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Abstract
This study presents the first draft genome of Siganus fuscescens, and thereby establishes the first whole-genome sequence for 
a species in the Siganidae family. Leveraging both long and short read sequencing technologies, i.e., Oxford Nanopore and 
Illumina sequencing, we successfully assembled a mitogenome spanning 16.494 Kb and a first haploid genome encompassing 
498 Mb. The assembled genome accounted for a 99.6% of the estimated genome size and was organized into 164 contigs with 
an N50 of 7.2 Mb. This genome assembly showed a GC content of 42.9% and a high Benchmarking Universal Single-Copy 
Orthologue (BUSCO) completeness score of 99.5% using actinopterygii_odb10 lineage, thereby meeting stringent quality 
standards. In addition to its structural aspects, our study also examined the functional genomics of this species, including 
the intricate capacity to biosynthesize long-chain polyunsaturated fatty acids (LC-PUFAs) and secrete venom. Notably, our 
analyses revealed various repeats elements, which collectively constituted 17.43% of the genome. Moreover, annotation of 
28,351 genes uncovered both shared genetic signatures and those that are unique to S. fuscescens. Our assembled genome 
also displayed a moderate prevalence of gene duplication compared to other fish species, which suggests that this species has 
a distinctive evolutionary trajectory and potentially unique functional constraints. Taken altogether, this genomic resource 
establishes a robust foundation for future research on the biology, evolution, and the aquaculture potential of S. fuscescens.
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Introduction

Siganus fuscescens, also known as mottled spinefoot, is a 
tropical marine fish species belonging to the family Siga-
nidae. It is widely distributed throughout the Indo-Pacific 
region, including the east coast of Africa, the Red Sea, the 
Persian Gulf, and the western Pacific Ocean (Woodland 
1990). This species has also been reported in other areas in 
which it has not been known to occur, which is suggestive of 

its range expansion (Azzuro and Tiralongo 2020; Lenanton 
et al. 2017).

The mottled spinefoot is a small fish, reaching approxi-
mately 30 cm in length and has a distinctive, blue-spotted 
body pattern and a venomous spine on its dorsal fin that 
is used for predator defense. It inhabits shallow coral reef 
flats as well as algal and seagrass beds (Lieske and Myers 
1994; Yamada et al. 1995). In terms of diet, S. fuscescens 
is primarily herbivorous and plays a significant ecologi-
cal role in several marine ecosystems. It is known to feed 
predominantly on algae and, to a lesser extent, seagrass 
(Lieske and Myers 1994; Michael et al. 2013). One of the 
remarkable attributes of S. fuscescens is its ability to toler-
ate varied salinity levels, which enables it to inhabit regions 
characterized by fluctuating salinity, including mangroves 
(Duray 1998). This adaptability to variable salinity contrib-
utes to the ecological versatility of this species. Further-
more, S. fuscescens is also resilient to other environmental 
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disturbances, which further enhances its ecological impor-
tance. The resilience has enabled S. fuscescens to withstand 
and recover from disturbances such as natural disasters and 
anthropogenic impacts (Cinner et al. 2013). Moreover, resil-
ience demonstrated by S. fuscescens positions it as a valu-
able indicator species for assessing the health and ecological 
integrity of coral reef ecosystems (Zarco-Perello et al. 2021). 
This species holds significant cultural and culinary impor-
tance particularly in Southeast Asia and the Pacific Islands 
(Pertiwi et al. 2019; Wahyuningtyas et al. 2017) since it is 
highly regarded for its sweet, delicate flavor, and can be 
prepared using diverse cooking methods including grilling, 
steaming, and frying, indicating its versatility.

In recent years, there has been a growing interest in the 
use of S. fuscescens for aquaculture, primarily in South-
east Asian countries such as Indonesia and the Philippines 
(Jiarpinijnun et al. 2017; Li et al. 2018; Osako et al. 2006). 
This species possesses characteristics that make it suitable 
for aquaculture in coastal areas where other fish species may 
struggle. This is because S. fuscescens can be successfully 
raised in low-salinity and high-temperature environments 
that are prevalent in many parts of Southeast Asia. Siganus 
fuscescens also exhibits fast growth, high reproductive 
potential, and tolerance to a wide range of environmental 
conditions (Osako et al. 2006; Seale and Ellies 2019; Vergés 
et al. 2016). Even though such traits make it an attractive 
candidate for aquaculture, genomic information is required 
to identify the proper breeding and cultivation techniques 
which will support responsible and sustainable development 
of S. fuscescens aquaculture.

Therefore, in this study, we performed hybrid de novo 
genome assembly and annotation of S. fuscescens, and sub-
sequently conducted comparative genomic analysis using 
ten other fish species representing diverse families. This is 
to provide a genomic resource as a means for an array of 
genetic, genomic, and phylogenetic studies of the mottled 
spinefoot and other fish species within the Siganidae family. 
In addition, our study also contributes to the exploitation of 
the potential economic value of S. fuscescens.

Materials and Methods

Specimen Collection and Preparation

The specimen under investigation was a live male fish 
labelled as “JG2022” which weighed 250 g and had a total 
length of 32.06 cm. It was captured off Jogashima Island 
in Japan by fishers and was subsequently transported to the 
Genome Science Laboratory of the Tokyo University of 
Marine Science and Technology (Tokyo, Japan). The trans-
port container was filled with 20 L of oxygenated seawater 
to maintain optimal conditions.

