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The publicly archived RNA-seq data has grown exponentially, while its valuable information has not yet
been fully discovered and utilized, such as alternative splicing and its integration with gene expression.
This is especially true for fish species which play important roles in ecology, research and the food indus-
try. Furthermore, there is a lack of online platform to analyze users’ new data individually and jointly
with existing data for the comprehensive analysis of alternative splicing and gene expression. Here, we
present FishExp, a web-based data platform covering gene expression and alternative splicing in
26,081 RNA-seq experiments from 44 fishes. It allows users to query the data in a variety of ways, includ-
ing gene identifier/symbol, functional term, and BLAST alignment. Moreover, users can customize exper-
iments and tools to perform differential/specific expression and alternative splicing analysis, co-
expression and cross-species analysis. In addition, functional enrichment is provided to confer biological
significance. Notably, users are allowed to submit their own data and perform various analyses using the
new data alone or alongside existing data in FishExp. Results of retrieval and analysis can be visualized on
the gene-, transcript- and splicing event-level webpage in a highly interactive and intuitive manner. All
data in FishExp can be downloaded for more in-depth analysis. The manually curated sample informa-
tion, uniform data processing and various tools make it efficient for users to gain new insights from these
large data sets, facilitating scientific hypothesis generation. FishExp is freely accessible at https://bioinfo.
njau.edu.cn/fishExp.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fishes are the largest group of vertebrates, with over 34,000
species [1], more than all other vertebrate species combined. They
are the earliest vertebrates on Earth and have evolved for more
than 500 million years [2,3]. Living in a variety of habitats globally,
fishes play vital structural and functional roles in the aquatic
ecosystem. With the wide range of time and geographical scale,
they exhibit extremely high levels of biodiversity in terms of mor-
phology, behavior, ecology, and among others. Fish species have
been utilized as excellent models in studies of development, phys-
iology, behavior, toxicology, evolution and genetics. For instance,
zebrafish and medaka are valuable models for studying human
genetics and disease [4–6]. Additionally, many fish species serve
as important food sources in fisheries and aquaculture [7].

With the advancement of high-throughput sequencing tech-
nologies, fish research has entered the era of omics and profoundly
revolutionized our understanding of biology, diversity and disease
[8]. So far, transcriptomic studies mainly focused on differential
gene expression, with negligence of many other crucial layers of
regulations such as splicing. Alternative splicing (AS) is the mech-
anism by which a single pre-mRNA molecule generates different
mature mRNAs (transcripts or isoforms), enhancing proteomic
diversity and gene expression modulation. Studies have demon-
strated its prevalence and importance in eukaryotes, particularly
in vertebrate species. For example, nearly all multi-exonic genes
in human exhibit AS events, significantly increasing the complexity
and function of gene expression [9,10]. AS functions in a cell-,
tissue-, or condition-specific manner, and plays key roles in devel-
opment, disease, stress response and evolution [11–13].
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Efficient retrieval and display of such important information can
improve our understanding of gene regulatory networks and facil-
itate genome annotation and future functional research. A number
of useful databases have been developed, including TCGA SpliceSeq
[14], ASpedia [15], VastDB [16], ASlive [17] and MeDAS [18]. These
databases, however, typically accommodate a small number of
model organisms or provide specialized scope of knowledge and
analysis, and none of them is specifically designed for fish species.
Some intriguing individual studies have been carried out in fish
[19–23], for example, the use of an alternative 50 splice site of the
gene MSX2A in freshwater three-spined stickleback (Gasterosteus
aculeatus) resulted in shorter dorsal spines [20]; Tan et al. investi-
gated the genome-wide changes of AS profiles and revealed the
enrichment of RNA binding and splicing after both biotic and abi-
otic stresses in catfish [21–23]. Nevertheless, AS research in fish is
still at an early stage, especially for genome-wide AS analysis and
non-model fish species. We thereby created FishExp, a user-
friendly, highly interactive database and analysis platform for the
comprehensive analysis of AS and gene expression. We developed
a uniform bioinformatic pipeline to integrate genomic/transcrip-
tomic data with detailed metadata to systematically analyze gene
expression/AS profiles of 44 fishes with sufficient publicly available
genomic and transcriptomic data. Genome annotations of most fish
species were greatly improved, i.e., many novel transcripts and
splicing events were discovered and displayed. Furthermore, users
can flexibly customize RNA-seq data sets of interest and examine
differentially expressed genes (DEG) and differentially alternatively
spliced (DAS) events/genes, provided with functional enrichment
analysis. One highlight is that the platform allows users to analyze
their new data alone or co-analyze with the existing data of Fish-
Exp. This study provides an added-value resource for public reper-
toire and offers convenient tools of retrieval, analysis and
visualization for the fish genome research community.
2. Materials and methods

