

[image: image1]
Integrative Transcriptomics and Metabolomics Analysis of Body Color Formation in the Leopard Coral Grouper (Plectropomus leopardus)
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Body color is an important economic and ecological trait in aquatic animals, which influence their economic values and determine the animal ability to survive in the marine environment. Red-colored Plectropomus leopardus is in high demand owing to its bright color and potential value for artificial breeding. High-throughput transcriptome sequencing and liquid chromatography tandem-mass spectrometry (LC-MS/MS) approaches were used to identify transcript and metabolic differences between black-colored and red-colored P. leopardus. Compared with the black-colored group, 218 and 181 differentially expressed genes were up- and down- regulated, respectively, in the red-colored group. 425 and 56 significantly different metabolites were identified in LC-MS positive and LC-MS negative ion models, respectively, between two colored groups. Based on the integrative analysis, the red-colored group exhibited greater carotenoid uptake, transport, and accumulation activity potential than those in the black-colored group and may consume more arachidonic acid for body color formation. The black-colored group showed greater melanin synthesis activity compared with the red-colored group. These results substantially improve the understanding of molecular and metabolic mechanisms underlying body color formation in P. leopardus and the potential of body color for the environment adaptation.
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INTRODUCTION

Body coloration is one of the most diverse and remarkable phenotypes, with multiple adaptive functions, including species recognition, communication, thermoregulation, camouflage, photoreception, and selective mating (Jiang et al., 2014; Du et al., 2019). It is essential to explore the molecular mechanism underlying body coloration owing to its importance in environmental adaption and body color formation (Parichy and Johnson, 2001; Braasch et al., 2009a). Researchers have reported that melanin is important for black color formation which is determined by the melanogenesis pathway in many species, including zebrafish (Sturm, 2006), bluebirds (Shawkey et al., 2006), Chinese tongue (Li et al., 2020), and Japanese ornamental carp (Bar et al., 2013; Bertolesi et al., 2020). Other color-related pigments, such as red, yellow, and white pigments, have been evaluated in common carp (Jiang et al., 2014; Du et al., 2019), and Nothobranchius fish (Ng’Oma et al., 2014), however, researches about the specific molecular and metabolic mechanism of body color formation in fish are still limited.

The leopard coral grouper (Plectropomus leopardus) naturally inhabits tropical and subtropical waters of the Indo-Pacific Oceans, and exhibits black and red body colors, which contribute to fish adaptation to environment, quality, and price (Maoka et al., 2017). In vertebrates, darker eumelanic individuals tended to be more aggressive, less sensitive to environmental stresses, and have better immune function compared with lighter individuals (Ducrest et al., 2008). Furthermore, prices of red leopard coral grouper are significantly higher than those of the black fish, particularly in Chinese markets which showed the different possibility for the environmental and economic values for different body color fishes. Multiple factors influence the body color of leopard coral groupers, including climate change (Pratchett et al., 2017), temperature (Lutfiyah et al., 2019), salinity (Setiawati et al., 2017), and diet (Xia et al., 2019). Recently, the P. leopardus genome has been published, providing a basis for further chances of the intrinsic mechanism underlying body color variation and adaptation (Yang et al., 2020; Zhou et al., 2020). Transcriptome sequencing of different color morphs of P. leopardus has revealed multiple genes associated with carotenoid metabolism (Wang et al., 2015; Yang et al., 2020) and different kinds of carotenoids, including astaxanthin, tunaxanthin, and adonixanthin, were also detected and participated in body color formation in P. leopardus (Maoka et al., 2017).

