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Body colors are an important trait for the survival and reproduction of animals. In this study, transcriptomes and related single
nucleotide polymorphisms (SNPs) of black- and red-colored Plectropomus leopardus (Lacépède) were identifed to investigate
important molecules and SNPmarkers associated with body color formation. In the comparison of red- and black-colored groups,
489 diferential expressed genes (DEGs) were detected and among them, 236 up- and 253 down-regulated genes were found in the
red-colored group. Gene ontology (GO) analysis of DEGs showed that pigmentation associated terms including pigment granule,
pigmentation, melanin metabolic process, tyrosine metabolic process, pigment metabolic process, and pigmentation cell dif-
ferentiation were enriched. Kyoto encyclopedia of genes and genomes (KEGG) analysis of DEGs presented that melanin related
pathways (tyrosine metabolism and melanogenesis) were enriched. Furthermore, lipid metabolism and immune-related
metabolism were also enriched. A total of 1,048,575 SNPs were detected from the transcriptome, and among them, 627,172
SNPs were located in the gene region. A total of 1323 SNPs were identifed as diferential SNPs in the comparison of black- and
red-colored groups and were located in 1127 genes. Among the 1127 genes, 20 genes were identifed as DEGs and were comprised
of 9 SNPs with a potential role in body color selective breeding in fsh farming.

1. Introduction

Plectropomus leopardus (Lacépède) belongs to the Serrani-
dae family. As a leopard coral grouper, it is essential in ocean
ecosystems as a carnivorous predator and inhabits tropical
or subtropical waters. It is also important and popular
among customers due to its bright body color with high
ecological and economic value [1]. Body color of
P. leopardus is an essential quality standard that determine
its economic value, and prices of red or bright ones are
higher than dark or black grouper, especially in Chinese

markets because of the human preference of bright ones
[2–6]. Terefore, selecting the genetically improved body
color of P. leopardus is essential.

Body color formation was widely reported in fshes such
as Oncorhynchus tshawytscha and Cyprinus carpio [7, 8].
Omics analysis of coral leopard grouper P. leopardus with
diferent body color have been researched with diferent
sequencing methods and showed multiple genes, proteins,
miRNAs and pathways related to body color formation
[9–11]. Tyrosinase related protein 1 (TYRP1) and dop-
achrome tautomerase (DCT) which participated in
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melanin synthesis have been identifed in P. leopardus [12].
However, the underlying mechanisms of pigmentation are
still unclear.

Single nucleotide polymorphisms (SNPs) are important
molecular markers that are located within trait-related genes
and exhibit multiple superiorities for the identifcation of
markers associated with target trait [13–16]. SNPs have been
widely used in the genetic analysis of economic traits and hold
multiple advantages over traditional microsatellite markers,
includingmore accurate genotyping [17], fewer null alleles [18],
greater selective efciency, the potential for quantitative trait
loci (QTL) detection [19, 20], being more adaptable to auto-
mation genotyping, and the ability to reveal hidden poly-
morphisms [21]. Transcriptome sequencing is an efcient
method to identify SNPs located within genes because it fo-
cuses on protein-coding RNAs [22, 23]. Lu et al. [24, 25]
obtained ammonia-associated SNP markers in Pacifc white
shrimp (Litopenaeus vannamei) by transcriptome analysis.
Peng et al. [26] identifed SNPs related to the hypermelanosis of
the blind side in Japanese founder (Paralichthys olivaceus) by
transcriptome profling. In the present study, transcriptome
and SNP analyses of red- and black-coloredP. leopardus were
analyzed. We hope that the identifed DEGs and SNP markers
associated with body colors will aid in the marker-assisted
selection in P. leopardus breeding.

