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In this study, we employed high-throughput transcriptomic sequencing technology to 
analyze the skin color variations among four different strains of clownfish (Amphiprion 
ocellaris). We compared the differentially expressed genes (DEGs) between the Captive 
Breeding of A. ocellaris (RS), Australian Geographic Variation of A. ocellaris (AS), 
Wild-Caught A. ocellaris (YS), and Carnelian A. ocellaris (MS). Furthermore, we conducted 
Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analyses to explore the enriched pathways 
associated with pigment regulation genes. The results revealed that there were 270 
common DEGs across the four different strains of A. ocellaris. In comparisons of AS, YS, 
and MS against RS, the numbers of DEGs that were upregulated and downregulated were 
932, 1925, and 1929, respectively. The GO functional annotation analysis across the four 
comparisons indicated that the DEGs involved in cellular processes were the most 
numerous. Finally, the KEGG pathway enrichment analysis revealed significant 
enrichment (p<0.05) in 11, 10, and 6 unique pathways in RS compared to AS, YS, and MS, 
respectively. Key biological pathways involved in body color variation included DNA 
replication, drug metabolism—cytochrome P450 pathways, and pigment biosynthesis. 
The findings of this study provide new insights into the molecular basis of body color 
variations among different strains of A. ocellaris and offer theoretical foundations for 
breed improvement in aquaculture. 

INTRODUCTION 

Amphiprion ocellaris, also called ocellaris clownfish belongs 
to the family, Pomacentridae, subfamily Amphiprioninae.1 

It is widely distributed throughout the Indo-West Pacific 
region, extending from the eastern Indian Ocean to the In
donesian and Philippine archipelagos, and from the coast 
of northwestern Australia to the Ryukyu Islands of Japan.2 

A. ocellaris has been cultured successfully and raised com
mercially since 1950.3 In recent years, with the success of 
the movie “Finding Nemo” where the principal character is 
an Amphiprion sp., and the popularity of marine aquariums, 
this fish has become one of the principal marine ornamen

tal fish commercialized in the world with an increased fi
nancial value.4 

The coloration and patterns of fish play crucial roles in 
various aspects such as mating selection, signaling spawn
ing times, camouflage, sun protection, and thermoregula
tion, and they are also key determinants of fish quality. 
These color traits are governed by pigment cells in the skin, 
which can adjust color by moving pigment granules within 
the cell in response to environmental factors such as tem
perature, light exposure, and diet.5 

Recent advances in high-throughput sequencing tech
nologies have enabled a deeper understanding of the mol
ecular mechanisms underlying these color changes. Tran
scriptome analysis, in particular, has emerged as a powerful 
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tool for linking gene expression with body color.6 By ana
lyzing the transcriptomes of fish with different colorations, 
researchers can identify the genes and molecular pathways 
involved in pigment formation and regulation, revealing 
how genetic and environmental factors influence these 
processes.7 Notably, there has been a surge in research fo
cusing on the genetic and epigenetic dimensions, specifi
cally investigating the expression of genes responsible for 
pigment cell differentiation and function across diverse en
vironmental and developmental contexts. A notable study 
by Zhu et al.8 revealed that red-colored Plectropomus leop
ardus exhibits enhanced potential for carotenoid uptake, 
transport, and accumulation compared to its black-colored 
counterparts, possibly utilizing more arachidonic acid for 
body color formation, while the latter demonstrates in
creased melanin synthesis activity.8 Furthermore, varia
tions in body color, governed not only by genetic factors but 
also by environmental influences, have significant implica
tions. For instance, variations in the body color of zebrafish 
can substantially affect their camouflage from predators, 
directly impacting survival rates.9 Environmental parame
ters, such as light intensity and background coloration, can 
indirectly modulate fish body color by altering gene expres
sion.10 The influence of environmental factors on gene ex
pression typically operates through epigenetic mechanisms 
like DNA methylation and histone modifications, which can 
induce both long-term and short-term alterations in ex
pression patterns.11 

This study aims to investigate the genetic mechanisms 
underlying body color variation in A. ocellaris. By using 
high-throughput sequencing to analyze skin tissues from 
four A. ocellaris strains with distinct color differences, we 
seek to identify key genes and metabolic pathways that 
determine body color. The research methodology involves 
the analysis of unique and shared transcripts among differ
ent color groups, and the identification of differentially ex
pressed genes. Functional annotation using GO and KEGG 
pathways will help in elucidating the biological processes 
and pathways involved in color formation. The results of 
this study will contribute to a theoretical foundation for 
understanding the mechanisms of fish color formation and 
offer guidance for breeding selection strategies. 