The rapid development of high-throughput sequencing technology has provided a suitable approach to identify candidate genes underlying phenotypic traits (e.g., body color, growth, immunity, and resistance to harmful conditions; Rondon et al., 2016; Wang et al., 2018; Hao et al., 2019). Recently, transcriptomic analyses of fish body color have been performed in multiple species including Oujiang color common carp (Cyprinus carpio; Du et al., 2019) and chinook salmon (Oncorhynchus tshawytscha; Madaro et al., 2020), and multiple genes associated with melanin and other color-related pigments have been detected. Despite several transcriptome analyses of different color morphs, the lack of metabolite level analyses limits our understanding of the critical pathways responsible for body color trait regulation (Wang et al., 2015; Yang et al., 2020). Phenotypes are not only regulated by transcripts as well as by metabolites and accordingly metabolic analyses could provide additional insight into physiological and biochemical factors contributing to phenotypic variation (Hao et al., 2018, 2019; Yang et al., 2018, 2019; Huang et al., 2021). Therefore, metabolomics approaches have been widely used in combination with transcriptomics to evaluate a wide range of taxa, including Coilia nasus (Xu et al., 2016), Mytilus californianus (Gracey and Connor, 2016), Crassostrea gigas (Li et al., 2017), Macrobrachium nipponense (Sun et al., 2018), Eriocheir sinensis (Wang et al., 2021), and Pinctada fucata martensii (Hao et al., 2019; Zhang et al., 2021). In the present study, transcriptomic and metabonomic methods were utilized to explore body color formation in P. leopardus. Networks were mapped based on correlations between metabolites and regulatory genes associated with body color differences. These findings provide new insights into the molecular and metabolic mechanisms underlying body color formation.



MATERIALS AND METHODS


Experimental Animals

Black-colored and red-colored P. leopardus fish (4 months of age) were brought from Hainan Yonghe Biological Technology Co., Ltd., China. The body lengths of red-colored group and black-colored group fish were (11.83 ± 0.62) and (10.97 ± 0.63) cm, respectively (Supplementary Figure 1). Both groups were reared in the same conditions and fed with Dongwan grouper diet (Guangdong Yuequn Biotechnology Co., Ltd., China) twice per day (10 a.m. and 4 p.m.). Fish were anesthetized with eugenol and sacrificed for the collection of skin tissues. Skin tissues of fish were immediately frozen in liquid nitrogen and stored at −80°C for further analysis. For the transcriptome analysis, two samples were mixed to a single sample for sequencing. For metabolome detection, six individuals were utilized separately. All animal experiments were conducted in accordance with the guidelines and approval of the respective Animal Care and Use Committee of Guangdong Ocean University, China.



RNA Sequencing and Data Analysis

In the transcriptome sequencing, six skin tissues were obtained and pairs of samples were pooled for sequencing. Then, the skin tissues of both the red-colored and black-colored groups were utilized to extract RNA for transcriptome sequencing with TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacture’s instructions. RNA degradation and contamination were monitored on 1% agarose gels, and RNA purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, Westlake Village, CA, United States). RNA concentration and RNA integrity were evaluated using the Qubit® RNA Assay Kit and Qubit® 2.0 Flurometer (Life Technologies, Carlsbad, CA, United States) and RNA Nano 6000 Assay Kit and the Bioanalyzer 2100 System (Agilent Technologies, Santa Clara, CA, United States), respectively. A sequencing library was then constructed using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, United States), and sequencing was performed using the Illumina HiSeq2500/X platform. Raw sequencing data were filtered to obtain clean data. The clean data were aligned to the reference genome (Zhou et al., 2020) using TopHat v2.0.12. Cuffquant and cuffnorm (v2.2.1) were used to calculate FPKMs, and the DESeq2 R package was used for the identification of differentially expressed genes (DEGs) between groups with an adjusted FDR < 0.01 and |log2FC| > 1. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of DEGs were performed using the GOseq R package and KOBAS with corrected P < 0.5, respectively.



Metabolomic Analysis


Tissue Samples for Metabolomic Analysis

Six skin tissues from the red-colored and black-colored groups were collected from each group. Each sample (50 mg) was homogenized with 500 μL of ice-cold methanol/water (70%, v/v) containing internal standard (L-2-Chlorophenylalanine, 1 ppm) at 30 Hz for 2 min. After homogenization, the mixture was shaken for 5 min and incubated on ice for 15 min. The mixture was centrifuged at 12,000 rpm at 4°C for 10 min and the supernatant 400 μL was placed in another centrifuge tube. Then, 500 μL of ethyl acetate/methanol (V, 1:3) was added to the original centrifuge tube and the mixture was oscillated for 5 min and incubated on ice for 15 min. Then, samples were centrifuged at 12,000 rpm at 4°C for 10 min and take 400 μL of supernatant. The two supernatants were combined and concentrated. Then, 100 μL of 70% methanol water was added to the dried product and subjected to ultrasonic treatment for 3 min. Finally, sampled were centrifuged at 12,000 rpm at 4°C for 3 min, and suck 60 μL of the supernatant was used for the liquid chromatography tandem-mass spectrometry (LC-MS/MS) analysis.