2. Materials and Methods

2.1. Animals Used in the Present Study. P. leopardus (black-
and red-colored individuals and body length (11.40± 0.75) cm)
was obtained from Hainan Yonghe Biological Technology Co.,
Ltd., China and fed with Dongwan grouper diet (Guangdong
Yuequn Biotechnology Co., Ltd.) twice per day (10 a.m. and
4p.m.). Liquid nitrogen was used to freeze skin tissues im-
mediately, and samples were kept at −80°C. In the present
study, all animal related experiments were performed based on
the guidelines of Animal care and approval of the Use
Committee of Guangdong Ocean University, China.

2.2. Transcriptome Sequencing. Skin tissues of two in-
dividuals were mixed to make one sample for transcriptome
sequencing, and three repetitions were used. Total RNA was
obtained with the TRIzol reagent kit (Invitrogen, Carlsbad,
CA, USA). Ten, ribosomal RNAs were removed to and the
enriched mRNAs were fragmented and reverse transcribed
into complementary DNA (cDNA). Second-strand cDNA
was ligated to Illumina sequencing adapters, and sequenced
with Illumina HiSeqTM 4000 platform.

2.3. Bioinformatics Analysis of Transcriptome Data. Clean
reads were gained from sequencing data through the flter of
fastp (v.0.18.0) [27] and ribosome_RNA removement of
Bowtie2 (v.2.2.8) [28]. HISAT2 (v.2.1.0) was utilized to map

the clean reads to P. leopardus genome [6, 29]. StringTie
software was utilized to calculate the expression abundance
of genes [30, 31].

2.4. Correlation and Diferentially Expressed Gene Analysis.
R package gmodels (https://www.rproject.org/) were utilized
to perform the principal component analysis (PCA). DEGs
were analyzed through the software of DESeq2 [32] with the
parameter of the false discovery rate (FDR) < 0.05 and |log2
fold change (FC)| >1). FDR values were calculated with the
method of Benjamini and Hochberg. Ten, DEGs were
mapped to GO (https://www.geneontology.org/) (p value
≤0.05). Pathway enrichment analyses were also carried out
to identify signifcantly enriched pathways in DEGs.

2.5. SNP Identifcation and Comparison of Diferent
Transcriptomes. All SNPs were identifed through com-
parison with the reference genome of P. leopardus (https://
www.ncbi.nlm.nih.gov/data-hub/genome/GCF_008729295.
1/) using software GATK4 [6]. Nonsynonymous single
nucleotide variant (SNV), synonymous SNV, stop-gain, and
stop-loss were detected and statistically analyzed. SNP lo-
cations, including 5′ untranslated region (UTR), 3′UTR,
exonic, intronic, intergenic, upstream, downstream, and
splicing, were also annotated. SNP was identifed as dif-
ferential between transcriptomes on the condition that one
of the transcriptomes holds the same genotype with the
reference and the other transcriptome holds the homozy-
gous mutations compared with the reference.

3. Results

3.1. Transcriptome Sequencing Data Analysis. A total of
75.56M and 76.57M clean reads were obtained for the
comparison of black- and red-colored groups. A range of
93.82% to 94.24% reads were mapped to P. leopardus ref-
erence data. Te transcriptomes of the two groups were
compared using PCA and showed that the black- and red-
colored groups can be well separated (Figure 1(a)). In the
fgure, the contribution rates of principal components (PC) 1
and PC2 are 60.2% and 29.6%, respectively. Diferential
expression analysis of genes identifed 489 DEGs, and among
them, 236 up-regulated and 253 down-regulated DEGs were
identifed in the red-colored group (FDR< 0.05 and |
log2FC|> 1) (Supplemental Table 1 and Figure 1(b)).
Among the DEGs, melanin pigment synthesis related
genes including Tyrosine (TYR), TYRP1, and TYRP2
expressed signifcantly higher in the black-colored group
than that in the red-colored group (Supplemental Table 1).

