specific unique AS genes are depicted in Figure

3E.

MSD Central brain | Left optic lobe | Hectocotylus Skin Left gills Mantle
MACIs 492 509 425 338 262 367
% AS genes 21.42% 22.16% 18.50% 14.71% 11.41% 15.98%
Metazoan 194 211 213 148 113 158
% AS genes 13.06% 14.20% 14.33% 9.96% 7.60% 10.63%
Non-syntenic 1829 1945 1656 1232 911 1357
% AS genes 72.72% 72.98% 72.19% 71.71% 70.84% 72.10%

Table 6. Number of syntenic AS genes per tissues found in the two confirmed microsyntenic types. The
number of non-syntenic AS genes per tissue was also evaluated by subtraction of the total syntenic genes

Jform the total AS genes for each tissue. The proportion of each category was evaluated.

This analysis showed that the highest proportion of AS genes is observed in MACIs, which comprise
syntenic gene clusters specific to cephalopods linked with their evolutionary innovations. To identify
potential statistical significance of the differences in AS gene counts between MACIs and Metazoan
syntenies Fisher's exact test was assessed. This statistical test evaluates the association between categorical

variables, particularly suitable for small sample sizes datasets.
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Tissue p-value odds ratio
Central brain 4.354e-11 1.815
Left optic lobe 7.09¢-10 1.720
Hectocotylus 0.000847 1.356
Skin 1.804e-05 1.559
Mantle 2.854e-06 1.598
Left gills 0.000118 1.564
Core set 0.000839 1.689

Table 7. Statistical analysis of AS genes distribution between MACIs and Metazoan syntenies across
various tissues. For each tissue, the p-value and odds ratio from Fisher's exact test are presented, indicating
the likelihood and strength of the association between AS genes and syntenic regions. For clarification, the

results of the core set of genes are visualized under the section of total genes.

The results from Fisher's exact tests revealed significant differences in the number of AS genes between
MACIs and Metazoan syntenies, across all six target tissues. In addition, the odds ratios, proved the
association between categorical variables, by consistently exceed 1 across all tissues, indicating a higher

likelihood of finding AS genes in MACIs compared to Metazoan syntenies.

4.7 Spatial organization influences alternative splicing

To investigate the spatial localization of AS genes, we selected a subset of AS genes and examined their
positions within the genome, specifically assessing their occurrence within or at the borders of
Topologically Associated Domains (TADs). Out of the 70 genes analyzed in different chromosomes, 62 of
them (approximately 88.5%), were located near TAD borders. Figure 6 illustrates three examples of these
genes: 225295, 2678, and g3842. For a more detailed look of the selected genes, the genome assembly of
E. scolopes can be accessed at https://www.cephalopodresearch.org/ceph _gdatab/. The remainder of the
contact maps (excluding the 10 of the brain tissue overlap) are included in the Supplementary Material in

Figures 1-6.
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Figure 6. Example of three triangle contact maps, exhibiting the spatial location of three AS genes. All

three contact maps have a resolution of 25kb. The black arrow signifies the actual position of the AS gene.

To evaluate gene locations relative to TAD structures, insulation scores for each gene were assessed. Higher
insulation scores suggest that a gene is located within a TAD, while lower scores indicate that a gene may
be closer to a TAD boundary. Subsequently, the mean and median insulation scores for each AS gene total
were compared with those of expressed and non-AS gene totals within the same tissue. Detailed results for
each score per tissue category and window size are provided in Supplementary Tables 2-3. Additionally,
the mean and median insulation scores were calculated for all genes in the genome, without specific tissue

inference.

The analysis was conducted using 500 and 1000 kb window sizes to prove that even in largely different
sizes, the same trend was maintained. Across the entire genome, mean and median insulation scores were
-0.37 and -0.17 for 500 kb window size, and -0.43 and -0.25 for 1000 kb window size. The corresponding
mean and median scores, for the expressed (non-AS) genes, were -0.56 and -0.45 for 500 kb, and -0.69 and
-0.61 for 1000 kb. In contrast, AS genes exhibited the lowest insulation score values, with mean and median
scores of -0.71 and -0.62 for 500 kb, and -0.84 and -0.71 for 1000 kb. The results of the insulation score
distribution for both AS and expressed genes at 500kb and 1000kb window sizes are highlighted in the
density plots of Figure 5. Moreover, the standard deviations of the AS and expressed genes were 0.93 and
0.95 for 500 kb, and 0.94 and 0.93 for 1000 kb, respectively. These results highlight the lower insulation
scores of AS genes, compared to both the expressed genes and the genome average, an observation

consistent with their proximity to TAD boundaries.
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Figure 7. Density plots illustrate the insulation scores for window sizes of 500 kb and 1000 kb, comparing

the distributions between AS genes and Expressed (non-AS) genes.

