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Body color is an essential ecological phenotypic trait determining the ability of aquatic animals to adapt to or survive in a treacherous environment. However, researches regarding its underlying molecular mechanism in leopard coral groupers has been limited. Therefore, mRNAs, metabolites, and miRNAs of different-colored leopard coral grouper (Plectropomus leopardus) were sequenced to investigate the body color formation mechanism. The transcriptome analysis identified 1236 genes as differentially expressed genes (DEGs), of which 579 were up-regulated and 657 were down-regulated in the red-colored group compared with the brown-colored group (FDR < 0.01 and |log2FC| > 1). Metabolome analysis revealed 439 and 84 SDMs in POS and NEG of liquid chromatography-mass spectrometry, respectively (VIP > 1 and P < 0.05). The miRNA analysis exhibited 149 (120 up-regulated and 29 down-regulated) differentially expressed miRNAs (DEMs) in the analysis of the brown-colored vs. red-colored groups (P < 0.05 and |log2FC| > 1), including miR-144, miR-185, miR-192, miR-2188, miR-6316, novel-m0015, and novel-m0040. Integrated analysis of multiple omics exhibited that carotenoid metabolism, immune response, lipid metabolism, and amino acid metabolism were involved in the body color formation and adaptation to the environment. Therefore, the present multiomics research prepared a foundation for bright body color formation and promoted the process of preferred body-color breeding.
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Introduction

Fish often display captivating color patterns that are crucial for multiple biological processes for adaptation and survival in the environment, such as predator avoidance, species identification, photoreception, structural support, thermoregulation, microbial resistance, and selective mating (Kelsh, 2004; Hubbard et al., 2010; Zhou et al., 2019). However, the underlying mechanism of these adaptation consequences is still unclear. Additionally, fish colors such as bright colors or red are preferred by humans, thus influencing fish prices (Vissio et al., 2021). Therefore, the mechanism of body color formation is quite necessary to carry out.

Body color formation involved in diverse pigment synthesis could be influenced by genetic, physiological, nutritional, and environmental conditions. Genetics is the most vital factor influencing body color formation through multiple genes and regulatory molecules (Jiang et al., 2014). With the rapid development of multiple-omics sequencing technology, several studies have explored candidate genes associated with body color. Transcriptome analysis of body color formation from different fishes has been reported in species such as Oujiang common carp, red Tilapia, East African cichlid fish, and giant stone loach (Zhu et al., 2016; Ahi et al., 2020).

Diverse phenotype traits of animals are reported that they are regulated by transcripts and metabolites and metabolome sequencing analyses could obtain different or additional information for phenotypic diversity (Yang et al., 2018; Huang et al., 2021). Integrated transcriptome and metabolome analyses have been utilized in numerous species such as Coilia nasus (Xu et al., 2016), Pinctada fucata martensii (Zhang et al., 2021), and Eriocheir sinensis (Wang et al., 2021) to analyze for phenotypic differences. The absence of metabolite resolution prevents the comprehensive understanding of the process involved in phenotypic formation (Wang et al., 2015; Yang et al., 2020).

miRNAs regulate endogenous gene expression and affect transcripts and protein levels (Bizuayehu and Babiak, 2014). Multiple miRNAs have been identified through high-throughput sequencing to explore their function in body color formation (Wang et al., 2017; Herkenhoff et al., 2018). The miRNA sequencing analyses of common carp (Luo et al., 2018), chinook salmon (Madaro et al., 2020), and red tilapia (Wang et al., 2018) have been performed, and miRNAs regulating body color formation have been identified. However, few studies report the function of miRNA on body color differentiation in leopard coral grouper.

Leopard coral grouper (Plectropomus leopardus) is characterized by different body colors that influence its survival in a changeable environment and economic value (Maoka et al., 2017). Transcriptome or genome sequencing analysis of P. leopardus explored multiple genes associated with body color formation (Wang et al., 2015; Zhu et al., 2021; Hao et al., 2022). However, studies of the underlying mechanism of body color formation in P. leopardus are still unclear. Therefore, the present study used multiomics technology, including transcriptomics and metabolomics, to explore the underlying mechanisms of miRNAs, mRNAs, and metabolites associated with body color formation of P. leopardus.



