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Abstract

The golden-yellow pigmentation on the body surface of adult large yellow croaker
(Larimichthys crocea) is hypothesized to play roles in conspecific recognition,
environmental adaptation, and visual signaling in natural ecosystems, while also
constituting a key trait affecting its commercial value. In this study, we integrated
genomic resources from eight species, including Sciaenids, and conducted homologous
gene family clustering, phylogenetic reconstruction, divergence time estimation, and
chromosome-level synteny analysis to assess genomic structural conservation.
Furthermore, gene family expansion/contraction analyses, positive selection detection
using branch-site models, and functional enrichment (GO/KEGG) were systematically
employed to screen candidate genes and pathways associated with body coloration,
alongside amino acid site comparisons and protein structural localization analysis of
the candidate gene npclll. Our results revealed that while the sciaenid genomes are
generally conserved at the macro-structural level, the L. crocea lineage exhibits specific
evolutionary signals related to golden pigmentation. A total of 11,470 shared gene
families were identified across the eight species, with only four unique families in L.
crocea. Phylogenetic and syntenic analyses confirmed the closest relationship with L.

polyactis and demonstrated overall genomic stability among closely related Sciaenids.
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In the L. crocea lineage, 88 gene families showed significant expansion and 22 showed
contraction; expanded genes were enriched in pigmentation regulation and lipid
metabolism, yielding candidates such as cers2, cers3, hspa8, and bax. Positive selection
analysis detected 688 genes under selection, significantly enriched in intestinal
cholesterol absorption, lipid digestion, and organic hydroxy compound transport, from
which candidates including npclili, npcl, bscl2, elovl5, mclr, ednl, cd63, blocls5, and
Itk were identified. Notably, among the two positively selected sites in npcil1, the 77th
amino acid resides within the Niemann-Pick C1 N-terminus domain, suggesting a
potential role in the adaptive evolution of carotenoid absorption. Collectively, these
findings imply that the golden coloration in L. crocea may result from a combination
of optimized carotenoid uptake, transport, and storage, alongside melanin regulation
and optical enhancement mediated by iridophores. This study provides comparative
genomic insights into the evolutionary characteristics of coloration-related genes in L.
crocea, enriches the molecular understanding of fish pigmentation mechanisms, and
lays a foundation for future research and selective breeding targeting body color traits
in this species.

Keywords: Large yellow croaker; comparative genomics; body coloration; positive

selection; gene-family expansion; carotenoids

Introduction

The large yellow croaker (Larimichthys crocea) is an important economic fish
species in China's coastal waters, occurring mainly in the East China Sea, Yellow Sea,
and adjacent waters and playing important roles in marine fisheries and stock
enhancement and aquaculture (Song et al., 2024). Adults generally display a
conspicuous golden-yellow body surface. This phenotype is not only a major external
characteristic but is also closely associated with ecological processes such as
intraspecific recognition, environmental adaptation, and visual signaling. At the same
time, body-surface yellow coloration is not completely constant; it varies in response
to light, circadian rhythms, and other environmental factors, suggesting joint regulation

by intrinsic genetic mechanisms and external conditions (Han et al., 2018; Lin et al.,
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2026). For aquaculture and consumer markets, coloration is also an important trait
affecting product appearance and economic value (Zheng et al., 2025b; Vissio et al.,
2021). Therefore, elucidating the molecular basis of golden-yellow coloration from
genetic and evolutionary perspectives is important for understanding phenotypic
regulation and improving related traits.

Sciaenidae is species-rich and exhibits diversity in coloration, ecological habits,
and adaptive traits, providing a valuable system for comparative studies of coloration-
related traits. Compared with other Sciaenids, the adult large yellow croaker generally
displays a more pronounced golden-yellow coloration, with high distinctiveness and
representativeness, suggesting that its coloration formation and maintenance may rely
on molecular features that differ from those of closely related species. Because closely
related species share recent phylogenetic relationships and relatively similar genomic
backgrounds, placing the large yellow croaker within a comparative framework of
Sciaenidae can help identify lineage-specific genetic signals associated with its golden-
yellow coloration.