HPLC Conditions for Metabolomic Analysis

The HPLC separation was carried out using a 1,290 Infinity LC UHPLC System (Agilent Technologies). The analytical conditions were as follows: UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100 mm); column temperature, 35°C; flow rate, 0.3 mL/min; injection volume, 1 μL; solvent system, water (0.01% methanolic acid): acetonitrile; gradient program of positive ion, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V at 5.0 min, 30:70 V/V at 9.0 min, 5:95 V/V at 10.0 min, and 95:5 V/V at 14.0 min; gradient program of negative ion, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V at 5.0 min, 30:70 V/V at 9.0 min, 5:95 V/V at 10.0 min, and 95:5 V/V at 14.0 min.



Metabolomic Data Analysis

During the LC-MS experiment, the QTOF/MS-6545 mass spectrometry (Agilent Technologies) was utilized. The original data file obtained from the LC-MS analysis was extracted using ProFinder (Agilent, Santa Clara, CA, United States) to obtain m/z, retention times and peak areas of characteristic peaks, and the data file was imported into Mass Profiler Professional (Agilent) as a CEF file for peak alignment and statistical analyses. Metabolite identification was based on the primary and secondary spectral data annotated against the self-compiled database MWDB (Wuhan Metware Biotechnology Co., Ltd.) and publicly available metabolite databases, including MassBank,1 KNApSAcK,2 HMDB,3 and METLIN.4 Metabolite quantification was performed with the multiple reaction monitoring (MRM) mode (Fraga et al., 2010). Then multivariate statistical analyses were performed using MetaboAnalystR (R) (V1.0.1), including principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA), and significantly different metabolites (SDMs) with VIP > 1 and P < 0.05 were identified for further analysis.



Integrative Analysis of Metabolome and Transcriptome Data

Differentially expressed genes (FDR < 0.01 and | log2FC| > 1) and SDMs (VIP > 1 and P < 0.05) were integrated for a comprehensive analysis of differences between the red-colored and black-colored groups. KOBAS and Fisher’s exact tests were utilized to detect significantly enriched KEGG pathways (P < 0.05).



RESULTS


Transcriptome Analysis

Transcriptome sequencing of red-colored and black-colored groups was performed using the Illumina HiSeq2500/X platform, and 45.57 and 46.64 M clean reads were obtained, respectively. Genes were mapped to the P. leopardus genome, and the average mapping rates for the red-colored and black-colored groups were 83.61 and 83.26%, respectively (Table 1). With respect to transcriptome quality, the red-colored and black-colored groups held Q20 of 97.87 and 97.89%, Q30 of 93.94 and 93.91%, respectively, indicating that the data quality was sufficient for subsequent analyses.


TABLE 1. Transcriptome analysis of different color from Plectropomus leopardus.