2.1. Data collection and database content

The reference genome assemblies and original annotation of
fish species were collected from Ensembl, alternatively from NCBI.
RNA-seq data were collected from Sequence Read Archive (SRA)
database by querying the SRA metadata (as of July 2020) [24]. Illu-
mina sequencing data was exclusively collected due to its ubiquity
and high base quality. The metadata is manually curated and orga-
nized, including strain, genotype, tissue, development and treat-
ment. A total of 26,081 high-quality RNA-seq experiments of 664
studies from 44 fish species were harbored by FishExp (Table 1).
A phylogenetic tree of the studied species was generated based
on NCBI taxonomy using PhyloT (https://phylot.biobyte.de) and
visualized using iTol [25] (Fig. 1). Fig. 2 briefly illustrates the data
collection, manual curation and data processing, and highlighted
features of FishExp.
2.2. Gene annotation improvement

The reference genome sequences and annotation of 41 and 3
species are from the Ensembl and NCBI, respectively (Table 1).
Accurate and complete gene annotation is extremely important
for the unambiguous quantification of expression or splicing from
RNA-seq experiments [26]. Whereas online genome annotations
are largely incomplete, even for widely studied organism like
human. To address this, we improved the gene/transcript model
using the following steps. First, high-quality RNA-seq data sets
were mapped to the reference genome by HISAT2 [27], and then
assembled into transcripts using StringTie2 [28]. Second, we kept
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novel multi-exonic transcripts with enough length (�200bps)
and average coverage (�2x per transcript and � 1x per exon). At
last, we retained only the novel transcripts with high confidence,
shown in at least 1/3 of all experiments and at least 3 experiments.
All improved annotations are available for download on the Sum-
mary page of the FishExp database.

2.3. Gene expression estimation and differential analysis

WeusedHISAT2 to perform read alignment against the reference
genome and used StringTie2 to assembly them into transcripts and
obtain expression levels for genes/transcripts. For co-expression
analysis, the R package WGCNA was utilized [29]. For differential
expression analysis, two most widely used tools were employed:
DESeq2 [30] and edgeR [31]. It is noted that edgeR allows three test
models including exact test, likelihood test and quasi-likelihood F
test; it also supports comparison without sample replicates, which
is useful for exploring many early sequencing experiments.

2.4. Alternative splicing detection and differential analysis

By generating multiple isoforms from a single gene, AS influ-
ences diverse cellular processes, including stability, localization,
binding and enzymatic properties [13]. AS and DAS analyses could
provide new insights into biological processes and disease condi-
tions, however, they were underestimated and far from being fully
mined in existing RNA-seq data sets. To overcome this, rMATs [32]
and customized scripts were used to perform analyses of AS and
DAS. Five canonical AS types were considered, including exclusion
or inclusion of individual exon (SE), alternative 50 splice site and 30

splice site (A5SS and A3SS), retention of intron (RI), mutually
exclusive splicing of adjacent exon (MXE). Among them, SE is the
most common type, accounting for approximately 38.8% of all AS
events detected in this study, followed by RI, A3SS and A5SS, while
MXE only occurs in about 2.5% of AS events (Fig. 3A). Approxi-
mately 13.4% of the total AS events were novel detected by rMATS
based on read mapping (Fig. 3B).

2.5. Functional enrichment

To help better understand the functions of the biological sys-
tem, we employed ClusterProfiler R package [33] to conduct func-
tional enrichments of Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway. For genomes from
Ensembl, GO terms come from its functional annotation, while
Blast2GO [34] was used to obtain GO annotations for RefSeq gen-
omes. GO annotation of some species, especially model species,
can also be directly extracted from AnnotationHub [35]. The path-
way assignment was achieved by submitting protein sequence to
KAAS (KEGG automatic annotation server) [36], which works
mainly based on sequence similarities. The pathway annotation
of widely studied species can be extracted directly from KEGG
database. In addition to the typical enrichment analysis using
hypergeometry test, we also provide options for enriching GO
and pathways using Gene Set Enrichment Analysis (GSEA) [37].

2.6. Orthologous gene and AS event

Gene conservation indicated positive natural selection, reflect-
ing their evolutionary and functionally important roles. In an
attempt to explore the gene conservation between fish species,
orthologous genes between species were identified by OrthoFinder
[38] using the longest protein sequence of each gene. Gene splicing
can be found in almost all eukaryotic species. The formation and
disappearance of AS events occur during evolution, and conserved
AS provides strong evidence of biological function [39]. To explore
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Table 1
Fish species and corresponding data collected in FishExp.

