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Abstract 

Background  Daphnia galeata is a suitable model organism for investigating predator-induced defense. Genes 
and pathways exhibiting differential expression between fish kairomone-treated and untreated groups in D. galeata 
have been identified. However, understanding of the significance of alternative splicing, a crucial process of the regu‑
lation of gene expression in eukaryotes, to this mechanism remains limited. This study measured life-history traits 
and conducted short-read RNA sequencing and long-read isoform sequencing of two Korean D. galeata genotypes 
(KB1 and KE2) to uncover the genetic mechanism underlying their phenotypic plasticity under predation stress.

Results  KB1 exhibited strategies to enhance fertility and decrease body length when exposed to fish kairomones, 
while KE2 deployed an adaptive strategy to increase body length. Full-length transcriptomes from KB1 and KE2 
yielded 65,736 and 57,437 transcripts, respectively, of which 32 differentially expressed transcripts (DETs) were shared 
under predation stress across both genotypes. Prominent DETs common to both genotypes were related to energy 
metabolism and the immune system. Additionally, differential alternative splicing (DAS) events were detected 
in both genotypes in response to fish kairomones. DAS genes shared between both genotypes may indicate their sig‑
nificant role in the post-transcriptional stress response to fish predation. Calpain-3, involved in digestion and nutrient 
absorption, was identified as a DAS gene in both genotypes when exposed to fish kairomones. In addition, the gene 
encoding thymosin beta, which is related to growth, was found to be a statistically significant DAS only in KB1, 
while that encoding ultraspiracle protein, also associated with growth, was only identified in KE2. Moreover, tran‑
scripts encoding proteins such as EGF-like domain-containing protein, vitellogenin fused with superoxide dismutase, 
and others were identified overlapping between DAS events and DETs and potentially elucidating their association 
with the observed phenotypic variation in each genotype.

Conclusions  Our findings highlight the crucial role of alternative splicing in modulating transcriptome landscape 
under predation stress in D. galeata, emphasizing the requirement for integrating gene expression and splicing analy‑
ses in evolutionary adaptation studies.
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Background
Organisms interact with various biotic and abiotic envi-
ronmental factors through phenotypic plasticity, which 
is evidenced by behavior or physiological changes, and 
adapt to environmental changes [1]. Phenotypic plasticity 
refers to an organism’s ability to produce various pheno-
types in response to environmental conditions, ultimately 
aiding their survival and reproduction across various 
habitats [2]. These mechanisms can enhance population 
persistence and facilitate adaptations to novel and shift-
ing conditions by mitigating the impact of selection on 
changing environments [3]. Predation is a key biotic fac-
tor in structuring whole communities, maintaining spe-
cies diversity, and driving natural selection in populations 
[4, 5]. Aquatic predators including vertebrates and inver-
tebrates, release kairomones into the water that trigger 
diverse responses after being detected by their prey, ulti-
mately reducing prey vulnerability [6, 7]. These predator-
induced responses are a typical example of phenotypic 
plasticity and have been extensively reported in variety of 
Daphnia species [8, 9].

Daphnia is an extensively employed model organ-
ism in ecology, evolution, and ecotoxicology, due to its 
capacity to develop distinct alternative phenotypes in 
response to environmental signals [10, 11]. Members of 
the genus Daphnia play a crucial role in linking trophic 
levels, bridging primary producers with consumers in 
freshwater ecosystems, which renders them susceptible 
to heightened predation pressure [10, 12]. Upon expo-
sure to fish kairomones, variations in life-history traits 
and morphological, physiological, and behavioral plastic-
ity, along with other effects, have been reported [13–15]. 
Daphnia galeata, among Daphnia species, is a relatively 
large zooplankton discovered across the northern hemi-
sphere and recognized as a dominant plankton species 
in the Han River, Korea [16]. While this species does not 
show significant morphological changes or diel verti-
cal migration in response to vertebrate predator cues, it 
displays noticeable phenotypic variations in life-history 
traits under predation risk [17]. For example, D. galeata 
shows an adaptive strategy for ensuring generational sur-
vival by producing more offspring when exposed to fish 
kairomones [15, 18]. Additionally, Daphnia is found in 
diverse environments across a wide ecological condition 
with high degree of genetic variation in its populations 
[19]. Genetic divergence between Daphnia genotypes led 
to diverse phenotypic responses to stressors [20]. There-
fore, it is not possible to generalize the impact of stressors 
on monoclonal populations to the species level, as geneti-
cally diverse populations will exhibit variations in stress 
tolerance and response [21]. Our recent study revealed 
that fish kairomone-treated and untreated groups of D. 
galeata shared differentially expressed transcripts (DETs) 

among genotypes, although each genotype displayed dif-
ferent genes that exhibited altered expression under fish 
predation exposure [18]. This implies that stress response 
mechanisms might be quite uniform within a species, 
although genotypes with varying genetic backgrounds 
could employ distinct strategies for adapting to environ-
mental changes.

Recent transcriptome studies by RNA sequencing 
(RNA-seq) have offered crucial insights into the molecu-
lar mechanisms underlying transcriptional responses to 
fish predation. The alteration of pre-mRNA splicing rep-
resents another significant source of phenotypic variation 
[22]. However, limited research has been conducted on 
the contribution of other mechanisms that regulate gene 
expression through RNA processing, such as alternative 
splicing (AS), a eukaryotic regulatory mechanism which 
selectively processes exons and introns in the pre-mRNA 
transcript. AS represents a fundamental mechanism reg-
ulating gene expression, contributing to transcriptional 
diversity and activity in eukaryotes [23]. Studies have 
revealed extensive AS events in which > 50% of Daphnia 
pulex and Daphnia magna genes undergo this regula-
tory process [24]. Notably, the Dscam gene exemplifies 
the impact of AS, generating at least 13,000 potential 
mRNA transcripts in Daphnia [25]. The main types of AS 
events include alternative first exon (AF), retained intron 
(RI), alternative 3′ splice site (A3), alternative 5′ splice site 
(A5), skipped exon (SE), alternative last exon (AL), and 
mutually exclusive exon (MX) [26].

RNA-seq, as a high-throughput next-generation 
sequencing technique, has become an essential tool for 
transcriptome-wide analysis of differential gene expres-
sion and gene regulatory networks. However, the limi-
tations of RNA-seq, such as its short read lengths and 
amplification biases, restrict the acquisition of accu-
rate full-length transcripts and information on differ-
ential mRNA splicing, especially for species that lack 
high-quality reference transcriptomes [27]. Recently, 
Isoform sequencing (ISO-seq) has been used to analyze 
the full-length transcriptomes of various organisms [28, 
29]. Additionally, in previous studies, the integrative 
analysis of ISO-eq and RNA-seq data could accurately 
quantify transcript abundance [29]. However, ISO-seq 
comes with higher costs and error rates compared to 
RNA-seq, as its results require correction and validation 
using high-throughput, high-accuracy short-read data 
from RNA-seq [29]. Therefore, the combination of the 
two sequencing strategies can lead to a comprehensive 
characterization of transcriptomes and could accurately 
identify post-transcriptional modification events and DE 
isoforms [28].