[image: Table 1]A total of 399 DEGs were identified between the black-colored and red-colored groups (FDR < 0.01 and | log2FC| > 1; Supplemental Table 1). Compared with the black-colored group, the red-colored group showed 218 and 181 up- and down- regulated genes, respectively. Genes related to carotenoid uptake, transport, and accumulation, including low-density lipoproteins receptor adapter protein 1 (LDLRA), fatty acid transport protein (FATP), stearoyl-CoA desaturase (SCD), showed significantly higher expression levels in the red-colored group than in the black-colored group, indicating that carotenoid accumulation ability of red-colored group is greater than that of black-colored group (Figure 1). Multiple cytochrome P450, GTPase, oxidoreductase, and regulator of G-protein signaling (RGS) genes showed differential expression patterns between groups. Furthermore, expression levels of growth-related genes, including fibroblast growth factor (FGF), FGF binding protein 1 (FGFBP1), insulin-like growth factor-binding protein (IGFBP), epidermal growth factor (EGF), and transforming growth factor beta type I (TGFβ), were significantly differently between the red-colored group and black-colored group. Expression levels of the immune-related genes complement C1q, interleukin 1/18, 4, 6, 11, tumor necrosis factor (TNF), and C-type lectin also differed significantly between two groups (Figure 2). Melanocyte, melanocortin receptor 5, tyrosinase-related protein 1 (TYRP1), which are involved in the melanin synthesis, showed significantly higher FPKM values in the black-colored group than in the red-colored group (Supplemental Table 1).
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FIGURE 1. Differentially expressed genes (DEGs) related to carotenoid uptake, transportation and accumulation of the transcriptome analysis from red-colored group (ZR) and black-colored group (ZB).
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FIGURE 2. Differentially expressed genes related to immunity and growth of the transcriptome analysis from ZR and ZB groups. (A) DEGs related to growth. (B) DEGs related to immunity.


All DEGs were classified into the three main GO categories cellular component, molecular function, and biological processes (Figure 3B), and GO enrichment showed that 73 GO terms were significantly enriched (P < 0.1), including immune-related terms, such as immune response, interleukin-1 receptor binding, chemokine activity, and inflammatory response. Furthermore, DEGs were enriched for growth-related terms, including growth factor activity, insulin-like growth factor binding, and regulation of cell growth (Figure 3A and Supplementary Table 2). Significant pathways associated with pigment synthesis were identified in a pathway enrichment analysis of DEGs (P < 0.5; Supplementary Table 3). Among these pathways, “Tyrosine metabolism” and “Melanogenesis,” which function in melanin formation, were enriched (Figure 4).
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FIGURE 3. Transcriptome analysis of the ZR and ZB groups. (A) Gene ontology (GO) enrichment of DEGs. (B) DEGs were assigned to GO terms belonging to three main categories, namely, biological process, molecular function, and cellular component.
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FIGURE 4. Pathway enrichment analysis of the DEGs.




Metabolome Analysis

A total of 3,358 and 171 valid peaks for skin tissues were obtained in LC-MS positive (POS) and negative (NEG) ion models, after data preprocessing via LC-MS-based metabolomics, respectively. Differences between the two groups were detected by PCA, showing clear separation of the two groups (Figures 5A,D). OPLS-DA was used to elucidate differential metabolic patterns (Figures 5B,E), and the parameters considered for classification were stable and effective for fitting and prediction of the model. The R2Y and Q2 intercept values determined after 200 permutations (Figures 5C,F) supported the robustness of the models, with low overfitting and reliability risks. The two groups in the score plots showed clear separation.
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FIGURE 5. Derived principal component analysis (PCA) score plot, derived orthogonal partial least squares discriminant analysis (OPLS-DA) score plots, and corresponding validation plots of OPLS-DA analysis. (A,D) showed the PCA analysis. (B,E) showed the OPLS-DA score plots analysis. (C,F) represented the corresponding validation plots of OPLS-DA analysis. B represents the ZB group, and R represents the ZR group.


A total of 1,175 metabolites in POS and 78 metabolites in NEG were identified. A total of 425 SDMs for POS and 56 SDMs for NEG between the black-colored and red-colored groups were identified. For the 425 SDMs in POS, the concentrations of 190 and 235 metabolites were higher and lower in the red-colored group than in the black-colored group, respectively (Supplementary Table 4). Among 56 SDMs in NEG, 31 and 25 metabolites had higher concentrations in the red-colored group than in the black-colored group, respectively (Supplementary Table 5).

Pathway enrichment analysis of SDMs was performed. A total of 15 and two pathways were enriched for SDMs between the black-colored and red-colored groups in POS and NEG models, respectively (Supplementary Tables 6, 7). Metabolic pathways, including “Glycerophospholipid metabolism,” “Phenylalanine, tyrosine and tryptophan biosynthesis,” “Linoleic acid metabolism,” and “Arachidonic acid metabolism” were significantly enriched according to the P-value threshold. Tyrosine metabolism, which is involved in the synthesis of melanin, was also enriched and furthermore, tyrosine showed higher concentrations in the red-colored group that in the black-colored group.