MATERIALS AND METHODS 

EXPERIMENTAL DESIGN AND SAMPLING 

Individuals of A. ocellaris (body weight: 1.59±0.33g, Fish 
age: 6 months.) for experimental purposes were obtained 
from the Tropical Aquaculture Research and Development 
Center, South China Sea Fisheries Research Institute, 
Hainan, China. This study utilized four different color va
rieties of A. ocellaris, which were divided into four experi
mental groups: Captive Breeding of A. ocellaris (RS), Aus
tralian Geographic Variation of A. ocellaris (AS), 
Wild-Caught A. ocellaris (YS), and Carnelian A. ocellaris 
(MS) (Figure 1 ). The RS group served as the control. Each 
variety was represented by three replicates for transcrip
tome analysis experiments. Key gene expression levels were 

compared in skin tissue samples from the four different 
sources of A. ocellaris. 

All animal treatment met the standards of the Institu
tional Animal Care and Use Committee guidelines. 

LIBRARY PREPARATION AND SEQUENCING 

Total RNA was extracted using TRIzol® Reagent (Invitro
gen) following the manufacturer’s instructions. The in
tegrity, concentration, and purity of RNA were assessed 
by agarose gel electrophoresis, Nanodrop2000 (NanoDrop 
Technologies), and 2100 Bioanalyzer (Agilent). Only high-
quality RNA (OD260/280 = 1.8 ~ 2.2, OD260/230 ≥ 2.0, 
28S:18S ≥ 1.0, Total RNA > 10 μg) was used for subsequent 
experiments. 

For the RNA-seq transcriptome library construction, 5 
μg of total RNA was processed using the TruSeq™ RNA 
Sample Preparation Kit from Illumina (San Diego, CA). 
Double-stranded cDNA was synthesized using the Super
Script Double-Stranded cDNA Synthesis Kit (Invitrogen, 
CA) and random hexamer primers (Illumina). Following 
synthesis, the cDNA underwent end-repair, phosphoryla
tion, and adenylation of ‘A’ bases according to the Illumina 
library construction protocol. The library was quantified 
with a TBS380 and sequenced on the Illumina HiSeq X Ten 
platform using a paired-end 2 × 150 bp configuration. 

KEGG ENRICHMENT AND CLUSTERING HEAT MAP 
ANALYSIS 

Metabolic pathways were predicted through KEGG mapping 
(http://kobas.cbi.pku.edu.cn/home.do).12 Compared with 
the whole transcriptome background, functional enrich
ment analysis was conducted at a Bonferroni-corrected P-
adjust ≤0.05 to identify which differentially expressed 
genes (DEGs) were significantly enriched in KEGG path
ways. Additionally, the hclust function in R was used for 
hierarchical clustering analysis to generate a heatmap of 
gene expression patterns. Correlation coefficients among 
genes were obtained using the Spearman correlation algo
rithm and presented in a correlation network within the R 
statistical environment. 

QUALITY CONTROL AND READ MAPPING 

The raw paired-end reads were trimmed and quality con
trolled by fastp with default parameters. Then clean reads 
were separately aligned to the reference genome with ori
entation mode using HISAT2 software. The mapped reads 
of each sample were assembled by StringTie in a reference-
based approach. 