Order Species Taxon Database Mapped bases (GB) Study number Experiment number

Acanthuriformes Larimichthys crocea 215,358 Ensembl 377.47 17 78
Anguilliformes Anguilla anguilla 7936 NCBI 188.27 6 67
Beloniformes Oryzias melastigma 30,732 Ensembl 98.89 7 45

Oryzias latipes 8090 Ensembl 1143.22 25 397
Carangiformes Seriola dumerili 41,447 Ensembl 190.65 3 32
Characiformes Astyanax mexicanus 7994 Ensembl 318.36 5 64
Chimaeriformes Callorhinchus milii 7868 Ensembl 71.94 1 11
Cichliformes Haplochromis burtoni 8153 Ensembl 242.65 6 79

Astatotilapia calliptera 8154 Ensembl 148.54 1 38
Oreochromis niloticus 8128 Ensembl 769.04 22 165
Pundamilia nyererei 303,518 Ensembl 62.04 2 54
Maylandia zebra 106,582 Ensembl 63.88 2 35

Coelacanthiformes Latimeria chalumnae 7897 Ensembl 326.82 2 20
Cypriniformes Cyprinus carpio 7962 Ensembl 272.89 16 96

Carassius auratus 7957 Ensembl 269.85 11 97
Danio rerio 7955 Ensembl 13800.58 360 21,701

Cyprinodontiformes Poecilia formosa 48,698 Ensembl 60.13 2 12
Poecilia reticulata 8081 Ensembl 635.55 7 125
Fundulus heteroclitus 8078 Ensembl 141.65 3 24
Poecilia latipinna 48,699 Ensembl 98.72 3 24
Cyprinodon variegatus 28,743 Ensembl 174.42 2 47
Poecilia mexicana 48,701 Ensembl 264.97 5 181
Nothobranchius furzeri 105,023 Ensembl 891.1 9 325
Gambusia affinis 33,528 Ensembl 44.78 2 13

Esociformes Esox lucius 8010 Ensembl 144.44 2 24
Gadiformes Gadus morhua 8049 Ensembl 723.63 6 160
Gasterosteiformes Gasterosteus aculeatus 69,293 Ensembl 1806.28 21 717
Gymnotiformes Electrophorus electricus 8005 Ensembl 92.05 1 11
Lepisosteiformes Lepisosteus oculatus 7918 Ensembl 134.89 4 23
Myxiniformes Eptatretus burgeri 7764 Ensembl 94.36 2 23
Perciformes Lates calcarifer 8187 Ensembl 243.08 7 64

Stegastes partitus 144,197 Ensembl 51.56 1 16
Dicentrarchus labrax 13,489 Ensembl 54.89 5 28
Sparus aurata 8175 Ensembl 143.28 1 51

Petromyzontiformes Petromyzon marinus 7757 Ensembl 121.02 6 38
Pleuronectiformes Paralichthys olivaceus 8255 NCBI 631.64 15 146

Cynoglossus semilaevis 244,447 Ensembl 114.51 6 24
Scophthalmus maximus 52,904 Ensembl 150.21 8 53

Salmoniformes Oncorhynchus tshawytscha 74,940 Ensembl 145.18 1 15
Oncorhynchus kisutch 8019 Ensembl 729.84 6 69
Oncorhynchus mykiss 8022 Ensembl 2438.3 30 693
Salmo trutta 8032 Ensembl 205.56 5 95

Siluriformes Ictalurus punctatus 7998 Ensembl 467.67 17 90
Pangasianodon hypophthalmus 310,915 NCBI 57.28 1 11
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the conservation of AS, we carried out the following steps. First, the
protein sequences within one orthologous gene group were
aligned using MAFFT [40]. Second, the protein alignments were
converted to codon alignments using PAL2NAL [41]. Finally, we
assigned new coordinates of exons in transcripts based on the
codon alignments. All AS events with the same new coordinates
were classified into an orthologous AS group. All the Orthologous
genes and AS events were deposited in FishExp and had links to
each other within one orthologous group.

2.7. Implementation of FishExp

The data in FishExp are stored and managed in the relational
databases MySQL. The web interfaces are based on HTML, CSS
and JavaScript. The backend processing scripts use PHP, Perl and
R language. A genome browser is implemented using JBrowse
[42] to facilitate convenient visualization of genes, transcripts
and AS.