4.8 Gene interaction pairs show no correlation across sample PSI values

Previous endeavors (Seitan et al., 2013; Gorkin et al., 2014; Baguette A. 2020), have found that genes
interacting in the three-dimensional space, have their co-expression regulated. Motivated from that, this
section aimed to explore whether gene pairs with high interaction frequencies exhibit in addition

coordinated splicing patterns, specifically in terms of their PSI values.

Generated data (Rogers et al in prep) providing information over the interaction frequencies of gene pairs
in E. scolopes genome and their corresponding orthologs from the closely related species O. bimaculoides
were utilized, to tackle this hypothesis. Gene pairs were grouped into four categories based on interaction
frequencies: 1) "Interacting in both species" (interaction frequency > 10 in both), 2) "Interacting in E.
scolopes only" (interaction frequency over 10 only in E. scolopes), 3) "Interacting in O. bimaculoides only"
(interaction frequency over 10 only in O. bimaculoides), and "Not interacting in either species" (no

significant interaction frequency in both).

Figure 6 highlights the results, showing only a few co-splicing events (green peak), for the "Interacting in

E. scolopes only" category. This small subset of gene pairs with relatively high correlation values, averaging
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~0.75, while the overall correlations were mostly between -0.5 and 0.5, indicating no association of the PSI

values.
Correlation analysis of PSI values in different interaction categories
3
Interaction status
2
Interacting both species
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Figure 8. PSI correlation analysis of all AS genes across all six tissues, categorized by the four different

gene interaction types.

Table 9 showcases the results of the correlation analysis, displaying the mean and median correlation values,
which ranged from -0.03 to 0.04 and -0.02 to 0.08 respectively. These numbers propose no positive or
negative correlation. As the data didn’t follow a normal distribution (based on Shapiro-Wilk normality test),
the non-parametric Wilcoxon test was employed to infer for any statistically significant differences across

the four categories (Supplementary Table 4).

Despite the general uncorrelation, a small peak of AS genes interacting in E.scolopes showcased relatively
high correlation of about 0.75. Moreover, one case of perfect positive correlation was observed between
the gene pair 29258 and g8243, which displayed perfectly correlated PSI values across all samples
(correlation = 1). The predicted functions for these genes are immunoglobulin production (g9258) and Zinc

finger C2H2-type domains (g8243).
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Interaction status Mean correlation Median correlation
Interacting both species -0.03 0.03
Interacting E.scolopes only 0.04 -0.02
Interacting O.bimaculoides only 0.04 0.08
Not interacting either species 0.01 0.00

Table 8. Correlation analysis of the PSI values of the gene interaction pairs for each category.

4.9 Isoform classification

Skepticism often surrounds AS studies due to concerns about reliability and potential transcriptional noise.
Numerous publications address this perceived unreliability by acknowledging the uncertainty surrounding
current methods and emphasizing the need to reduce biases and ensure robust, well-grounded results (Hiller
et al., 2006; Jones et al., 2024; Wan et al., 2018). To mitigate these challenges, predictions from several
bioinformatics tools (Denti et al., 2020; Hesham et al., 2020; Ding et al., 2017) are used to comprehensively

assess AS events. while avoiding overly stringent criteria that could lead to false negatives (Type 11 errors).

In this section, a novel bioinformatics strategy is proposed, by combining Spladder which utilizes short-
read RNA-seq data along with SQANTI3, which accepts long-reads as an input and employs machine
learning to categorize isoforms based on genome alignment. This combination aimed to enhance AS
analysis precision by categorizing isoforms into specific structural categories. This filtering approach
defines a gene as truly AS based on two criteria: first, it must be expressed and identified as alternatively
spliced by Spladder (after the additional filtering using featureCounts), and second, that at least one isoform
for that gene must be predicted by SQANTI3. Conversely, if SQANTI3 determines that all isoforms of an

alternative gene are artifacts, then it is not considered as truly AS. The results are illustrated at Figure 8.

