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Abstract
Molluscan shell color polymorphism is important in genetic breeding, while the molecular information mechanism for shell 
coloring is unclear. Here, high-throughput RNA sequencing was used to compare expression profiles of coding and non-
coding RNAs (ncRNAs) from Pacific oyster Crassostrea gigas with orange and black shell, which were from an F2 family 
constructed by crossing an orange shell male with a black shell female. First, 458, 13, and 8 differentially expressed genes 
(DEGs), lncRNAs (DELs), and miRNAs (DEMs) were identified, respectively. Functional analysis suggested that the DEGs 
were significantly enriched in 9 pathways including tyrosine metabolism and oxidative phosphorylation pathways. Several 
genes related to melanin synthesis and biomineralization expressed higher whereas genes associated with carotenoid pig-
mentation or metabolism expressed lower in orange shell oyster. Then, based on the ncRNA analysis, 163 and 20 genes were 
targeted by 13 and 8 differentially expressed lncRNAs (DELs) and miRNAs (DEMs), severally. Potential DELs-DEMs-DEGs 
interactions were also examined. Seven DEMs-DEGs pairs were detected, in which tyrosinase-like protein 1 was targeted 
by lgi-miR-133-3p and lgi-miR-252a and cytochrome P450 was targeted by dme-miRNA-1-3p. These results revealed that 
melanin synthesis-related genes and miRNAs-mRNA interactions functioned on orange shell coloration, which shed light 
on the molecular regulation of shell coloration in marine shellfish.
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Introduction

Shell coloration, being used as highly tractable makers 
for selective breeding, has long fascinated breeders and 
scientists (Alfnes et al. 2006). Nowadays, many pheno-
typic varieties have been obtained in shellfish (Hu et al. 
2019; Nie et al. 2020; Wang et al. 2017). Additional studies 
have been identified that color polymorphism is inherit-
able and may be tightly regulated by a set of genes (Evans 
et al. 2009; Kobayashi et al. 2004; Winkler et al. 2001). 
However, compared with plants, vertebrates, and certain 
insects, the molecule mechanism leading to shell coloration 
has not been completely elucidated for shellfish (Mann and 

Jackson 2014), which is a serious gap in our knowledge 
of how color has evolved in the natural world (Williams 
2017). Hence, identifying and understanding the genetic 
basis underlying shell color traits have become a key goal 
of genetics.

Colorful oyster shell is mainly because of the pres-
ence of biological pigments, and shell color formation 
closely depends on the creation, deposition, and transport 
of pigments. Melanin, carotenoids, and tetrapyrroles are 
the main pigments in molluscan shells (Williams 2017). 
Eumelanin, one kind of melanin, is responsible for black 
or brown, and pheomelanin, the other kind of melanin, 
can be yellow to red. In addition, carotenoids are yellow, 
red, and orange pigments (Orteu and Jiggins 2020). Due to 
the ongoing advances in the high-throughput sequencing, 
extensive molluscan mantle transcriptome data have been 
analyzed; these studies identified common genes and path-
ways related to the pigment synthesis, such as tyrosinase 
and cytochrome P450 gene as well as tyrosine metabolism 
pathway, etc., suggesting participation in the regulation of 
shell pigmentation (Bai et al. 2013; Ding et al. 2015; Feng 
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et al. 2015; Hu et al. 2019; Sun et al. 2016). In addition, 
shell color is also relevant to shell construction (Williams 
2017). Transcriptomic and proteomic study has suggested 
that shell pigmentation might be connected to special shell 
structure and biomineralization-related genes, such as gly-
cine-rich protein, matrix proteins, calmodulins, and others 
(Lemer et al. 2015; Xu et al. 2019). Though a number of 
studies have been conducted on shell color formation, the 
precise genes and molecular pathways that underlie the 
regulation of shell pigmentation remain largely unknown.

Indeed, transcriptional and post-transcriptional regula-
tion of gene expression is regulated by non-coding RNAs 
(ncRNAs), comprising different types of small non-coding 
RNAs (sRNAs) and long non-coding RNAs (lncRNAs) 
(Zhang et al. 2021). So far, it has been verified that ncRNAs 
were involved in a variety of biological processes in mol-
lusks, including development, biomineralization, and innate 
immune response (Huang et al. 2018; Zheng et al. 2016, 
2019; Zhu et al. 2020). In terms of skin color formation, 
studies revealed that ncRNAs acted important roles in fish 
skin color differentiation (Luo et al. 2019; Tian et al. 2018; 
Wang et al. 2018). Nevertheless, to our knowledge, only a 
little report focused on the roles of ncRNAs on pigmenta-
tion in mollusks (Chen et al. 2019; Feng et al. 2018, 2020).