3. Results

3.1. Summary of genomic and transcriptomic data

The species table on the homepage lists all 44 species. The sum-
mary icon in the species table leads the user to view a brief biolog-
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ical introduction of the species, genomic statistics and the
information of RNA-seq experiments. Of them, the genomic statis-
tics include the number of original gene/transcript, improved tran-
script/exon/splice and AS event. Statistics of improvement results
for all species are listed in Supplementary Table S1. On average,
the number of exons and splice junctions increased by approxi-
mately 5.8% and 9.8%, respectively; the number of transcripts per
multi-exon gene increased from 1.9 to 2.3; and the proportion of
genes with alternative transcripts increased from 36.4% to 51.7%
among all multi-exon genes. All the genomic and transcriptomic
data, such as genome sequence/annotation, gene/transcript
expression and AS data, are downloadable for users to conduct
off-line analyses.
3.2. Advanced searching

The search term for FishExp can be in any of the following for-
mats: gene ID/symbol or functional categories including protein
family, gene ontology and KEGG pathway (Fig. 4A). Moreover, the
BLAST tools, including blastn, blastp and blastx, enable the user
to search for targeted genes by supplying protein or nucleotide
sequences from the current or other species (Fig. 4B). The search
results provide annotations with links to external mainstream
databases including Swissport, pfam, GO and KEGG (Fig. 4C). Fur-
thermore, clicking on the expression tab will direct the user to



Fig. 1. Phylogenetic clustering of 44 fish species included in the study. The phylogenetic class of Myxini, Hyperoartia, Chondrichthyes and Sarcopterygii is indicated by blue,
red, green and purple, respectively. All the other 40 species are from the class of Actinopterygii (ray-finned fishes). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the gene page, which displays 1) the general information of the
gene, including the orthogroup with a popup window displaying
the orthologous genes of other fish species, helping to explore
the cross-species gene conservation; 2) a genome browser for intu-
itive visualization of the gene model and associated transcripts/AS
event, from which the sequence of the region of interest can be
obtained; 3) a hierarchical bar chart displaying gene expression
profiles in experimental groups of a selected study at the first level
and sequencing experiments at the second level by clicking a cer-
tain group. The gene page can lead the user to the transcript page
and splicing page which have the similar layout (Fig. 4D-G). Both
transcript page and splicing page have links to each other and
allow users to explore the potential functional impact of AS on
associated transcripts (Fig. 4H). Note that in the hierarchical bar
chart of a selected study, the gene and transcript page present
expression value using TPM (transcript per million) or FPKM (Frag-
ments Per Kilobase of transcript per Million mapped reads) based
on user selection, whereas the splicing page shows the percent
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spliced-in (PSI) indicating the exon inclusion level for a certain
AS event.

3.3. Differential expression and alternative splicing

Most transcriptomic studies strive to identify and investigate
differences between groups, which can provide insights into the
underlying molecular mechanisms and generate new hypothesis.
Here in the FishExp server, both differential gene expression
(DGE) and differential alternative splicing (DAS) analyses are
offered for users. The comparative analyses can be customized in
many aspects. First, based on various information (strain, geno-
type, tissue, development and treatment), two groups of RNA
experiments can be flexibly selected by clicking the corresponding
icon in the ‘‘Control” and ‘‘Treatment” column (Fig. 5A). In addition,
the search box in the upper right corner can be used to locate cer-
tain study, RNA experiment or data source. Second, a number of
analysis tools and parameters of DGE/DAS and GO/KEGG enrich-



Fig. 2. Overview of data collection, manual curation, data processing and database features of FishExp.

Fig. 3. Summary of identified alternative splicing events. (A) Percentage of five common types of alternative splicing events in all collected RNA-seq experiments. SE, skipped
exon; A5SS, alternative 50 splice site; A3SS, alternative 30 splice site; RI, retention of intron; MXE, mutually exclusive exon. (B) The detection of alternative splicing events is
not only based on known transcripts, but also derived from high-quality read mapping against the corresponding genome.
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ment analyses are user-defined (Fig. 5B and C). For instance, the
DAS analysis provides different statistical models including MATS
LRT, rMATS unpaired and rMATS paired [32].

The link of the result page including various tables and figures
will be sent to the user-provided email after job submission. The
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top of the result page displays the basic analysis information of
the user-selected samples, analysis tools and parameters. The
remaining page is separated into two sections of analysis results:
differential expression and differential splicing. Each section con-
tains two clustering plots, PCA and heatmap (Fig. 5D and E), which



Fig. 4. The advanced searching and display structure of FishExp. (A) Search: various options and filters for searching a gene of interest in a selected species. (B) BLAST:
searching genes with user-inputted protein or nucleotide sequence from the current species or other species. Various parameters such as E-value and gap costs can be
defined. (C) Searching results shows annotation information of the gene with external links and expression icon directing users to the gene page. (D) The display structure of
FishExp. The gene page, transcript page and splicing page are interconnected and share similar webpage layout, including basic information, genome visualization and
expression/splicing profiles, shown in (E) (F) (G) respectively, using splicing page as an example. (H) The interaction page illustrating the effect of an AS event on a selected
transcript.
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provide an overview of the variation of RNA-seq data and help
check the group selection. It is followed by figures of enriched
GO (Fig. 5F) and pathway and the interactive table of DEG or DAS
(Fig. 5G) if available. Moreover, a download button is offered for
users to obtain all the tables/high-quality figures for publication
and other detailed information for further analysis.
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3.4. Specificity analysis