Integrated Analysis of Transcriptomic and Metabolomic Data

The DEGs and SDMs from the black-colored vs. red-colored group were utilized for a pathway enrichment analysis using Fisher’s exact tests. Supplementary Figure 2 shows the number of DEGs and SDMs in each pathway. In total, 55 significantly enriched pathways were identified, including melanogenesis and tyrosine metabolism, which are involved in melanin synthesis (Figure 6). Immune-related pathways, including the TNF signaling pathway, interleukin-17 signaling pathway, C-type lectin receptor signaling pathway, Toll-like receptor signaling pathway, and cell and adhesion molecules, were also enriched. Interestingly, long-chain unsaturated fatty acid-related pathways including arachidonic acid metabolism, were also enriched (Figure 6).
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FIGURE 6. Pathway analysis of significantly different metabolites (SDMs) and DEGs from ZB and ZR groups. The X axis represents pathway enrichment, and the Y axis represents the pathway impact. Symbol point represents the metabolites and triangle showed the transcripts. Large sizes and dark colors of the two symbols represent the major pathway enrichment and high pathway impact values, respectively.




DISCUSSION

Body coloration contributes to social behavior and environmental adaptation (Kelsh, 2004). Extensive efforts have been made to evaluate fish body color formation in model fishes, like zebrafish, and limited reports were exhibited to research the underlying mechanism in non-model fishes (Beirl et al., 2014; Nagao et al., 2014). De novo assembly of transcriptomes of two color morphs of P. leopardus using Trinity has been generated which obtained 38 candidate genes underlying the color patterns and pigmentation (Wang et al., 2015). A reference-based transcriptome was assembled for P. leopardus, providing DEGs associated with carotenoid metabolism between red and brown-colored leopard coral groupers (Yang et al., 2020). In the present study, a reference-based (Zhou et al., 2020) transcriptomic and metabolomic analysis of red and black colored leopard coral groupers were performed, which provided additional insights, beyond those obtained by the transcriptome analysis alone, including the identification of multiple genes associated with black and red-colored group and further differences in immune- and growth-related genes. A comprehensive scan of relationships between genes and metabolites provided key insights into body color formation.


Red Color Formation

Body coloration, especially yellow, orange, and red coloration, is a fundamental aspect of body color diversity in bluebirds and is often produced by diet-derived carotenoid pigments (Toomey et al., 2017). Carotenoids are a class of important bioactive substances frequently found in aquatic animals, such as Patinopecten yessoensis (Li et al., 2015). Carotenoids could strengthen the antioxidant ability, remove reactive oxygen species and free radicals, and enhance resistance to high temperatures in aquatic species and is therefore important for adaptation to changing environments (Babin et al., 2015; Meng et al., 2017). Carotenoids of different color morphs of P. leopardus have been identified including astaxanthin diester and monoester, as well as α-cryptoxanthin ester, tunaxanthin diester, adonixanthin diester, adonirubin ester, and adonirubin and tunaxanthin diester (Maoka et al., 2017). In the present transcriptome analysis, multiple genes involved in the uptake, transport, and absorption of carotenoids were up-regulated in the red-colored group compared with the black-colored group.

The de novo synthesis of carotenoids is difficult in fish, and the uptake and transport efficiency can affect carotenoid accumulation (Ho et al., 2013). During transport to the enterocyte, carotenoids can enter lipoproteins via FATP (Reboul, 2019). Red Chinook show higher FATP levels and improved lipid-mediated astaxanthin transport capacity than those of white fish (Madaro et al., 2020). The fatty acid hydroxylase (Faxdc2) could catalyze the hydroxylation of carotenoids, especially the conversion of β-carotene to zeaxanthin (Wu et al., 2014). Dhrs, a member of the short-chain dehydrogenase/reductase family, catalyzes the reversible oxidation/reduction of retinol and retinal and participates in xanthophore organization (Duester, 2000). Retinoid metabolizing enzyme-related genes are more highly expressed in orange-colored fish than in white clownfish (Salis et al., 2019). In the present study, FATP (Dxb_GLEAN_10019924), Faxdc2 (Dxb_GLEAN_10005589), and Dhrs (Trans_newGene_2068) levels were higher in the red-colored group that in the black-colored group, indicating that the red-colored group may show effective carotenoid transport and conservation. In addition, SCD (Dxb_GLEAN_10009389), a key regulator of lipid metabolism, may facilitate carotenoid accumulation (Li et al., 2015) and was expressed more highly in the red-colored group than in the black-colored group in the present study, emphasizing the efficient carotenoid transport and accumulation of the red-colored group.