Fish coloration and its maintenance generally involve differentiation and
distribution of multiple chromatophore types, pigment synthesis and transport, and
coordinated action of related regulatory genes. The formation of yellow or golden-
yellow coloration often depends not only on the uptake, transport, and deposition of
pigments such as carotenoids but also on the masking effect of the melanin system and
optical properties mediated by iridophores (Luo et al., 2021; Funt et al., 2017; Skold et
al., 2016). In the large yellow croaker, existing studies have focused mainly on
nutritional regulation of coloration, particularly the effects of dietary carotenoid sources
and composition on skin yellowness and pigment deposition. For example, changes in
the dietary lutein/canthaxanthin ratio have been shown to significantly affect skin
yellowness, redness, and carotenoid content. Skin yellowness and carotenoid levels are
positively correlated with the dietary proportion of lutein, whereas higher

canthaxanthin levels are more conducive to increasing skin redness (Yi et al., 2015).
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Another study comparing skin pigment composition between wild and cultured large
yellow croaker found that wild fish had more pronounced yellow skin and higher
carotenoid accumulation; it further indicated that carotenoid storage in the skin is
closely associated with lutein esterification (Zheng et al., 2025a; Mellado-Ortega and
Hornero-Mendez, 2017). More recently, morphological, pigment-biochemical, and
proteomic analyses of diurnal body-color variation in the large yellow croaker provided
additional evidence that coloration is influenced not only by nutrient supply but also by
dynamic regulatory processes (Lin et al., 2026). Nevertheless, existing research remains
largely focused on nutritional, physiological, and phenotypic regulation, and a
systematic understanding of the genetic basis of golden-yellow coloration—particularly
the lineage-specific molecular evolutionary mechanisms revealed in comparisons
among closely related Sciaenids is still lacking. Thus, studies limited to nutritional
regulation or localized functional analyses in a single species are insufficient to fully
elucidate the molecular basis of golden-yellow coloration from an evolutionary
perspective.

Comparative genomics provides a framework for systematically identifying
conserved and lineage-specific molecular signals associated with trait divergence
among closely related species. Homologous gene-family clustering, phylogenetic
analysis, divergence-time estimation, and synteny analysis can be used to evaluate
conservation of genome structure and evolutionary relationships; when combined with
gene-family expansion and contraction analyses, positive-selection tests, and functional
enrichment analyses, these approaches facilitate the identification of candidate genes
and potential regulatory pathways associated with specific phenotypes. Accordingly,
placing the large yellow croaker within a comparative framework that includes
Sciaenids and outgroup species may help elucidate the molecular basis of its golden-
yellow coloration from an evolutionary perspective (Lu and Luo, 2020; Houston et al.,
2020; Ellegren, 2014; Demuth and Hahn, 2009; Yanez et al., 2015). Here, we integrated

genome resources from multiple sciaenid and outgroup species and performed
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comparative genomic analyses, including phylogenetic, synteny, gene-family
evolutionary, and positive-selection analyses, to identify candidate genes and pathways
associated with golden-yellow coloration in the large yellow croaker and to provide a

theoretical basis for subsequent functional validation and mechanistic studies.

Materials and methods
Genomic data acquisition

We selected eight species as study taxa: European seabass (Dicentrarchus labrax)
(NCBI, 2021), large yellow croaker (Larimichthys crocea) (NCBI, 2018), Pennahia
pawak (NCBI, 2024a), Collichthys lucidus (NCBI, 2019), barramundi (Lates calcarifer)
(NCBI, 2022), small yellow croaker (Larimichthys polyactis) (NCBI, 2024b), Nibea
albiflora (NCBI, 2020), and red drum (Sciaenops ocellatus) (NCBI, 2023). Sciaenid
species were used for comparisons among closely related taxa, whereas European
seabass and barramundi served as outgroups to assist phylogenetic inference and
evolutionary analyses. Reference genome assemblies, protein sequences, and gene-
annotation files for all species were obtained from public databases. To ensure
comparability across species, sequence names, gene identifiers, and annotation formats

were standardized.

Homologous gene family identification

Homologous gene families were identified from protein sequences of the eight
species using OrthoFinder (Emms and Kelly, 2019) to infer orthologous and paralogous
relationships. Sequence-similarity searches were performed with DIAMOND using an
E-value threshold of 1 X 107>. High-confidence homologous relationships were
retained and used to define gene-family clusters. The resulting gene-family assignments
were then used to quantify shared and species-specific gene families and the
distribution of family copy numbers across species.

Phylogenetic analysis and divergence-time estimation

Single-copy orthologs were selected from the identified homologous gene families

for phylogenetic analysis. Protein sequences were first aligned with MAFFT, and

codon-level alignments were generated from the corresponding coding sequences.
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Gblocks was then used to retain conserved alignment blocks, thereby reducing the
influence of low-quality regions on phylogenetic inference. A species tree was
constructed by maximum likelihood using RAXML, and bootstrap support was used to
assess the reliability of the topology. Finally, divergence times and evolutionary
relationships among species were estimated with the mcmctree program in the PAML
package using time-calibration information (Katoh and Standley, 2013; Castresana,

2000; Stamatakis, 2014; Yang, 2007).