The identification of the specimen was conducted using 
both meristic and morphometric characteristics. Meristic 
attributes were assessed via visual observation, following 
established guidelines for identification of Siganidae 
species (Woodland 2001). Morphometric attributes were 
assessed using standardized photographs of the specimen; 
photographs were analyzed using ImageJ version 1.53t 
(Schneider et al. 2012) and MorFishJ version 0.2.1 (Ghilardi 
2022). Recorded attributes included body color, body shape, 
the number of dorsal fin spines and soft rays, the number of 
anal fin spines and soft rays, total length, standard length, 
body depth, eye diameter, and head length.

Finally, to collect samples, the specimen was first eutha-
nized using an overdose of 0.5 mL/L 2-phenoxyethanol. A 
photograph of the specimen was then taken, providing a ref-
erence for future measurements. Ten organs, including the 
skin, muscle, liver, spleen, kidney, gut, testis, blood, gill, 
and brain, were harvested from the specimen, and stored at 
− 80 °C until use.

Nucleic Acid Extraction

Genomic DNA was extracted from collected tissues using a 
NucleoSpin® Tissue kit (Macherey-Nagel, Germany). The 
concentration and purity of all genomic DNA extracts were 
quantified using NanoDrop and Qubit 2.0 dsDNA BR Assay 
Kit (Invitrogen, USA) (Table S1—Supplementary File 1). In 
addition, an estimation of the molecular weight was gener-
ated using the visualization of DNA fragments on a 0.7% 
agarose gel stained with ethidium bromide. This was done 
to identify the most appropriate organ for obtaining high 
molecular weight DNA.

Library Preparation and Whole‑Genome Sequencing

DNA extracted from muscle tissue was used for library 
preparation prior to sequencing. Two distinct sequencing 
platforms—i.e., Oxford Nanopore and Illumina—were used 
to generate sequence data. To generate long DNA reads, 
libraries were constructed utilizing an SQK-LSK109 liga-
tion sequencing kit (Oxford Nanopore Technologies, UK) 
with a NEBNext companion module for ONT Ligation 
Sequencing (E7180, New England Biolabs). Subsequently, 
constructed libraries were sequenced on an ONT GridION-
Mk1 platform, employing R9.4.1 flow cells. Base calling 
was performed using Guppy version 6.1.5 using the “super-
accuracy” mode. In addition, quality filtering procedures 
were applied to all obtained data. To generate short DNA 
reads, paired-end libraries were prepared using a TruSeq 
DNA PCR Free (350) kit Illumina (Illumina, USA). These 
libraries were sequenced on an Illumina NovaSeq 6000 plat-
form using an S4 flow cell (Eurofin Genomics, Tokyo).
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Quality Checks and Filter‑Trimming

The quality of raw reads from both ONT long read sequenc-
ing and Illumina short read sequencing was evaluated using 
FastQC version 0.11.9 (https:// www. bioin forma tics. babra ham. 
ac. uk/ proje cts/ fastqc/). NanoPlot version 1.40.2 (De Coster 
et al. 2018) was used to generate a histogram and density plot 
indicating the quality score and read length distribution for 
ONT reads. Illumina reads were first trimmed and filtered 
using fastp version 0.23.2 (Chen et al. 2018), while ONT reads 
were processed using Porechop_ABI version 0.5.0 (Bonenfant 
et al. 2022) and nanofilt version 2.8.0 (De Coster et al. 2018) to 
remove adapters and low-quality bases, respectively.

Genome Size Estimation

We then used Jellyfish version 2.2.10 to analyze the k-mer 
distribution of the trimmed long reads to get a preview of the 
genome composition and structure (Marçais and Kingsford 
2011). A file containing the k-mer count histogram was 
then analyzed using GenomeScope version 2.0 (Ranallo-
Benavidez et al. 2020) designed for k-mer-based analysis of 
genome characteristics (Vurture et al. 2017).

Mitogenome De Novo Assembly and Annotation

We first performed a de novo assembly of the S. fusces-
cens mitochondrial genome then annotated and visualized 
it using the MitoZ version 3.3 toolkit (Meng et al. 2019). 
Briefly, the pipeline implemented MEGAHIT version 1.0 
(Li et al. 2016) with ‘kmer 59 79 99 119 141’ combination 
and annotation performed using the Chordata clade. To 
improve the quality of the annotation, the draft S. fusces-
cens mitogenome was reannotated using MitoAnnotator, 
a fish-specific tool sourced from the MitoFish version 
3.85 mitogenomic database (http:// mitof ish. aori.u- tokyo. 
ac. jp/) (Sato et al. 2018; Iwasaki et al. 2013), accessed 
on January 10, 2023. Nucleotide BLAST of the assem-
bled mitogenome was conducted on the NCBI database 
(https:// blast. ncbi. nlm. nih. gov/ Blast. cgi). Subsequently, 
the Cytochrome c oxidase subunit I (COI) region of the 
mitogenome was queried against the Barcode of Life 
Database (BOLD) (https:// www. bolds ystems. org/). Both 
databases were accessed on January 10, 2023. Phyloge-
netic analysis was carried out using Siganidae species with 
complete mitogenomes retrieved from the NCBI database 
accessed on January 15, 2023. The analysis was performed 
using MAFFT version 7.471 (Katoh and Standley 2013) 
for sequence alignment and IQ-TREE version 2.2.0 (Minh 
et al. 2020) for phylogenetic tree construction using 1000 
bootstrap replicates. S. fuscescens (accession number: 

EF025185.1) and Siganus canaliculatus (accession num-
ber: KJ872545.1) were used as the reference mitogenomes 
for this analysis.