A previous study reported the important role of AS 
in shaping transcriptome diversity in response to metal 
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exposure in D. pulex [24]. Nonetheless, there is a scar-
city of analyses examining the proportional impact of AS 
on gene expression regulation across Daphnia species, 
which serves as a prominent model organism in ecologi-
cal genomics. Differential splicing analysis has the capac-
ity to reveal functional diversity that cannot be detected 
solely through differential gene expression analysis. In 
elucidating the genes and molecular pathways impli-
cated in stress responses, therefore, it serves as a valuable 
complement to differential gene expression analysis [24]. 
Furthermore, the ability of AS patterns to vary among 
individuals indicates that splicing is a dynamic mecha-
nism that can influence stress responses in a genotype-
specific manner [30]. Therefore, investigating the genetic 
basis of differential gene expression and splicing among 
D. galeata genotypes can help distinguish common stress 
response pathways from genotype-specific responses to 
fish predation exposure. In this study, we integrated dif-
ferential expression (DE) and differential splicing analy-
ses to identify the role of AS in mediating responses to 
fish kairomone-induced stress in D. galeata. This study is 
the first to report the application of ISO-seq coupled with 
RNA-seq in D. galeata, advancing our understanding of 
the biological significance of AS events in this species 
and its impact on transcriptome diversity in response to 
fish kairomone exposure.

Methods
Collection of samples and processing
This study used two D. galeata genotypes collected from 
two different environments, Paldang Lake and Baekhak 
Reservoir, in Gyeonggi Province, Korea, in June 2022, 
using a 55  μm mesh-sized Kitahara Zooplankton net 
(Samjee-tech, Korea). The collected samples were trans-
ferred to the laboratory and each egg-bearing female 
was transferred into a separate beaker for parthenoge-
netic reproduction. D. galeata individuals were cultured 
in controlled laboratory conditions (20 °C, 16 h light/8 h 
dark cycle, ADaM [Aachener Daphnien Medium]), and 
were fed with 1.0 mg C L-1 Chlorella vulgaris once daily. 
The two genotypes examined were determined through 
genotyping using 13 microsatellite markers by polymer-
ase chain reaction (PCR) amplification in three individu-
als per genotype (Table  S1) [31]. Thirteen fluorescein 
amidite (FAM) labeled primer sets were designed to tar-
get these microsatellite loci. The total 25 μL PCR prod-
ucts contained 2.5 μL of 10X Pfu Reaction Bufer, 0.5 μL of 
dNTP mix (10 mM), 0.25 μL of Add Pfu DNA Polymer-
ase (Addbiomeditech, Daejeon, Korea), 1 μL of template 
DNA, 1 μL of each primer (10  pmol/μL), and 18.75 μL 
of distilled water. The amplification protocol consisted of 
an initial denaturation at 95 °C for 2 min, followed by 35 
cycles of denaturation at 95 °C for 30 s, annealing at 52 °C 

for 1 min, extension at 72 °C for 1 min, and a final elonga-
tion step at 72 °C for 5 min. The PCR products were ana-
lyzed using 3730xl DNA Analyzer (Applied Biosystems, 
Foster City, USA) and genotyped using GeneMapper 4.0 
(Applied Biosystems, Foster City, USA). As a result, we 
identified two different genotypes with sequence differ-
ences in 13 microsatellite markers (Table S2).

Experimental set‑up
This study utilized two D. galeata genotypes (KB1 and 
KE2) that were cultured for one year prior to the experi-
ment and had established clonal lines. The experimen-
tal design and procedures were derived from previous 
studies [18, 20]. In short, D. galeata was exposed to 
kairomone-enriched medium, obtained from aquaria 
housing freshwater mandarin fish (Siniperca scherzeri), 
to simulate fish predation. The kairomone-containing 
medium, filtered and mixed with ADaM medium, was 
optimized for the survival of D. galeata while induc-
ing changes in life-history traits. Both genotypes were 
raised for two consecutive generations in kairomone-
free medium (control group) and kairomone-containing 
medium (experimental group) before the experiment to 
minimize inter-individual variability. The experiment was 
conducted for 21  days for each experimental individual 
to investigate the long-term effects of fish kairomones. 
During this period, we documented reproductive life-his-
tory traits including “Age at First Reproduction,” “Num-
ber of Offspring First Brood,” “Total Number of Broods,” 
and “Total Number of Offspring.”. We also assessed 
growth-related traits such as “Somatic Growth Rate” and 
“Body Length.”. The "Somatic Growth Rate" of D. galeata 
was calculated by dividing the change in body length of 
neonates at the start (t0) to adults at the end (t21) of the 
experiment by the total duration of the experiment. The 
length of D. galeata’s body was measured from the top 
of the head, through the center of the eye, to the base 
of the spine [20]. The individuals were examined with a 
CX22LED microscope (Olympus, Japan), and captured 
with an eXcope T500 microscope camera (DIXI Science, 
Korea). Differences in life-history traits between the pres-
ence and absence of fish kairomones in each genotype 
was compared by conducting one-way ANOVA statisti-
cal analyses using the aov() function in R version 4.2.2 
[32, 33]. Samples from both genotypes were collected 
to perform ISO-seq and RNA-seq. For RNA-seq, egg-
bearing females were pooled per sample (n = 20) after 
21  days, resulting in three biological replicates for each 
experimental condition (control and fish kairomone-
exposed) in the two genotypes, totaling 240 individuals 
(two genotypes × two conditions × 20 individuals × three 
biological replicates). For ISO-seq, only 20 female indi-
viduals from each genotype were pooled after exposure 
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to fish kairomones. Afterward, the samples were stored 
in Qiagen RNAprotect tissue reagent (Qiagen, Valencia, 
CA, USA) at 4ºC overnight and then kept at − 80ºC until 
RNA extraction as per the manufacturer instructions.

RNA extraction, library construction, and sequencing
Since we could not obtain sufficient amounts of RNA 
from a single individual, we pooled the 20 experimental 
individuals per sample. Sampling females in the inter-
molt stage ensures stable gene expression; therefore, 
only egg-bearing experimental females were pooled. [34]. 
Total RNA was isolated using the Qiagen RNeasy Plus 
Universal Mini Kit (Qiagen, Valencia, CA, USA) follow-
ing the manufacturer’s instructions after homogenization 
with a disposable pestle and homogenizer. RNA quality 
was evaluated with an Agilent 2100 bioanalyzer (Agilent 
Technologies, Amstelveen, The Netherlands), and RNA 
quantification was conducted with an ND-2000 Spectro-
photometer (Thermo Inc., DE, USA). Total RNA samples 
with RIN greater than 7 were used for constructing the 
cDNA libraries for ISO-seq and RNA-seq.

