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Alternative splicing is a fundamental mechanism of gene expression regulation that increases mRNA 
diversity and can be partially regulated by the circadian clock. Time-dependent production of transcript 
isoforms from the same gene facilitates coordination of biological processes with the time of day 
and is a crucial mechanism enabling organisms to cope with environmental changes. In this study, 
we determined the impact of future ocean acidification conditions on circadian splicing patterns in 
the brain of fish, while accounting for diel CO2 fluctuations that naturally occur on coral reefs. The 
temporal splicing pattern observed across a 24-hour period in fish from the control group was largely 
absent in those exposed to either stable or fluctuating elevated CO2 conditions. Splicing patterns were 
influenced not only by an overall increase in CO2 concentration but also by its stability, with 6am and 
6pm emerging as key timepoints when the majority of aberrant splicing events were identified. We 
found that fish in fluctuating CO2 conditions exhibited increased temporal plasticity in splicing events 
compared to fish in stable CO2 conditions. This was especially notable for genes associated with neural 
functioning. Our findings suggest that natural temporal splicing patterns in fish brains are disrupted by 
elevated CO2 exposure, with CO2 stability also influencing molecular responses. The increased plasticity 
in temporal splicing activity observed in fish in fluctuating CO2 environments may provide greater 
flexibility in biological responses to external pH changes, potentially enabling them to better cope with 
future ocean acidification conditions.
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Abbreviations
A3SS	� Alternative 3’ splice site
A5SS	� Alternative 5’ splice site
DE	� Differential expression
DS	� Differential splicing
MXE	� Mutually exclusive exon
OA	� Ocean acidification
PSI	� Percent spliced in
RI	� Retained intron
SE	� Skipped exon
SeaSim	� Sea Simulator

Background
Ocean acidification (OA), one of the aspects of global change, has been shown to have adverse effects on numerous 
marine organisms due to its impact on diverse biological processes1–3. While marine fishes were initially thought 
to be resilient to OA, many studies suggest that exposure to elevated CO2 can negatively affect various aspects of 
their physiology and behaviour1,4–6. Some of the most concerning detrimental effects of OA on coral reef fish, 
with significant ecological consequences such as sensory and behavioural abnormalities, have been observed 
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at CO2 levels between 700 and 1000 µatms7–12. These levels are projected for the open ocean by the end of this 
century and are commonly used in many OA studies13. However, sensitivity to OA varies across species, with 
some showing little to no effect14,15. Such variability suggests that some fish species may be more resilient to 
rising CO2 levels than others. A similar variability across species has also been observed at the molecular level, 
with studies showing divergent gene expression patterns in response to elevated CO2 exposure16.

One of the most notable molecular pathways affected in fish brains upon exposure to elevated CO2 levels is 
the circadian rhythm16–20. The circadian clock synchronises biological processes with the external environment, 
enabling organisms to anticipate upcoming changes and adjust their physiology and behaviour accordingly22–24. 
Since the circadian rhythm governs almost all physiological processes25its perturbation under OA conditions 
could lead to variations in synaptic transmission and neuronal activity26. Such changes in the circadian rhythm 
could potentially provide greater flexibility in adjusting physiological and behavioural responses to OA. 
However, studies examining the effect of OA on circadian rhythm in fish have so far been conducted only at a 
single timepoint. Therefore, further studies incorporating multiple timepoints throughout a circadian day are 
needed to gain a more comprehensive understanding of the interplay between environmental pH variability and 
circadian rhythm in fish.

Furthermore, the majority of OA studies have been conducted at stable, elevated CO2 levels, thereby 
neglecting the temporal fluctuations in CO2 levels resulting from a variety of biological and physical processes 
in coral reefs, coastal zones, and shallow water habitats27–29. Coral reefs are highly dynamic and undergo daily 
cycles of CO2 variation resulting from photosynthesis/respiration, calcification/dissolution, and physical factors 
like flow rates and trajectory30–32. Studies incorporating diel CO2 oscillations have shown reduced severity of 
behavioural abnormalities observed in stable elevated CO2 environments33,34. Additionally, ecologically and 
evolutionarily important traits such as survival, growth, and metabolic function appear to be less affected by 
elevated CO2 in fluctuating compared to stable environments35–37. This disparity may be attributed to differences 
in the magnitude of circadian control of these biological processes in stable versus fluctuating environments21. 
In fact, the brain transcriptional profile of coral reef fishes differed significantly between those exposed to stable 
and fluctuating CO2 conditions with distinct regulation of circadian rhythm genes in each environment21. 
Therefore, one of the mechanisms potentially facilitating the increased flexibility of the biological responses 
of fish to pH changes in diel fluctuating environments could be the adjustment of circadian rhythm. As CO2 
uptake by the oceans continues to rise, these natural CO2 fluctuations will intensify as seawater buffering 
capacity diminishes32,38. In light of the ongoing amplification of global environmental changes and heightened 
environmental variability, it is imperative to incorporate these fluctuations, which mirror the natural habitats of 
species, into experiments to accurately assess the biological and ecological consequences of OA.