Whole‑Genome De Novo Assembly

We further conducted de novo assembly of the diploid 
genome using NextDenovo version 2.5.0 (Hu et al. 2023), a 
string graph-based assembler designed for long reads. We 
utilized Inspector version 1.2 (Chen et al. 2021) to identify 
and rectify any assembly errors present in the assembled 
genome. The quality of the assembled genome was assessed 
using Quast version 5.2 (Mikheenko et al. 2018) and the 
completeness of the genome was evaluated using Bench-
marking Universal Single-copy Orthologs (BUSCO; version 
5.4.3) (Manni et al. 2021) scores utilizing actinopterygii_
odb10 lineage. Thereafter, we refined the draft assembly 
with Illumina short reads using NextPolish version 1.4.1 
(Hu et al. 2020), a tool that is specifically tailored for Next-
Denovo-generated assemblies, then re-evaluated assembly 
statistics and genome completeness. At this stage, we had 
generated a diploid assembly. To reassign allelic contigs and 
eliminate haplotigs, we employed Purge_Haplotigs version 
1.1.2 (Roach et al. 2018), a pipeline designed to identify 
pairs of contigs that are syntenic and move one of them to 
the haplotig ‘pool’ in genome assemblies. This pipeline uti-
lizes mapped read coverage and Minimap2 alignments to 
determine which contigs to retain for the haploid assembly 
or phased-diploid assembly. The resulting haploid assembly 
statistics and completeness were evaluated using Quast and 
BUSCO scores, respectively, as described above.

Genome Annotation

Identification of De Novo Transposable Element Families

To identify repeats in our assembled genome, a de novo 
repeat library was first constructed using RepeatModeler 
version 2.0.5 (Chen 2004) applying RMBlast version 2.13.0 
as the search engine. RepeatModeler is a software designed 
for identifying repeat families within genomes. It provides 
a list of repeat family sequences that can be utilized to mask 
repeats in a genome using tools like RepeatMasker. In the 
analysis, we integrated several tools for the structural analy-
sis of long terminal repeats (LTR), including GenomeTools 
version 1.6.0 (Gremme et al. 2013), LTR-retriever version 
2.9.0 (Ou and Jiang 2018), Ninja version 0.97-cluster_only, 
MAFFT version 7.471 (Katoh and Standley 2013), and 
CD-HIT version 4.8.1 (Fu et al. 2012). The resulting repeat 
consensus sequences were then refined by appending a spe-
cies identifier to each consensus sequence ID. Finally, out-
comes were categorized into two distinct groups: known and 
unknown repeat elements.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://mitofish.aori.u-tokyo.ac.jp/
http://mitofish.aori.u-tokyo.ac.jp/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.boldsystems.org/
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Repeat Annotation and Masking

The assembled S. fuscescens-JG2022 genome then underwent 
a soft masking process using RepeatMasker version 4.1.5 
(Flynn et al. 2020). RepeatMasker is a widely used tool for 
identifying and masking repetitive elements in genomes. It 
acts as a wrapper around BLAST and other tools, utilizing 
sequence similarity with known repeats to identify and mask 
repetitive regions. The masking process in our study utilized 
species-specific repeat elements obtained from the step above 
and repeat elements of the teleost fish lineage sourced from 
Dfam version 3.7 database (Storer et al. 2021). The analysis 
was conducted sequentially starting with the identification and 
masking of species-specific repeats generated from this study 
then followed by lineage specific repeats carried out using 
RepeatModeler version 1.0.11 (Smit et al. 2015).

Gene Prediction and Functional Annotation

Gene prediction in this study was performed using 
BRAKER3 version 3.0.2 (Gabriel et  al. 2023) with the 
default parameters. To improve the accuracy of these predic-
tions, we harnessed protein-based evidence derived from the 
vertebrate subset of OrthoDB version 11 (Kuznetsov et al. 
2023). BRAKER3 is a robust pipeline, adept at refining 
gene structure predictions by seamlessly integrating protein 
homology-based evidence to improve the precision of pre-
dictions (Brůna et al. 2020, 2021). This pipeline uses a two-
step process: At the initial stage, the gene prediction tool 
AUGUSTUS was used to develop gene structure predictions 
(Hoff et al. 2016, 2019; Lomsadze et al. 2005), using the 
zebrafish (Danio rerio) gene model. The refinement pro-
cess involved aligning forecasted gene structures and protein 
sequences sourced from the vertebrate division of OrthoDB 
version 11. This alignment was executed using DIAMOND 
version 0.9.24 and Spaln version 2.3.3d (Buchfink et al. 
2015; Gotoh 2008; Iwata and Gotoh 2012) and enabled the 
inclusion of evolutionary relationship data, further improv-
ing the precision of gene predictions. Genomic features 
including number of coding sequences, introns, exons start, 
and stop codons from the predicted proteins were quantified 
using a custom script. Subsequently, the predicted proteins 
were blasted against the Swiss-Prot, TrEMBL, and the anno-
tated proteins of nine fish species using DIAMOND version 
2.1.8 for genes names assignment. Functional annotation 
of the predicted genes was performed using the eggNOG-
mapper version 2 web server (Cantalapiedra et al. 2021). 
The amino acid sequences of predicted genes obtained 
from the BRAKER3 pipeline were used as an input for this 
analysis. The eggNOG-mapper employed the eggNOG 5.0 
database (Huerta-Cepas et al. 2019) to assign functional 
annotations and orthology assignments to predicted genes, 
thereby leveraging evolutionary relationships. Annotations 

were transferred from orthologs using the Actinopterygii 
(7898) taxon scope to generate a taxa-specific annotation. 
This comprehensive analysis provided information on func-
tional categories, orthologous groups, and domain predic-
tions associated with our predicted genes. Gene Ontology 
(GO) enrichment analysis was conducted using the GO 
terms obtained from gene annotation. The analysis was per-
formed using ClusterProfiler version 4.8.2 (Wu et al. 2021) 
in R version 4.3.0 (R Core Team 2023). All the annotation 
results were subjected to a filtration step where the longest 
transcripts with identity > 50% were retained for downstream 
analysis. We scanned the annotated genes for the presence 
of venom-related genes in fish (stonustoxin and neoverru-
cotoxin), long-chain polyunsaturated fatty acids (LC-PUFA) 
biosynthesis-related genes (fatty acid desaturase and elonga-
tion of very long fatty acid (ELOVL) elongase), and genes 
related to algae degradation (cellulolytic enzymes, agarases, 
carrageenases, and alginate lyase). These represented the 
hallmark features for S. fuscescens in relation to ecological 
adaptation.