Materials and methods


Experimental samples

The leopard coral grouper P. leopardus with 4-month-old which hold relative stable body color (Chen et al., 2014) were obtained from Hainan Yonghe Biological Technology Co., Ltd., China. Both the red-colored and brown-colored groups were obtained from base stock established with the breeders collected from Hainan and Taiwan provinces of China, Australia and Philippines. They were reared in the same conditions with studies of Zhu et al. (2021) and Hao et al. (2022). The skin tissues from similar part of six fishes of every group were used for metabolome sequencing, and every two samples were mixed to make one sample for mRNA and miRNA analysis (Figure S1, Zhu et al., 2021; Hao et al., 2022). Red-colored group data of mRNA and miRNA were obtained and analyzed from the Sequence Read Archive (SRA) of the NCBI (SRR15195628, SRR15195629, SRR15195630 and SRR15647331, SRR15647332, SRR15647333, respectively). All animal experiments were conducted following the guidelines and approval of the respective Animal Care and Use Committee of Guangdong Ocean University, China.



Transcriptome analysis

A transcriptome library of the brown-colored group was constructed with NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) and sequenced by the Illumina HiSeq2500/X platform. Raw data were filtered to obtain clean data and then aligned with the reference genome (Zhou et al., 2020) through TopHat v2.0.12. Cuffquant and cuffnorm (v2.2.1). Differentially expressed genes (DEGs) (FDR < 0.01 and |log2FC| > 1) were identified with the DESeq2 R package (Anders and Huber, 2010). Then DEGs were further analyzed with GOseq R package (Young et al., 2010) and KOBAS (Mao et al., 2005) to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses.



Metabolomic analysis

Each sample (50 mg) was utilized in liquid chromatography-mass spectrometry (LC-MS)/MS and high-performance liquid chromatography analysis as per the method described by Zhu et al. (2021). Metabolite detection and identification was as per the primary and secondary spectral data with the following databases: KNApSAcK (http://kanaya.naist.jp/KNApSAcK/), HMDB (http://www.hmdb.ca/), MWDB (Wuhan Metware Biotechnology Co., Ltd.), MassBank (http://www.massbank.jp/), METLIN (http://metlin.scripps.edu/index.php), and MoToDB (http://www.ab.wur.nl/moto/). Metabolite quantification was performed with the multiple reaction monitoring mode. MetaboAnalystR (R) (V1.0.1) (Chong and Xia, 2018) was utilized for multivariate statistical analyses, including principal component analysis (PCA) and orthogonal projections to latent structures discriminant (OPLS-DA) analysis. Then, SDMs were identified (VIP > 1 and P < 0.05) and analyzed with KOBAS and Fisher’s exact tests to explore enriched KEGG pathways.



miRNA analysis

Total RNA from mRNA sequencing analysis of the brown-colored group was used for miRNA sequencing as per the method described by Hao et al. (2022). DEMs analysis between the brown-colored and red-colored groups was performed by the edgeR software (Robinson et al., 2010) (|log2FC| > 1 and p-value < 0.05). Quantitative real time PCR reactions of miRNA were preformed using 2X SG Fast qPCR Master Mix (B639271, BBI, Roche) on Roche LightCycler 480 System II according to manufacture’s instruction. miR-23 was used as endogenous control for miRNA. miRNA target genes were predicted with software such as Miranda (version 3.3a), TargetScan (version: 7.0), and RNAhybrid (version 2.1.2)+svm_light (version 6.01). Then, DEMs target genes were further analyzed with the KEGG pathway (Kanehisa et al., 2008) and GO terms. With the data of the focus pathway, the Cytoscape v3.6.0. (Shannon et al., 2003) was utilized to construct the network of DEGs and DEMs. Cytoscape v3.6.0. were also utilized to analyze the integrated analysis of focus pathway of DEGs, SDMs and DEMs.




Results


Transcriptome analysis of the brown-colored vs. red-colored groups

Transcriptome sequencing of the brown-colored group was performed, and 41.44 M clean reads were obtained. The brown-colored fish mRNA raw data were deposited in Sequence Read Archive (SRA) of NCBI (dataset identifier: SRR15195625, SRR15195626, SRR15195627). The brown-colored group exhibited the average mapping rate of 82.64% and held Q30 of 94.10%, indicating that the data quality in the present study was sufficient for the followed research (Table S1).

DEGs of the brown-colored and red-colored groups were compared, and 1236 DEGs were obtained (FDR < 0.01 and |log2FC| > 1) (Figure S2A). The red-colored group comprised 579 up-regulated and 657 down-regulated genes compared with brown-colored group. DEG annotation analysis exhibited that genes associated with carotenoid uptake, transport, and accumulation such as solute carrier family genes, low-density lipoproteins receptor (LDLR), fatty acid hydroxylase (FAX), scavenger receptor cysteine-rich related protein (SRCR), retinol dehydrogenase (RDH), dehydrogenase/reductase SDR related gene (dhrs), paired-box protein (Pax), and transcription factor Sox exhibited significantly different expression (Figure 1, Table 1).