DIFFERENTIAL EXPRESSION ANALYSIS AND 
FUNCTIONAL ENRICHMENT 

To identify DEGs (differential expression genes) between 
two different samples, the expression level of each tran
script was calculated according to the transcripts per mil
lion reads (TPM) method. RSEM was used to quantify gene 
abundances. Essentially, differential expression analysis 
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Figure 1. Four different varieties of     A. ocellaris .  
RS: Captive Breeding of A. ocellaris; AS: Australian Geographic Variation of A. ocellaris; YS: Wild-Caught A. ocellaris; MS: Carnelian A. ocellaris 

was performed using the DESeq2 or DEGseq. DEGs with 
|log2FC|≧1 and FDR＜0.05(DESeq2) or 
FDR＜0.001(DEGseq) were considered to be significantly 
different expressed genes. In addition, functional-enrich
ment analysis, including GO and KEGG, was performed to 
identify which DEGs were significantly enriched in GO 
terms and metabolic pathways at Bonferroni-corrected P-
value ＜0.05 compared with the whole-transcriptome back
ground. GO functional enrichment and KEGG pathway 
analysis were carried out by Goatools and Python scipy 
software, respectively. 

RESULTS 

DEGS IN FOUR DIFFERENT COLORED A. OCELLARIS 

In the analysis of differentially expressed genes (DEGs) in 
the skin of four distinct strains of A. ocellaris (Figure 2A   
and Figure 2B ), a total of 270 DEGs were found to be com
mon across the strains. In the comparison between RS and 
AS, there were 932 DEGs identified, with 316 DEGs upreg
ulated and 607 downregulated, and they had 1146 unique 
DEGs. In the comparison between RS and YS, a total of 1925 
DEGs were observed, with 641 upregulated and 1284 down
regulated, and the unique DEGs numbered 331. Finally, in 
the comparison between RS and MS, there were a total of 
1929 DEGs, with 764 upregulated and 1165 downregulated, 
and the unique DEGs amounted to 962. 

GENE ONTOLOGY (GO) FUNCTIONAL ANNOTATION 
ANALYSIS OF DEGS FROM FOUR DIFFERENT SOURCES OF 
A. OCELLARIS 

Based on biological processes, cellular components, and 
molecular functions, Gene Ontology (GO) classifications 
were assigned to predict functional categories for gene 
fragments of Geckloni (Figure 3 ). In the DEGs from the 
RS vs. AS comparison, a majority of DEGs were involved 
in cellular processes (152), binding (140), single-organism 
processes (127), metabolic processes (120), and catalytic 
activity (111), with the fewest DEGs participating in macro
molecular complex formation (21). In the DEGs from the 
RS vs. YS comparison, 302 DEGs were involved in cellular 
processes, 290 in single-organism processes, and another 
290 in binding, with the least number of DEGs participating 
in cellular component organization or biogenesis (42). Fi
nally, in the RS vs. MS comparison, 328 DEGs were involved 
in cellular processes, and 315 in binding, with the fewest 
participating in macromolecular complex formation (51). 

KEGG FUNCTIONAL ENRICHMENT 

KEGG pathway enrichment analysis of unique DEGs from 
the RS vs. AS comparison (Figure 4 ) revealed significant 
enrichment (p < 0.05) in several pathways, including “DNA 
Replication,” “Drug Metabolism - Cytochrome P450,” “Me
tabolism of Xenobiotics by Cytochrome P450,” “Cell Cycle,” 
“Tyrosine Metabolism,” “Chemical Carcinogenesis,” 
“Steroid Biosynthesis,” “Pyrimidine Metabolism,” “Retinol 
Metabolism,” “Base Excision Repair,” and “Complement 
and Coagulation Cascades.” For the RS vs. YS comparison, 
the KEGG pathway enrichment analysis (Figure 5 ) demon
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Figure 2. Comparative Analysis of DEGs from Four Different Sources of          A. ocellaris .  
A: Analysis of upregulated and downregulated DEGs in RS compared to AS, YS, and MS; B: Venn diagram analysis of DEGs among the three comparisons of RS vs. AS, YS, and MS; up: 
upregulated DEGs; down: downregulated DEGs 

strated significant enrichment (p < 0.05) in 10 pathways, in
cluding “Protein Digestion and Absorption,” “Amoebiasis,” 
“Chemical Carcinogenesis,” “Metabolism of Xenobiotics by 
Cytochrome P450,” “Fat Digestion and Absorption,” “ECM-
Receptor Interaction,” “Drug Metabolism - Cytochrome 
P450,” “Tyrosine Metabolism,” “Cytokine-Cytokine Recep
tor Interaction,” and “Retinol Metabolism.” Lastly, in the 
RS vs. MS comparison (Figure 6 ), only six KEGG pathways 
showed significant enrichment (p < 0.05), namely “Ribo
some Biogenesis in Eukaryotes,” “DNA Replication,” “Drug 
Metabolism - Cytochrome P450,” “Aminoacyl-tRNA 
Biosynthesis,” “Metabolism of Xenobiotics by Cytochrome 
P450,” and “Chemical Carcinogenesis.” 