Comparative Genomics

To investigate the evolution of gene families and to assess 
potential expansions or contractions in S. fuscescens-
JG2022, we conducted comparative genomics analysis to 
capture phylogenetic relationships and evolution patterns. 
We expanded our analysis to include additional nine fish 
species: Anguilla anguilla, Chanos chanos, Danio rerio, 
Epinephelus fuscoguttatus, Gasterosteus aculeatus, Labrus 
bergylta, Salmo salar, Sebastes umbrosus, and Takifugu 
rubripes. Whole-genome sequences of these species were 
retrieved from NCBI (https:// ftp. ncbi. nlm. nih. gov/ genom es/ 
refseq/ verte brate_ other/) database (Table S2—Supplemen-
tary File 1). The selected fish species represent a diverse 
array of families, encompassing both well-studied model 
organisms like zebrafish, as well as species that exhibit 
unique traits relevant to our study. For instance, Atlantic 
salmon is renowned for its remarkable capacity to biosynthe-
size LC-PUFAs (Datsomor et al. 2022), while Ballan wrasse 
is a reef-associated fish species (Skiftesvik et al. 2015). 
This selection allowed us to capture a broad spectrum of 
adaptations and behaviors. BRAKER3 pipeline was used 
to generate gene predictions for all the species included in 
this study using uniform parameters as described earlier. 
The protein sequences generated were used as inputs for 
orthology analyses. OrthoFinder version 2.5.5 (Emms and 
Kelly 2015, 2017, 2019) with default settings was then used 
for detecting orthologous relationships. This algorithm uti-
lizes reciprocal best hits and Markov clustering to catego-
rize protein sequences into orthogroups based on sequence 
similarities and evolutionary relationships. The approach 
facilitated the exploration of orthologous relationships 

https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_other/
https://ftp.ncbi.nlm.nih.gov/genomes/refseq/vertebrate_other/
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among genes, thereby painting a comprehensive picture 
of gene family dynamics across the analyzed species. We 
generated a maximum-likelihood (ML) phylogenetic tree by 
aligning concatenated proteins from single-copy orthologs 
using MAFFT version 7.471. FastTree version 2.1.11 (Price 
et al. 2010) was employed to construct the tree, utilizing the 
JTT + CAT evolution model (Lartillot and Philippe 2004) 
and performing a Shimodaira-Hasegawa (SH) test with 1000 
bootstrap replicates to assess the confidence of the inferred 
splits (Shimodaira 2002). The divergence time between 
the species was estimated using TimeTree 5 (TimeTree :: 
The Timescale of Life) (Hedges et al. 2006). The median 
estimate for S. salar and A. anguilla was set at 224 million 
years ago. The gene family expansion and contraction were 
analyzed using CAFÉ version 5.1.0 (Mendes et al. 2020). 
Gene clusters comparison and visualization among the ten 
fish species and subsequently six species for Venn diagram 
construction was done using OrthoVenn3 applying default 
parameters (Sun et al. 2023).

Code Availability

The code utilized for data analysis in this study, along with the 
configurations and certain generated results from our study, 
is available through an online repository (https:// github. com/ 
Kishaz/ Sigan us_ fusce scens- Genome_ analy sis_ pipel ine. git). 
Scripts for methods not provided here can be found in the origi-
nal pipeline, with default settings as referenced.

Results

Morphological Identification

The morphometric measurements included in Table S3—
Supplementary File 1 outline the distinct characteristics of 
the specimen. The fish displayed an olive-green body colora-
tion contrasted with a silver belly, coupled with a sleek and 
compressed body structure. Notably, it featured thirteen dor-
sal spines, ten dorsal soft rays, seven anal spines, and nine 
anal soft rays, as illustrated in Fig. S1—Supplementary File 
1. These features were consistent with those of S. fuscescens 
(Woodland 2001).

Whole‑Genome Sequencing

We generated a total of 354,124,016 paired-end reads 
(150 bp each) from Illumina short read sequencing, amount-
ing to 53.5 Gb in total. The raw reads had a GC content 
of 42.89% and a Q30 score of 86.24%. ONT long read 
sequencing yielded 4,842,762 reads, generating a total of 
27.9 Gb, with a GC content of 42% and a Q12 score of 
79.6% (Fig. S2—Supplementary File 1).

Genome Size Estimation

Genome size estimation yielded a range of heterozygosity 
values between 1.00712 and 1.00892%, denoting consid-
erable genetic variation between the two haplotypes of S. 
fuscescens-JG2020. The haploid genome estimated size 
ranged from 500,030,638 to 500,164,805 bp (Fig. 1). The 
results here show a genome size that is smaller than the 
567,000,000 bp (C-value, 0.58 pg) estimated genome size 
reported in the Animal Genome Size Database (Gregory 
2002). The difference may be due to an additional param-
eter introduced in GenomeScope, set to exclude extremely 
high frequency k-mers as these likely represent orga-
nelle sequences or other contaminants that can inflate the 
genome size (Vurture et al. 2017). The underestimation of 
the genome size through sequence-based methods has been 
observed in other studies as reported by Pflug et al. (2020).