Genome synteny analysis

To evaluate conservation of genome structure among closely related Sciaenids, we
performed synteny analysis using chromosome-level genomes and annotation files
from P. pawak, the small yellow croaker, and the large yellow croaker. Coding
sequences were first extracted from the genome sequences and annotation files, and
chromosome identifiers and gene-annotation formats were standardized to ensure
comparability. The JCVI toolkit was then used to identify syntenic blocks from
homologous-gene matches, and dot plots and chromosome-level visualizations were
used to assess chromosome correspondences and local structural rearrangements (Tang

et al., 2024).

Gene family expansion and contraction analysis

Gene-family expansion and contraction were analyzed using gene-family copy
numbers, the species tree, and divergence-time estimates. We first counted gene copies
in each homologous family for each species and constructed a gene-family copy-
number matrix. CAFE was then used with a stochastic birth-death model to analyze
changes in family size and identify expansions or contractions on individual
evolutionary branches. A conditional p-value was calculated for each family, and p <
0.05 was used to define significant expansion or contraction. These analyses yielded
branch-specific expansion and contraction events and their significance, from which
significantly changed families were selected. GO and KEGG enrichment analyses were
subsequently performed for significantly expanded and contracted families using the R

package clusterProfiler (functions enrichGO and enrichKEGG). Multiple testing was
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corrected with the Benjamini - Hochberg method, and an adjusted p-value of P < 0.05
was used as the significance threshold for identifying enriched GO terms and KEGG
pathways and for interpreting the potential biological significance of gene-family

changes (Mendes et al., 2020; Yu et al., 2012).

Positive selection analysis

To identify positively selected genes on different evolutionary branches, we
analyzed codon alignments of single-copy orthologs with the codeml program in the
PAML package. Based on the phylogeny, the branch containing the large yellow
croaker, small yellow croaker, and C.lucidus was designated the foreground branch,
and the remaining sciaenid species were designated background branches. Positive
selection on the specified branch was tested using the branch-site model. We fitted an
alternative model (Model A) that permits positive selection and a null model that does
not, and compared their goodness of fit with a likelihood-ratio test (LRT). A p-value
was calculated for each gene, and genes with p < 0.05 were initially considered
candidate positively selected genes. Multiple testing was then corrected using the
Benjamini-Hochberg method to control the false discovery rate; genes with an adjusted
P < 0.05 were retained as the final set of robust positively selected genes. Key sites
under positive selection were identified using the Bayes empirical Bayes (BEB) method
to investigate potential molecular mechanisms underlying protein functional evolution.
GO and KEGG enrichment analyses were performed for positively selected genes in
the three foreground species with clusterProfiler, using P < 0.05 as the significance
threshold (Yang, 2007; Yu et al., 2012). At the protein-sequence level, ESPript 3.2 was
used to visualize multiple-sequence alignments and assess conservation of candidate-
gene amino-acid sequences. At the structural level, the SWISS-MODEL server was
used to predict three-dimensional structures of candidate proteins, and PyMOL v3.1.4.1
was used for visualization and generation of three-dimensional models to aid

interpretation of the structural and functional significance of key sites.

Results
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Gene family clustering analysis

Homologous gene-family clustering of protein sequences from the eight species
identified 11,470 gene families shared by all species, indicating a high degree of
conservation in gene composition among Sciaenids and the outgroups (Fig. 1). The
numbers of species-specific gene families varied among species: only four were
identified in the large yellow croaker, compared with 110 in the small yellow croaker
and 212 in C.lucidus, indicating relatively limited divergence in the species-specific
gene complement of the large yellow croaker. Statistical analysis of gene-family
composition (Table 1) showed that the large yellow croaker genome contains 22,816
genes, of which 22,812 (99.98%) were successfully assigned to 17,759 gene families;
only four genes were not assigned to any family. The four large-yellow-croaker-specific
gene families contained eight genes in total. Compared with other Sciaenids, the large
yellow croaker has relatively few unclustered genes and species-specific gene families,
further indicating high similarity between its gene composition and that of closely
related species.Overall, Sciaenids showed strong conservation at the gene-family level,
and the small number of large-yellow-croaker-specific gene families suggests that
important phenotypic differences, such as surface pigment deposition, are more likely
to result from functional differentiation or regulatory changes within conserved gene
families than from the emergence of large numbers of novel gene families.