DISCUSSION 

The variations in body color among fish species may be 
attributed to unique geographical environments, artificial 

breeding conditions, and selective breeding processes. This 
diversity not only reflects the fish’s adaptation to their 
habitat but also demonstrates the impact of human se
lection on fish phenotypic traits.13 Moreover, differential 
gene expression related to body color formation, particu
larly genes involved in the DNA replication pathway, high
lights the significant role of the cell cycle and cellular pro
liferation in color variation.14 In organisms exhibiting 
significant color changes, the proliferation and mainte
nance of pigment cells require fine-tuned regulation to en
sure proper distribution and renewal of pigments.15 Thus, 
the differential expression of DEGs in the DNA replication 
pathway may reflect changes in the cellular biological char
acteristics during the generation of pigment cells. Addi
tionally, the involvement of the drug metabolism-cy
tochrome P450 pathway provides further insight into the 
complexities of color regulation.16 Cytochrome P450 en
zymes participate in the metabolism of a variety of exoge

Comparative Transcriptome analyses of the molecular mechanisms underlying skin color variations in ocell…

Israeli Journal of Aquaculture - Bamidgeh 194

https://ija.scholasticahq.com/article/129937-comparative-transcriptome-analyses-of-the-molecular-mechanisms-underlying-skin-color-variations-in-ocellaris-clownfish-_amphiprion-ocellaris_-cuvier/attachment/266678.png


Figure 3. GO Distribution of DEGs for RS vs. AS, RS vs. YS, and RS vs. MS Comparisons, Listed by Abundance in                     
the Top 20 Categories.     

nous and endogenous compounds, including pigment pre
cursors and hormones, and changes in their activity can 
directly affect pigment synthesis and degradation, thus in
fluencing body color. Enzymes in the cytochrome P450 
family are typically associated with the metabolic activities 
of various endogenous and exogenous compounds, includ
ing the transformation of carotenoid precursors such as 
β-carotene in organisms. Studies have found that the red 
color of tuna muscle is derived from carotenoids stored in 
the muscle, particularly astaxanthin.17 In tuna, cytochrome 
P450 enzymes are involved in the metabolism of astaxan
thin, converting it into forms with higher biological activ
ity for the fish, thereby maintaining the specific red hue 
of the muscle.18 In this study, transcriptome analysis re
vealed that a large number of differentially expressed genes 
(DEGs) are significantly involved in key biological pathways 
such as DNA replication, drug metabolism-cytochrome 
P450, and pigment biosynthesis. 

Specifically, there were 932 DEGs identified between RS 
and AS, 1925 DEGs between RS and YS, and 1929 DEGs be
tween RS and MS. This significant gene expression differ
ence suggests the presence of a broad regulatory network 
at the molecular level in clownfish of different body colors, 
which may involve the formation and function of pigment 
cells. This finding reveals that the regulation of these bi
ological pathways in clownfish with different body colors 
may be closely associated with the formation of color dif
ferences. 

Most current research on fish body color focuses on as
pects such as pigment cell metabolism, pigment deposition, 
and formation. Six types of pigment cells have been iden
tified in fish, including melanocytes, xanthophores, ery
throphores, iridophores, leucophores, and cyanophores.19,