The total AS genes per tissue (see Table 1) , before their overlap with SQANTI3’s prediction, are shown in
the light blue bar. The Isoforms category (dark blue bar) represents AS genes that were validated with at

least one isoform by SQANTI3, while the category of Artifacts (green bar) includes genes identified by
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Spladder as undergoing alternative splicing but categorized as artifacts by SQANTI3 prediction. Artifacts

exceeded in number the isoforms in most tissues except in the case of skin, where numbers are nearly equal.

Lastly, the total of genes evaluated as alternatively spliced from Spladder, but missed from SQANTI3
prediction, are depicted in the white bar. In summary, SQANTI3's stringent filtering seems to not consider

a significant number of AS genes identified by Spladder, potentially missing genuine AS events.

Number of Isoforms, Artefcts and Missed AS genes (Spladder and SQANTI3)

3000
2500 '
o 2000
o
E E—
£ 1500
1)
=
©
O 1000
- I I I H
, i ] ]
Central brain Left optic lobe Hectocotylus Skin
O Spladder AS genes 2515 2665 2294 1718
H |soforms 452 475 443 360
B Artefacts 651 848 642 376
O Missed 1412 1342 1209 982

Figure 9. Visually representation and enumeration of the results obtained from the combination of Spladder
and SQANTI3 analyses. The first row illustrates the total count of AS genes per tissue, identified by Spladder
(post featureCounts filtering). The subsequent three rows present: 1) the total count of genes identified as,
AS by both tools, indicating genes with isoforms; 2) genes labeled as, AS spliced by Spladder but lacking
isoforms according to SOANTI3; and 3) genes identified as, AS by Spladder but not captured by SQANTI3,

thus not categorized as isoforms or artefacts.

40



5. Discussion

5.1 Alternative splicing is more prevalent in neurated tissues

Numerous projects focused on AS face criticism stating that many identified events may represent
transcriptional noise rather than genuine splicing. Researchers argue that a significant portion of detected
events could be erroneous (Tress et al 2017) or represent splice errors (Bénitiere et al 2024), resulting in
non-functional protein products. At the bioinformatics level, distinguishing true AS events from noise (Wan
et al 2018; Busch et al 2015) involves rigorous filtering based on criteria such as read coverage, or junction-
spanning reads, to identify consistent patterns. In addition, since splicing requires gene expression, an
additional filtering step needs to be implemented to exclude genes near the expression threshold that may

not be reliably expressed.

In line with the above, the analysis of the E. scolopes splicing profile provided reliable results. Tissues were
categorized into three groups: brain (central brain, left optic lobe), hybrid (hectocotylus), and somatic (left
gills, mantle, skin). Brain tissues exhibited the highest total and unique number of AS genes as well as
derived events, followed by the hectocotylus, with somatic tissues showing the lowest number, particularly

in the left gills.

This project further marks the dynamic regulation of AS in neurally enriched tissues, a common event
across different metazoans, reinforcing the role of transcriptional variation in the regulation of neural tissues
(Raj & Blencowe, 2015; Furlanis & Scheiffele, 2018), as well as their need for functional diversity and
regulatory plasticity (Baralle & Giudice, 2017; Lipscombe, 2005). Furthermore, previous studies (Hao Su
et al. 2018) highlight that the prevalence of AS in neural tissues enhances synaptic transmission, while the
high number of AS genes in hectocotylus exhibits a decentralized control of nervous system, with various

neuronal processing occurring in this organ.
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5.2 Two modes occur in relatively greater proportions in E.scolopes unique splicing profile

The constructed splicing profile of E. scolopes (Figure 2) indicates a distinct mode distribution that doesn’t
align with any known animal models (Sammeth et al., 2008). Different AS modes and their proportions
target certain transcript processes, and their variations are attributed to genomic architecture, splicing

machinery, or evolutionary pressures (Tammer et al 2022).

Exon skipping emerged as the predominant mode, consistent with patterns observed in other metazoans
(Wright et al 2022), underscoring its important role in cephalopods as well. However, compared to other
species, elevated proportions of 5” alternative donor and 3' alternative acceptor sites were observed too.
Notably, in certain tissues such as the left gills, genes utilizing the 3' alternative acceptor site outnumbered
those employing intron retention, which is typically commoner in metazoan gene regulation (Middleton et

al., 2017; Schmitz et al., 2017).