While alterations in the expression levels of circadian rhythm genes have been repeatedly reported in fish 
upon exposure to OA conditions, there is limited information on the regulatory mechanisms that drive these 
patterns in fish. Alternative mRNA splicing, a crucial RNA-processing mechanism that enhances cellular 
proteomic complexity39,40has been linked to the circadian clock and its modulation41–45. Evidence suggests that 
clock regulated alternative splicing events play a role in the rhythmic expression of various genes, including 
neuro-specific genes and neurotransmitters46–48. Consequently, rhythmic splicing events could influence the 
physiological and behavioural responses of organisms to environmental variations, such as changes in CO2 
levels. Indeed, the role of alternative splicing has been highlighted in driving adaptive evolution over both short 
and long timescales47 and alternative splicing has been implicated as a mechanism driving the response of coral 
reef fish to marine heatwaves48. Given its potential to rapidly generate phenotypic diversity, alternative splicing 
may serve as a key molecular mechanism for facilitating phenotypic plasticity in response to rapidly changing 
environments caused by climate change.

In this study, we examine the transcriptional patterns mediated by alternative splicing in driving the 
molecular response of fish to OA across their daily cycle. We assess the impact of environmental CO2 variation at 
four timepoints throughout a circadian (24-hr) day and aim to: (1) determine if the temporal patterns of splicing 
events in the brain in control conditions are altered by exposure to near-future predicted CO2 levels, and (2) gain 
a comprehensive understanding of splicing patterns under stable and fluctuating CO2 conditions by conducting 
pairwise comparisons between control and each CO2 condition separately for each time point. We reveal how 
splicing events may facilitate regulation of biological responses of fish to environmental CO2 variability across 
a circadian timeline.

Methods
Sample collection and experimental design
The experiment reported below was conducted in accordance with all institutional and national law regulations, 
as well as relevant guidelines and regulations of the Animal Research: Reporting In Vivo Experiments (ARRIVE 
guidelines)49. Ethics approval for the study was granted by James Cook University with the approval number 
A2418.

Late juvenile stage Acanthochromis polyacanthus (spiny chromis damselfish) were collected from the wild 
from Davies Reef (−18.829, 147.656) within the Great Barrier Reef, Australia, in July and August 2017. The 
fish were then transported to the Sea Simulator (SeaSim - an automated system of seawater tanks that allows 
precise control and manipulation of various environmental factors (​h​t​t​p​s​:​​/​/​w​w​w​.​​a​i​m​s​.​g​​o​v​.​a​u​/​​a​b​o​u​t​​/​f​a​c​i​l​​i​t​i​e​s​/​​n​a​
t​i​o​n​​a​l​-​s​e​a​-​s​i​m​u​l​a​t​o​r)) at the Australian Institute of Marine Science (AIMS). The fish were habituated at SeaSim 
by housing four individuals in each tank for a duration of seven days. The fish were then divided into three 
treatment groups with different CO2 concentrations: control (400 µatms), stable elevated CO2 (1000 µatms), and 
diel fluctuating elevated CO2 (1000 ± 500 µatms) with a high CO2 peak at 2am and low CO2 peak at 2pm. The 
experimental setup consisted of two replicate 50 L tanks per treatment group, with each tank containing between 
8 and 12 fish (Fig. 1; Supplementary Table S1). The experimental system is described in detail in50. Briefly, it 
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consisted of a flowthrough system supplied with ultra-filtered seawater (0.04 μm), at 50 L h−1, sourced from the 
Great Barrier Reef lagoon to the National Sea Simulator facility at AIMS. Seawater was continuously monitored 
in real-time to ensure it remained within the parameters for seawater from the central Great Barrier Reef, 
with temperature, pH, and salinity measured regularly and total alkalinity measured weekly. The pCO2 levels 
was controlled using a custom Model Predictive Control running on a micro-programmable logic controller 
(Series S7-1500, Siemens, Australia), integrated with the general SeaSim control system. Pure CO₂ was delivered 
through Gas Mass Flow Controllers (GFC17 series, Aalborg, NY, USA) according to the profiling schedule and 
was dissolved in flow-through water using membrane contactors (Membrana Liqui-Cel, 3 M, USA). All tanks 
were maintained under a consistent photoperiod of 12/12hr (light/dark cycle) and temperature of 28.5ºC. All 
fish were fed once per day at 7:30 am. The control CO2 level represents current ocean CO2 concentration, the 
stable CO2 treatment reflects the end-of-century projection13and the fluctuating CO2 treatment mirrors levels 
seen in some tidal lagoons51 and is predicted to become more prevalent in the future due to the increasing effects 
of climate change38. The fish were exposed to the respective conditions for a period of 14 days, after which 4–5 
individuals from each treatment group were sampled at 2am, 6am, 2pm, and 6pm, over a 48-hour period. In 
total, we had 20 individuals in control (400 µatms), 20 individuals in stable elevated CO2 (1000 µatms), and 
18 individuals in diel fluctuating elevated CO2 (1000 ± 500 µatms) across the four timepoints. The fish were 
euthanized by cervical dislocation, after which their weight was measured and the brain tissue was dissected, 
snap-frozen in liquid nitrogen and stored at −80ºC. All the sampled fish were on average 3.41 ± 1.08 g in weight 
(Supplementary Table S2).