The RNA-seq library was constructed from the total 
RNA using the NEBNext Ultra II Directional RNA-seq 
Kit (New England BioLabs, Inc., UK). Briefly, The Poly(A) 
RNA Selection Kit was used to isolate mRNA (Lexo-
gen, Inc., Austria). The isolated mRNAs were then uti-
lized for cDNA synthesis and shearing according to the 
manufacturer’s instructions. Indexing was performed 
utilizing Illumina indexes 1–12, followed by PCR enrich-
ment. Subsequently, the libraries were evaluated using 
the TapeStation HS D1000 Screen Tape (Agilent Tech-
nologies, Amstelveen, The Netherlands) to ascertain the 
mean fragment size. The library quantification kit on a 
StepOne Real-Time PCR System (Life Technologies, Inc., 
USA) was utilized for library quantification. Three librar-
ies of the KB1 and KE2 genotypes were constructed and 
sequenced on the Illumina NovaSeq 6000 (Illumina, Inc., 
USA) platform to generate 101 bp paired-end reads. For 
library preparation for ISO-seq, 300 ng of RNA was used 
for full-length transcript sequencing with a Pacbio Sequel 
IIe system (Pacific Biosciences, CA, USA) according to 
the manufacturer’s instructions. The ISO-seq library 
was prepared following the ISO-seq protocol using the 
NEBNext Single Cell/Low Input cDNA Synthesis & 
Amplification Module, SMRTbell prep kit 3.0. A 10 μL 
library was prepared with the SMRTbell Prep Kit 3.0, fol-
lowed by the annealing of SMRTbell templates using the 
Sequel II Binding Kit 3.1. The Sequel II sequencing kit 
2.0 and SMRT cells 8 M Tray were used for sequencing. 
Finally, SMRT cells using 24-h movies were sequenced 
for each SMRT cell using the PacBio Sequel IIe (Pacific 
Biosciences) sequencing platform by Macrogen (Seoul, 
Korea). The following steps followed the PacBio Sample 

Net-Shared Protocol, accessible at https://​www.​pacb.​
com/.

ISO‑seq long‑read data analysis
A detailed overview of the experimental setup is pro-
vided in Fig. 1. Raw Pacbio sequencing data (hifi_reads.
bam) was generated by performing circular consensus 
sequences (CCS) Analysis (–min-rq 0.9) on Sequel IIe in 
HiFi mode. The raw data generated from each cell was 
processed individually using the following procedures: 1) 
demultiplexing was performed using the Demultiplexing 
Barcodes utility on SMRTLink 11.1.0.166339 software; 2) 
cDNA primer and the spurious false positive signal anal-
ysis was carried out using lima (version 2.6.99) with the 
parameters –isoseq –peekguess; 3) PolyA tail trimming 
and concatemer removal were performed to generate 
full-length non-concatemer (FLNC) reads using isoseq3 
(version 3.8.1) refined with the parameters –require-
polya; 4) these FLNC reads were clustered to obtain con-
sensus isoforms, and nonredundant transcript sequences 
were obtained after further clustering using isoseq3 clus-
ter with the parameters –verbose –use-qvs. Thus, high-
quality and polished full-length consensus sequences 
were produced. These polished consensus sequences 
were further subjected to correct and remove redun-
dancy with the RNA-seq data using LoRDEC software to 
obtain high-quality (HQ) transcripts [35].

Collapsing redundant transcript isoforms and assessment 
of completeness
A two-step collapsing strategy [28] was implemented to 
eliminate redundant transcript isoforms. The HQ iso-
forms were first aligned and sorted to generate SAM files 
using minimap2 (version 2.18) with the parameters -ax 
splice, -uf, -C5, and –secondary = no, using the genome 
of D. galeata as reference genome (GCA_918697745.1) 
[36, 37]. The redundant isoforms were collapsed based on 
the alignment results using the cDNA cupcake software 
with the following parameters: –min_aln_coverage 0.95, 
–min_aln_identity 0.85, and –dun-merge-5-shorter [38]. 
Furthermore, unmapped transcripts were also collapsed 
using Cogent v8.0 software and cDNA cupcake software 
with default parameters [39]. In this process, different 
gene families were initially identified from unmapped 
transcripts. A “fake genome” was produced by concat-
enating all cogent unassigned contigs. Using it as a refer-
ence genome, we collapsed these unmapped transcripts 
using cDNA cupcake software as described in the previ-
ous steps. The fasta and gff files from two processes were 
merged into one file. Finally, highly similar sequences 
with 99% identity were removed from the merged tran-
script isoforms using CD-HIT-EST (version 4.8.1) and 
subsequently generated full-length transcriptomes for 

https://www.pacb.com/
https://www.pacb.com/


Page 5 of 17Choi et al. BMC Genomics          (2024) 25:725 	

Fig. 1  A schematic diagram showing the different stages of this study including sample collection, experimental setup, bioinformatic analysis 
of the data, and expected outcomes
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the two genotypes for further analysis [40]. The com-
pleteness of the full-length transcriptomes of KB1 and 
KE2 were assessed using BUSCO v5.1.3 software against 
the Arthropoda lineages’ gene sets (arthropoda_odb10) 
[41]. After assessing completeness, full-length transcripts 
were categorized by comparing them to the reference 
genome annotation using gffcompare software (version 
0.12.2) [42].

Functional annotation of full‑length transcripts
To predict potential coding regions and open reading 
frames (ORFs) of full-length transcripts, the TransDe-
coder pipeline with default parameters was used [43]. 
The resulting ORFs were searched against three data-
bases (UniProt, TrEMBL, and Non-redundant (NR)) 
using the BLASTp function of diamond (version 2.1.8) 
with the following parameters: –evalue 1e-5, –max-
target-seqs 1, and –outfmt 6 [44–47]. In addition, the 
resulting ORFs were identified using eggNOG-mapper 
(version 2.1.11) with –evalue 1e-5 parameters to obtain 
functional annotation information, including that from 
the Clusters of Orthologous Groups (COG) database, the 
Gene Ontology (GO) knowledgebase, the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), and the protein 
families database Pfam [48]. The accession numbers of 
seed_ortholog obtained from the eggNOG database were 
converted to UniProt IDs. The top hit for each query 
sequence was chosen for transcriptome annotation and 
subsequent characterization.

RNA‑seq short‑read data analysis and differential 
transcript expression analysis
The quality control of raw RNA sequencing data was 
performed using FastQC (version 0.11.9) [49]. Adapter 
and low-quality reads were removed using Trimmo-
matic (version 0.36) with the default parameters, except 
for the TRAILING parameter set to 20 [50]. After trim-
ming, the read quality was re-evaluated using FastQC to 
confirm the removal of adapters. To quantify the expres-
sion of clean reads, the align_and_estimate_abundance.
pl script from the Trinity pipeline was utilized. All clean 
data from RNA-seq were aligned to the full-length tran-
scriptomes quickly and accurately using RNA-seq by 
Expectation Maximization (RSEM) [51]. DE analysis was 
conducted at the isoform level using the DESeq2 pack-
age for R v4.1.3 within the Trinity pipeline [32, 52]. The 
results were filtered using adjusted p-value (padj) < 0.05 
and a fold change of ≥ 4 (log2FC ≤  − 2 or log2FC ≥ 2) 
[53]. Finally, GO and KEGG pathway enrichment analy-
ses were performed to determine the functions of DETs. 
Ortholog IDs of DETs were extracted from the results of 
eggNOG-mapper for GO and KEGG enrichment analy-
ses, which were carried out using ShinyGO (version 

0.61) [54]. Categories with corrected p-values < 0.05 were 
selected for further analysis. To verify the quality of the 
triplicated samples, Principal component analysis (PCA) 
was conducted using DEseq2 and ggplot2 [55]. In addi-
tion, the expression of DETs was visualized as a volcano 
plot using the R package ggplot2.