Figure 1 | DEGs related to carotenoid uptake, transport, and accumulation. ZW represents the brown group, and ZR represents the red group.




Table 1 | DEGs associated with carotenoid metabolism.



GO terms analysis of DEGs involved the analysis of the molecular function, cellular component, and biological processes (Figure S2B). GO enrichment analysis exhibited 125 GO enrichment terms (P < 0.05), including multiple immune-related terms such as chemokine activity, immune response, immune system process, inflammatory response, and cytokine activity. Immune-related pathways such as cell adhesion molecules (CAMs) (Figure 2A), tumor necrosis factor (TNF) signaling pathway, and NOD-like receptor signaling pathway, which are consistent with the result of GO terms analysis, were also enriched. Pathway enrichment analysis showed that pigment synthesis associated pathway, including the “MAPK signaling pathway” and “Wnt signaling pathway”, were enriched (P < 0.5) (Table S2, Figure S2C). Furthermore, glycine, serine, threonine, and glutathione metabolism were enriched with multiple associated enzymes with significantly higher expression levels in the red-colored group (Figures 2B, C).




Figure 2 | Cell adhesion molecules, glycine, serine and threonine metabolism, and glutathione metabolism pathway analysis from transcriptome. (A–C) showed the Cell adhesion molecules, glycine, serine and threonine metabolism, and Glutathione metabolism pathway, respectively.





Metabolome analysis of different-colored groups of P. leopardus

In the LC-MS analysis, 3362 valid peaks of POS and 178 valid peaks of NEG were identified. A total of 439 SDMs for POS and 84 SDMs for NEG (VIP>1 and P < 0.05, Figure S3) were detected in the brown-colored vs. red-colored groups. The red-colored group exhibited 226 up-regulated, and 213 down-regulated SDMs in POS (Table S3), whereas it exhibited 37 up-regulated and 47 down-regulated SDMs in NEG (Table S3).

SDM pathway enrichment revealed 13 and 3 pathways in POS and NEG models enriched for SDMs between two colored groups, respectively (Figures S4A, B). Metabolic pathways “glycine, serine, and threonine metabolism,” “linoleic acid metabolism,” “retinol metabolism,” and “arachidonic acid metabolism” were significantly enriched. Furthermore, metabolites related to “linoleic acid metabolism” and “arachidonic acid metabolism” such as lecithin, PGD2, phosphatidylcholine, and 12-Oxo-9(Z)-dodecenoic acid exhibited higher concentrations in the red-colored group than those in the brown-colored group (Figure 3, Table 2).




Figure 3 | Linoleic acid metabolism and arachidonic acid metabolism pathway analysis.




Table 2 | Integrated analysis of DEGs and SDMs.





Integrated analysis of transcriptome and metabolome

Integrated analysis of DEGs and SDMs for pathway enrichment was performed (Figure S4C). A total of 55 significantly enriched pathways were identified, including arachidonic acid metabolism; retinol metabolism; and glycine, serine, and threonine metabolism (Figure 3, Table 2, Table S4).



miRNA-mRNA analysis of different-colored groups of P. leopardus

miRNA libraries constructed for brown-colored samples were sequenced, and 13.15 M high-quality reads were obtained (Table S5). The miRNA raw data of brown-colored fish were deposited in the SRA of NCBI (dataset identifier: SRR15647328, SRR15647329, and SRR15647330). Compared with the miRNA sequencing data of the red-colored group, 149 DEMs were identified (P<0.05 and |log2FC|>1) (Table S6), and the red-colored group exhibited 120 up-regulated and 29 down-regulated miRNAs compared with brown-colored group. Eight miRNAs were selected for validation and showed a same expression trend with the sequencing data, which indicated that the miRNA sequencing data reliably displayed the differences in miRNAs expression in the different body color groups (Figure S5).