RNA extraction and sequencing
Whole frozen fish brains were homogenized in RLT buffer (Qiagen) using a TissueLyser with single use silicon 
beads, according to manufacturer’s recommendation based on tissue weight. Total RNA was extracted from all 
the samples (N = 58) using Qiagen RNeasy Micro Kit, following manufacturer’s instructions. On-column DNase 
digestion was performed following manufacturer’s instructions to remove any potential DNA contamination. 
The concentration and quality of the extracted RNA was measured using a Qubit and Bioanalyzer, respectively. 
RNA-Seq libraries were prepared for samples with RIN values above 8 using the Truseq-RNA Illumina kits v2. 
Paired-end RNA sequencing was then done on an Illumina Hiseq4000, with samples from different timepoints 
and treatments randomized across lanes, for 101 bp reads at Macrogen, Korea. An average of 37.7 ± 4.9 million 
read pairs were obtained across the 58 RNA libraries sequenced (Supplementary Table S3).

Fig. 1.  Schematic illustration of sample collection, acclimation, CO2 exposure treatments, brain dissection 
timepoints and types of splicing events analysed. The red circles represent the time points when the brain 
tissues were collected. A total of 4–5 fish brains were sampled at each time point from each treatment group, 
resulting in 20 samples from control, 20 from the stable CO2 treatment, and 18 from the fluctuating CO2 
treatment across all four timepoints.
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Sequence processing and splicing analysis
The quality of the raw RNA-Seq reads were determined using FastQC v0.11.552 and low quality reads and adapters 
were trimmed using Trimmomatic v0.3953  using the parameters ILLUMINACLIP: adapters.fa:2:30:15:8:true, 
SLIDINGWINDOW:4:20, MINLEN:32, HEADCROP:8. Further filtering was done using kraken v2.0.8-beta54 to 
identify and remove potential bacterial, fungal, and viral contaminant sequences using a confidence score of 0.3. 
An average of 34.9 ± 4.6 million high quality RNA-Seq reads were mapped to the Acanthochromis polyacanthus 
reference genome (ASM210954v1) using STAR v2.7.10b_alpha55 in two-pass mode with default parameters 
(Supplementary Table S3). rMATS v4.1.256 was used to classify the alternative splicing (AS) events observed in 
the transcript isoforms in the GTF annotation file into five types: alternative 5’ splice site (A5SS), alternative 3’ 
splice site (A3SS), skipped exon (SE), mutually exclusive exon (MXE), and retained intron (RI). Each AS event 
was required to be supported by an average of at least five reads mapped to both spliced junctions and exons and 
have an average percent spliced in (PSI) value > 0.1 across all samples. To further ensure the retention of only 
high-confidence AS events, a minimum of 29 samples were required to have non-zero counts for both inclusion 
junction reads (reads supporting the inclusion of an exon or splice site) and skipping junction reads (reads 
supporting the skipping of an exon or splice site).

Differential splicing (DS) events were identified using rMATS by performing pairwise comparisons of AS 
events, considering reads mapped to both splice junctions and exons (parameters: --readLength 90 --variable-
read-length --cstat 0.05). Firstly, to determine the natural 24-hour temporal splicing pattern, we performed 
pairwise comparisons of AS events between specific timepoint pairs in the control group: 2am vs. 6am; 6am 
vs. 2pm; 2pm vs. 6pm; and 6pm vs. 2am. We then assessed whether these natural rhythmic splicing patterns 
were altered by increased CO2 concentration and its stability by comparing the AS events between the same 
four timepoint pairs in the stable and fluctuating elevated CO2 conditions. Secondly, we conducted pairwise 
comparisons of AS events between the control group and both stable and fluctuating elevated CO2 treatments, 
separately at each of the four time points to gain a more comprehensive understanding of the DS response in 
both the elevated CO2 conditions. Lastly, to identify diurnal splicing patterns specific to fluctuations in CO2 
concentration, we compared AS events between 2am and 2pm (the high and low CO2 peaks), filtering out DS 
events present in the control group.

DS events reported by rMATS from all the pairwise comparisons were further analysed using the Mapping 
Alternative Splicing Events to pRoteins (MASER) R/Bioconductor package v1.14.0 in R v4.2.1. DS events with 
low coverage (< 5 average reads across splice junctions) were discarded, and only those with an FDR corrected 
p-value < 0.05 and |ΔPSI| > 0.1 were considered to be significant in each pairwise comparison, similar to what 
has been done in previous studies57,58. Subsequently, each significant differential splicing event was mapped 
to Ensembl transcripts using MASER’s “mapTranscriptsToEvents” function for functional characterization 
of the resulting isoforms. Specifically, we investigated whether the exons that were significantly differentially 
spliced encoded for protein domains or were located within the 5’ or 3’ untranslated region (UTR) of the mRNA 
transcript. The 5’ and 3’ UTRs contain various regulatory elements that are critical for post-transcriptional 
processes such as pre-mRNA processing, mRNA stability, and translation initiation59. Therefore, alterations 
in the sequence of these regulatory regions could have important functional implications. Furthermore, the 
ExPASy translate tool60 was used to translate the isoforms produced from each significant DS event into protein 
sequences. This facilitated the identification of premature stop codons in the isoforms, which could potentially 
be targeted for degradation via the non-sense-mediated decay (NMD) pathway or result in the production of 
truncated proteins61.