Differential alternative splicing (DAS) event analysis
A GTF annotation file obtained from genotypes KB1 and 
KE2 was used to investigate the differences in AS events 
in response to fish kairomones using SUPPA2 software 
[56]. Using the generateEvents function of SUPPA2 
software with default parameters, seven AS event types 
were produced from the GTF annotation file, includ-
ing AF (alternative first exon), RI (retained intron), A3 
(alternative 3′ splice site), A5 (alternative 5′ splice site), 
SE (skipped exon), AL (alternative last exon), and MX 
(mutually exclusive exon) (Figure S1). To discover the 
DAS events in both genotypes, the inclusion levels (PSIs) 
per AS event were determined by the psiPerEvent func-
tion of SUPPA2 software using the results of transcripts 
per million reads (TPM) and AS events. The TPM value 
of each sample was generated using the align_and_esti-
mate_abundance.pl script from the Trinity pipeline and 
then used to calculate additional inclusion levels (PSIs). 
Furthermore, significant DE analysis was performed 
using the diffSplice function of SUPPA2 software using 
the criteria |∆PSI|≥ 0.15 and p-value < 0.05. Splicing plots 
were obtained using ggsashimi (version 1.1.5) software 
[57]. Short-read RNA-seq data were utilized to validate 
AS events and splice sites. Finally, to determine the func-
tions of significant DAS events, GO and KEGG pathway 
enrichment analyses were performed using ShinyGO 
(version 0.61) [54]. Only enriched categories showing 
corrected p-values < 0.05 were selected. Additionally, a 
Venn diagram was utilized to compare the commonali-
ties and differences between DETs and DAS genes identi-
fied in both genotypes (https://​bioin​forma​tics.​psb.​ugent.​
be/​webto​ols/​Venn/).

Results
Varied life‑history strategies under fish kairomones stress
To elucidate the genotype-specific responses to preda-
tor stress, six life-history traits linked to reproduction 
and growth were measured in two D. galeata geno-
types. Reaction norms of life-history traits showed their 
intraspecific variation between the two D. galeata geno-
types (Fig.  2). A one-way ANOVAs revealed that “fish 
kairomones” had a significant effect (P < 0.05) on the 
six life-history traits, with the exception of “Somatic 
Growth Rate” in genotype KB1 (Fig. 2). In contrast, fish 
kairomones had a significant effect (P < 0.05) only on the 
“Number of Offspring First Brood” and “Body Length” 

https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
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in genotype KE2 (Fig. 2B and F). Interestingly, contrast-
ing patterns in terms of life-history traits associated with 
growth were exhibited by the two genotypes. Regard-
ing the life-history traits related to growth, the “Body 
Length” of KE2 significantly increased (P < 0.01), while 
that of KB1 significantly decreased (P < 0.05), in the pres-
ence of fish kairomones (Fig. 2F). In summary, genotype 
KE2 showed an adaptive strategy by increasing its body 
length rather than improving fertility. However, genotype 
KB1 showed the adaptive strategy of improved fertility to 
sustain generational survival, producing many offspring, 
and reducing its body length to avoid being discovered 
and attacked by predators.

Summary of ISO‑seq data
A total of 1,891,084 and 1,632,379 subreads were recov-
ered for control and experimental groups of KB1, along 
with 1,477,802 and 1,611,476 subreads for control and 
experimental groups of KE2, respectively. These subreads 
yielded 1,724,362 and 1,475,596 CCS for the control and 
experimental groups of KB1, along with 1,346,904 and 
1,464,581 CCS for the control and experimental groups 
of KE2, respectively. After obtaining the FLCN reads 

from each condition via IsoSeq3 refinement, we merged 
them by genotype. Finally, after clustering and polishing 
steps, a total of 100,250 (28) and 85,882 (24) HQ (low-
quality) isoforms were obtained for KB1 and KE2 geno-
types, respectively. We excluded low-quality isoforms 
from downstream analysis (Table S3).

After processing ISO-seq data, RNA-seq data was 
employed to correct and remove redundancy in the 
polished sequences. RNA-seq data is summarized in 
Table  S4. Based on the results of reference genome 
mapping, redundant isoforms were collapsed, gener-
ating 61,967 and 54,222 unique isoforms in KB1 and 
KE2, respectively (Table  S5). The remaining unmapped 
sequences were utilized to construct a "fake genome" to 
collapse redundant isoforms, yielding 4,979 and 5,070 
unique isoforms in KB1 and KE2, respectively (Table S5). 
Finally, all unique isoforms were merged, and redundant 
isoforms were subsequently collapsed using CD-HIT. 
This process yielded 65,736 isoforms for KB1 and 57,437 
isoforms for KE2, with average lengths of 2027.5 bp and 
2053.5 bp, respectively (Table S5).

The completeness and quality of the KB1 and KE2 
transcriptomes are important prerequisites for further 

Fig. 2  Effects of fish kairomone exposure (21 days) on the life-history traits of two D. galeata genotypes. KB1_con is the control group for genotype 
KB1 without fish kairomones, while KB1_fish is the group exposed to fish kairomones. Similarly, KE2_con is the control group for genotype KE2 
without fish kairomones, and KE2_fish is the group exposed to fish kairomones. Statistically significant differences were indicated by ***(P < 0.001), 
**(P < 0.01), *(P < 0.05), and N.S. (no significance)
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analyses. Of the 1,013 BUSCO groups searched, 98.7% 
and 98.4% of complete orthologs belonging to the phylum 
Arthropoda were detected in KB1 and KE2 genotypes, 
respectively (Table S6) and includes complete single cop-
ies and duplicates (putative paralogs or complete genes 
with multiple copies). In comparison to the reference 
genome annotation, a total of 23,736 and 21,363 poten-
tially novel isoforms (coded as j) and a total of 7,997 and 
6,645 unknown isoforms (coded as u) were respectively 
annotated in the full-length transcriptomes of KB1 and 
KE2, showing that the full-length transcriptomes contain 
more novel isoforms (Figure S2).

Identification of coding regions and functional annotation
Functional annotation was carried out for both geno-
types to elucidate the biological context of the tran-
scripts. A total of 65,736 and 57,437 transcripts were 
used as query sequences for functional annotation, with 
TransDecoder identifying 60,606 and 53,576 transcripts 
having the longest ORFs in KB1 and KE2, respectively. 
Among the transcripts from both genotypes, a BLASTp-
based homology search against the NR database revealed 
the highest annotation rates, with 59,768 (98.62%) and 
52,626 (98.23%) transcripts annotated in the KB1 and 
KE2 genotypes, respectively (Table  S7). The number of 
transcript isoforms annotated in Uniprot, TrEMBL, and 
eggNOG database were 43,218/38,593, 59,738/52,848, 
and 54,671/48,540 for KB1/KE2, respectively (Table S7). 
Overall, considering various databases, a total of 59,794 
and 52,877 transcripts were respectively annotated in 
KB1 and KE2.