The Pacific oyster, Crassostrea gigas, is one of the most eco-
nomically important marine bivalve species. In our breeding pro-
gram, a novel orange shell color variant of C. gigas was obtained 
(Han et al. 2019), and the orange shell color is a recessive trait 
compared to black and white (Han and Li 2020). Recently, an F2 
family was constructed by crossing an orange shell male with a 
black shell female (Han and Li 2020), which provides an ideal 
population for investigating and gaining a better understanding 
of the shell color formation mechanism in C. gigas. Herein, 
whole transcriptome sequencing was performed in the orange 
and black shell oysters from the same F2 family to analyze the 
transcriptional patterns for mRNAs, lncRNAs, and miRNAs that 
may function to regulate shell color.

Materials and Method

Sampling

The orange and black shell color oysters used in this study 
were taken from previous breeding process. In July 2017, 
a black female and an orange male were crossed to pro-
duce the first-generation (F1) family. In June 2018, three 
females and three males were randomly selected from the 
F1 family and mated to construct three second-generation 
(F2) families (Han and Li 2020). One year later, the orange 
and black shell strains were randomly sampled from three 
F2 families. Left mantles of 9 individuals of each strain 

were immediately snap frozen in liquid nitrogen individu-
ally and stored at − 80 °C until use. Three mantles from 
each strain of oysters were pooled for RNA isolation and 
three biological replicates were performed for one pool. 
One pool mantle from orange shell color and black shell 
color was denoted as OM and BM, respectively.

RNA Isolation, Library Preparation for LncRNA, 
and Small RNA and Sequencing

Total RNA was isolated with Trizol reagent (Invitrogen, 
CA, USA) following the manufacturer’s protocol. Then, 
RNA purity and integrity were checked using NanoPho-
tometer® spectrophotometer (IMPLEN, CA, USA) and 
Agilent Bioanalyzer 2100 system with RNA 6000 Nano 
Kit (Agilent Technologies, CA, USA). RNA concentration 
was measured using Qubit® RNA Assay Kit in Qubit® 2.0 
Flurometer (Life Technologies, CA, USA). A total amount 
of 3 µg RNA per sample was used as input material for the 
RNA sample preparations. LncRNA sequencing libraries 
and small RNA sequencing libraries were generated using 
NEBNext® UltraTM RNA Library Prep Kit and NEB-
Next® Multiplex Small RNA Library Prep Set for Illu-
mina® (NEB, USA) following manufacturer’s recommen-
dations, respectively. After the cDNA synthesis and PCR 
amplification, the sequencing of each cDNA library was 
performed on Illumina novaseq 6000 platform at Novo-
gene Bioinformatics Technology Co., Ltd. (Beijing, China) 
and raw reads were generated. All RNA-seq raw data were 
deposited into the Sequence Read Archive (SRA) database 
from NCBI (https:// www. ncbi. nlm. nih. gov/ sra). The Bio-
Project accession number was PRJNA694837.

LncRNA Sequencing Analysis

Quality control and reads statistics were determined by 
Fast QC (Andrews 2010). Clean reads were produced by 
removing reads containing adapter, uncertain ‘N’ with the 
ration of ‘N’ > 10%, and low-quality reads from raw reads. 
For each RNA-seq sample, the high-quality clean reads 
were mapped to the newest reference C. gigas genome 
(RefSeq: GCF_902806645.1) using Hisat 2 (Kim et al. 
2015). The mappable reads were assembled by Stringtie 
(2.1.1). Transcripts from all samples were then merged 
together with Stringtie merge mode to build a consensus 
set of transcripts across samples. Transcript abundances 
were estimated and read coverages were generated using 
Stringtie.

The pipeline of novel lncRNAs prediction was adapted 
with few modifications from Azlan et al. (2019) and sequenc-
ing company; five filters were used to generate lncRNA: (1) 
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transcripts shorter than 200 bp and with FPKM and TPM less 
than 1 were eliminated; (2) transcripts with class code ‘i’, ‘u’, 
‘x’ subsets were retained; (3) transcripts belong to coding 
genes were excluded using TransDecoder; (4) protein coding 
potency of transcripts were calculated by Coding Potential 
Assessment Tool (CPAT) (coding prob > 0.3) (Wang et al. 
2013), Coding Non-Coding Index (CNCI) (score > 0) (Sun 
et al. 2013) and BLAST against Pfam and Swissprot database 
(E-value <  10–6), transcripts identified with coding potential 
in any of the three methods were filtered out; and (5) tran-
scripts without strand information were removed.