The phylogenetic relationships of the eight species were systematically inferred from a
species tree constructed using single-copy orthologs (Fig. 2). Sciaenids formed a clear
set of phylogenetic branches; the large yellow croaker and small yellow croaker were
the closest relatives, diverging approximately 16.19 Ma and together forming a sister
group with C./ucidus. This clade originated approximately 20.25 Ma. In another lineage,
N.albiflora and P.pawak diverged approximately 27.86 Ma and subsequently formed a
higher-level clade with S. ocellatus at approximately 46.99 Ma. The entire sciaenid
group diverged from a common ancestor shared with the outgroups, barramundi and
European seabass, approximately 113.60 Ma, indicating a clear hierarchical

evolutionary relationship among the study taxa.Taken together, the phylogenetic
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topology and divergence-time estimates indicate that the close relationship and
relatively recent divergence between the large and small yellow croakers may underlie
their high genomic similarity, whereas differences in coloration-related traits are more
likely to reflect adaptive evolution after divergence. The clade comprising the large
yellow croaker, small yellow croaker, and C. lucidus also provides the phylogenetic

basis for defining the foreground branch in subsequent positive-selection analyses.

Genome synteny analysis results

To further evaluate conservation of genome structure among closely related
Sciaenids, we performed chromosome-level synteny analysis of the large yellow
croaker, P.pawak, and the small yellow croaker (Fig. 3). All three species have 24
chromosomes and show extensive chromosome-level synteny, with clear one-to-one
correspondences for most chromosomes. At the whole-genome level, synteny was
closest between the large and small yellow croakers, with gene order highly conserved
across most chromosome regions. By contrast, P.pawak showed some structural
differences from the other two species in several chromosome regions. Nevertheless,
the three species retained a high degree of overall structural consistency, with only
localized rearrangements, such as possible inversions or translocations, observed.
Overall, closely related Sciaenids exhibit strong structural conservation at the
chromosome level, and the large and small yellow croakers show the highest degree of
syntenic concordance, consistent with the phylogenetic results. These findings indicate
that the large yellow croaker has not undergone large-scale restructuring of the genome
during evolution. Its phenotypic differences, including surface pigment deposition, are
therefore more likely to arise from evolution of key genes and their regulatory networks

than from chromosome-scale structural changes.

Gene family expansion and contraction and functional enrichment
analysis
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Using gene-family copy numbers and phylogenetic relationships, we analyzed
gene-family expansions and contractions on the branches of the eight species with
CAFE (Fig. 4). During the evolution of the large yellow croaker, 88 gene families were
significantly expanded and 22 were significantly contracted (p < 0.05), indicating
substantial changes in gene-family size in specific functional directions.

Functional annotation and enrichment analysis of significantly expanded gene families
(Figs. 5 and 6) showed that these genes were primarily enriched in biological processes
closely related to coloration, including positive regulation of developmental
pigmentation, regulation of developmental pigmentation, and regulation of
pigmentation. Expanded families were also significantly enriched in lipid-related
processes, including lipid storage, positive regulation of lipid biosynthesis, and
negative regulation of lipid catabolism. At the molecular-function and pathway levels,
these genes were also associated with cytochrome P450 and sphingolipid signaling
pathways, which are closely related to lipid metabolism and cellular signal regulation.
Gene annotation identified several candidate genes associated with lipid metabolism
and cellular homeostasis among the significantly expanded families, including cers2,
cers3, hspa8, and bax. These genes participate in sphingolipid synthesis, lipid
metabolic regulation, and apoptosis, respectively, and may indirectly contribute to the
deposition and regulation of coloration-related substances by influencing lipid
synthesis, transport, and intracellular homeostasis.Overall, expanded gene families in
the large yellow croaker lineage were concentrated mainly in pigmentation regulation
and lipid-metabolism functions, suggesting that its golden-yellow phenotype is related
not only to pigment production but also to regulation of lipid synthesis, storage, and

metabolism.

Positive-selection genes and their protein-sequence and structural
features

Positive-selection analysis based on the branch-site model was performed for the
branches containing the large yellow croaker, small yellow croaker, and C.lucidus. A

total of 688 positively selected genes (PSGs) were detected on the large yellow croaker
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foreground branch. Functional enrichment analysis (Figs. 7 and 8) showed that these
genes were primarily enriched in intestinal cholesterol absorption, lipid digestion, and
organic hydroxy compound transport, indicating that lipid-related metabolism and
transport experienced substantial selection pressure in this lineage.Functional
annotation of the positively selected genes identified several classes of candidates
associated with coloration. mclr and ednl were under positive selection in
melanogenesis and melanin regulation and may participate in regulation of melanin
synthesis. cd63 and blocls5 were under positive selection in melanosome formation
and transport, suggesting adaptive changes in pigment-granule formation and
trafficking. In addition, LTK is associated with iridophore differentiation, and its
positive-selection signal suggests that regulation of optical structures may contribute to
body coloration.