Differential expression analysis under fish kairomone 
exposure
PCA was conducted to verify the deviation of triplicated 
samples by visualizing variations in transcript expression 
(Fig. 3A and B). In genotype KB1, the first principal com-
ponent (PC1) accounted for 44% of the variance, whereas 
PC2 explained 23% of the variance (Fig. 3A). There was 
no distinct clustering observed in the read counts by con-
dition, which could be attributed to effects related to the 
variability among triplicate samples. In genotype KE2, 
the control condition showed clear clustering, while the 
fish-kairomone treatment condition exhibited variability 
among triplicate samples (Fig. 3B).

A total of 855 and 227 DETs were identified between 
samples exposed to fish kairomones versus untreated 
samples of KB1 and KE2, respectively (Fig.  3C and D). 
Among these, 691 DETs from KB1 and 191 from KE2 
were annotated against the eggNOG database. This 
resulted in 426 DETs (221 up- and 205 down-regulated) 
in KB1, and 144 DETs (73 up- and 71 down-regulated) in 
KE2 (Table  S8). Afterward, we analyzed the association 

between phenotypic variation and genotype-specific 
responses to fish kairomone exposure using a Venn dia-
gram (Figure S3), which shows that the number of DETs 
may differ from those mentioned above due to the anno-
tation of multiple transcripts with the same protein 
name. A total of 32 DETs were common to both geno-
types, with 20 exhibiting consistent expression profiles 
(e.g., up- or downregulation) in both genotypes (Fig-
ure S3 and Table  S9). Consistently up-regulated DETs 
encoded acetyl-CoA carboxylase, homeodomain tran-
scription factor, and others. In contrast, consistently 
downregulated DETs encoded long-chain-fatty-acid–
CoA ligase, a C-type lectin domain-containing protein, 
and others. Second, the remaining 12 DETs showed 
inconsistent expression (i.e., they exhibited contradic-
tory expression patterns in both genotypes; Table  S9). 
For example, NAD( +) kinase was upregulated in KB1 
but downregulated in KE2. In contrast, muscle-specific 
actin and others were downregulated in KB1 but upreg-
ulated in KE2. Finally, to associate the DETs exclusively 
found in each genotype with observed phenotypic vari-
ation, we compiled a list of 330 (182 up- and 148 down-
regulated) and 90 (57 up- and 33 down-regulated) unique 
DETs in KB1 and KE2, respectively (Table S9). Up-regu-
lated DETs related to reproduction were identified only 
in KB1, including transcripts encoding a phosphopyru-
vate hydratase, H( +)-transporting two-sector ATPase, 
NADH-ubiquinone oxidoreductase, and others involved 
in energy metabolism. In addition, downregulated DETs 
related to growth, such as those encoding a receptor pro-
tein-tyrosine kinase, delta-like protein, and others, were 
identified only in KB1. Conversely, upregulated DETs 
related to growth, such as that encoding a CRIB domain-
containing protein, were identified in KE2 and not in 
KB1.

Investigation of differential alternative splicing events 
in response to fish kairomone exposure
To explore differences in AS events between the control 
(without fish kairomones) and experimental (fish kair-
omone-exposed) groups, AS analyses were performed in 
both genotypes. The total number of AS events was 19,682 
and 17,494 in KB1 and KE2 genotypes, respectively. The dis-
tribution of AS types was similar across the genotypes, with 
AF being the most abundant (33.33%–34.9%), followed by 
RI (27.9%–29.9%), A3 (12.3%–12.7%), A5 (11.7%–11.9%), SE 
(7.1%–7.6%), AL (4.0%–4.7%), and MX (1.0%) (Table  S10). 
In addition, DAS events were examined to shed light on the 
relationship between phenotypic variation and genotype-
specific responses to fish kairomones in both genotypes. 
Comparisons of the AS events between control and experi-
mental groups identified 630 (294 up- and 336 down-regu-
lated) and 335 (192 up- and 143 down-regulated) significantly 
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differentially spliced genes in KB1 and KE2, respectively. 
Among these, 572 and 310 DAS genes were annotated 
against the eggNOG database in KB1 and KE2, respectively. 
If DAS events were identified a given gene and their event_
IDs showed encoded the same protein but showed conflict-
ing ∆PSI values (e.g., one event_ID had a ∆PSI greater than 
0.15, but another had a ∆PSI less than 0.15) that gene was 
excluded. This resulted in 363 DAS genes (182 positively- 
and 181 negatively-spliced) in KB1, and 219 DAS genes 
(121 up- and 98 down-regulated) in KE2 (Table S11). A total 
of 23 common DAS genes were identified in both geno-
types when exposed to fish kairomones (Table S12). Among 
the common DAS genes, the gene encoding calpain-3, 
involved in digestion and nutrient absorption, underwent AF 

splicing (Fig. 4A and B). Interestingly, this gene displayed an 
increase in exon inclusion (∆PSI: 0.46, occurring in C​AKK​
LH0​100​003​25.​1:1​,894,575–1,894,925:1,895,154:1,894,575–
1,897,881:1,898,336:-) in KB1 but a decrease in exon inclusion 
(∆PSI: − 0.22, occurring in C​AKK​LH0​100​003​25.​1:1​,894,575–
1,894,929:1,895,145:1,894,575–1,897,881:1,898,603:-) in KE2  
under fish kairomone exposure (Table  S12). In addition, 
growth-related thymosin beta was found to display statis-
tically significant DAS (∆PSI: − 0.27, occurring in CAK-
KLH010000342.1:111,977–112,421:111,929–112,421:-) 
categorized as an alternative 3′ splice site (A3) only in 
KB1 (Fig.  4C and Table  S12). However, the gene encod-
ing ultraspiracle, which is associated with growth,  
was found to display DAS categorized as an alternative  

Fig. 3  Principal component analysis (PCA) plots and volcano plots of RNA-seq data in D. galeata. PCA plot of gene expression in genotypes 
KB1 A and KE2 B. The red and cyan indicate the control (without fish kairomones) and experimental groups (fish kairomone-exposed). Volcano 
plots illustrate the differences in gene expression fold change between control (without fish kairomones) and experimental groups (fish 
kairomone-exposed) across genotypes KB1 C and KE2 D. Red and blue dots indicate up- and down-regulated DETs, respectively. Gray dots indicate 
no statistically significant changes in transcript expression
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5′ splice site (A5) (ΔPSI: − 0.18, occurring in CAKKLH01 
0000192.1:25,109–25177:25,086–25177: +) only in KE2 
(Fig.  4D and Table  S12). The growth-related DAS gene 
encoding small monomeric GTPase was only identified in 
KB1 (Table S12). Furthermore, DAS genes related to growth 
such as those encoding SSD domain-containing protein 
(ΔPSI: 0.39 and AF event) and CTP synthase (ΔPSI: 0.31 and 
RI event) were only identified in KE2, which displayed a sig-
nificant increase in "Body Length" when exposed to fish kair-
omone (Table S12).