Specifically expressed genes (SEG) or specifically spliced genes
(SSG) are of great interested since they may exert specific functions
in a certain tissue, genotype or disease condition. The FishExp ser-
ver provides the specificity analysis as an extended function of the



Fig. 5. Comparative analyses in FishExp including differential expression and differential splicing. (A) Two groups, referred to as control and treatment, should be firstly
selected by clicking on the corresponding icon. (B) Various tools, parameters and thresholds can be defined for the differential gene expression and alternative splicing
analysis. (C) Functional enrichment can be conducted with many approaches and thresholds. (D) PCA plot and (E) heatmap showing the distribution of samples based on
alternative splicing profiles. (F) Bar chart displaying the enrichment of GO terms. (G) The result table contains detailed information including links to other pages of FishExp
and external databases.
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differential analysis. The only difference is that at least four groups
need to be selected in the specificity analysis, and the pairwise
comparison between groups will be performed. The specifically
expressed gene is referred to the gene which expressed signifi-
cantly higher or lower in one group than that in any other groups.
Similarly, the specifically alternatively spliced gene refers to the
gene whose PSI value in one group is significantly higher or lower
than that in other groups. The specificity result page is similar to
that of the differential analysis between two groups, except that
it additionally contains the chart displaying the number of SEG/
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SSG with significantly higher or lower expression/splicing levels
than other groups.
3.5. Co-expression and cross-species analysis

Cluster of highly correlated genes may be responsible for speci-
fic traits of interest. Co-expression analysis allows us to explore the
potentially important hub genes of a module (gene cluster), the
relationships between different modules, and the modules corre-
lated with certain samples (traits or features). In FishExp, various
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WGCNA parameters can be set for co-expression analysis, such as
tests for correlation coefficient (Person, Spearman, and Kendall),
soft thresholding power, and network types (signed and unsigned).
In addition to the standard WGCNA analysis pipeline, enrichment
of GO terms and KEGG pathways for each gene module is available
to reveal its biological function.

The cross-species analysis focuses on the gene expression of
orthologous gene and gene group of two specified species. As
above, DESeq2 and edgeR can be selected for differential gene
expression; Person, Spearman, and Kendall tests are available for
the measure of correlation. As an example of an analysis, single-
copy ortholog of two species which are both differentially
expressed between two study groups are listed, which may imply
evolutionarily conservation and crucial function in certain biolog-
ical process. For ease of understanding and further exploration,
rich figures and tables are displayed in the result page.

3.6. Your-own-data analysis

Users can submit their own data and perform all of the above
analyses using their data alone or in conjunction with existing data
in FishExp. All they need to do is follow the pipeline and scripts we
provide in the ‘‘co-analysis” page.

3.7. A case study for differential splicing patterns

We demonstrate here how the FishExp can reveal novel regula-
tory information from published research, promote the under-
standing of underlying mechanisms and help generate new
hypothesis for future studies. A simple design in zebrafish was
selected [43], which compared the gene expression in proximal
intestine of adult zebrafish with and without short bowel syn-
drome (SBS). The SBS zebrafish model underwent treatment of
laparotomy, proximal stoma and distal ligation, while the control
fish experienced laparotomy alone. This study focused on overall
changes in gene expression. We further performed the analyses
of AS and DAS using FishExp web server with a few clicks and
obtained the results in minutes (Fig. 5).

Both PCA of gene expression and PCA of AS (Fig. 5D) show that
samples are distinguishably clustered to two groups in accordance
to the treatment and control group, reflecting that SBS zebrafish
exhibit evident changes in both gene expression and AS profiles.
Using the selected tools and parameters (Fig. 5B and C), a total of
76 DAS events of 66 DAS geneswere identified, seven of whichwere
also differentially expressed genes (Supplementary Table S2).
Remarkably, the DAS genes were almost entirely enriched in the
biological process of RNA splicing/processing and molecular func-
tion of RNA binding (Fig. 5F). In addition, there is only one enriched
KEGG pathway, spliceosome (dre03040), which plays central roles
in the splicing process of eukaryotic genes. This observation is con-
sistent with the findings that genes encoding RNA binding proteins
including splicing factors and spliceosomal components them-
selves often undergo alternative splicing [44–48].