3.2. GO Terms Analysis. GO terms analysis showed that
DEGs identifed in the present study were classifed into three
GO categories including molecular function, cellular
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component, and biological processes which contain 11, 16,
and 23 terms, respectively, (Figure 2(a) and Supplemental
Table 2). GO enrichment obtained 405 GO terms (p< 0.05),
including body color formation related pathways (pigment
granule, pigmentation, melanin metabolic process, tyrosine
metabolic process, and pigment cell diferentiation)
(Figure 2(b) and Supplemental Table 3). GO terms associated
to immunity or immune response including immune system
development, immune system process, and immune response
were also enriched terms. Lipid mechanisms including reg-
ulation of fatty acid metabolic process, fatty acid metabolic
process, unsaturated fatty acid biosynthetic process, and
regulation of the unsaturated fatty acid biosynthetic process
were enriched which indicated the potential of lipid related
materials in the body color formation.

3.3. Pathway Enrichment Analysis. Multiple pathways were
enriched through the analysis of DEGs (Supplementary
Table 4). Among them, melanin formation related path-
ways including tyrosine metabolism, Wnt signaling path-
way, melanogenesis, and mitogen-activated protein kinase
(MAPK) signaling pathway were enriched (Figures 3(a)
and 3(b)). Furthermore, immune response related path-
ways including interleukin-17 (IL-17) signaling pathway,
the tumor necrosis factor (TNF) signaling pathway, toll-
like receptor signaling pathway, nucleotide oligomerization
domain (NOD)-like receptor signaling pathway, lipid
metabolism including fatty acid elongation, arachidonic
acid metabolism, and fatty acid metabolism were enriched
which is consistent with the result of GO terms analysis.

3.4. Identifcation of SNPs from Transcriptomes. A total of
1,048,575 SNPs were identifed from the transcriptomes of red-
and black-colored P. leopardus as shown in Supplemental
Table 5. SNP analysis revealed that the number of noncoding
and synonymous SNPs was larger than that of coding and
nonsynonymous SNPs, respectively. Among these SNPs,
639177 and 330378 SNPs were identifed as transition and
transversion, respectively (Figure 4(a)). Among the identical
SNPs, 627,172 SNPs were located in the gene region and 62,666
SNPs were located in the coding region. Among the coding
SNPs, 18859 nonsynonymous, stop-gain, and stop-loss SNPs
were located in 5414 genes and 43750 synonymous SNPs were
located in 7710 genes (Figure 4(b)).

3.5. Diferential SNPs between Transcriptomes. According to
the comparison of transcriptomes between black- and red-
colored groupers, 1323 SNPs were identifed as diferential
SNPs that may be related to body color formation (Sup-
plemental Table 5). Tese SNPs were located in 1127 genes
(Supplemental Table 6). Among the identical SNPs, 693
SNPs were located in the gene region and 109 SNPs were
located in the coding region. Among the coding SNPs, 29
nonsynonymous, stopgain, and stoploss SNPs were located
in 25 genes and 80 synonymous SNPs were located in 70
genes. Among the diferential SNP-containing genes, 20
genes were identifed as DEGs, including retinol de-
hydrogenase (Dxb_GLEAN_10013941), cytochrome P450
(Dxb_GLEAN_10001241), and transcription factor Sox
(Dxb_GLEAN_10001779) (Supplemental Table 7). Analysis
of the SNPs in the DEGs showed nine SNPs that were located
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Figure 1: PCA and DEG analysis of black- and red-colored groups. (a) PCA of the black- and red-colored groups. Red and blue showed the
black- and red-colored groups of P. leopardus. (b) DEGs analysis of black- and red-colored groups. Red, blue, and black dots showed the up-
regulated, down-regulated, and no diferentially expressed genes in the red-colored group compared with the black-colored group,
respectively.
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Figure 2: GO analysis of DEGs from black- and red-colored groups. (a) Te histogram of GO enrichment classifcation. Red and green
showed the number of up-regulated and down-regulated genes in GO terms. (b) Te circle diagram of GO enrichment. Circle 1: Te top 20
GO terms in the enrichment analysis, and the outside circle is the coordinate scale for the number of DEGs. Diferent colors represent
diferent Ontologies. Circle 2: the DEG number and the Q value of the GO term in the background. Te more the number of DEGs, the
longer the bars, and the smaller the Q value, the redder the color. Circle 3: the number of DEGs in the GO term. Circle 4: the Rich_Factor
value of each GO term.