Comparison of the DETs and DAS genes identified 
in response to fish kairomone exposure
The number of DETs and DAS genes from both geno-
types shown in Fig.  5 may differ from those mentioned 
above due to the annotation of multiple transcripts with 
the same protein name. Two transcripts, encoding an 
EGF-like domain-containing protein and vitellogenin 
fused with superoxide dismutase, were detected as both 
DETs and significant DAS events in both genotypes 
(Table  S13). There were 39 transcripts detected as both 
DETs and significant DAS events in KB1 (Table  S13). 

Among them, transcripts related to reproduction, such as 
those encoding peroxidase and BZIP domain-containing 
protein, were identified. On the other hand, five tran-
scripts were detected as both DETs and significant DAS 
events in KE2 (Table  S13). Growth-related transcripts 
such as that encoding the chitin-binding type-2 domain-
containing protein, were identified in KE2. Furthermore, 
the transcript of the ZP domain-containing protein, 
which plays a pivotal role in oocyte and gamete develop-
ment, was upregulated and differentially spliced (∆PSI: 
0.51 and RI event) in KB1, while it was downregulated 
without differential splicing in KE2 (Table S13). The puta-
tive ecdysteroid 25-hydroxylas, which plays vital roles in 
regulating arthropod maturation, growth, and develop-
ment, was upregulated and differentially spliced (∆PSI: 
0.15 and RI event) in KE2, while only being differentially 
spliced (∆PSI: − 0.45 and A5 event) in KB1 (Table S13).

Enrichment analysis of GO and KEGG pathways of DETs 
and DAS genes
GO and KEGG enrichment analyses were performed 
using DETs detected from both genotypes to gain 

Fig. 4  Sashimi plot display the coverage of RNA-seq reads mapped to the reference genome, including A Calpain-3 in KB1, B Calpain-3 
in KE2, C Thymosin beta in KB1, and D Ultraspiracle in KE2, all of which exhibit statistically significant alternative splicing events. The exons are 
represented on the x-axis, and the read coverage of RNA-seq is represented on the y-axis. The splice junctions are depicted in the form of arcs, 
with the numerical values on each arc representing the junction-spanning read counts for each sample. KB1/KE2_con and KB1/KE2_fish indicate 
the control and experimental groups of genotypes KB1/KE2, respectively. Abbreviations: AF—alternative first exon, A3—alternative 3′ splice site, 
A5—alternative 5′ splice site
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further insights into their underlying molecular mecha-
nisms. We found that most of the significantly enriched 
GO biological processes (BPs) were related to small 
molecule, phosphate-containing compound metabolic 
processes, and macromolecule localization in both gen-
otypes (Table  S14). Most enriched GO molecular func-
tions (MFs) were associated with the binding of various 
molecular compounds (e.g., small molecule, anion, car-
bohydrate derivative, nucleotide, ATP, etc.) in KB1. Con-
versely, GO MFs related to growth such as structural 
molecule activity, structural constituent of the cuticle, 
Wnt-protein binding, and others were enriched only 
in KE2, which displayed significantly increased "Body 
Length" under fish kairomone exposure (Table S14). Fur-
thermore, downregulated DETs in KB1 were enriched in 
GO cellular components (CCs) such as cuticular protein 
and endocuticle structural glycoprotein SgAbd-2, which 
is likely associated with the decrease in "Body Length" 
under fish kairomone exposure in this genotype. DETs 
were used to search pathways that contribute to altera-
tions in life-history traits. In KEGG enrichment analysis 
metabolic pathways, such as those regulating fatty acid 
biosynthesis and metabolism were identified in both gen-
otypes (Table S15). The pathways of FoxO signaling and 
mucin-type O-glycan biosynthesis, which play impor-
tant roles in regulating individual growth and develop-
ment, were identified under fish kairomone exposure 
only in genotype KB1, which shows late maturation and 
decreased body size (Table S15). The Wnt signaling path-
way, involved in neuronal development, was identified 

only in KE2 (Table S15). In the enrichment analysis using 
DAS genes, BPs related to metabolic processes were 
identified in both genotypes (Table S16). GO MFs includ-
ing extracellular matrix structural constituent and copper 
ion binding were identified in KB1, while various enzy-
matic (oxidoreductase, carbon–oxygen lyase, etc.) and 
binding (L-ascorbic acid, ferrous iron, etc.) activities were 
enriched in KE2 (Table  S16). In addition, metabolism-
related pathways were only identified in KE2, with no sta-
tistically significant pathways found in KB1 (Table S17).

Discussion
Predator-induced responses in Daphnia have been 
extensively researched [58]. Prey species exhibit vari-
ous adaptations in response to predation, including 
life history, behavior, and morphological and physi-
ological trait alterations [59]. The life-history traits 
exhibited plasticity in response to vertebrate predation 
risk, with organisms showing earlier or later matura-
tion and adjusting their body size in response to this 
risk [18, 20]. While many studies have explored the 
molecular mechanisms underlying the responses to 
predator stressors based on gene expression, the role 
of AS remains overlooked. Our previous study also 
focused on differences in gene expression rather than 
differential splicing responses to fish kairomones [18]. 
AS serves as a critical regulatory mechanism enhanc-
ing transcriptome and proteome diversity, potentially 
exerting a significant role in mediating responses to 
stress alongside gene expression alterations. To the best 

Fig. 5  Venn diagram showing the number of DETs and DAS genes identified in each D. galeata genotype
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of our knowledge, this is the first study to find the asso-
ciation of predator-induced phenotypic variation with 
AS patterns and transcriptional profiles in D. galeata.

Daphnia can increase its body size in response to 
predator-induced stress, a phenomenon known as induc-
ible defense. Larger body size confers advantages such 
as increased fecundity and improved competitive ability, 
which facilitate Daphnia’s survival in predator-rich envi-
ronments. Conversely, Daphnia species can also decrease 
their body size in response to predators; this adaptive 
response decreases their likelihood of being detected 
and eaten by predators. Additionally, previous studies in 
Daphnia have also shown that energy resources are pref-
erentially allocated for reproduction upon exposure to 
fish kairomones, increasing the rate at which neonates 
reach adulthood and facilitating the production of more 
offspring [58]. Similar to a previous study [6], our results 
demonstrated altered life-history traits related to repro-
duction and growth in both genotypes under fish preda-
tor stress (Fig.  2). KB1 exhibited defense strategies by 
enhancing fertility to yield a large number of offspring to 
ensure the survival of successive generations and reduc-
ing “Body Length” to evade detection and predation 
(Fig. 2). A previous study also identified early maturation 
and decreased size in Daphnia as a response to verte-
brate predators [13]. Early reproduction before predation 
provides an ecological advantage for maintaining popu-
lation numbers [13]. In KE2, exposure to predatory fish 
kairomones led to no significant reproduction-related 
changes (Fig.  2). However, growth-related life-history 
traits, such as “Body Length,” increased in KE2, reflect-
ing patterns that contrasted with those observed in 
KB1 (Fig.  2F). Upon detecting the presence of preda-
tory fish, Daphnia species initiate specific physiological 
and behavioral mechanisms to enhance their chances of 
survival. One potential mechanism for phenotypic vari-
ation is energy reallocation, where organisms prioritize 
growth and development over reproduction, resulting in 
larger body sizes. Exposure to predatory fish kairomones 
can induce an adaptive response in Daphnia, leading to 
an increase in body length. Prior research has proposed 
that when facing threats of predation by fish, Daphnia 
may exhibit accelerated growth during the juvenile stages 
and subsequently allocate resources to high reproductive 
efforts and early spawning upon reaching maturity [14]. 
Additionally, a larger size at first reproduction could be 
exhibited in response to fish predation, representing an 
ecological cost (community trade-off) deviating from the 
classical prediction of reduced body size in response to 
fish predation risk [60, 61].