Differential expression analysis
To determine if the DS events translate to differences in gene expression, we performed differential gene 
expression analysis on all the pairwise comparisons described above. Specifically, the gene expression levels 
were quantified after mapping to the A. polyacanthus reference genome from Ensembl database (gene build 103) 
using Salmon62 and the differential gene expression analysis was carried out using the DESeq2 v1.28.163 package 
in R v4.0.3. For all pairwise comparisons, differentially expressed genes with an FDR < 0.05 were considered to 
be significant. The overlap between the differentially spliced and differentially expressed genes were determined 
for each pairwise comparison and visualized using Venn diagrams ​(​​​h​t​t​p​s​:​/​/​b​i​o​i​n​f​o​r​m​a​t​i​c​s​.​p​s​b​.​u​g​e​n​t​.​b​e​/​w​e​b​t​o​
o​l​s​/​V​e​n​n​/​​​​​)​.​​

Results
Overview of alternative splicing events in A. polyacanthus
The A. polyacanthus genome comprises of 35,487 distinct transcripts corresponding to 24,565 genes, with 
an average of 1.44 transcripts per gene. Across all our samples, a total of 5,689 alternative splicing events 
corresponding to 2,948 genes (14.7% of expressed genes) were identified with high confidence. These events 
resulted from five different types of alternative splicing: alternative 5’ splice site (70 events), alternative 3’ splice 
site (132 events), skipped exon (2,673 events), mutually exclusive exon (2,616 events), and retained intron (198 
events; Supplementary Table S4).

Time course of differential splicing over a 24-hour period
Across the four timepoints there existed a clear temporal pattern in significant differential splicing (DS) events 
(FDR < 0.05 and ΔPSI > 0.1) within the control group, with exon skipping (SE) being the predominant splicing 
type across most comparisons (Fig. 2a, b); Supplementary Table S5). The period between 2am − 2pm had the 
greatest number of genes undergoing DS (25 genes) compared to the latter period of the day (four genes between 
2pm – 2am; Fig.  2a). Notably, upon exposure to both stable and fluctuating elevated CO2 conditions, these 
natural rhythmic splicing patterns observed in the brain in control were largely absent (Fig. 2a). The number of 
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genes with significant DS events was lower in both the CO2 treatments compared to control. The only exception 
was 2pm vs. 6pm in the fluctuating CO2 treatment, which had the highest number of genes with DS events 
(eight genes) for this time period (Fig.  2a). Furthermore, across the four time periods, both the stable and 
fluctuating CO2 treatments exhibited distinct splicing profiles involving different sets of genes compared to the 
control group (Fig. 2c). Notably, only one gene, unannotated ENSAPOG00000013961, was commonly DS in 
the same time period (2am vs. 6am) in both control and the fluctuating CO2 treatment. Similarly, another gene, 
BMAL1A, showed a common temporal splicing pattern in control and stable CO2 treatment (6am vs. 2pm), 
albeit BMAL1A did not achieve statistical significance in control (FDR = 0.057).

Differential splicing patterns in stable or fluctuating CO2 environments
To pinpoint changes in the splicing patterns depending on the stability of CO2 conditions we compared alternative 
splicing events in control with stable and fluctuating CO2 treatments separately at each of the four time points. 
The number of genes with significant DS events (FDR < 0.05 and ΔPSI > 0.1) between control and the stable CO2 
treatment were as follows: two genes at 2am, six genes at 6am, six genes at 2pm, and one gene at 6pm (Fig. 3a; 
Supplementary Table S6). At the same four time points, the fluctuating CO2 versus control comparison had a 
higher number of genes with significant DS events than the stable CO2 versus control comparison. Specifically, 
three genes at 2am, sixteen genes at 6am, ten genes at 2pm, and sixteen genes at 6pm showed significant DS 
events between control and the fluctuating CO2 treatment (Fig. 3a). Interestingly, only in the fluctuating CO2 
treatment were genes involved in neuronal functioning DS across all the four timepoints.

There was very little overlap among the genes undergoing DS between fish exposed to stable and fluctuating 
CO2 treatments at any of the four time points (Fig. 3b). Furthermore, across the four time points, the types of 
alternative splicing varied among the DS genes. Skipped exon was the most common splicing type, with five 

Fig. 2.  (a) Number of differentially spliced genes in the control, stable and fluctuating elevated CO2 treatment 
across a 24-hour period. (b) Distribution of the five splice types among the differentially spliced genes in the 
control, stable and fluctuating elevated CO2 treatments over the 24-hour period. A3SS: Alternate 3’ splice site, 
A5SS: Alternate 5’ splice site, SE: skipped exon, MXE: mutually exclusive exons, RI: retained intron. (c) The 
number and overlap of differentially spliced genes in the control, stable elevated and fluctuating elevated CO2 
treatment across a 24-hour period.
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events in stable and 21 events in fluctuating elevated CO2 conditions. In contrast, alternative 3’/5’ splice sites 
were the least abundant in both CO2 treatments (Fig. 3c).