Integrated analysis of DEGs and DEMs from brown-colored vs red-colored groups was performed, revealing 6781 mRNA–miRNA pairs that had opposite expression levels. Target DEGs were further analyzed for GO terms (Figure 4B), exhibiting 323 GO-enriched terms such as retinol dehydrogenase activity, retinol metabolic process, retinoid metabolic process, immune system process, inactivation of MAPK activity, alpha-linolenic acid metabolic process, linoleic acid metabolic process, and negative regulation of response to stimulus (Table S7). KEGG pathway analysis exhibited that target DEGs were enriched into 308 pathways such as immune system-related pathways [cell adhesion molecules (CAMs), C-type lectin receptor signaling pathway, IL-17 signaling pathway, and NOD-like receptor signaling pathway], melanin-related pathways (Wnt signaling pathway and MAPK signaling pathway), amino acid metabolism (glutathione metabolism, and glycine, serine, and threonine metabolism), and lipid metabolism (arachidonic acid metabolism, and fatty acid metabolism, and fatty acid elongation) (Figure 4A, Table S8). A miRNA–mRNA interaction network of focus genes and pathways involved in the lipid, carotenoid, and amino acid metabolism was constructed and exhibited that miRNAs participated in the body color formation through involvement in the regulation of color formation-related genes and pathways (Figure 5, Table S9). Among these miRNAs, miR-11987, miR-144, miR-17, miR-185, miR-192, miR-2188, miR-6316, novel-m0015, novel-m0040, novel-m0051, novel-m0266, and novel-m0331 could target with five more genes, exhibiting their function in body color formation.




Figure 4 | Go terms and pathway enrichment analysis of DEMs target genes (A, B) showed pathway enrichment and GO terms analysis, respectively.






Figure 5 | Integrated analysis of DEMs and DEGs.





Integrated analysis of focus pathway from DEGs, SDMs and DEMs

Integration analysis of focus pathway from DEGs, SDMs, and DEMs were analyzed to showed the correlation of the complex data. An overview of focus pathway between red-colored and brown-colored groups is shown in Figure S6 and showed strong correlations between genes, miRNAs and metabolites, which highlight the association of them and provide further research direction to explore the underlying mechanism of body color formation.




Discussion

Body coloration is crucial for environmental adaptation, and the mechanisms underlying it have been researched in fish (Kelsh, 2004; Beirl et al., 2014). A series of genes associated with body color formation and pigmentation have been identified in different body color individuals or tissues from coral leopard grouper (Yang et al., 2020; Zhu et al., 2021; Liu et al., 2022; Wen et al., 2022). There also reports showed the heavy metal and diet that influenced the molecular level of P. leopardus with the method of transcriptome and presented that the lipid metabolism, immune system (Wei et al., 2022);. However, the underlying mechanism of regulatory and metabolic molecular mechanism is still unclear. Therefore, omics methods such as transcriptome, metabolome, and miRNA sequencing were utilized to identify molecular and metabolic regulation mechanisms contributing to P. leopardus body color formation.


Carotenoid-related metabolism

Body coloration, especially bright colors such as red, orange, and yellow, was probably produced by diet-derived carotenoid pigments (Toomey et al., 2017). Different colors of P. leopardus have been studied, and the carotenoid contents in the skin and multiple related pigments were identified (Maoka et al., 2017). Several genes such as LDLR, FAX, RDH, dhrs, pax, and sox, which were involved in carotenoid metabolism, exhibited significantly different expression levels between red-colored and brown-colored P. leopardus groups.

Fatty acid hydroxylase (Fax) (Dxb_GLEAN_10005589) is an enzyme with the ability for catalysis for carotenoid hydroxylation (Cui et al., 2013). Low-density lipoproteins (LDLs) exhibited vital function in the process of carotenoid carriers, and the LDL receptor-related protein (LDLR, Trans_newGene_6258) could bind to LDL, which participated in carotenoid storage, transport, and metabolism (Harrison, 2019). Transcription factor gene pax7 (Dxb_GLEAN_10020227) is crucial for xanthophore in medaka and zebrafish (Kimura et al., 2014; Nord et al., 2016). Changes in pax7 expression are associated with melanophore and xanthophore in cichlids, zebrafish, and guppies (Roberts et al., 2017; Ahi et al., 2020). Sox10 (Dxb_GLEAN_10008567) is a member of the SRY-related HMG-box family genes and participated in fish chromatophores specification (Kelsh and Eisen, 2000). In zebrafish, the alleles of sox10 paralogs determined xanthophore formation quantitatively (Nagao et al., 2018).