4 Journal of Applied Ichthyology



in the gene regions. Among these nine SNPs, three were in
the exonic region and 6 were in the intronic region. In
addition, three SNPs exhibited synonymous mutation and

no SNP showed nonsynonymous mutation.Tese SNPs may
be used as molecular markers for color selection in the
breeding of coral grouper P. leopardus in the future.
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4. Discussion

Body coloration is an essential economic trait in fsh, and
individuals with bright body colors hold a high market value
that afects the development of the fsh aquaculture industry
[26, 33]. Environmental and genetic factors mainly infuence
body color formation. However, genetic studies and molec-
ular markers related to the body color formation of
P. leopardus are insufcient. With the development of high-
throughput sequencing, multiple molecular works were
performed to exhibit the molecular mechanisms of fsh body
color formation [34, 35]. Multiple transcriptomes related to
the body color of P. leoparduswere constructed, and plenty of
molecules such as genes, proteins, and metabolites partici-
pating in body color formation or pigmentation were iden-
tifed with diferent genome data as references [3,
4, 9, 11, 12, 36]. However, the potential makers which could be
used for body color breeding are very limited.Terefore, body
color related SNPs were identifed in the present study to
promote the body color breeding process.

Melanin synthesis-related genes were found in cichlids,
sticklebacks, and coral grouper for the black color formation
[3, 4, 37]. Wen et al. [11] showed that DEGs and diferentially
abundant proteins of diferent skin colors in P. leoparduswere
enriched in melanin synthesis related pathways (tyrosine
metabolism) which were also found in the present study.
Melanin synthesis related pathways were also identifed in the
transcriptome, metabolome, and miRNA analysis of diferent
colors of P. leopardus [4, 12]. Tyrosinase gene familymembers
including tyrosine-related protein 1 (TYRP1), TYPR2, and
TYR participated in the melanin synthesis which were de-
tected in fsh melanophores [38, 39]. Melanin related genes
including microphthalmia-associated transcription factor,
TYRP1, andmelanocortin 1 receptor hold signifcantly higher
expression level in dark-skinned individuals than that in red-
skinned leopard coral grouper [10]. In the present study, all
the tyrosinase gene family members (TYR, TYRP1, and
TYRP2) of P. leopardus were identifed as DEGs and
expressed signifcantly higher in the black-colored group.Te
result was consistent with Henning et al. [40], which showed
that the tyrosinase gene family exhibited a high expression
level in the normal Midas cichlids with black body color
compared with the gold-colored ones. However, only TYRP1
and TYRP2 were identifed as DEGs in the analysis of Zhu
et al. [12]. Tese results may result from the diference in the
sequencing method and platform which showed that more
RNAs can be detected and identifed using the total RNA
library construction method than poly(A) RNA library
construction [41, 42]. Braasch et al. [43] have reported that
TYR is the rate-limiting enzyme in the process of producing
melanin and TYRP1 functions in the preservation of TYR
catalytic activity [44, 45]. TYRP2 encoded dopachrome,
tautomerase, and catalyzed the synthesis of 5,6-dihydrox-
yindole-2-carboxylate from dopachrome [46–48]. Our results
providedmore evidence for the melanin synthesis and further
showed the importance of tyrosine family genes in the black
body color formation process.