We found that only ~ 28% of the total significant DS events (FDR < 0.05 and ΔPSI > 0.1) in both the stable and 
fluctuating CO2 conditions led to what we defined as ‘aberrant splicing’, where the spliced exons either overlapped 
a protein domain, the 3’ or 5’ untranslated region (UTR), or the splicing event resulted in the generation of a 
premature stop codon. Among the DS events identified in the stable CO2 versus control comparison, aberrant 
splicing events were identified in three genes at 6am and one gene at 2pm (Table 1; Supplementary Figure S1). In 
the fluctuating CO2 versus control comparison, aberrant splicing was identified in one gene at 2 am, five genes at 
6 am, two genes at 2 pm, and four genes at 6 pm (Table 1; Supplementary Figure S1). Notably, the majority (53%) 
of these aberrant splicing events resulted in the generation of premature stop codons in the respective isoforms 
(Supplementary Table S6).

Fig. 3.  (a) Number of differentially spliced genes between control and stable or fluctuating elevated CO2 
treatment for each of the four time points. (b) The number of differentially spliced genes and the overlap 
between control and treatments with stable elevated and fluctuating elevated CO2 conditions across four 
time points. (c) Distribution of the five splice types among the differentially spliced genes in the stable and 
fluctuating CO2 treatments across the four time points. A3SS: Alternate 3’ splice site, A5SS: Alternate 5’ splice 
site, SE: skipped exon, MXE: mutually exclusive exons, RI: retained intron.
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Across all the four timepoints assessed, 6am was found to be a critical time point in both the stable and 
fluctuating CO2 treatments, while 6pm was an additional pivotal timepoint in the fluctuating CO2 treatment, 
as majority of the aberrant splicing events was observed at these time points. Notably, the gene SRGAP3 which 
is involved in synaptic activity, showed a similar splicing pattern, with a decrease in Percent Spliced In (PSI) 
of the second mutually exclusive exon (MXE exon2), in both the stable and fluctuating CO2 treatments, albeit 
at different timepoints (6am in stable CO2 treatment but at 6pm in fluctuating CO2 treatment; Fig. 4(a)). The 
two other genes with aberrant splicing that was unique to the stable CO2 treatment at 6am were TFCP2, a 
transcription factor regulating genes encoding acid-sensing ion channels, and METTL3, a methyltransferase 
involved in post-translational mRNA methylation (Fig. 4(b)). In the fluctuating CO2 treatment aberrant splicing 
events were identified in a total of eight genes at 6am and 6pm (Fig.  4(c); Supplementary Table S6). These 
genes were associated with five broad functions, specifically neurogenesis and neuronal functioning (CEP20, 
MTMR11), RNA processing (EXOSC9, ENSAPOG00000001802), metabolism (GALCB, RSAD1), circadian 
rhythm (BMAL1A), and cell motility and intracellular transport (ENSAPOG00000011552).

Differential splicing events between the high and low peaks of the diel CO2 cycle
In the fluctuating CO2 treatment, we found changes in splicing events between the high (2am) and low (2pm) 
CO2 peak that were absent in control. Specifically, between the two CO2 peaks, six genes exhibited significant DS 
(FDR < 0.05 and ΔPSI > 0.1): three SE events (SULF1, TJP2B, TJP2A), one mutually exclusive exon (MXE) event 
(ESRRB), and two retained intron (RI) events (MED22, unannotated ENSAPOG00000016345; Supplementary 
Table S7). The absence of these DS events in control suggests that they are specifically influenced by fluctuations 
in CO2 concentration. In two (ESRRB and TJP2B) of these six genes the splicing events potentially resulted 
in disruption of the reading frame of the respective isoforms and hence could be considered as ‘aberrant’. 
Specifically, skipping the second mutually exclusive exon (MXE exon2) in the gene ESRRB, involved in cellular 
energy metabolism, and skipping exon 11 in TJP2B, the gene encoding the tight junction protein B, which is part 
of the blood brain barrier, introduces a premature stop codon in the respective isoforms, potentially rendering 
them non-functional (Fig. 5). These skipping events are more prevalent at 2am in ESRRB and at 2pm in TJP2B. 
Interestingly, TJP2A, a paralogue of TJP2B, was also significantly DS between the CO2 peaks, however, both 
isoforms of TJP2A resulting from the splicing event have full open reading frames and hence retain their coding 
potential (Fig. 5).