DE analysis was conducted to understand the genetic 
mechanisms regulating the appropriate functional 
response in the two D. galeata genotypes that exhibit 

contrasting phenotypic plasticity under predation stress. 
Among consistently down-regulated DETs, there were 
transcripts encoding long-chain-fatty-acid—CoA ligase 
and C-type lectin domain-containing protein. Previous 
studies have shown that upon exposure to invertebrate 
predators in D. pulex, the expression levels of proteins 
involved in the elongation of very-long-chain fatty acids 
and C-type lectins decreased [58]. In addition, the down-
regulation of C-type lectin-related genes was identified 
in D. galeata upon parasite exposure [62]. This phenom-
enon seems to occur when Daphnia activate their induc-
ible defenses in response to threats from predators or 
parasites. The DETs that exhibited inconsistent expres-
sion patterns across genotypes include NAD( +) kinase, 
which was upregulated in KB1 but downregulated in 
KE2 (Table  S5). NAD( +) kinase plays a pivotal role in 
various metabolic processes, encompassing the produc-
tion of energy within mitochondria, which is required for 
cell division, growth, and development in Daphnia [63]. 
A previous study has shown that a higher abundance of 
proteins related to energy metabolism and biosynthetic 
processes supports the increased energy demand of the 
embryo for expressing Triops-induced defensive traits 
in D. magna [64]. In contrast, muscle-specific actin was 
downregulated in KB1, but upregulated in KE2, which 
displayed significantly increased “Body Length” under 
exposure to fish kairomones (Fig. 2F and Table S5). In a 
previous proteomic study, evidence for a higher abun-
dance of muscle-specific actin was found in D. magna 
exposed to chemical cues of the predator Triops can-
criformis [64]. The study also suggested that increasing 
muscular mass may compensate for the consequences of 
carapace fortification or altered hydrodynamics result-
ing from modified carapace morphology [64]. This could 
be associated with muscle-specific actin expression, 
although further research is required to fully under-
stand its specific mechanisms under predation stress in 
Daphnia. The two D. galeata genotypes exhibited higher 
numbers of genotype-specific DETs than common DETs, 
which is in line with our previous findings [18]. The 
growth-related DETs, such as a receptor protein-tyrosine 
kinase and a delta-like protein, were down-regulated only 
in KB1 (Table S4), which showed significantly decreased 
“Body Length” in response to fish kairomones. Con-
served receptor protein-tyrosine kinases play a crucial 
role in various aspects of cell fate determination, differ-
entiation, patterning, proliferation, growth, and survival 
across metazoans [65]. The delta-like protein is involved 
in cell–cell notch signaling, which is critical for the devel-
opment and adult homeostasis of animals [66]. Thus, 
KB1 seems to adopt an adaptive strategy by reducing its 
body size, aiming to evade detection or predation by sup-
pressing growth through the downregulation of receptor 
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protein-tyrosine kinases and delta-like proteins associ-
ated with growth. However, further research is required 
to determine the specific role of these proteins in D. 
galeata under predator-induced stress.

Various AS events were identified in the two geno-
types, and several DAS genes appeared to be potentially 
associated with altered life-history traits in response to 
fish kairomone exposure. The gene encoding calpain-3 
underwent an AF event and was identified as differen-
tially spliced in both genotypes (Figs. 4A and B). In pre-
vious research, the calpain gene (CalpA) in Drosophila 
was found to be specifically expressed in the midgut, 
which is involved in digestion and nutrient absorption 
[67]. This implies that CalpA, by participating in pro-
tein degradation and regulation, can potentially enhance 
energy metabolism and ensure sufficient energy and 
resources for reproduction. Interestingly, calpain-3 dis-
played an increase in exon inclusion (∆PSI: 0.46) in KB1, 
which showed increased fertility upon exposure to fish 
kairomone (Table S7). In contrast, calpain-3 displayed a 
decrease in exon inclusion (∆PSI: − 0.22) in KE2, which 
showed no significant differences in life-history traits 
related to reproduction except for "Number of Off-
spring First Brood" when exposed to fish kairomone. 
This indicates that the differential splicing of calpain-3 
may be associated with the reproductive-related life-
history trait changes observed in the two genotypes 
in response to fish kairomones. According to a previ-
ous study, three types of AS occurred in the mouse cal-
pain-3 gene, including an AF event [68]. These isoforms 
play a crucial role in muscle tissue by maintaining the 
structure and function of muscle cells [68]. Various 
calpain-3 isoforms are expressed in muscle cells, and 
mutations in this gene can affect their protein degrada-
tion and regulation, which are crucial factors in muscle 
growth and function maintenance [68]. Thus, the differ-
ential splicing of calpain-3 may also be associated with 
the observed life-history trait changes related to growth 
in the two genotypes. Additionally, growth-related genes 
such as thymosin beta, which displays DAS classified 
as an A3 event (∆PSI: − 0.27), were identified in KB1 
but not in KE2 (Fig.  4C and Table  S7). Thymosin beta, 
which is the most abundant thymosin type in the body 
and plays multifaceted roles, including its well-recog-
nized participation in actin regulation by binding to actin 
monomers [69]. In Caenorhabditis elegans, tetraThy-
mosinbeta plays a crucial role in specific developmen-
tal stages that require actin polymerization [70]. Actin 
is a crucial component in cytoskeleton dynamics, and 
actin-binding proteins (ABPs) are recognized as critical 
contributors to skeletal muscle health [71]. The dysfunc-
tion of ABP disrupts the essential signaling pathways 
for muscle development, resulting in muscle disorders 

[71]. Therefore, the negatively spliced transcript of thy-
mosin beta may regulate the decrease in "Body Length" 
in genotype KB1, as a response to fish kairomones. On 
the other hand, ultraspiracle, an essential component of 
the ecdysone receptor (EcR) and heterodimer receptor 
complex in insects, displayed DAS classified as an A5 
event (ΔPSI: − 0.18) only in KE2 (Fig. 4D and Table S7). 
Based on previous studies, ultraspiracle protein (USP) 
is known to play a significant role in insect growth [72]. 
It is involved in growth and development through the 
formation of a complex with the EcR, forming heterodi-
mers that bind to DNA and activate specific genes [73]. 
This regulates the expression of genes related to growth, 
development, metamorphosis, and reproduction, play-
ing a key role in the regulation of physiological processes 
in insects. Thus, the differential splicing of USP may also 
be associated with the observed life-history trait changes 
related to growth in the two D. galeata genotypes. How-
ever, further research is required to elucidate the specific 
mechanisms of the alternative transcripts of USP under 
predation stress in D. galeata.