Lipid metabolism functioned for diferent body wall
color formation of Apostichopus japonicus [49]. Lipid
metabolism was enriched in the diferent body color of
P. leopardus [4]. Reports have shown that arachidonic
acid induces fucoxanthin formation and mediates
biochemical-induced stress relevant to pigmentation
[12, 50, 51]. Furthermore, fatty acids participated in the
regulation of TYR ubiquitination level in melanocytes
[52]. Transcriptome of red- and brown-colored P. leop-
ardus presented that low-density lipoprotein receptor-
related protein 11, angiopoietin-related protein 4, and
high afnity cationic amino acid transporter 1 which were
involved in lipid metabolism were identifed as DEGs and
showed their important roles in carotenoid transport [13].
In the present study, lipid metabolism was both identifed
in the enrichment analysis of GO terms and KEGG
pathway which also displayed the importance of lipid
metabolism in P. leopardus body color formation [4].
Furthermore, the de novo synthesis of carotenoids which
is important for the bright or red color formation of
aquatic animals is difcult in fsh, and the carotenoid
accumulation could be afected by the uptake or transport
efciency of it [53]. Multiple researches have shown the
importance of lipid-related genes including fatty acid
transport protein (FATP) [8, 54] and fatty acid hydrox-
ylase [55] in carotenoid metabolism.

SNPs identifed from transcriptome have been widely
researched in the aquaculture industry [56]. Transcriptomic
analysis of P. olivaceus identifed 21 SNPs in normal and
hypermelanotic founders, and the SNP-containing genes
participated in pigment synthesis [26, 57]. Transcriptomic
analysis of whole white and red with big black spots Oujiang
color common carp revealed over 52,902 SNPs [58].
Transcriptomes of red and black leopard coral trout
P. leopardus showed 130,524 SNPs using unigenes as the
reference [36], which showed the potential genomic re-
sources for coral trout species. In the present study,
1,048,575 SNPs were identifed in red- and black-colored
coral groupers. Among which, 1323 SNPs were detected as
diferential SNPs between black- and red-colored groups
that show potential use in body color selection of
P. leopardus and provide valuable genomic information for
genetic research [59, 60].

Analysis of diferentially SNP-containing genes in the
transcriptomes revealed 20 DEGs, including cytochrome
P450 and retinol dehydrogenase that participate in the body
color formation of P. leopardus [3, 12]. Cytochrome P450 is
involved in carotenoid metabolism, which is involved in the
formation of bright body colors in animals [61]. Retinoid-
metabolizing enzyme, retinol dehydrogenase, converts ad-
ditional carotenoid substrates and showed higher expression
in orange clownfsh [62–64]. Furthermore, synonymous
mutations infuence protein synthesis through their in-
volvement in mRNA splicing, stability, structure, and
transfer RNA translation efciency [65]. In this study, the
diferential SNPs located in the DEGs were all identifed as
synonymous mutations. Tis fnding showed that the
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mutation may infuence transcription or translation ef-
ciency, gene expression regulation, or protein conformation
changes in the protein process and further function in the
body color formation [66]. Tese SNPs will be further
validated and evaluated in future studies, identifying the
specifc color varieties of coral groupers with diferent body
colors.

5. Conclusions

In this study, transcriptome of black- and red-colored groups
of P. leopardus obtained 489 DEGs and 236 up- and
253 down-regulated genes which were found in the red-
colored group compared with the black-colored group. GO
terms and KEGG pathway analysis of DEGs showed that
pigmentation-associated terms, lipid metabolism, and
immune-related metabolism were enriched. Comparison of
transcriptomes between black- and red-colored groupers
identifed 1323 diferential SNPs in 1127 genes, and among
them, 9 SNPs showed the potential use in body color selective
breeding.
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and T. H. Delgadin, “Fish skin pigmentation in aquaculture:
the infuence of rearing conditions and its neuroendocrine
regulation,”General and Comparative Endocrinology, vol. 301,
Article ID 113662, 2021.

[3] R. J. Hao, X. W. Zhu, C. X. Tian, M. Y. Jiang, Y. Huang, and
C. Zhu, “Integrated analysis of the role of miRNA-mRNA in
determining diferent body colors of leopard coral grouper
(Plectropomusleopardus),” Aquaculture, vol. 548, Article ID
737575, 2022a.

[4] R. J. Hao, X. W. Zhu, C. X. Tian, C. H. Zhu, and G. L. Li,
“Analysis of body color formation of leopard coral grouper
Plectropomusleopardus,” Frontiers in Marine Science, vol. 9,
Article ID 964774, 2022b.