Moreover, this analysis also indicated genome repeat 
lengths spanning from 48,782,197 to 48,795,286  bp, 
equivalent to approximately 9.754–9.756% of the esti-
mated genome size. Conversely, the unique length of this 
genome was estimated to range between 451,248,441 and 
451,369,519 bp, representing singularly occurring genome 
regions. The model fit, estimated by gauging the concord-
ance between observed data and the anticipated distribu-
tion based on the genome model, ranged from 97.3422 to 
98.2842%. These robust model fit values underscored a pro-
nounced similarity between predicted and observed data, 
reinforcing the reliability of this analysis. In addition, the 
assessed read error rate was approximately 1.91107%. This 
value signified the percentage of sequencing errors within 
the acquired read dataset and necessitates the acknowledg-
ment of errors that may translate in subsequent analysis from 
such errors.

Mitogenome De Novo Assembly and Annotation

Circular mitogenome of 16,494 bp was assembled using 
Illumina short reads. The average coverage depth of the 
mitogenome was determined to be 208-fold. Overall, the S. 
fuscescens-JG2022 mitogenome exhibited a GC content of 
47%. Annotation of the assembled mitogenome generated 
thirteen protein-coding genes, two ribosomal RNA (rRNA) 
genes, and 22 transfer RNA (tRNA) genes. In addition, a 
control region was also identified in the mitogenome. Analy-
sis of the gene distribution within the S. fuscescens-JG2022 
mitogenome revealed that most genes were encoded on the 
heavy (H) strand. However, NADH dehydrogenase subunit 
6 and the transfer RNAs for Gln, Ala, Asn, Cys, Tyr, Ser 
(UCN), Glu, and Pro were encoded on the light (L) strand. 
Finally, the architecture of the S. fuscescens-JG2022 mito-
chondrial genome was consistent with prior observations 
from other teleost species (Fig. 2).

https://github.com/Kishaz/Siganus_fuscescens-Genome_analysis_pipeline.git
https://github.com/Kishaz/Siganus_fuscescens-Genome_analysis_pipeline.git
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Nucleotide BLAST search of the whole mitogenome 
against the NCBI database revealed a 99.64% match to S. 
canaliculatus (accession number: KJ872545.1) and a 98.84% 

match to S. fuscescens (accession number: EF025185.1). 
Matching the Cytochrome c oxidase subunit I (COI) region 
against the BOLD database, specifically curated for the 

Fig. 1  The k-mer distribution of 
ONT reads using GenomeScope 
based on a k value of 21. 
Genome haploid length (len): 
500,164,805 bp; Unique (uniq): 
90.2%; heterozygosity (het): 
1.00892%; k-mer coverage 
(kcov): 17.8; Error rate (err): 
1.91%; Read duplication (dup): 
0.53%

Fig. 2  De novo assembled 
Siganus fuscescens mitogenome 
using Illumina short reads
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mitochondrial Cytochrome c oxidase subunit I gene, dem-
onstrated a 100% identity of our sample to S. fuscescens. We 
conducted a phylogenetic analysis of S. fuscescens (sample 
JG2022) alongside other Siganidae species using publicly 
available complete mitogenomes. The analysis showed that 
S. fuscescens clustered closely with S. canaliculatus (Fig. S3 
in Supplementary File 1). Multiple sequence alignment of 
the S. fuscescens-JG2020 mitogenome with S. fuscescens 
(accession number: EF025185.1) and S. canaliculatus 
(accession number: KJ872545.1) revealed high nucleotide 
similarity, with twelve nucleotide regions exhibiting varia-
tion (Fig. S4—Supplementary File 1).

Whole‑Genome De Novo Assembly

Assembly Quality Metrics

The de novo assembly produced a total of 506 contigs with 
lengths ranging from 18,965 to 12,480,120 bp. The total 
length of the assembly was 494,613,806 bp and had a GC 
content of 42.89%. The N50 was 2,694,250 bp and the L50 
was 59. After error correction and polishing, the number of 
contigs reduced to 179 and the length was 499,131,255 bp 
with a GC content slight increase to 42.92%. A drop in the 
number of contigs, from 179 to 164, was observed following 
curation using Purge_haplotigs. The final haploid genome 
had a length of 498,171,360 bp and a GC content of 42.92% 
(Table 1) and a summary of all the assembly statistics can 
be found in Table S4—Supplementary File 1. Importantly, 
the assembled genome accounted for 99.6% of the estimated 
genome size (~ 500 Mb).

Assessments of Assembly Completeness

Assessments of the completeness of the assembled genome 
were conducted be generating BUSCO scores at each step 
of the assembly process. The results revealed that NextDe-
novo assembly achieved a genome completeness of C:98.4%, 
while subsequent stages involving error correction and 
polishing demonstrated improved genome completeness 
scores of C:99.3% and C:99.5% respectively. The haplotype 
resolved assembly had a completeness score of C:99.5% 
(Fig. 3A). Error correction and polishing of the assembled 

genome had an overall positive effect on the completeness 
score. The analysis shows that the genome assembly is of 
high quality, containing almost all the expected single-copy 
genes with low duplication score.

Genome Annotation

Modelling and Annotation of Transposable Elements

During our genomic analysis of S. fuscescens-JG2022, we 
identified a total of 1116 de novo repeats entries, compris-
ing 185 known and 931 putative elements. The 931 putative 
repeats elements might represent species-specific elements; 
however, we also acknowledge that they might exist in other 
organisms not covered in the reference database. Among 
the identified repeats elements, retroelements were the 
most prevalent, constituting 2.03% of the genome, followed 
closely by DNA transposons at 1.57%. Rolling-circle repeats 
accounted for 0.11%, while unclassified elements repre-
sented 6.69% of the repeat content. The remaining repeat 
categories included small RNAs (0.02%), simple repeats 
(6.1%), and low complexity sequences (0.88%) (Fig. 3B).