These modes provide isoforms with varied N-terminal and C-terminal sequences, potentially affecting
localization, stability, and interactions (Wachutka et al., 2019; Akerman et al., 2007), while studies on
splicing kinetics (Baralle et al., 2017; Marasco et al., 2023) suggest they also impact differential processing
rates facilitated by configurations that enhance efficiency of pre-mRNA's structural context. This fine-
tuning of transcripts diverges from exon skipping, which often aims to alter isoform functions (Stucki et al

2013; Black 2003).

Thus, the squid’s preference for less common AS modes may reflect a strategy to modulate splicing
efficiency, allowing rapid adaptation to environmental changes without significant isoform alterations. As
this is the first analysis shedding light on the splicing mechanisms of a coleoid cephalopod, future studies
on related species could yield additional insights into the evolutionary significance behind cephalopod

mode diversity.
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5.3 Uncovering broad splicing patterns and localized differences

The seventeen samples were clustered based on their broad PSI values across all six AS modes. Brain tissue
samples exhibited strong homogeneous clustering, indicating coordinated splicing regulation. The variable
clustering of hectocotylus samples aligning with both brain and somatic tissues, highlighted its unique
characteristics. All samples of skin and left gills, as well as two of the mantle tissue, consistently clustered
together, whereas one mantle sample deviated from the others. These findings underscored tissue-specific

splicing profiles and reflect different implications for biological functions and adaptations.

Even though two tissues may cluster based on similar PSI values, localized differences can lead to
variability in splicing events, suggesting potential functional consequences. Considering this, the use of
differential splicing analysis revealed intriguing insights. While the overall splicing patterns of brain tissues
were similar, 106 differentially spliced genes between the central brain and left optic lobe were identified.
This variability indicates distinct regulatory mechanisms at tissue level, highlighting the dynamic regulation
of AS in brain tissues. In contrast, somatic tissues showed little to no differential splicing events, while
hectocotylus exhibited minimal differences with somatic tissues but significant differences with brain

tissues, suggesting specific factors influencing AS events.

5.4 Shared groups of AS genes may be indicative of common splicing regulation in gene groups

The comprehensive Venn diagram in Figure 5E showcases three different cases of identified AS sets.
Initially, a core set of 696 AS genes shared by all tissues was detected. Even though protein annotation
analysis results didn’t reveal any specific functional enrichment, this set could possibly serve housekeeping
genes or playing important role in multiple tissues (Zhu et al., 2008; Eisenberg et al., 2013). Transcriptional
enrichment of broadly expressed genes could potentially reflect a balance between basic cellular processes

and the flexibility required for tissue-specific functions.

Furthermore, a smaller set of 186 AS genes shared among five tissues (excluding left gills) may be proof

of specific similarities in splicing behavior, reflecting the transcriptional versality and importance of this

43



gene set. Finally, an additional intriguing finding included a set of 311 AS genes shared only between the
brain tissues, likely representing a core gene set crucial for basic brain function or may even be indicative

of an ancestral synapomorphy (Mavrodiev et al., 2020; Venkatesh et al., 2001).

5.5 Hectocotylus unique splicing profile is attributes to its hybrid nature

The high number of AS genes observed in hectocotylus may couple with its role as a sex-specific organ,
aligning with previous studies that identified similar organs as centers of AS, essential for sex-specific gene
regulation and adaptation. Specifically, previous efforts (Rogers et al., 2021; Cordellier et al 2020) have
shown that AS plays a crucial role in generating transcripts, exclusively expressed in such organs, providing

sex-specific advantages.

Moreover, the high neuron count of hectocotylus could potentially contribute to its elevated number of AS
genes and derived events, comparable to brain tissues, as well as to its substantial shared number of AS
genes with them (Figure 5A). Protein enrichment analysis showed that AS genes of hectocotylus have
similar biological functions with the brain tissues, highlighting possible functional consistency and/or

reflecting potential convergent evolutionary pressures for functional versatility.

However, despite previous similarities, differential splicing analysis revealed distinct splicing patterns of
hectocotylus compared to brain tissues, indicating event variability. These localized differences may be due
to the specialized reproductive demands of male individuals, or even due to the organ’s rapid regeneration

capabilities compared to the other arms (Bello et al., 2020; Imperadore et al., 2018).

Thus, further analysis is needed to not only shed light to the functionality of hectocotylus’ isoforms but to
also decipher the structure of a regular arm’s splicing profile, to clarify whether these unique splicing

patterns are indeed specific to hectocotylus.