[5] M. Luo, G. Lu, H. Yin, L. Wang, M. Atuganile, and Z. Dong,
“Fish pigmentation and coloration: molecular mechanisms
and aquaculture perspectives,” Reviews in Aquaculture,
vol. 13, no. 4, pp. 2395–2412, 2021.

[6] Q. Zhou, X. Y. Guo, Y. Huang et al., “De novo sequencing and
chromosomal-scale genome assembly of leopard coral
grouper, Plectropomusleopardus,” Molecular Ecology Re-
sources, vol. 20, no. 5, pp. 1403–1413, 2020.

[7] J. Du, X. Chen, J. Wang et al., “Comparative skin tran-
scriptome of two Oujiang color common carp (Cyprinus
carpio var. color) varieties,” Fish Physiology and Biochemistry,
vol. 45, no. 1, pp. 177–185, 2019.

[8] A. Madaro, O. Torrissen, P. Whatmore et al., “Red and white
chinook salmon (Oncorhynchus tshawytscha): diferences in
the transcriptome profle of muscle, liver, and pylorus,”
Marine Biotechnology, vol. 22, no. 4, pp. 581–593, 2020.

[9] Y. Yang, L. N. Wu, J. F. Chen et al., “Whole genome se-
quencing of leopard coral grouper (Plectropomusleopardus)
and exploration of regulation mechanism of skin color and
adaptive evolution,” Zoological Research, vol. 41, no. 3,
pp. 328–340, 2020.

[10] H. T. Liu, C. Dai, X. X. Li et al., “Analysis of the diferentially
expressed genes and characterization of PIMITF genes of the
leopard coral grouper (Plectropomusleopardus),” Aquaculture
Reports, vol. 23, Article ID 101076, 2022.

[11] X. Wen, M. Yang, K. Zhou et al., “Transcriptomic and pro-
teomic analyses reveal the common and unique pathway(s)
underlying diferent skin colors of leopard coral grouper
(Plectropomusleopardus),” Journal of Proteomics, vol. 266,
Article ID 104671, 2022.

Journal of Applied Ichthyology 7

https://downloads.hindawi.com/journals/jai/2023/4135906.f1.zip
https://downloads.hindawi.com/journals/jai/2023/4135906.f1.zip


[12] X. W. Zhu, R. J. Hao, C. X. Tian, J. P. Zhang, C. H. Zhu, and
G. Li, “Integrative transcriptomics and metabolomics analysis
of body color formation in the leopard coral grouper (Plec-
tropomusleopardus),” Frontiers in Marine Science, vol. 8,
Article ID 726102, 2021.

[13] C. Y. Yang, J. M. Yang, R. J. Hao, X. D. Du, and Y. Deng,
“Molecular characterization of OSR1 in Pinctada fucata-
martensii and association of allelic variants with growth
traits,” Aquaculture, vol. 516, Article ID 734617, 2020a.

[14] R. J. Hao, C. C. Mo, L. Adzigbli, C. Y. Yang, Y. W. Deng, and
Q. Wang, “Molecular cloning and polymorphism analysis of
PmFGF18 from Pinctada fucatamartensii,” Journal of Marine
Science and Engineering, vol. 8, no. 11, p. 896, 2020.

[15] Q. Y. Chen, W. M. Yu, R. J. Hao et al., “Molecular charac-
terization and SNPs association with growth-related traits of
myosin heavy chains from the pearl oyster Pinctada fucata-
martensii,” Aquaculture Research, vol. 53, no. 7, pp. 2874–
2885, 2022.

[16] R. Panahabadi, A. Ahmadikhah, and N. Farrokhi, “Genetic
dissection of monosaccharides contents in rice whole grain
using genome-wide association study,” Te Plant Genome,
Article ID e20292, 2023.