Several key genes involved in lipid metabolism and carotenoid-related processes
showed significant positive-selection signals, including npcl/l and npcl, which
participate in intestinal cholesterol absorption; bsc/2, which participates in lipid-droplet
formation; and elovl5, agpat3, cerk, apoalbp, and abcal?2, which participate in lipid
metabolism and transport. Functionally, these genes cover multiple stages, including
uptake of lipophilic substances, intracellular transport, and tissue distribution. Analysis
of amino-acid sites in positively selected genes (Table 2) identified multiple sites with
high posterior probabilities. In npclli, significant positive-selection signals were
detected at amino-acid positions 77 and 932. Multiple-sequence alignment showed that
the large yellow croaker, small yellow croaker, and C. lucidus all carry proline (P) at
position 77, whereas other Sciaenids carry glutamate (E); at position 932, the three focal
species carry arginine (R), whereas the other species carry valine (V) (Fig. 9).Protein-
structure prediction showed that amino acid 77 is located within the Niemann—Pick C1
N-terminal domain of NPCIL1, a functional region important for cholesterol
recognition and binding (Fig. 10). This substitution may affect the local three-

dimensional conformation and thereby alter the interaction properties of the protein
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with lipophilic substrates. Overall, the positively selected genes were functionally
involved in lipid metabolism, pigment production, and cellular structural regulation and
showed adaptive changes at both the sequence and structural levels, suggesting that

they may jointly regulate coloration-related traits in the large yellow croaker.

Discussion

The results of homologous gene-family clustering, phylogenetic analysis and
divergence-time estimation, and synteny analysis indicate that Sciaenids are generally
highly conserved at the genomic level. A total of 11,470 gene families were shared by
the eight species, whereas only four were specific to the large yellow croaker. This
pattern suggests that its coloration is more likely to reflect functional differentiation
and adaptive evolution within a conserved genetic background than to be driven by the
emergence of numerous novel gene families. Phylogenetic analysis placed the large
yellow croaker and small yellow croaker as sister taxa that diverged approximately
16.19 million years ago, suggesting that part of their coloration-related molecular basis
may have arisen during the divergence of these closely related lineages. Synteny
analysis further showed that the large yellow croaker, P.pawak, and small yellow
croaker each have 24 chromosomes and retain strong chromosome-level
correspondence, with only limited local rearrangements. Thus, the coloration-related
traits of the large yellow croaker are more likely associated with sequence variation in
key genes, gene-family expansion and contraction, and adaptive selection than with
large-scale genome restructuring. Against this broadly conserved genomic background,
the expanded gene families and positively selected genes identified below are more
likely to represent molecular evolutionary signals associated with coloration.

Our results indicate that golden-yellow coloration in adult large yellow croaker is
not determined by a single factor but by the coordinated action of multiple molecular
mechanisms, principally carotenoid absorption, transport, and storage; regulation of
melanin deposition; and iridophore-mediated optical modulation. Carotenoid

deposition provides the material basis for yellow coloration, melanin affects its
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apparent intensity through masking, and iridophores further enhance surface brightness
and visual contrast by modulating light reflection and scattering. These mechanisms are
functionally coupled and together produce the stable and conspicuous golden-yellow
phenotype of adult large yellow croaker.

At the adult stage, the golden-yellow coloration of the large yellow croaker is
derived mainly from carotenoid deposition in xanthophores. Lutein has been shown to
be the predominant carotenoid component in the skin and is closely associated with the
degree of surface yellowness (Yi et al., 2014; Lin et al., 2026). Fish generally cannot
synthesize carotenoids de novo, so their carotenoids are acquired primarily through the
diet (Sathyaruban et al., 2021). As a typical lipophilic molecule, lutein depends heavily
on lipid-metabolism systems for absorption, transport, and tissue distribution and often
occurs in esterified forms, which improve stability in hydrophobic environments and
promote tissue accumulation (Mellado-Ortega and Hornero-Mendez, 2017). Thus,
efficient carotenoid deposition in vivo depends not only on the amount ingested but
also on coordinated molecular processes involved in lipid transport and storage.