Gene Annotation

The distribution of the genomic features of the assembled 
genome of S. fuscescens-JG2022 is presented in Table 2. We 
identified a total of 77,149 predicted transcripts, encompass-
ing 44,137 genes within the assembled genome. Our assess-
ment revealed a BUSCO score of C:90.1% [S:89.3%, D:0.8%], 
F:3.1%, M:6.8%, n:3640, reflecting the overall completeness 
of our genomic annotation. However, it is important to note 
that the BUSCO score for predicted proteins was slightly 
lower than that of the whole genome. This difference could 
be attributed to the inherent limitations of gene prediction 
algorithms, which may not accurately capture all genes pre-
sent in the genome. These findings highlight the complexi-
ties involved in genome annotation and highlight the ongo-
ing efforts to refine computational methods for improved 
accuracy and completeness in genomic analyses. The aver-
age length of the predicted genes was approximately 6473 bp 
(Fig. S5—Supplementary File 1). Overall, we successfully 
annotated 28,351 of 44,137 predicted genes, encompassing 

Table 1  Assembly statistics of 
S. fuscescens genome in each 
analysis step genome. The table 
shows the genome size, number 
of contigs, N50, N90, L50, and 
GC% for each assembly

NextDenovo Error corrected NextPolish Haplotype resolved

Size (bp) 494,613,806 500,701,961 499,131,255 498,171,360
Contigs 506 179 179 164
N50 269,4250 7,182,328 7,160,927 7,160,927
N90 353,463 1,865,296 1,860,419 1,860,419
L50 59 23 23 23
GC (%) 42.89 42.89 42.92 42.92
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64.2% of the total. The protein annotation results and the GO 
information are summarized in Supplementary File 2. We 
identified several genes involved in the de novo biosynthesis 
of long-chain polyunsaturated fatty acids (LC-PUFAs). These 
genes included two copies of fatty acid desaturase 2 (Fads2) 
and a single copy of Fads6. Additionally, we detected mem-
bers of the elongase family, including ELOVL-1, ELOVL-4, 

ELOVL-5, ELOVL-6, and ELOVL-7. Notably, the Fads2 
genes were found to be multi-exonic and arranged in tandem 
within the genome. Further analysis revealed that the two 
Fads2 genes, Fads2a and Fads2b, exhibited sequence simi-
larities of 93.21% and 85.81% with S. canaliculatus proteins 
B2KKL4.2 and D8 × 2C5.1, respectively. Based on the blast 
search results, Fads2a was designated as a Δ5/Δ6 desaturase, 

Fig. 3  A Genome completeness scores across different genome 
assembly and curation methods from BUSCO analysis using Actin-
opterygii_odb10 lineage. B Fraction of the assembled genome com-

prised of repeat elements in a stacked bar plot and the respective 
repeats landscape represented in a donut plot
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while Fads2b was designated as a Δ4/Δ5 desaturase. Our 
analysis revealed the presence of four venom-related genes, 
which we categorized into alpha and beta subunits. Among 
these, two specific genes, designated as sftoxin-a and sftoxin-
b, exhibited significant similarities to known sequences from 
S. fuscescens (Kiriake et al. 2017). Specifically, sftoxin-a 

showed a high degree of similarity (99.71%) to the sftoxin-
alpha subunit protein BAV10435.1, while sftoxin-b exhib-
ited a similarity of 97.14% to the sftoxin-beta subunit protein 
BAV10436.1, both from S. fuscescens. The scan for genes 
related to algae degradation against the assembled genome 
of S. fuscescens-JG2022 returned no matches.

Comparative Genomics

Protein similarity analysis revealed that 12,820 orthogroups 
were shared across all the ten fish species while 8121 ortho-
groups, encompassing 19,959 genes, were specific to S. 
fuscescens (Fig. 4). For comparative genomic analysis, a 
total of 637,867 genes were generated from ten fish species, 
of which 80.9% were classified into orthogroups. Among 
the 56,169 orthogroups generated, 23,408 (41.7%) were 
species-specific, 12,820 orthogroups contained genes from 
all the ten fish species, and 339 orthogroups consisted of 

Table 2  Genomic features distribution from de novo annotation

Genomic feature Count

Coding sequences (CDS) 645,749
Exons 645,749
Genes 44,137
Introns 568,613
Start codons 77,149
Stop codons 77,150
mRNA 77,197

Fig. 4  Gene family cluster 
distribution, protein count, and 
intersections between Siganus 
fuscescens and nine other fish 
species. The green oval shapes 
interconnected using gray lines 
represent an UpSet plot which 
presents the number of ortholo-
gous clusters in each species, 
as well as the number of unique 
and shared homologous gene 
clusters among the study spe-
cies. The dark green shade 
illustrates intersections while 
the light green shade represents 
data points that do not intersect
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single-copy genes (Fig. 4). The analysis revealed that the 
fish species analyzed in our study had overlapping ortho-
groups which constituted shared genes suggesting conserved 
core biological functions.