Splice site selection on pre-mRNA under specific conditions is
determined by the binding of splicing factors, which recruit
numerous spliceosomal components and thereby the spliceosome
[49,50]. Changes in levels or activity of splicing factors may have
profound effects on the expression of downstream target genes
[46]. The main classes of splicing factors are Ser/Arg-rich (SR) pro-
teins and heterogeneous nuclear ribonucleoprotein particle
(hnRNP) proteins. Among the DAS events in this study, we identi-
fied four DAS events of three SR genes including srsf3a (SE and
A3SS), srsf4 (IR) and srsf7a (SE) as well as one differential A5SS
event of hnrnpr. The expression or activity of these factors were
regulated by alternative splicing, which may affect downstream
gene network. For instance, the A5SS event on hnrnpr could result
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in an insertion of 18 nucleotides on the transcript of
ENSDART00000172319, which overlap the translated acidic
sequence segment domain (PF18360). The DAS events in the pre-
sent study imply the involvement of alternative splicing in SBS
and may generate new hypotheses for disease progression and
treatment.

4. Discussion

The advent of RNA-seq has revolutionized our understanding in
the complexity and function of gene expression regulation, and
emphasized the considerable roles of AS in various biological pro-
cesses. The study of AS is still lacking in fish species, whose RNA-
seq data is sitting in public repertoire but not being fully explored.
The hidden information may reveal valuable information on gene
expression regulation and suggest new functional association for
further investigations. We thereby created FishExp to help
researchers address the complexity in analyzing and visualizing
the gene expression and alternative splicing profiles.

Serving as an added-value resource, FishExp not only provides a
comprehensive survey of the profiles of gene expression/splicing,
but also is ideally suited to study the DEG/DAS genes/events, co-
expression and cross-species gene regulation, with functional
enrichment. Most importantly, new data from users can be submit-
ted for above-mentioned analyses or co-analysis with data stored
in FishExp. As such, the platform would be of great interest to a
broad range of users. In addition to provide a wealth of information
and analysis tools, we sought to make the database easy to use. The
database is convenient to navigate with logical, hierarchical and
interactive webpage, displayed with a highly interactive interface.
Many external links are embedded for further exploration, and all
data can be downloaded in batch for additional offline analysis.

In the future, we strive to frequently update FishExp to cover
newly generated transcriptome data for current and additional fish
species, including long sequencing reads for accurate transcript
assembly and splicing detection. We envision to extend FishExp
to provide more analyses, such as alternative polyadenylation
and RNA-editing. We anticipate FishExp to become a very useful
resource to explore the profiles and functions of gene expression/
splicing, to expand our understanding of gene expression regula-
tion, and to promote hypothesis generation for further research.

CRediT authorship contribution statement

Suxu Tan: Conceptualization, Data curation, Investigation, Visu-
alization, Writing – original draft, Writing – review & editing.
Wenwen Wang: Data curation, Writing – review & editing. Wen-
cai Jie: Software. Jinding Liu: Investigation, Software, Supervision,
Writing – review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The authors acknowledge the work of the genome and RNA-seq
data producers.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2022.07.015.

https://doi.org/10.1016/j.csbj.2022.07.015


S. Tan, W. Wang, W. Jie et al. Computational and Structural Biotechnology Journal 20 (2022) 3676–3684
References

[1] Froese R, Pauly D. FishBase in the Catalogue of Life. The Catalogue of Life
Partnership 2019.

[2] Friedman M, Sallan LC. Five hundred million years of extinction and recovery:
a Phanerozoic survey of large-scale diversity patterns in fishes. Palaeontology
Wiley Online Library 2012;55:707–42.

[3] Shu D-G, Morris SC, Han J, et al. Head and backbone of the Early Cambrian
vertebrate Haikouichthys. Nature Nature Publishing Group 2003;421:526–9.

[4] Meyers JR. Zebrafish: development of a vertebrate model organism. Curr Protoc
Essent Lab Tech. Wiley Online Library; 2018;16:e19.

[5] Ablain J, Zon LI. Of fish and men: using zebrafish to fight human diseases.
Trends Cell Biol Elsevier 2013;23:584–6.

[6] Schartl M. Beyond the zebrafish: diverse fish species for modeling human
disease. Dis Model Mech. The Company of Biologists Ltd 2014;7:181–92.

[7] Béné C, Arthur R, Norbury H, et al. Contribution of fisheries and aquaculture to
food security and poverty reduction: assessing the current evidence.World Dev
Elsevier 2016;79:177–96.

[8] X. Qian Y. Ba Q. Zhuang et al. RNA-Seq Technology and Its Application in Fish
Transcriptomics. Omi A J Integr Biol. Mary Ann Liebert, Inc 140 Huguenot
Street 2014 3rd Floor New Rochelle, NY 10801 USA 10.1089/omi.2013.0110.