During carotenoid deposition, intestinal lutein absorption is a critical determinant
of the efficiency of its accumulation in vivo. As a lipophilic molecule, lutein uptake
across intestinal epithelial cells depends on lipid-transport proteins; NPCIL1 is
considered a central mediator of lutein absorption. Previous work shows that NPC1L1
mediates not only cholesterol absorption but also transmembrane transport of
xanthophylls such as lutein, and that changes in its activity can substantially affect
intestinal lutein-absorption efficiency (During et al., 2005). In the present study, npcl/1
showed significant positive-selection signals. Multiple-sequence alignment showed
that the large yellow croaker, small yellow croaker, and C./ucidus carry proline (P) at
position 77, whereas the other Sciaenids carry glutamate (E); at position 932, the three
focal species carry arginine (R), whereas the other species carry valine (V). Position 77
lies within the Niemann—Pick C1 N-terminal domain, an important region for

recognition and binding of cholesterol and other lipophilic substrates by NPC1L1. The
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glutamate-to-proline substitution may alter the local conformation and thereby affect
substrate binding and transmembrane transport efficiency. Given the role of NPCI1L1
in lutein absorption, these lineage-specific substitutions may improve lutein recognition
and transport, thereby increasing carotenoid uptake. NPC1, an important intracellular
cholesterol-transport factor, participates in lipid trafficking through the endosome—
lysosome pathway (Gong et al., 2016) and may assist redistribution after lutein enters
the cell.

After intestinal absorption, redistribution and tissue deposition of lutein depend on
an effective lipid-transport and storage system. At the levels of intracellular trafficking
and tissue distribution, lipid-transport-related genes including npcl, apoalbp, and
abcal? were under positive selection, suggesting adaptive optimization of lutein
transport within cells and across tissues. NPC1 participates in endosome—lysosome
lipid trafficking, APOA1BP affects cholesterol efflux by modulating the lipoprotein
microenvironment, and ABCA12 plays important roles in lipid efflux and cutaneous
lipid transport. Together, these processes may facilitate efficient lutein transport and
redistribution among tissues (Fang and Miller, 2019; Akiyama, 2014).

At the storage level, lipid droplets are the principal intracellular storage structures
for lipophilic molecules and are critical for stable carotenoid accumulation. In this study,
the core lipid-droplet-biogenesis gene bsc/2 and several lipid-metabolism genes,
including agpat3, elovl5, and cerk, were under positive selection, suggesting adaptive
optimization of lipid-droplet formation and lipid-metabolic regulation in the large
yellow croaker. By participating in lipid synthesis, fatty-acid elongation, and
sphingolipid metabolism, these genes may jointly establish a stable lipid
microenvironment that provides a structural basis for long-term accumulation of lutein
and other lipophilic molecules (Salo et al., 2016; Wilfling et al., 2013; Jakobsson et al.,
2006; Sugiura et al., 2002).

Moreover, cers2 and cers3, identified among the expanded gene families, also

participate in sphingolipid metabolism and may further stabilize carotenoids in tissues
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by modulating the cell membrane and local cutaneous lipid environment. Overall, the
positively selected and expanded genes span multiple key steps from carotenoid uptake
to deposition, forming a continuous molecular chain of “absorption—transport—storage”
that may systematically improve lutein deposition in vivo (Silva et al., 2012;
Jennemann et al., 2012).

Beyond carotenoid deposition efficiency, the final visual appearance of yellow
coloration in adult large yellow croaker is strongly regulated by the melanin system.
Melanin and xanthophyll pigments are both chemical pigments whose coloration
depends on light absorption and reflection, but melanin has a particularly strong light-
absorbing capacity. When melanin deposition decreases, its masking effect on yellow
pigments in underlying or adjacent regions is reduced, making carotenoid-derived
yellow coloration more conspicuous. Changes in melanin deposition therefore have an
important role in regulating surface-color contrast.

At the level of melanogenesis and its regulation, key genes including mclir, ednl,
and dkkl were under positive selection. MCIR is a core receptor in the melanogenic
pathway that regulates intracellular signal transduction in melanocytes and affects
melanin synthesis. EDN1 is an important paracrine factor that can influence melanocyte
proliferation and pigment production, whereas DKK1, an antagonist of Wnt signaling,
can suppress melanocyte activity and reduce pigment production when upregulated.
Positive selection on these genes may influence the intensity of surface melanin
deposition through coordinated regulation of the melanogenic pathway (Gross et al.,
2009; Yamaguchi and Hearing, 2009; Sun et al., 2018).

At the level of melanosome formation and transport, blocls5 and cd63 were also
under positive selection. BLOC1SS is an important component of the BLOC-1 complex
and participates in the biogenesis and cargo sorting of lysosome-related organelles,
including melanosomes; CD63 participates in melanosome structural formation and
protein sorting. Functional changes in these genes may affect melanosome maturation

and pigment-transport efficiency, thereby further regulating melanin distribution and
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deposition in the skin (Goff et al., 2025; Van Niel et al., 2011).