Our analysis indicates that S. fuscescens diverged from 
T. rubripes approximately 82.8 million years ago (MYA) 
(Fig. 5A). This pivotal divergence event coincided with a 
significant gene loss phenomenon, characterized by a net 
loss of 968 genes at this ancestral node. This observation 
highlights a critical juncture in the evolutionary trajectory 
of S. fuscescens, marked by substantial genomic reorgani-
zation and the depletion of genetic material. Analysis of 
gene gain and loss patterns revealed intriguing findings 
into the genomic evolution of S. fuscescens. Contrary to 
expectations, S. fuscescens exhibited the lowest level of 
gene expansion among the species examined, with a net 
gain of 192 genes (Fig. 5A). This contrasts with other fish 
species in our dataset, which displayed higher levels of 
gene expansion. The observed gene expansion in S. fusce-
scens suggests a more conservative genomic evolution, 
potentially driven by unique evolutionary constraints or 
ecological factors. Despite the lower gene expansion, S. 
fuscescens maintained a diverse gene repertoire essential 
for its biological functions and adaptation to its envi-
ronment (Fig. 5B). Conversely, gene contraction events 
(−493) in S. fuscescens indicate a reduction in gene num-
ber compared to the reference state. While gene loss events 
are common across diverse taxa, the extent and nature of 

gene loss in S. fuscescens warrant further investigation to 
understand its implications for genomic and phenotypic 
evolution. It is important to note that the accuracy and 
completeness of the annotation process are influenced by 
the choice of analysis tools and the comprehensiveness 
of reference databases. Moreover, due to the substantial 
computational demands involved, we had to limit the num-
ber of fish species used for comparative genomic analysis. 
This constraint represents a significant limitation in our 
analytical approach.

We examined the genes associated with venom secre-
tion in fish and identified a diverse array. Siganus fusce-
scens harbored two distinct venom genes, discernible 
by their conserved domain structure. These genes were 
designated as the alpha and beta subunits, representing 
the major components of a potent dimeric venom protein. 
Phylogenetic analysis revealed a unique clade suggesting 
evolution of the gene to confer new function in specific 
fish species (Fig. S6—Supplementary File 1). The alpha 
subunit clade included S. fuscescens and S. umbrosus, 
both known for their ability to secrete venom, while the 
beta subunit clade encompassed almost all fish species, 
including non-venomous ones. Our investigation into the 
biosynthesis of long-chain polyunsaturated fatty acids 
(LC-PUFA) across the fish species under study unveiled 
a distinctive trait in S. fuscescens. Unlike other species, 
including S. salar, S. fuscescens had a significantly longer 
gene, almost double in length, comprising four domains. 

Fig. 5  A Phylogenetic analysis 
of Siganus fuscescens within the 
teleost lineage and the analysis 
of gene family gains (+) and 
losses (−). B Venn diagram 
illustrating shared and unique 
gene family clusters between six 
fish species
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These domains included Cyt-b5, PLN03198 superfamily, 
Delta6-FADS-like, and gapped Delta6-FADS-like, all con-
served within a single gene. In contrast, other species, such 
as Atlantic salmon, exhibited a split arrangement of these 
domains across multiple genes. Specifically, S. salar pos-
sessed separate genes for Cyt-b5 and Delta6-FADS-like, 
as well as for PLN03198 superfamily and gapped Delta6-
FADS-like domains (Fig. 6).

Discussion

The morphological traits observed in our specimen align with 
those traditionally associated with S. fuscescens (Woodland 
2001). However, ongoing challenges in correctly identifying 
S. fuscescens stem from its striking resemblance to a closely 
related sister species, S. canaliculatus (Park 1797). This simi-
larity has complicated both research and conservation endeav-
ors (Kuriiwa et al. 2007). Adding to the complexity is the sus-
picion of potential hybridization between these species, which 
further confounds identification issues. In certain research 
circles, there is a growing assertion that S. fuscescens and S. 
canaliculatus may indeed be indistinguishable and should be 
considered a single species (Hsu et al. 2011; Iwamoto et al. 
2015). Our sample’s morphological traits closely resembled 
those of S. canaliculatus (Woodland 1997). Additionally, 
mitogenome analysis revealed slightly higher similarity to S. 
canaliculatus’ mitogenome compared to publicly available 
S. fuscescens reference mitogenome. This discrepancy likely 
arises from sequencing method differences: S. fuscescens’ 

mitogenome (accession number: EF025185.1) was sequenced 
via primer walking and Sanger sequencing, while S. canalicu-
latus’ (accession number: KJ872545.1) was sequenced using 
PCR-free NGS (Oh et al. 2007; Zhou et al. 2016). We found 12 
nucleotide variations between our sample and the references, 
possibly due to amplification biases or mutations introduced 
during primer design. Limited reference mitogenomes high-
light the need for broader nuclear genome markers. Our draft 
genome will make it possible to address this issue in future 
studies by incorporating diverse nuclear genome markers for 
enhanced resolution.

Genome annotation provided valuable information about 
the functional and structural attributes of S. fuscescens 
genes. Among the annotated genes, we identified homologs 
associated with specific adaptations of this species. These 
cover a range of functionalities, including, but not limited to, 
venom secretion (Kiriake et al. 2017), osmoregulation, pig-
ment regulation, and the de novo biosynthesis of long-chain 
polyunsaturated fatty acids (LC-PUFA) (Osako et al. 2006). 
Our analysis revealed that S. fuscescens uses a unique bio-
synthesis pathway characterized by a bifunctional desaturase 
enzyme. Analysis of venom secretion–related genes revealed 
that its potent venom comprises two related subunits: the 
alpha and beta subunits as previously reported by Kiriake 
et al. (2017). Phylogenetic analysis suggested that the alpha 
subunit may have evolved from the beta subunit, which is 
conserved in most fish species studied, even those lacking 
venom-secreting abilities. Further examination revealed 
that both subunits share a conserved Thioredoxin_11 pro-
tein domain, with the beta subunit possessing an additional 

Fig. 6  Fatty acid desaturase–like gene tree representing a gene family 
derived from analysis of 10 fish species in this study. The conserved 
domains that have been in each gene have been illustrated adjacent 
the tree. The Siganus fuscescens Fads2 with bifunctional activity 
has been marked with a star. The conserved domains were searched 
in the NCBI database using Conserved Domains tool (https:// www. 

ncbi. nlm. nih. gov/ Struc ture/ cdd/ wrpsb. cgi). Delta6-FADS-like is 
Delta6 Fatty Acid Desaturase (Delta6-FADS)-like domain, Cyt-b5 is 
Cytochrome b5-like Heme/Steroid binding domain, and PLN03198 
super family represents delta6-acyl-lipid desaturase. The characters 
after the species name represent the gene ID

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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SPRY domain compared to the alpha subunit, which con-
tains the SPRY_PRY_SNTX domain.