[9] Pan Q, Shai O, Lee LJ, et al. Deep surveying of alternative splicing complexity in
the human transcriptome by high-throughput sequencing. Nat Genet Nature
Publishing Group 2008;40:1413–5.

[10] Wang ET, Sandberg R, Luo S, et al. Alternative isoform regulation in human
tissue transcriptomes. Nature Nature Publishing Group 2008;456:470–6.

[11] Ule J, Blencowe BJ. Alternative splicing regulatory networks: functions,
mechanisms, and evolution. Mol Cell Elsevier 2019;76:329–45.

[12] Verta J-P, Jacobs A. The role of alternative splicing in adaptation and evolution.
Trends Ecol. Evol. 2021.

[13] Kelemen O, Convertini P, Zhang Z, et al. Function of alternative splicing Gene
Elsevier 2013;514:1–30.

[14] Ryan M, Wong WC, Brown R, et al. TCGASpliceSeq a compendium of
alternative mRNA splicing in cancer. Nucleic Acids Res Oxford University
Press 2016;44:D1018–22.

[15] Hyung D, Kim J, Cho SY, et al. ASpedia: a comprehensive encyclopedia of
human alternative splicing. Nucleic Acids Res Oxford University Press 2018;46:
D58–63.

[16] Tapial J, Ha KCH, Sterne-Weiler T, et al. An atlas of alternative splicing profiles
and functional associations reveals new regulatory programs and genes that
simultaneously express multiple major isoforms. Genome Res Cold Spring
Harbor Lab 2017;27:1759–68.

[17] Liu J, Tan S, Huang S, et al. ASlive: a database for alternative splicing atlas in
livestock animals. BMC Genomics BioMed Central 2020;21:1–7.

[18] Li Z, Zhang Y, Bush SJ, et al. MeDAS: a Metazoan Developmental Alternative
Splicing database. Nucleic Acids Res Oxford University Press 2021;49:D144–50.

[19] T.M. Healy P.M. Schulte Patterns of alternative splicing in response to cold
acclimation in fish J. Exp. Biol. 2019;222:jeb193516.

[20] Howes TR, Summers BR, Kingsley DM. Dorsal spine evolution in threespine
sticklebacks via a splicing change in MSX2A. BMC Biol 2017;15:115.

[21] Tan S, Wang W, Zhong X, et al. Increased Alternative Splicing as a Host
Response to Edwardsiella ictaluri Infection in Catfish. Mar Biotechnol Springer
2018:1–10.

[22] Tan S, Wang W, Tian C, et al. Heat stress induced alternative splicing in catfish
as determined by transcriptome analysis. Comp Biochem Physiol Part D
Genomics Proteomics 2019;29:166–72.

[23] Tan S, Wang W, Tian C, et al. Post-transcriptional regulation through
alternative splicing after infection with Flavobacterium columnare in channel
catfish (Ictalurus punctatus). Fish Shellfish Immunol 2019;91:188–93.

[24] Zhu Y, Stephens RM, Meltzer PS, et al. SRAdb: query and use public next-
generation sequencing data from within R. BMC Bioinf BioMed Central
2013;14:1–4.

[25] Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res 2021;49:W293–6.

[26] Zhang D, Guelfi S, Garcia-Ruiz S, et al. Incomplete annotation has a
disproportionate impact on our understanding of Mendelian and complex
3684
neurogenetic disorders. Sci Adv. American Association for the Advancement of
Science; 2020;6:eaay8299.

[27] Kim D, Paggi JM, Park C, et al. Graph-based genome alignment and genotyping
with HISAT2 and HISAT-genotype. Nat Biotechnol Nature Publishing Group
2019;37:907–15.

[28] Kovaka S, Zimin AV, Pertea GM, et al. Transcriptome assembly from long-read
RNA-seq alignments with StringTie2. Genome Biol BioMed Central
2019;20:1–13.

[29] Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinf BioMed Central 2008;9:1–13.

[30] Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 2014. https://doi.org/
10.1186/s13059-014-0550-8.

[31] Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
Oxford University Press 2010;26:139–40.

[32] Shen S, Park JW, Lu Z, et al. rMATS: robust and flexible detection of differential
alternative splicing from replicate RNA-Seq data. Proc Natl Acad Sci U S A
2014;111:E5593–601.

[33] Yu G, Wang LG, Han Y, et al. ClusterProfiler: An R package for comparing
biological themes among gene clusters. Omi A J Integr Biol 2012. https://doi.
org/10.1089/omi.2011.0118.

[34] Conesa A, Götz S. Blast2GO: a comprehensive suite for functional analysis in
plant genomics. Int J Plant Genomics. Hindawi; 2008;2008.