5.6 Protein annotation analysis
The production of multiple protein isoforms from AS can be beneficial for adapting to various

environmental needs without requiring new genes to evolve. This flexibility is particularly advantageous
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for complex tissues such as the nervous system, which demands a high degree of functional versatility
(Barbosa-Morais et al., 2012). Protein annotation analysis revealed significant functional enrichments
(Table 5) of genes undergoing AS in brain tissues, with key domains associated with protein interactions,
DNA binding, and energy transfer (Licatalosi & Darnell, 2010) being more prevalent in neurated tissues

compared to somatic tissues, further distinguishing their crucial tissue-specific roles.

Many studies on other model organisms have identified AS events that lead to functional proteins or have
the potential to be translated (Weatheritt et al 2016; Marquez et al 2015). To better understand the
functionality of the detected alternative isoforms in E. scolopes, further research is needed. A key next step
will involve assessing in silico whether the open reading frame (ORF) of isoforms is preserved, which can
help determine the likelihood of functional protein production, while wet lab approaches, such as RT-PCR
for event validating or Western blotting for protein production detection (Anczukow & Krainer 2016;

Vandenbroucke et al 2001), can be also employed to evaluate biological relevance of alternative isoforms.

5.7 Alternative splicing is enriched in cephalopod specific conserved regions
Since all multi-exon genes have the potential to undergo splicing, this process is largely regulated by
specific cis-regulatory elements (Baralle & Giudice, 2017; Contreras et al., 2013), conserved splicing

modulators and concordant motifs (Hsiao et al. 2016) that coordinate AS within certain genomic regions.

Analysis of microsyntenies in E. scolopes reveals significant enrichment of AS genes in cephalopod-
specific microsyntenic clusters (MACIs) compared to conserved metazoan syntenies, suggesting a crucial
role of isoform diversity in regions associated with cephalopod-specific evolution and innovation. Although
further research is needed to define the precise synteny clusters where these AS-rich regions appear, first
insights highlight an evolutionary drive towards transcriptomic complexity in MACIs, showcasing the

importance of AS in the cephalopod genomic architecture.

Future efforts could involve identification of specific genomic traits in gene clusters by the generation of

additional Hi-C data to map cis-regulatory elements and investigate if the localization of these regions e.g.
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on chromosomal surface, govern splicing decisions. Another approach would involve exploring whether

evolutionary pressures, such as positive selection, might drive cephalopod-specific innovations.

5.8 TADs borders act as alternative splicing hotspots

The spatial organization at TAD boundaries appears to be critical in AS modulation. Results from this study
align with previous findings (Naftelberg, 2015; McArthur & Capra, 2021; Alharbi et al., 2021),
characterizing TAD boundaries as alternative splicing hotspots, enriched with regulatory elements such us
CTCF molecules, that significantly influence the splicing behavior of precursor mRNAs. Among the 70 AS
genes manually observed, the vast majority were located near TAD boundaries (Figure 6 Supplementary
Figures 1-6), while AS genes exhibited lower mean and median insulation score than expressed genes across

all tissues (Figure 7 ), supporting the notion that these regions have indeed a crucial role in AS regulation.

Elements situated at TAD boundaries, like the CTCF molecules, are known to regulate AS in many ways.
Notably, they are known to interact with the elongation speed of RNA polymerase II (Lang et al 2014; Fong
et al 2014), modulating the inclusion or exclusion of exons. Moreover, their role in transcriptional regulation
is closely related to post-splicing regulation (Phillips & Corces, 2009). CTCF binding at DNA sites within
alternative exons can create a transcriptional elongation roadblock, favoring exon fate (Dujardin, 2013),
while proximal CTCF binding sites influence pre-mRNA splicing decisions by mediating alternative exon
or even intron inclusion (Velasco et al., 2017; Nanavaty et al., 2020; Lopez et al., 2020). In addition, histone
factors like HP1a also affect AS regulation, by binding downstream of cassette exons, along with the co-
localization of CTCF (Agirre et al., 2015). These findings demonstrate the reciprocal connection between
spatial genome organization and AS regulation, by highlighting the role of TAD boundaries as regulatory

hubs that influence splicing patterns.

Further investigation is needed to elucidate the exact forces driving these regulatory processes, as the
reorganization events of the E. scolopes genome (Albertin & Simakov, 2020) may have altered the

landscape of cis-regulatory elements (Rogers & Simakov, 2023), resulting in novel regulatory forces. For
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example, recent studies (Bhat et al., 2024) claim that genes located near nuclear speckles have greater access
to spliceosome concentrations leading to enhanced splicing levels, something that doesn’t necessary couple
with the presence of CTCF molecules. Consequently, exploring new regulatory regions is essential, as

changes in TAD boundaries can affect not only the coordination of AS but also gene expression.