Retinoid metabolism-related enzymes such as retinol dehydrogenase (RDH) participated in converting additional carotenoid substrates, and carotenoid color genes were identified among the retinoid metabolism genes (Toomey et al., 2016; Shyam et al., 2017). Retinoid metabolizing enzymes were highly expressed in the orange skin clownfish (Salis et al., 2019). The  three RDH genes (Dxb_GLEAN_10013940, Dxb_GLEAN_10013941 and Dxb_GLEAN_10006098) exhibited significantly different expression levels in the present study. Dhrs encodes a short-chain dehydrogenase/reductase that catalyzes the retinol and retinal reversible oxidation/reduction and participates in the xanthophore organization of cichlids and zebrafish (Duester, 2000; Gu and Xia, 2017). Two Dhrs, namely Dxb_GLEAN_10014241 and Trans_newGene_5039, exhibited higher expression levels in the red-colored group. Differences in these retinoid metabolism-related DEGs suggested their function in carotenoid-related color formation.



Melanin synthesis

Black or brown coloration is closely linked to melanin synthesis (Henning et al., 2013; Zhu et al., 2021). Melanin-based coloration was associated with aggressiveness, immune function, antibiotic activity, and oxidative stress (Slominski et al., 2004; Ducrest et al., 2008). Melanin-related pathways, namely Wnt and MAPK signaling pathways, were enriched in the present study and participated in the body color formation and melanin biosynthesis (Kelsh, 2004; Jiang et al., 2014; Zhou et al., 2019). Wen et al. (2022) also reported that the signal transduction Wnt and MAKP signaling pathway involved in the body color formation of P. leopardus. A soluble modulator of the Wnt signaling pathway, Sfrp5 (secreted frizzled-related protein 5), was highly expressed in the retinal pigment epithelium (Chang et al., 1999). The sfrp gene (Dxb_GLEAN_10014388) was also up-regulated in the red-colored group. Hsp70 is involved in the MAPK signaling pathway, and its role was evaluated in human retinal pigment epithelium (Ryhanen et al., 2009). Three hsp protein genes (Dxb_GLEAN_10014525, Dxb_GLEAN_10002582, and Dxb_GLEAN_10011322) were identified as DEGs and exhibited higher expression levels in the red-colored group. Genes associated with cysteine metabolism are crucial in forming yellow or black colours in Jinbian carp (Yan et al., 2020). Soluble scavenger receptor cysteine-rich domain-containing protein genes (SSCRs), namely Dxb_GLEAN_10018772, Trans_newGene_12278, Trans_newGene_3015, and Dxb_GLEAN_10019886, were involved as DEGs in cysteine metabolism and participated in the brown-color formation.

SLCs were identified as candidate genes affecting skin pigmentation (Hoglund et al., 2011). Slc45a2 participates in the proper maturation, processing, and tracking of tyrosinase to post-Golgi melanosomes (Lao et al., 2007). Slc24a5 contributed to skin pigmentation and affected natural skin color variation in both humans and zebrafish, and its removal influenced melanogenesis in melanocytes and reduced melanin pigment production (Lamason et al., 2005; Ginger et al., 2008). Slc7a11, as a cysteine/glutamate exchanger, regulates cysteine absorption and thus directly affects the pheomelanin synthesis pathway through transportation of cystine into melanocytes, switching off the eumelanin synthesis pathway, and promoting pheomelanin synthesis (Xu et al., 2014). Diverse SLC genes with different expression patterns were observed in the different-colored skin of chickens and tilapia, further suggesting their function in different pigment production (Zhu et al., 2016; Chen et al., 2020). In the present study, 22 SLC genes were identified as DEGs, of which 14 DEGs were up-regulated in the brown-colored group, suggesting their potential in the body color formation.



Immune response of differently-colored coral groupers

Numerous immune-related genes and corresponding pathways such as cell-adhesion molecules (CAMs), TNF signaling pathway, toll-like receptor signaling pathway, and NF-kappa B signaling pathway were identified and enriched in the present study, indicating the differences in immune activity in different-colored fish. CAMs are crucial for inflammation, immune response, and neuronal tissue development (Elangbam et al., 1997). In the present study, multiple genes in the cell adhesion molecules pathway were downregulated in the red-colored group compared with brown-colored group, exhibiting the active state of immunity in the brown-colored group to adapt to the aquaculture environment. GO enrichment analysis indicated that immune-related terms such as “cell adhesion,” immune response, and inflammatory response were strongly enriched in the present study, and comparison in whole red and whole white individuals from Oujiang color common carp (Du et al., 2019). Higher melanin levels improved wound healing and immune defense of orange clownfish (Amphiprion percula) (Mcgraw, 2005; Smith et al., 2018).