[35] Morgan M, Carlson M, Tenenbaum D, et al. Package ‘AnnotationHub.’.
[36] Moriya Y, Itoh M, Okuda S, et al. KAAS: an automatic genome annotation and

pathway reconstruction server. Nucleic Acids Res Oxford University Press
2007;35:W182–5.

[37] Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression profiles.
Proc Natl Acad Sci National Acad Sciences 2005;102:15545–50.

[38] Emms DM, Kelly S. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biol Springer 2019;20:1–14.

[39] Keren H, Lev-Maor G, Ast G. Alternative splicing and evolution: diversification,
exon definition and function. Nat Rev Genet. Nature Publishing Group;
2010;11:345.

[40] Katoh K, Standley DM. MAFFT multiple sequence alignment software version
7: improvements in performance and usability. Mol Biol Evol 2013;30:772–80.

[41] Suyama M, Torrents D, Bork P. PAL2NAL: robust conversion of protein
sequence alignments into the corresponding codon alignments. Nucleic Acids
Res Oxford University Press 2006;34:W609–12.

[42] Buels R, Yao E, Diesh CM, et al. JBrowse: a dynamic web platform for genome
visualization and analysis. Genome Biol 2016;17:1–12.

[43] Schall KA, Thornton ME, Isani M, et al. Short bowel syndrome results in
increased gene expression associated with proliferation, inflammation, bile
acid synthesis and immune system activation: RNA sequencing a zebrafish SBS
model. BMC Genomics Springer 2017;18:1–13.

[44] Saltzman AL, Pan Q, Blencowe BJ. Regulation of alternative splicing by the core
spliceosomal machinery. Genes Dev Cold Spring Harbor Lab 2011;25:373–84.

[45] Lareau LF, Inada M, Green RE, et al. Unproductive splicing of SR genes
associated with highly conserved and ultraconserved DNA elements. Nature
Nature Publishing Group 2007;446:926–9.

[46] Staiger D, Brown JWS. Alternative splicing at the intersection of biological
timing, development, and stress responses. Plant Cell Am Soc Plant Biol
2013;25:3640–56.

[47] Zhang Y, Wu X, Li J, et al. Comprehensive characterization of alternative
splicing in renal cell carcinoma. Brief Bioinform 2021.

[48] Phillips JW, Pan Y, Tsai BL, et al. Pathway-guided analysis identifies Myc-
dependent alternative pre-mRNA splicing in aggressive prostate cancers. Proc
Natl Acad Sci National Acad Sciences 2020;117:5269–79.

[49] Matlin AJ, Clark F, Smith CWJ. Understanding alternative splicing: towards a
cellular code. Nat Rev Mol cell Biol. Nature Publishing Group; 2005;6:386–98.

[50] Nilsen TW, Graveley BR. Expansion of the eukaryotic proteome by alternative
splicing. Nature Nature Publishing Group 2010;463:457–63.

http://refhub.elsevier.com/S2001-0370(22)00296-3/h0005
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0005
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0010
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0010
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0010
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0015
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0015
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0025
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0025
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0030
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0030
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0035
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0035
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0035
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0045
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0045
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0045
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0050
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0050
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0055
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0055
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0065
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0065
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0070
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0070
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0070
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0075
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0075
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0075
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0080
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0080
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0080
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0080
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0085
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0085
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0090
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0090
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0100
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0100
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0105
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0105
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0105
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0110
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0110
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0110
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0115
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0115
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0115
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0120
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0120
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0120
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0125
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0125
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0135
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0135
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0135
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0140
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0140
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0140
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0145
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0145
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0155
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0155
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0155
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0160
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0160
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0160
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0180
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0180
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0180
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0185
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0185
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0185
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0190
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0190
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0200
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0200
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0205
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0205
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0205
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0210
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0210
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0215
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0215
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0215
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0215
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0220
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0220
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0225
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0225
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0225
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0230
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0230
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0230
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0235
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0235
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0240
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0240
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0240
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0250
http://refhub.elsevier.com/S2001-0370(22)00296-3/h0250

	FishExp: A comprehensive database and analysis platform for gene expression and alternative splicing of fish species
	1 Introduction
	2 Materials and methods
	2.1 Data collection and database content
	2.2 Gene annotation improvement
	2.3 Gene expression estimation and differential analysis
	2.4 Alternative splicing detection and differential analysis
	2.5 Functional enrichment
	2.6 Orthologous gene and AS event
	2.7 Implementation of FishExp

	3 Results
	3.1 Summary of genomic and transcriptomic data
	3.2 Advanced searching
	3.3 Differential expression and alternative splicing
	3.4 Specificity analysis
	3.5 Co-expression and cross-species analysis
	3.6 Your-own-data analysis
	3.7 A case study for differential splicing patterns

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