Additionally, we examined the functions of genes 
displaying DETs and DAS upon exposure to fish kair-
omones, analyzing their association with phenotypic 
variation in the two genotypes (Table  S8). Overlapping 
transcripts were found in the DETs and DAS genes, 
which could account for the association with the pheno-
typic variation seen in each genotype. In KB1, reproduc-
tion-related genes, such as those encoding a peroxidase 
and BZIP domain-containing protein were identified as 
common among DET and DAS genes (Table  S8). Per-
oxidase, which plays a fundamental role in the harden-
ing process of the chorion during oogenesis by catalyzing 
the formation of di- and tri-tyrosine bonds directly asso-
ciated with the chorion hardening process in D. mela-
nogaster, was identified as an upregulated DET and 
positive DAS gene [74]. In addition, the BZIP domain-
containing protein, identified as an upregulated DET and 
DAS gene (with positive ∆PSI) in this study, has been 
found to play essential roles in both Drosophila develop-
ment and reproduction [75]. In summary, based on the 
observed phenotypic variations, KB1 exhibited increased 
fecundity under predator stress, potentially mediated by 
these proteins. On the other hand, transcripts encoding 
the chitin-binding type-2 domain-containing protein 
related to growth were identified as DET and DAS genes 
in KE2 (Table  S8). Chitin filaments and cuticle proteins 
form the essential constituents of the cuticle [76]. In a 
previous study, two chitin deacetylase genes linked to 
neckteeth induction were identified in D. pulex [77].

The aforementioned genes are consistent with the 
GO and KEGG pathway enrichment analyses con-
ducted in this study, in which several processes related 
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to development and morphogenesis were over-repre-
sented. Growth-related GO terms, analyzed using DETs 
from both genotypes, such as structural molecule activ-
ity, structural constituent of the cuticle, Wnt-protein 
binding, and others, were specifically enriched in KE2 
only (Table  S9). In D. pulex, the structural constitu-
ent of the cuticle was enriched in response to Chaob-
orus kairomones, indicating its association with cuticle 
remodeling [58, 78]. Moreover, genes involved in body 
remodeling and cuticle protein activation were found to 
be enriched in D. magna when exposed to kairomones 
from vertebrate and invertebrate predators [79]. There-
fore, our results suggest that these GO terms may poten-
tially be related to the increase in "Body Length" in 
genotype KE2 as a response to fish kairomones. Some 
reports indicate that signaling pathways regulate devel-
opmental changes upon exposure to predators, subse-
quently influencing reproduction and growth. In the 
KEGG enrichment analysis using DETs, mucin-type 
O-glycosylation was enriched under fish kairomone 
exposure only in KB1 (Table  S10). Mucin-type O-gly-
cosylation, a predominant type of O-glycosylation, is an 
evolutionarily conserved posttranslational modification 
in animals and it is often found on mucins in the mucous 
membranes of the digestive tract [80]. Recent studies in 
model organisms have demonstrated essential roles for 
O-glycans in embryonic development, organogenesis, 
and tissue homeostasis [81]. Hence, the activation of 
this pathway may enhance embryonic development and 
account for the increased fertility of KB1 in response 
to fish kairomones. Wnt signaling, a key pathway that 
affects the late developmental stage of Daphnia [82], was 
enriched only in KE2 (Table S10). Transcriptional profil-
ing of D. mitsukuri exposed to fish kairomones indicated 
its response to predation risk through the regulation of 
Wnt signaling activity [82]. As observed in previous stud-
ies, a genotype exhibiting smaller body sizes in response 
to fish kairomones displayed downregulated DETs 
involved in this pathway [18]. Therefore, the upregula-
tion of DETs within the Wnt pathway, crucial for animal 
development and growth, might contribute to the larger 
body size observed in genotype KE2 [83].

The intraspecific differences observed in response to 
fish kairomones may arise from differences in expressed 
transcripts or from splicing machinery functions induced 
by the kairomones [84]. AS is crucial in increasing pro-
teome diversity, and the frequent occurrence of AS events 
has been suggested to be responsible for the increased 
phenotypic complexity of eukaryotes [25]. The abundance 
of a particular transcript isoform is influenced by three 
factors: the transcription rate of the gene, the splicing 
rate of the primary transcript to yield the specific tran-
script isoform, and a combination of both [85]. Hence, 

changes in the splicing ratios of exons and introns can 
modulate transcript abundance independently of over-
all gene expression. Previous studies have suggested that 
differences in AS patterns, rather than differences in gene 
expression, play a more significant role in the diversifica-
tion of the pharyngeal jaws of cichlids in Lake Tanganyika 
[86]. Moreover, the exon–intron boundaries comprise 
highly conserved splice site sequences that must be accu-
rately identified by the spliceosome for adequate splic-
ing [22]. Splicing factors interact with both intronic and 
exonic sequences to dictate the frequency of exon inclu-
sion in the final transcript [87]. If splicing is not accurately 
regulated, it may lead to the occurrence of premature 
stop codons and transcripts with modified amino acid 
sequences [22]. In addition, the presence of sequence 
variations near the splice site may affect the competi-
tiveness of the splice acceptor sites, leading to pheno-
typic variation [88]. Therefore, further investigation into 
sequence variations at splice sites across genotypes is 
required to understand the genetic mechanisms of spliced 
genes associated with phenotypic variation. Future stud-
ies should also perform quantitative RT-PCR (qRT-PCR) 
on the DETs identified in this study to validate our results. 
Additionally, we intend to validate the AS events selected 
through bioinformatics analysis, using both long and 
short-read data in this study, by employing RT-PCR in 
the future. Importantly, epigenetic modifications, includ-
ing cytosine methylation, may contribute to our observed 
results [89]. These factors play a significant role in pheno-
typic plasticity by regulating gene expression and shaping 
the organism’s response to environmental stimuli.

Conclusions
This study aimed to integrate gene expression and splic-
ing analyses to comprehensively analyze the genetic 
mechanisms of phenotypic plasticity under predation 
stress by examining phenotypic variations induced by 
fish kairomones in two D. galeata genotypes from the 
Han River in Korea. The two genotypes showed variation 
in life-history traits related to reproduction and growth 
when exposed to fish kairomones, indicating that each 
genotype displays unique adaptive strategies for cop-
ing with predation-induced stress. DE analyses revealed 
common and unique DETs related to reproduction and 
growth in response to fish kairomones in both geno-
types, implying that they could account for the variation 
in life-history traits observed in both genotypes. Moreo-
ver, DAS analysis exhibited multiple alternatively spliced 
transcripts associated with life-history trait variation in 
response to fish kairomones that were not detected in DE 
analysis. This suggested that splicing may have an equal 
or even greater impact than DE alone on the post-tran-
scriptional stress response to fish kairomones.
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