Lipid metabolism

Fish acquire carotenoids from the diet, and dietary carotenoid esters are hydrolyzed together with fatty acids or lipoproteins (Sundvold et al., 2011). Lipophilic carotenoids are concentrated in erythrophore and xanthophore (Guo et al., 2009; Granneman et al., 2017). Metabolome analysis of different body wall colors Apostichopus japonicus exhibited that fatty acid metabolism participated in its color diversity (Xing et al., 2021). Lipid metabolism pathways, including arachidonic acid metabolism and unsaturated fatty acid biosynthesis, were also enriched in the present study.

As a member of unsaturated fatty acid, arachidonic acid participates in malpigmentation and pigmentation rate (Bell et al., 2003). Arachidonic acid can mediate biochemical-induced stress relevant to pigmentation and induce fucoxanthin production (Villalta et al., 2005; Zhang et al., 2017). Linoleic acid, which inhibited hyperpigmentation and promoted tyrosinase depletion, was vital for pigment development (Ando et al., 1999 and Ando et al., 2004). Linoleic acid inhibited the hyperpigmentation induced by ultraviolet radiation in the skin and could decline the arachidonic acid content. Additionally, both participated in albinism development in fugu (Liu and Belury, 1998; Ando et al., 1998; Shigeta et al., 2004; Chen et al., 2020). In the present study, lipid-related metabolism, including unsaturated fatty acid biosynthesis and arachidonic acid metabolism, was enriched, indicating lipid metabolism’s crucial role in body color formation.



Amino acids metabolism

Glycine as a common osmolyte is involved in the health states such as infection, heavy metal exposure, and hypo-osmotic conditions in marine animals (Kube et al., 2007; Liu et al., 2013). Yong et al. (2015) revealed that reduced glycine contents influenced glutathione metabolism and serine and threonine metabolism, resulting in stress-induced disruption of osmotic regulation (Hao et al., 2018 and Hao et al., 2019). Glycine participated in protein methylation and biosynthesis of heme, creatine, purines, and glutathione (Wu, 2009; Yuan et al., 2012). As a nonenzymatic small organic molecule, glutathione is vital for maintaining the cellular redox status (Wen et al., 2018). Pearl oysters launch GPx systems to resist oxidative damage in an excessive VD3 diet (Yang et al., 2019). In the present study, the up-regulated genes of enzymes including PHGDH, ALAS, GCAT, GATM, ANPEP, gpx, ANPEP which participated in the glycine, serine, threonine metabolism and glutathione metabolism revealed an active state of relative metabolism in the red-colored group. These results indicated the possibility of fish adapting to the changeable environment.




Conclusions

Through the data analysis of mRNAs, metabolites, and miRNAs from the brown-colored group vs. red-colored group, 1236 DEGs, 149 DEMs, 439 SDMs in the POS model, and 84 SDMs in the NEG model were identified. Integrated analysis exhibited that multiple biological processes were involved in body color formation of P. leopardus, including carotenoid metabolism, immune response, lipid metabolism, and amino acid metabolism. Furthermore, miRNAs regulated body color formation by targeting the related genes. The present study exhibited the vital molecules for body color formation and promoted body color breeding selection.
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Supplementary Figure 1 | Images of red-colored and brown-colored coral leopard grouper of Plectropomus leopardus

Supplementary Figure 2 | Transcriptome analysis of brown- and red- colored groups of leopard coral grouper Plectropomus leopardus (A) DEGs of the brown-colored and red-colored groups; (B) GO terms analysis of DEGs; (C) pathway enrichment of DEGs

Supplementary Figure 3 | Derived PCA score plot, derived OPLS-DA score plots, and corresponding validation plots of OPLS-DA analysis. ZW represents the brown group, and ZR represents the red group.

Supplementary Figure 4 | Pathway enrichment analysis of SDMs and integrated analysis of DEGs and SDMs (A, B) showed the pathway analysis of SDMs from POS and NEG, respectively. (C) exhibited the integrated analysis of DEGs and SDMs.

Supplementary Figure 5 | Expression validation of miRNA from miRNA transcriptome.

Supplementary Figure 6 | Integrated analysis of fucus pathway Circle, rhombus, and triangle showed the DEGs, SDMs and DEMs, respectively. Among them, orange color showed the DEGs, SDMs, and DEMs in the focus pathway. The red and blue line showed the positive and negative correlation among DEGs, SDMs and DEMs, respectively.
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