[17] E. C. Anderson and J. C. Garza, “Te power of single-
nucleotide polymorphisms for large-scale parentage in-
ference,” Genetics, vol. 172, no. 4, pp. 2567–2582, 2006.

[18] N. C. van den Bergb and R.Wilding, “Parentage assignment in
Haliotismidae L.: a precursor to future genetic enhancement
programmers for South African abalone,” Aquaculture Re-
search, vol. 41, no. 9, pp. 1387–1395, 2010.

[19] A. P. Gutierrez, K. P. Lubieniecki, S. Fukui, R. E. Withler,
B. Swift, and W. S. Davidson, “Detection of quantitative trait
loci (QTL) related to grilsing and late sexual maturation in
Atlantic salmon (Salmo salar),”Marine Biotechnology, vol. 16,
no. 1, pp. 103–110, 2014.

[20] K. Avia, S. M. Coelho, G. J. Montecinos et al., “High-density
genetic map and identifcation of QTLs for responses to
temperature and salinity stresses in the model brown alga
Ectocarpus,” Scientifc Reports, vol. 7, no. 1, Article ID 43241,
2017.

[21] X. D. Huang, S.Wu, Y. Guan, Y. Li, andM. He, “Identifcation
of sixteen single-nucleotide polymorphism markers in the
pearl oyster, Pinctada fucata, for population genetic structure
analysis,” Journal of Genetics, vol. 94, no. 1, 2015.

[22] Z. Wang, M. Gerstein, and M. Snyder, “RNA-Seq: a revolu-
tionary tool for transcriptomics,” Nature Reviews Genetics,
vol. 10, no. 1, pp. 57–63, 2009.

[23] P. DeWit, M. H. Pespeni, and S. R. Palumbi, “SNP genotyping
and population genomics from expressed sequences-current
advances and future possibilities,” Molecular Ecology, vol. 24,
no. 10, pp. 2310–2323, 2015.

[24] X. Lu, J. Kong, S. Luan et al., “Transcriptome analysis of the
hepatopancreas in the Pacifc White Shrimp (Litope-
naeusvannamei) under acute ammonia stress,” PLoS One,
vol. 11, no. 10, Article ID 164396, 2016.

[25] X. Lu, J. Kong, X. H. Meng et al., “Identifcation of SNP
markers associated with tolerance to ammonia toxicity by
selective genotyping from de novo assembled transcriptome
in Litopenaeusvannamei,” Fish & Shellfsh Immunology,
vol. 73, pp. 158–166, 2018.

[26] K. K. Peng, B. Zhang, J. Xu et al., “Identifcation of SNPs
related to hypermelanosis of the blind side by transcriptome
profling in the Japanese founder (Paralichthysolivaceus),”
Aquaculture, vol. 519, Article ID 734906, 2020.

[27] S. Chen, Y. Zhou, Y. Chen, and J. Gu, “fastp: an ultra-fast all-
in-one FASTQ preprocessor,” Bioinformatics, vol. 34, no. 17,
pp. 884–890, 2018.

[28] B. Langmead and S. L. Salzberg, “Fast gapped-read alignment
with Bowtie 2,” Nature Methods, vol. 9, no. 4, pp. 357–359,
2012.

[29] D. Kim, B. Langmead, and S. L. Salzberg, “HISAT: a fast
spliced aligner withlow memory requirements,” Nature
Methods, vol. 12, no. 4, pp. 357–360, 2015.

[30] M. Pertea, G. M. Pertea, C. M. Antonescu, T. C. Chang,
J. T. Mendell, and S. L. Salzberg, “StringTie enables improved
reconstruction ofa transcriptome from RNA-seq reads,”
Nature Biotechnology, vol. 33, no. 3, pp. 290–295, 2015.

[31] M. Pertea, D. Kim, G. M. Pertea, J. T. Leek, and S. L. Salzberg,
“Transcript-level expression analysis of RNA-seqexperiments
with HISAT, StringTie and ballgown,” Nature Protocols,
vol. 11, no. 9, pp. 1650–1667, 2016.