Comparison of differential gene expression and differential splicing across the 24-hour period
We found minimal overlap among the genes showing significant differences in splicing (DS; FDR < 0.05 and 
ΔPSI > 0.1) and expression (DE; FDR < 0.05) over a 24-hour period in control, as well as in both the stable and 
fluctuating elevated CO2 treatments, with 35 genes being commonly DS and DE in at least one of the pairwise 
comparisons in at least one of the three experimental conditions (Supplementary Table S8). Specifically in 
control, only four genes (SRCIN1, SORBS2, MTHFSD, ENSAPOG00000002603) in 2am vs. 6am, three genes 
(RBM5, CLASP2, SUN1B) in 6am vs. 2pm, and one gene (EGLN3) in 6pm vs. 2pm were commonly DS and 
DE. Similarly, in the stable CO2 treatment, one gene in 2am vs. 6am (ENSAPOG00000011664) and three genes 
(PRKCAA, BMAL1A, SLC25A12) in 6am vs. 2pm were commonly DS and DE. The fluctuating CO2 treatment 
showed the least overlap, with only one gene (NDRG4) commonly DS and DE in 6am vs. 2pm (Supplementary 
Figure S2).

Similarly, when considering the comparison between stable CO2 versus control and fluctuating CO2 versus 
control separately, for each individual timepoint, there was generally no overlap between the DE and DS genes, 

Gene ID Gene symbol Splice type Time point Condition Consequence

ENSAPOG00000016964 SRGAP3 MXE 6am stable Overlaps protein domain

ENSAPOG00000016319 TFCP2 SE 6am stable Premature stop codon

ENSAPOG00000013527 METTL3 SE 6am stable 5’ UTR and translation start site

ENSAPOG00000002701 PIP5K1AA A3SS 2pm stable Premature stop codon

ENSAPOG00000020670 DSCAML1 A5SS 2am fluct Premature stop codon

ENSAPOG00000001202 EXOSC9 A3SS 6am fluct 3’ UTR and translation stop site

ENSAPOG00000016925 CEP20 A5SS 6am fluct 5’ UTR and translation start site

ENSAPOG00000013514 GALCB SE 6am fluct Premature stop codon

ENSAPOG00000004859 RSAD1 SE 6am fluct Premature stop codon

ENSAPOG00000001802 NA SE 6am fluct Overlaps protein domain

ENSAPOG00000011085 TJP2B SE 2pm fluct Premature stop codon

ENSAPOG00000017246 CACNA1AB SE 2pm fluct Premature stop codon

ENSAPOG00000009570 MTMR11 A5SS 6pm fluct 5’ UTR and translation start site

ENSAPOG00000005331 BMAL1A MXE 6pm fluct Premature stop codon

ENSAPOG00000016964 SRGAP3 MXE 6pm fluct Overlaps protein domain

ENSAPOG00000011552 NA SE 6pm fluct Overlaps protein domain

Table 1.  Differentially spliced events between the control and stable or fluctuating elevated CO2 treatment 
across four time points affecting the coding potential of the isoforms.
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with only a total of four DS genes also being DE in at least one of the pairwise comparisons (Supplementary 
Table S9). Specifically, none of the DS genes were found to be DE in the stable CO2 treatment at any of the four 
timepoints (Supplementary Figure S3). In the fluctuating CO2 treatment, only one gene (TJP2B) at 2pm was 
both DS and DE (Supplementary Figure S3). Furthermore, only 2 genes (TJP2B and SULF1) were commonly 
DS and DE between the high and low CO2 peaks within the fluctuating CO2 treatment (Supplementary Figure 
S4). These findings suggest that majority of genes undergo regulation either by alternative splicing or differential 
expression alone. The detailed results of the differentially expressed genes are provided in Supplementary Tables 
S10-S12.
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Discussion
In this study, we investigated alternative splicing (AS) changes at four time points during the day in the brain 
of A. polyacanthus when exposed to projected future ocean acidification scenarios, considering both stable CO2 
concentration and diel fluctuations. We found that the temporal differential splicing (DS) events observed under 
ambient CO2 conditions were mostly absent when fish are exposed to future ocean acidification scenarios (both 
stable and fluctuating elevated CO2). Given the intricate interaction between circadian rhythms, environmental 
cues, and biological processes64the observed change in temporal regulation of splicing in the brain in elevated 
CO2 conditions could affect synaptic activity and neural functioning64–66. Furthermore, the limited overlap 
between genes showing temporal splicing and temporal expression in both stable and fluctuating CO2 conditions 
indicates multi-layered gene regulatory response in A. polyacanthus to environmental CO2 variations. AS and 
differential expression play nonredundant roles in driving the response to elevated CO2 conditions, potentially 
because these two processes are regulated by distinct genetic loci and influence different biological processes67. 
This decoupling of splicing and transcript expression could enhance flexibility in driving plastic responses to 
environmental changes. Several studies have reported that AS does not always result in changes in transcript 
expression levels, suggesting that this functional non-redundancy is a common phenomenon in plasticity 
and phenotypic diversification67. Furthermore, A. polyacanthus has a lower proportion of genes undergoing 