The synthesis of LC-PUFA in fish is essential for their 
adaptation to diverse habitats and has significant implica-
tions for aquaculture and consumer preferences (Ishikawa 
et al. 2019). Our investigation into S. fuscescens revealed 
the presence of two Fads2 genes encoding key desaturase 
enzymes responsible for LC-PUFA biosynthesis from pre-
cursor fatty acids, likely in response to dietary availability 
or specific physiological demands. Unlike other species with 
two-domain structures, S. fuscescens exhibited a unique gene 
structure with additional domains which confer bifunctional 
activity, suggesting a distinct evolutionary trajectory. The 
fatty acid desaturase had a unique structure with the pres-
ence of two Delta6 Fatty Acid Desaturase (Delta6-FADS)-
like, one PLN03198 super family and one Cytochrome 
b5-like Heme/Steroid binding domains. In comparison, the 
other fish species only possessed two domains per gene, 
either Delta6-FADS-like with PLN03198 super family or 
Delta6-FADS-like with Cyt-b5 domain. Interestingly, the 
absence of ELOVL2, commonly found in other fish species, 
in the S. fuscescens genome highlights lineage-specific gene 
loss. However, the presence of ELOVL4 in S. fuscescens 
genome suggests a compensatory mechanism. Addition-
ally, the detection of ELOVL8, a newly identified elongase 
member as reported by Li et al. (2020), emphasized the com-
prehensive repertoire of LC-PUFA biosynthesis genes in S. 
fuscescens (Li et al. 2020).

The results of our analysis were particularly intriguing 
since they indicated the absence of detectable genes—such 
as cellulolytic enzymes, agarases, carrageenases, and alg-
inate lyase—that may be responsible for the digestion of 
algae- or plant-based material. This finding is noteworthy 
since algae serve as the primary diet of the study species 
(Avenant 2018). Recent research shows that most higher 
organisms cannot digest the cell wall in plant material with-
out the assistance of microorganisms (Fujimori 2021; Zhu 
et al. 2018). We propose that S. fuscescens could potentially 
rely on symbiotic bacteria for the degradation of complex 
polysaccharides abundant in algae, facilitating the extraction 
of essential nutrients. This intriguing possibility highlights 
the need for further investigation into the microbial com-
munities associated with S. fuscescens and their role in algae 
degradation and nutrient cycling within marine ecosystems.

Comparative genomic analysis of ten fish species, includ-
ing S. fuscescens, revealed that a majority (80.9%) of their 
genes were allocated to orthogroups, which is indicative 
of robust species selection and aligns closely with the sug-
gested > 80% threshold. These results indicate shared ances-
try among the fish species, potentially evolving toward simi-
lar functionalities (Gabaldón and Koonin 2013). Notably, in 
the case of S. fuscescens-JG2022, 84.5% of its genes were 
assigned to orthogroups, leaving 15.5% unassigned which 

represent genes that were not found in the other nine fish 
species included in this study. The proportion of unassigned 
genes in S. fuscescens, may stem from multiple factors, 
including inadequate species sampling, gene duplication/
loss, varied evolutionary rates, or incomplete gene annota-
tion (Trachana et al. 2011). A subset of 19,545 genes were 
identified as belonging to species-specific orthogroups, a 
finding that is indicative of the acquisition of unique gene 
families specific to S. fuscescens. This phenomenon corre-
lates with the observation of a net gain of 192 genes suggest-
ing a selective pressure for the acquisition of novel genetic 
material, potentially facilitating adaptation to specific eco-
logical niches or environmental challenges. Conversely, a 
considerable proportion of genes (11,946) remained unas-
signed, constituting about 15.5% of the total gene count. 
These unassigned genes may represent genetic relics of 
ancestral genes that are no longer functional or have under-
gone significant sequence divergence (Steinke et al. 2006).

Overall, our assembly and analysis of the S. fuscescens-
JG2022 genome sheds light into its genetic composition and 
evolutionary history. The amalgamation of conserved gene 
families, species-specific genes, and unassigned genes high-
lights the complex interplay of gene expansion and contrac-
tion that has shaped the genomic landscape of S. fuscescens. 
Further investigation, including functional characterizations 
of unassigned genes and comparative analyses with related 
species, promises a deeper understanding of the genetic 
mechanisms underpinning unique characteristics and adap-
tive strategies of this species within the Siganidae family.

Conclusions

Our extensive genomic analysis of S. fuscescens-JG2022 
has unveiled its genomic constitution and evolutionary 
context. We observed significant gene conservation, with 
84.5% assigned to orthogroups, highlighting the presence 
of gene families shared with other fish species. A sizeable 
number of duplicate genes and the notable presence of spe-
cies-specific genes suggest distinct evolutionary origins of 
many of these genes. Notably, the identification of genes 
associated with LC-PUFA carries significant implications 
for aquaculture. This discovery aligns with the increas-
ing demand for LC-PUFA-rich fish, reducing reliance on 
external sources, addressing resource and environmental 
challenges, and providing health benefits. These findings 
improve our understanding of the evolutionary strategies of 
S. fuscescens within the Siganidae family. Furthermore, they 
also present opportunities for optimizing fish nutrition and 
creating sustainable aquaculture practices.
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