Among the expanded gene families, Aspa8 and bax may also participate in the
regulation of the melanin system. HSPAS is a molecular chaperone that has important
roles in protein folding and autophagy, and autophagy is closely linked to melanosome
degradation and maintenance of pigment-granule homeostasis. BAX is a pro-apoptotic
regulator whose expression may affect the balance between melanocyte survival and
renewal. Expansion of these genes may therefore indirectly alter surface melanin
content by regulating melanocyte fate and pigment-granule homeostasis. Overall,
coordinated action of melanogenesis regulators, melanosome-biogenesis genes, and
cellular homeostasis factors may reduce the masking effect of melanin and enhance the
visual expression of carotenoid-derived yellow coloration, making the surface golden-
yellow phenotype more prominent (Bonam et al., 2019; Park et al., 2025; Kim et al.,
2000).

In addition to chemical pigments, iridophores strongly affect surface-color
brightness and optical properties. Their regularly arranged intracellular reflective
structures reflect and scatter incident light, thereby increasing surface brightness and
color contrast. In the present study, /tk, a key regulator of iridophore differentiation and
development, was under positive selection. Loss of LTK function has been reported to
cause abnormal iridophore development or even iridophore absence, substantially
altering surface reflectance. Adaptive changes in LTK may therefore enhance
iridophore formation or function and increase reflection of incident light, making
carotenoid-derived yellow coloration brighter and more conspicuous (Lopes et al.,
2008).

From an evolutionary perspective, the positive selection and expansion detected
in genes related to lipid metabolism, pigment synthesis, and cellular structural
regulation may be closely associated with the adaptive evolution of the large yellow
croaker in its ecological environment. Light conditions, depth variation, and differences

in background environment in the marine habitat may impose persistent selection on
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body coloration, thereby driving coordinated evolution of genes involved in carotenoid-
deposition efficiency and pigment-contrast regulation. Such coordinated adaptation
across multiple genes and pathways may constitute an important evolutionary basis for
the stable golden-yellow surface phenotype of the large yellow croaker.

Previous studies indicate that yellow or yellow-orange coloration in other fishes is
mainly associated with carotenoid uptake, accumulation, and storage in xanthophores;
scarbl and plin6 are representative key genes. In zebrafish, thyroid hormone promotes
xanthophore maturation and carotenoid-dependent coloration, while SCARBI is
closely associated with carotenoid accumulation in xanthophores (Saunders et al.,
2019). PLIN6 has been shown to localize to the surface of carotenoid droplets in
xanthophores, where it participates in the enrichment and transport of lipophilic
pigments (Granneman et al., 2017). Studies in Nile tilapia further show that PLING6 loss
markedly reduces carotenoid content and coloration intensity in xanthophores, whereas
XDH loss has relatively little effect on overall coloration. This finding suggests that, in
some teleosts, carotenoid metabolism and storage may be more important for yellow
coloration than pteridine synthesis (Liang et al., 2025).

Our results provide new molecular evidence for the mechanism underlying yellow
coloration in the large yellow croaker. Previous studies have linked NPC1L1 closely to
intestinal lutein absorption and identified bscl2 as a key gene in lipid storage and lipid-
droplet formation (During et al., 2005; Salo et al., 2016). Both genes were under
positive selection in the large yellow croaker, indicating that their related functions may
have been enhanced during adaptive evolution. Specifically, positive selection on
npclll may increase the uptake of lutein and other pigment molecules, thereby
increasing the pigment supply required for yellow coloration; positive selection on
bscl2 may promote lipid-droplet formation and maintenance, creating a more favorable
cellular environment for carotenoid accumulation and stable storage. Thus, adaptive
evolution of npclll and bsc/2 may act at two key stages-pigment absorption and

storage-and jointly enhance the golden-yellow coloration trait. Whereas previous
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studies have emphasized SCARB1-mediated pigment uptake and PLIN6-associated
lipid-droplet stabilization, our findings add NPCIL1 and BSCL2 as complementary
components acting at the initial stage of intestinal lutein absorption and at lipid-droplet
formation, respectively. This further supports the view that golden-yellow coloration of
the large yellow croaker involves coordinated optimization of the continuous
carotenoid ‘“absorption—transport—storage” process.

Taken together, our results indicate that the golden-yellow coloration of adult large
yellow croaker is produced by the coordinated action of multiple molecular
mechanisms. At the material level, deposition of carotenoids, particularly lutein,
provides the principal source of yellow pigment, and its absorption, transport, and
storage are systematically optimized through lipid-metabolism and lipid-droplet-
formation systems. At the regulatory level, adaptive changes in genes involved in
melanogenesis and melanosome transport may reduce the masking effect of melanin
and thereby increase the visibility of yellow pigment. Changes in iridophore-related
genes may further enhance surface brightness and visual contrast by increasing light
reflection and scattering. These mechanisms act synergistically to form a multilayer
regulatory system comprising ‘“pigment deposition—masking regulation—optical
enhancement” (Fig.11), producing the stable and conspicuous golden-yellow

phenotype of adult large yellow croaker.