5.9 Gene interactions reveal different levels of splicing complexity

Correlation analysis of different interaction categories (Figure 8, Table 9) revealed no significant PSI
correlation between highly interacting AS gene pairs in E. scolopes. The low mean and median correlation
values indicate a clear lack of significant positive or negative PSI correlation, suggesting that coordinated

splicing does not occur.

On the contrary, these findings imply that AS operates independently to the gene interactions within a TAD
that typically facilitate co-expression, by enabling differential regulations, distinct from the mechanisms
governed by shared cis-regulatory elements. In other words, spatial proximity does not necessarily lead to
coordinated splicing patterns. In any case, it’s been suggested that AS may be more evolutionary flexible
compared to gene expression, by altering the isoform balance of constrained genes while maintaining the
expression of essential isoforms (Wright et al 2022). Thus, AS may provide an alternate route to gene
expression, by supplying the organisms with a manifold of patterns through transcriptional regulation,

ultimately impacting phenotypic complexity.

5.10 Perfect PSI correlation of gene pairs might reveal complex functional interactions
Among the interacting gene pairs studied, only a small portion of interacting AS genes exhibited high
correlation, with mean values around 0,75. In this confined group, one interacting gene pair exhibited a

perfect correlation across the PSI values of all samples, indicating that their ASE are highly similar.

This pair includes genes involved in immunoglobulin production (g9258) and zinc finger C2H2-type
domain (g8243). The observed interaction may propose a potential regulatory mechanism that links immune

response to transcriptional regulation, or even indicate that the protein products of these genes work
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together. Another explanation of the observed coordinated splicing patterns is that these genes may be

subjected to similar transcriptional or post-transcriptional regulations.

However, further research is necessary to clarify the underlying mechanisms influencing this coordinated
splicing behavior. Investigating their expression levels, their derived transcript variants in different
conditions, as well as identifying cis-regulatory elements that might be involved in controlling their AS

patterns, can provide deeper understanding.

5.11 Alternative isoform classification

Developing a comprehensive analysis framework and robust bioinformatics toolkit that minimizes biases
from transcriptional noise in AS projects is essential. While SQANTI3 excels in isoform classification,
introducing detailed classification categories through rigorous machine learning methods and filtering
processes, it failed to capture a wide range of AS events across tissues, as either artifacts or isoforms. This
suggests that tools like SplAdder, which specializes in detecting AS events and SQANTI3, measure AS
events differently. Despite both tools quantifying similar numbers of AS events per tissue, indicating that
incomplete gene annotation is not the only issue (even though a better gene annotation could only act in a
positive way), SQANTI3’s stringent algorithm may lead to false negatives. This discrepancy underscores
the importance of carefully combining bioinformatics tools and the need for specialized tools that utilize

long-read data to accurately support AS studies.
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Closing remarks

The present analysis of AS in six tissues of E. scolopes revealed splicing patterns that underscore their
corresponding transcriptional complexity. The prevalence of AS across different tissue types, particularly
in the brain tissues and hectocotylus, highlights its role in enhancing transcriptomic diversity and potentially
facilitating adaptive responses to environmental challenges or sex-specific demands, through the generation
of distinct isoforms. This diversity is governed by various complex mechanisms, involving regulatory
elements, splicing modulators, and chromatin architecture, which influence AS patterns and possibly

contribute to the evolutionary innovation observed in cephalopods.

Additionally, the distinct evolutionary trajectory of E. scolopes may correspond to its unique splicing
landscape. For example, the detected enrichments of AS genes in cephalopod-specific microsyntenic
regions suggests an evolutionary pressure toward transcriptomic diversity, possibly driven by the demands
of a changing environment and the need for functional versatility. This adaptive mechanism not only
highlights the dynamic nature of gene regulation in E. scolopes but also implies that their evolutionary

history has shaped distinct splicing patterns that could potentially diverge from those of ancestral mollusks.

Future research will involve the integration of computational tools along with experimental validations, as
well as the addition of more tissues in the analysis, will be proved crucial for a deeper understanding of AS
dynamics in E. scolopes. Addressing these complexities will further illuminate how AS shapes
transcriptomic landscapes and impacts biological versatility of cephalopods, contributing to our

understanding of this cellular mechanism even genome wide.
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