Low-density lipoproteins (LDLs) are important carriers of carotenoids and LDL receptor-related protein (LDP) can bind to LDL (Harrison, 2019). LDLR is a glycoprotein membrane receptor involved in the storage, transport, and metabolism of carotenoids (Gong et al., 2011). In the present study, LDL and LDLR genes were not differentially expressed, however, the LDLR adapter 1 (Dxb_GLEAN_10003660) was identified as a DEG, with higher expression in the red-colored group, indicating its potential function in carotenoid metabolism. Cytochrome P450 and oxidoreductase on the carotenoid accumulation associated scaffolds can oxidize various structurally unrelated compounds and are involved in carotenoid metabolism (Du et al., 2017). In the present study, six oxidoreductase and five cytochrome P450 were identified as DEGs, with potential roles in pigment synthesis. In the yellow-colored skin of Maswa (Tropheus duboisi), a transcriptome analysis showed that some DEGs linked to pigment mobilization in xanthophores were involved in signaling, including rgs6, which encodes a regulator of RGS (Hooks et al., 2003), and two GTPase genes. In the present study, Four RGS and 15 GTPase genes were identified in a transcriptomic analysis, and showed their potential roles in body color formation. Differences in the expression of these genes may contribute to the accumulation of carotenoids and skin color differences in P. leopardus and the precise mechanism by which these genes function and interact requires further research.



Black Melanin Coloration

Black coloration is highly correlated with melanin synthesis-related genes in cichlids, and marine and freshwater sticklebacks (Greenwood et al., 2012; Henning et al., 2013). The synthesis of black melanin generally involved the tyrosinase gene family, including tyrosinase (TYR), TYRP1, and dopachrome tautomerase (DCT), which have been detected in fish melanophores and function in melanogenesis (Kwon, 1993). In the present study, tyrosinase gene family members (DCT and TYRP1) were up-regulated in the black-colored group compared with the red-colored group (Figure 7), consistent with the role of the gene family in the enzymatic conversion of tyrosine to melanin. DCT and TYRP1 are highly expressed in black Midas cichlids, consistent with the results of the present study (Henning et al., 2013). TYRP1 functions in pigmentation and color patterning, including the modulation and stabilization of tyrosinase catalytic activity, maintenance of melanosome structure, eumelanin synthesis, and melanocyte proliferation and death (Rad et al., 2004). The knockdown of TYRP1 in zebrafish and medaka results in the formation of brown instead of black eumelanin, accompanied by severe melanosome defects, and revealing the importance of TYRP1 in melanin (Braasch et al., 2009b). DCT is also expressed exclusively in melanophores and melanoblasts and encodes DCT, which functions in the catalysis of dopachrome into 5, 6-Dihydroxyindole-2-carboxylate (Lin et al., 2015). DCT is a key gene in salmonid melanogenesis and its knockout results in a diluted color phenotype (Sivka et al., 2013). DCT and Tyrp1b from Acipenseriformes gueldenstaedtii were significantly down-regulated in the skin of albino sturgeon with a decrease in melanin production (Gong et al., 2019). The down-regulated expression of tyrosinase gene family members (TYRP1 and DCT) and high tyrosine content suggest that melanin synthesis is weaker in the red-colored group than in the black-colored group (Figure 7).
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FIGURE 7. Pathway analysis of color enriched by transcriptome and metabolome. The differentially expressed gene abbreviations identified by the transcriptome analysis are shown in either red (highly expressed in the ZR group) or blue boxes (highly expressed in the ZB group). Differentially abundant metabolites identified by metabolome analysis are shown either in red (highly expressed in the ZR group) or blue letters (highly expressed in the ZB group).