Fig. 4.  Percentage of splicing inclusion (PSI) values of the spliced exons for (a) SRGAP3 in stable elevated 
CO2 and fluctuating elevated CO2, (b) genes in stable elevated CO2 alone, (c) genes in fluctuating elevated CO2 
alone. SE: skipped exon; A3SS: alternative 3’ splice site; A5SS: alternative 5’ splice site; MXE: mutually exclusive 
exon; RI: retained intron. For SE and RI events, the PSI value refers to the inclusion level of the cassette exon 
or retained intron, respectively. For A3SS and A5SS, the PSI value refers to the inclusion of the longer exon. 
For MXE events, there are two sets of box plots with the first set referring to exon 1 PSI values and the second 
set referring to exon 2 PSI values. Alongside each gene is a schematic representation of the isoform structures 
from the differential splicing events. The blue rectangles represent the exons undergoing differential splicing, 
the red rectangles represent the exons adjacent to the spliced exon, and the connecting lines represent the 
introns. The purple rectangles represent the protein domains (Prosite and Pfam) overlapping the exons which 
was inferred from the Ensembl database. The longer green rectangles represent full-length transcript isoforms 
while the shorter green bar represents transcript isoforms with a premature stop codon. The unfilled rectangles 
represent 5’/3’ UTR regions. The arrows indicate gene orientation on DNA strands (positive or negative).

◂

Fig. 5.  Percentage of splicing inclusion (PSI) values of the spliced exons between the high (2am) and low 
(2pm) peak in the fluctuating CO2 treatment. SE: skipped exon; MXE: mutually exclusive exon. For SE events, 
the PSI value refers to the inclusion level of the cassette exon. For MXE events, there are two sets of box plots 
with the first set referring to exon 1 PSI values and the second set referring to exon 2 PSI values. Below each 
gene is a schematic representation of the isoform structures from the differential splicing events. The blue 
rectangles represent the exons undergoing differential splicing, the red rectangles represent the exons adjacent 
to the spliced exon, and the connecting lines represent the introns. The longer green rectangles represent 
full-length transcript isoforms while the shorter green bar represents transcript isoforms with a premature 
stop codon. The brown rectangle represents two functional isoforms of slightly different length of TJP2A. The 
arrows indicate gene orientation on DNA strands (positive or negative).
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AS (14.7%) compared to other teleosts, where alternatively spliced genes ranges from 17% in zebrafish to 
43% in Fugu68. Hence, splicing might play a minor role in driving the plastic responses of A. polyacanthus 
to environmental changes, as evidenced by the lower proportion of AS events compared to changes in gene 
expression. A similar pattern was also observed in this species in response to ocean warming48. While DS may 
not significantly alter transcript abundance, it could play a regulatory role in driving cellular responses to periodic 
CO2 fluctuations, whereas the DE genes are likely associated with different biological processes. In fact, splicing 
and gene expression were found to play distinct yet complementary roles in driving parallel adaptive evolution 
in Artic charr, with DS genes largely associated with central regulatory pathways69. A similar mechanism may be 
occurring here, as the key timepoints before CO2 changes (6am and 6pm) involved DS of genes with potentially 
broader regulatory implications, such as widespread RNA processing, circadian rhythm, and neural activity.

Different CO2 stability levels showed differential effects on splicing, as there was no substantial overlap among 
the DS genes between fish in stable and fluctuating CO2 conditions at all four time points analysed. This suggests 
distinct molecular responses depending on the stability of CO2 levels throughout the day. Among the four time 
points across the 24-hour period, 6am emerged as critical in both the stable and fluctuating CO2 treatments, 
while 6pm was key exclusively in the fluctuating CO2 treatment. These timepoints exhibited the highest number 
of DS genes with aberrant splicing events as well as the greatest diversity in the functions of these DS genes. In 
the stable elevated CO2 treatment, TFCP2 and METTL3 were of particular interest, both being DS at 6am when 
compared to control. TFCP2 is a transcription factor regulating genes encoding acid-sensing ion channels which 
control deviations from extracellular pH in fish70and METTL3 is a methyltransferase that potentially modulates 
the processing and stability of RNAs involved in diverse cellular processes under elevated CO2 conditions71. 
Given that the primary response mechanism of fish when exposed to stable elevated CO2 conditions is to 
regulate acid-base homeostasis2,3,21the DS of this gene might enable the fish to mitigate the risk of acidosis 
by maintaining physiological pH levels during the crucial early morning hours. In contrast, under fluctuating 
CO2 conditions, aberrant splicing events were observed in genes involved in metabolism (GALCB, RSAD1), 
RNA processing (EXOSC9, ENSAPOG00000001802), and neurogenesis and synaptic activity (CEP20) at 6am 
when compared to control, indicating changes in brain metabolic activity and neural functioning in response 
to an anticipated decline in CO2 levels during the day. This temporal change in the splicing of genes associated 
with various aspects of neuronal functioning and transcriptome-wide RNA processing might enable the fish 
to optimise neural function in response to periodic oscillations in CO2 levels35. Additionally, genes associated 
with the sensory system (MTMR11) and circadian rhythm (BMAL1A) exhibited DS exclusively at 6pm in the 
fluctuating CO2 treatment when compared to control. Changes in the expression of core circadian rhythm genes 
have been repeatedly reported to be involved in acclimation of fish to elevated CO2 environments16,17,20,21,72. 
Furthermore, alternative splicing of BMAL is shown to facilitate molecular adjustments to meet different 
physiological needs73–75. Given the central role of circadian rhythms in regulating physiological processes, 
including metabolism and synaptic activity76,77the observed DS event in BMAL1A, could be a potential response 
to coordinate physiological processes in anticipation of the expected increase in the CO2 levels during the 
night78. The distinct splicing responses observed in our study suggests that fish in fluctuating CO2 conditions 
have increased neural plasticity which might enable them to fine-tune physiological processes in anticipation of 
diel CO2 fluctuations, whereas this is limited under stable CO2 conditions. Indeed physiological performance 
for ectotherms was found to be greater under fluctuating environments compared to stable environments when 
faced with environmental changes79. These results illustrate the interplay between environmental cues and 
temporal splicing in shaping the molecular responses of fish, highlighting that certain time points are key and 
that response mechanisms vary depending on the stability of the CO2 concentration throughout the day.