20 Studies often report that the early fading of body color in 
fish primarily involves the pathways of melanin formation 
and apoptosis. In the early developmental color changes of 
the bicolor damselfish,21 these changes are mainly caused 
by pigment transitions in the skin and scales, the recession 
of melanocytes, and the increase of red and yellow pigment 
cells. Melanocytes play a central role in the regulation of 
fish body color, as these cells are responsible for the pro
duction, storage, and transport of melanin, which deter
mines the black or brown pigmentation of fish skin, scales, 
and eyes.22 According to studies, melanocytes control 
melanin production through complex biochemical path
ways, regulated by specific hormones (such as α-MSH) and 
various enzymes (such as tyrosinase).23 This precise regula
tory mechanism ensures effective pigment synthesis when 
needed. Research has shown that in zebrafish, α-MSH ac
tivates the cAMP-PKA signaling pathway by binding to re
ceptors on the surface of melanocytes, thereby promoting 
melanin synthesis.24 Additionally, the dynamic distribution 
of melanosomes within cells provides fish with the ability 
to rapidly respond to environmental changes, such as ad
justing body color according to the background to enhance 
or reduce concealment.25 Studies have found that zebrafish 
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Figure 4. KEGG Pathway Enrichment Analysis of Unique DEGs in RS vs. AS Comparison.             
“*” indicates p<0.05; “**” indicate p<0.01; “***” indicate p<0.001，The same below. 

display different body colors against different backgrounds, 
related to the movement and distribution of melanosomes 
within melanocytes. In this study, from the comparison be
tween the RS group and other groups, we noted that many 
DEGs in YS and MS groups are concentrated in pathways 
involving pigment deposition, pigment granule transport, 
and interactions between the extracellular matrix and re
ceptors. The activation of these pathways may promote the 
functional expression of specific pigment cell types, such 
as an increase in the number or activity of melanocytes, 
thereby affecting the skin tone to be darker compared to the 
RS group. 

Through high-throughput transcriptome analysis com
bined with Gene Ontology (GO) and KEGG pathway en
richment analyses, this study has revealed key biological 
processes and metabolic pathways influencing color differ
ences in clownfish. In the comparison between RS and AS, 
pathways such as DNA replication and drug metabolism - 
cytochrome P450 were significantly enriched, suggesting a 
direct link with pigment production and regulation. Simi
larly, the comparisons between RS and YS, as well as RS and 
MS, also showed significant enrichment in several meta
bolic pathways related to body color. This may indicate 
that these pathways play a key role in regulating specific 
color phenotypes, possibly involving various aspects of pig
ment synthesis, transport, and degradation. For example, 
some pathways may involve intracellular signal transduc
tion, regulating pigment cells’ response to environmental 

changes, thereby modulating color changes to adapt to dif
ferent environmental conditions.26 These findings not only 
provide important insights into the molecular mechanisms 
behind color variation in A. ocellaris but also have signif
icant implications for breed improvement and selection in 
aquaculture. As body color is a key quality attribute in the 
ornamental fish market, a deeper understanding of its mol
ecular basis can help guide aquaculture practices, thereby 
optimizing breeding varieties. 

This investigation leveraged high-throughput transcrip
tome sequencing to comprehensively analyze the molecular 
determinants of color variation across four A. ocellaris vari
ants, designated as RS, AS, YS, and MS. Through this ap
proach, we identified a multitude of differentially expressed 
genes (DEGs) significantly linked to color variation. Sub
sequent Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analyses 
were performed to delineate the roles of these genes in bi
ological processes and their participation in crucial meta
bolic pathways. Our findings disclosed 270 common DEGs 
across the variants, with notable discrepancies in gene ex
pression; specifically, 932, 1925, and 1929 DEGs were up
regulated and downregulated in AS, YS, and MS, respec
tively, compared to RS. The GO analysis indicated a 
predominance of DEGs associated with cellular processes. 
Moreover, KEGG analysis suggested that the observed color 
variations might be linked to pathways such as DNA repli
cation, cytochrome P450-mediated drug metabolism, and 
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Figure 5. KEGG Pathway Enrichment Analysis of Unique DEGs in RS vs. YS Comparison.             

pigment biosynthesis, thereby influencing pigmentation. 
These insights not only enrich our understanding of the 
molecular basis of color variation in A. ocellaris but also 
provide theoretical guidance for breeding improvements in 
aquaculture. In future experiments, we will explore how 
these genes are regulated in response to different environ
mental conditions, providing insights into both genetic and 
epigenetic factors influencing pigment cell differentiation 
and function. 
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Figure 6. KEGG Pathway Enrichment Analysis of Unique DEGs in RS vs. MS Comparison.             
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