Asip, an endogenous antagonist of alpha-melanocyte stimulating hormone (α-MSH) can block melanin synthesis by competing with α-MSH in binding to melanocortin 1 receptor (MC1R; Bian et al., 2019). Asip expression was higher in the red-colored group in the present study. α-MSH increases tyrosinase activity by activating the MC1R, a key gene in melanogenesis in animals. Therefore, melanin synthesis in the red-colored group was inhibited compared with that in the black-colored group.



Increased Consumption of Arachidonic Acid for Red-Colored Fish

Kyoto Encyclopedia of Genes and Genomes pathway analysis based on transcriptomics and metabolomics analyses indicated that DEGs and SDMs were significantly enriched in arachidonic acid metabolism pathways (Figure 7). Arachidonic acid is associated with malpigmentation and is negatively correlated with the pigmentation rate in flatfish (Bell et al., 2003). Arachidonic acid could mediate biochemical-induced stress relevant to pigmentation, and an appropriate concentration of arachidonic acid also induces the production of fucoxanthin, an important marine carotenoid (Zhang et al., 2017). In addition, linoleic acid, which can be transformed to arachidonic acid, could accelerate the depletion of tyrosinase and inhibit hyperpigmentation, both of which are crucial in pigment development (Ando et al., 1999, 2004). In the present study, genes encoding arachidonic acid metabolism-related enzymes, including prostaglandin-endoperoxide synthase 1, were more highly expressed in the red-colored group than in the black-colored group (3.7-fold change). At the same time, the prostacyclin, prostaglandin D2, and hepoxilin B3 contents were high in the red-colored group, and the lecithin content, which is the origin of arachidonate, was low in red-colored group. These results indicated that red-colored fish may consume more arachidonate for red body color formation.



Differences in Growth and Immune Activity

Carotenoids are a class of natural antioxidants widely found in aquatic animals; they have significant effects on growth, survival, and immunity (Meng et al., 2017). In the present study, multiple genes associated with growth were differentially expressed, indicating a growth difference in the fish. In addition, five interleukin genes showed significantly higher expression in the red-colored group which play vital roles in innate immunity. Multiple immune related DEGs indicated that the fish of different colors differed in immune activity. The upregulation of immune defense in melanic tissue has been reported in invertebrates (McGraw, 2005). Melanin pigments and the associated up-regulation of immune defense in the orange clownfish (Amphiprion percula) have been reported and held the wound-healing ability (Maytin et al., 2018). Differences in immunity and growth potential between the fish of two-color suggest that the morphs differ with respect to adaptation to the environment. Similar differences have been also reported in other species, including Chilean scallop (Wolff and Garrido, 1991), red tilapia (Pradeep et al., 2014), and Oujiang color common carp (Du et al., 2019). A comparative transcriptome analysis of Oujiang color common carp suggested that energy metabolism-related genes are strongly associated with environmental adaption and growth performance and likely affect red and white color formation (Du et al., 2019). Red tilapia has been gaining in popularity owing to its very fast growth, the absence of a black peritoneum, salinity tolerance, and adaptability to any culture system (Pradeep et al., 2014; Zhu et al., 2016).



CONCLUSION

Transcriptomic and LC-MS-based metabolomic analyses were performed to evaluate differences between black-colored and red-colored group of P. leopardus. Potential mechanisms underlying color diversity in P. leopardus were determined. Integrative analyses showed that the red-colored group possessed high carotenoid transport and conversion activities. The black-colored group showed greater melanin synthesis activity. On the other hand, the red-colored group exhibited greater arachidonic acid digestion compared with those in the black-colored group. This study provides important insight into the key genes and pathways contributing to variation in fish body color formation and further research focused on the roles of genes related to body color formation is needed.
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Supplementary Figure 1 | Coral trout grouper Plectropomus leopardus of different color.

Supplementary Figure 2 | Integrated analysis of DEGs and SDMs of ZR and ZB groups. Blue frame represented the number of transcripts and orange frame showed the number of metabolites.
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