In fluctuating elevated CO2 conditions, fish exhibited increased plasticity in temporal splicing activity with 
consistently greater number of DS events compared to the stable elevated CO2 treatment at all four time points. 
Specific to the fluctuating elevated CO2 treatment was the DS of genes involved in various aspects of neural 
functioning such as the sensory system, calcium channel activity, blood brain barrier permeability, and brain 
metabolism. This suggests intricate regulation of neural function throughout the day potentially in response to 
periodic CO2 fluctuations. Hence, our results suggest that fish in fluctuating CO2 conditions might be able to 
anticipate periodic changes in CO2 levels and alter their brain activity accordingly72,78. Further evidence of such 
coordination of splicing activity with diel CO2 fluctuations was observed from the direct comparison of splicing 
events between the high (2am) and low (2pm) CO2 peaks within the fluctuating elevated CO2 treatment. Of 
particular interest was the DS of the estrogen related receptor beta (ESRRB), a transcription factor that regulates 
numerous metabolic genes, and TJP2B, a tight junction protein part of the blood brain barrier, as the DS events 
in both genes affected the proportion of the respective functional isoforms between the high and low CO2 
peaks. Estrogen related receptors (ERRs) play a key role in coordination of circadian rhythm and metabolic 
homeostasis80. Similarly, the circadian clock regulates the activity of various genes involved in blood brain 
barrier permeability and transport, including tight junction proteins, which play a crucial role in regulating the 
chemical microenvironment of the central nervous system, thereby influencing neural activity81,82. Interestingly, 
TJP2A, a paralog of TJP2B, was also significantly DS between the high and low CO2 peaks, but without affecting 
the reading frame of the resulting isoforms. This could be a compensatory mechanism to mitigate the potential 
loss of function in TJP2B at 2 pm, although the impact of the skipped exon on TJP2A’s function remains 
uncertain and needs further investigation.

While further research is needed to understand the downstream impacts and functional distinctions between 
the various transcript isoforms produced by the splicing events in the brain of the spiny chromis damselfish, 
the observed temporal variation in alternative splicing in fluctuating environments could stem from feed-
forward mechanisms driven by the circadian clock21. Feed-forward processes enable organisms to adjust cellular 
functions in anticipation of periodic changes and coordinate physiological processes with external environmental 
cues78. In fluctuating environments, circadian shifts in gene expression, impacting downstream processes like 
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growth, have been observed in fish species, with potential links to neuronal activity17,26,83. Notably, a study on A. 
polyacanthus found that circadian rhythm genes showed a much greater change in expression under fluctuating 
elevated CO2 conditions compared to stable CO2 conditions, suggesting enhanced flexibility in adjusting to 
periodic CO2 fluctuations21. Interestingly, in our study majority of DS events occurred at 6am and 6pm, the two 
timepoints immediately preceding changes in CO2 levels. These anticipatory changes in splicing activity might 
provide fish with increased flexibility in regulating molecular responses fluctuating elevated CO2 conditions.

Conclusion
Our findings reveal that temporal splicing patterns in the brain of A. polyacanthus are disrupted upon exposure 
to elevated CO2 conditions. Fish in fluctuating elevated CO2 environments exclusively demonstrated greater 
temporal splicing plasticity, particularly in genes associated with circadian rhythm and neural functioning. Given 
that a gene’s function can be influenced by the ratio between its various transcript isoforms with potentially 
different properties and functions, this temporal variation in splicing events could enable nuanced regulation 
of biological processes depending on the time of day73. This enhanced temporal regulation likely enables fish in 
fluctuating conditions to anticipate and adjust to periodic CO2 fluctuations by fine-tuning and synchronizing 
their internal biological processes with external environmental cues. Such adjustment involves multiple layers 
of gene regulation, as evidenced by the limited overlap between DE and DS genes, potentially offering enhanced 
flexibility in responding to environmental changes. However, further studies incorporating proteomics and 
detailed functional analysis of transcript isoforms are needed to fully understand the downstream impacts of 
these splicing events. Therefore, temporal regulation of molecular processes in fluctuating conditions might 
modulate downstream biological responses of coral reef fish, potentially enabling them to cope with elevated 
CO2 conditions expected due to OA through coordinated transcriptional and splicing responses.

Data availability
The raw RNA sequences are deposited in NCBI under BioProject ID: PRJNA658203.
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