[32] B. Li and C. N. Dewey, “RSEM: accurate transcript quanti-
fcation from RNA-Seq data with orwithout a reference ge-
nome,” BMC Bioinformatics, vol. 12, no. 1, p. 323, 2011.

[33] T. Isojima, N. Makino, M. Takakusagi, and M. Tagawa,
“Progression of staining-type hypermelanosis on the blind
side in normally metamorphosed juveniles and pigmentation
pregression in pseudoalbino juveniles of the Japanese
founder Paralichthysolivaceus using individual identifca-
tion,” Fisheries Science, vol. 79, no. 5, pp. 787–797, 2013.

[34] A. J. Beirl, T. H. Linbo, M. J. Cobb, and C. D. Cooper, “oca2
regulation of chromatophore diferentiation and number is
cell type specifc in zebrafsh,” Pigment Cell & Melanoma
Research, vol. 27, no. 2, pp. 178–189, 2014.

[35] Y. Nagao, T. Suzuki, A. Shimizu et al., “Sox5 functions as a fate
switch in medaka pigment cell development,” PLoS Genetics,
vol. 10, no. 4, Article ID 1004246, 2014.

[36] L. Wang, C. P. Yu, L. Guo, H. R. Lin, and Z. Meng, “In silico
comparative transcriptome analysis of two color morphs of
the common coral trout (PlectropomusLeopardus),” PLoS
One, vol. 10, no. 12, Article ID 145868, 2015.

[37] A. K. Greenwood, J. N. Cech, and C. L. Peichel, “Molecular
and developmental contributions to divergent pigment pat-
terns in marine and freshwater sticklebacks,” Evolution and
Development, vol. 14, no. 4, pp. 351–362, 2012.

[38] B. S. Kwon, “Pigmentation genes: the tyrosinase gene family
and the pmel 17 gene family,” Journal of Investigative Der-
matology, vol. 100, no. 2, pp. 134S–140S, 1993.

[39] S. Tang, S. Janpoom, S. Prasertlux et al., “Transcriptome
comparison for identifcation of pigmentation-related genes
in diferent color varieties of Siamese fghting fsh Betta
splendens,” Comparative Biochemistry and Physiology Part D:
Genomics and Proteomics, vol. 43, Article ID 101014, 2022.

[40] F. Henning, J. C. Jones, P. Franchini, and A. Meyer, “Tran-
scriptomics of morphological color change in polychromatic
Midas cichlids,” BMC Genomics, vol. 14, no. 1, p. 171, 2013.

[41] Y. Guo, S. Zhao, Q. Sheng et al., “RNAseq by total RNA library
identifes additional RNAs compared to poly(A) RNA li-
brary,” BioMed Research International, vol. 2015, Article ID
862130, 9 pages, 2015.

[42] B. N. Keel, W. T. Oliver, J. W. Keele, and A. K. Lindholm-
Perry, “Evaluation of transcript assembly in multiple porcine
tissues suggests optimal sequencing depth for RNA-Seq using
total RNA library,” Animal Genetics, vol. 17-18, Article ID
200105, 2020.

[43] I. Braasch, M. Schartl, and J. N. Volf, “Evolution of pigment
synthesis pathways by gene and genome duplication in fsh,”
BMC Evolutionary Biology, vol. 7, no. 1, p. 74, 2007.

8 Journal of Applied Ichthyology



[44] H. H. Rad, T. Yamashita, H. Y. Jin et al., “Tyrosinase-related
proteins suppress tyrosinase-mediated cell death of mela-
nocytes and melanoma cells,” Experimental Cell Research,
vol. 298, no. 2, pp. 317–328, 2004.

[45] Z. Shi, K. Ji, S. Yang et al., “Biological characteristics of mouse
skin melanocytes,” Tissue and Cell, vol. 48, no. 2, pp. 114–120,
2016.

[46] U. Sivka, A. Snoj, A. Palandacic, and S. Sušnik Bajec,
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