Conclusion

Using genomic data from multiple Sciaenids and outgroup species, we
systematically performed homologous gene-family clustering, phylogenetic, synteny,
gene-family expansion and contraction, and positive-selection analyses to
comprehensively characterize the molecular evolutionary mechanisms underlying
coloration-related traits from a comparative-genomics perspective.

The results show that Sciaenids are generally highly conserved at the genomic
level, with many shared gene families and few large-yellow-croaker-specific families.

This indicates that differences in coloration are not attributable to the emergence of
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novel gene families but are more likely to reflect functional differentiation and adaptive
evolution within a conserved genomic background. Synteny analysis also showed
strong chromosome-level concordance among the large yellow croaker, small yellow
croaker, and P.pawak, further supporting the stability of genome structure during
evolution.

At the functional level, significant gene-family expansions and positive-selection
signals were detected in the large yellow croaker lineage. These genes were primarily
enriched in pigmentation regulation, lipid metabolism, and related signaling pathways.
Key candidate genes, including npclli, npcl, bscl2, mclr, ednl, and Itk, participate in
carotenoid absorption, lipid transport and storage, melanin regulation, and iridophore
development. The amino-acid substitution detected in a functional domain of NPCI1LI1
suggests that this protein may have undergone adaptive optimization for uptake of
lipophilic pigments.

Together, these analyses indicate that the golden-yellow coloration of the large
yellow croaker is not driven by a single factor but results from the coordinated action
of carotenoid deposition, melanin regulation, and iridophore-mediated optical effects.
These processes form a multilayer coloration-regulatory system centered on carotenoid
absorption, transport, and storage; supported by regulation of melanin deposition; and

enhanced by iridophore-mediated optical effects.
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Table 1. Summary of gene family clustering and species-specific gene statistics for sciaenid fishes

and outgroup species

Genes in

) No of Gene Species-specific  Species-specific
Species orthologous o .
genes families gene families genes
clusters
Collichthys lucidus 25582 25514 16788 212 459
Dicentrarchus labrax 23325 23310 17814 32 104
Lates calcarifer 24324 24306 17771 62 197
Larimichthys crocea 22816 22812 17759 4 8

Larimichthys polyactis 22341 22340 17421 110 559
Nibea albiflora 18788 18760 15266 80 207
Pennahia pawak 25092 23505 17999 56 257

Sciaenops ocellatus 22589 22560 17250 17 75




Table 2. Positively selected genes detected in Sciaenidae based on the branch-site model

Branch . .
Gene Locus, Information Gene Family
p-Value
BLOCISS 1.19E-03 137, K, 0.958* 0OG11625
MCIR 1.99E-02 16,1, 0.963* 0G06949
LTK 4.80E-03 112,Y, 0.983* 0G05284
CD63 2.45E-02 138, K, 0.953* 0G08632
DKK1 4.65E-11 55,F, 0.972* 62, S, 0.950* OG11095
BSCL2 3.26E-03 401, N, 0.988* 0G07745
NPCl1 2.01E-12 645, K, 0.992%%* 0G04701
NPCIL1 4.29E-06 77, P, 0.966* 1024, R, 0.963* 0G04642
ELOVLS 3.45E-03 244, T, 0.956* 254, L, 0.983* OG11058
AGPAT3 3.50E-02 287, N, 0.954* 0G06320
CERK 1.46E-10 63, S, 0.975* 64, Q, 0.994** 0G14971
APOAI1BP 2.36E-02 151, N, 0.971* 0G14837
ABCAI12 1.27E-06 3895, K, 0.952%* 0G02627
EDNI1 2.62E-13 158,Y,0.978* 0G14774
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(A) Dietary carotenoid uptake in fish intestine

Dietary lutein/carotenoids Fish intestine (lumen) Intestinal epithelial cell Intracellular transport
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(B) Lipid-mediated carotenoid transport and redistribution

Lutein/carotenoid absorption  Lipid/protein transport Tissue redistribution Skin delivery
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(C) Carotenoid storage in xanthophores and lipid droplets

Lutein/carotenoids Lipid droplet biogenesis Carotenoid loading Stable storage in
enter xanthophores - xanthophore lipid droplets
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(D) Melanin masking reduction and optical enhancement
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(E) Effect on adult large yellow croaker coloration
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