Small RNA Sequencing Analysis

The small RNA sequencing raw reads with the content of 
unknown base N ≥ 10% and low quality were removed. Reads 
without 3′ adaptor sequence and inserted fragment were 
removed. Sequences shorter than 18 nucleotides or longer than 
35 nucleotides were removed and clean reads were obtained. 
The high-quality clean reads were mapped to the newest ref-
erence C. gigas genome (RefSeq: GCF_902806645.1) using 
bowtie 2 (Langmeada and Salzberg 2012). The matched clean 
reads were aligned with Rfam database to remove rRNA, 
scRNA, snoRNA, snRNA, and tRNA, then aligned with repeat 
sequences predicted by RepeatMasker (Tarailo-Graovac and 
Chen 2009). The filtered reads were searched against the ref-
erence genome to remove the reads mapped in exons. Subse-
quently, the remained reads were blasted to invertebrate miR-
NAs in miRbase (http:// www. mirba se. org/) to identify known 
miRNA in C. gigas. Invertebrate including Strongylocentrotus 
purpuratus, Caenorhabditis elegans, Lottia gigantea, Nematos-
tella vectensis, and Drosophila melanogaster were used in this 
study. The remaining un-annotated reads were predicted to be 
novel miRNA by Mireap (Chen et al. 2009). The outputs were 
then manually checked according to the requisite criteria for 
miRNA annotation proposed in recent reports.

Differential Expression and Function Enrichment 
Analysis

The quantification of lncRNAs and mRNAs in each sample 
was calculated by Stringtie (Pertea et al. 2015). Identifica-
tion of differentially expressed transcripts between OM and 
BM group was performed using DESeq2 v1.26.0 (Love et al. 
2014). Adjusted p value < 0.05 and |fold change|> 2 were 
considered as significantly differential expression of mRNAs 
(DEGs) and lncRNAs (DELs). The expression levels of 
miRNAs were normalized with TPM algorithm (Zhou et al. 
2010). Adjusted p value < 0.05 was considered as signifi-
cantly differently expressed miRNAs (DEMs). Gene ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genome 
(KEGG) pathway enrichment analysis of DEGs were con-
ducted using the TBtools (Chen et al. 2020).

Association Analysis Between mRNAs and ncRNAs

The cis role of lncRNAs was to act on their neighboring tar-
get genes (Ørom et al. 2010). To reduce false positives, the 
genes located within the 10 kb distance of the lncRNAs were 
selected as potential target genes using Bedtools (2.29.2). 
Pearson’s correlation coefficients of gene expression were 
calculated for each lncRNAs-mRNAs pair. Then, the pairs of 
miRNAs-lncRNAs or miRNAs-mRNAs were predicted using 
miRanda; an alignment score N = 150 and minimum free 
energy of − 7 kcal/mol were set as the threshold. The pairwise 
correlations of miRNAs-lncRNAs or miRNAs-mRNAs were 
evaluated using the Pearson correlation coefficient, and every 
pair was selected by RNA pairs of p < 0; then, the predicted 
miRNAs-lncRNAs pairs were integrated with the miRNAs-
mRNAs pairs by the shared miRNAs. Finally, the interaction 
network was visually displayed using Cytoscape v3.8.0.

Quantitative Real‑Time PCR Validation 
of Differentially Expressed Transcripts

To validate the expression results of transcriptome data, 
a number of DEGs, DELs, and DEMs were randomly 
selected for real-time qPCR. For qPCR of mRNAs and 
lncRNAs, the total RNA was reverse transcribed into 
cDNA using PrimeScript™ RT reagent Kit with gDNA 
Eraser (Takara, China), according to the manufacturer’s 
instructions. The internal reference gene was ef1α (Du 
et al. 2013). For qPCR of miRNAs, the total RNA was 
reverse transcribed into cDNA using miRNA 1st strand 
cDNA synthesis kit (by stem-loop) (Vazyme, China). 
The reverse primer was universal and the forward prim-
ers were unique. U6 snRNA was used as the internal 
reference for normalization (Chen et al. 2019). Primers 
used for qPCR validation are listed in Table 1. The qPCR 
was carried out in 20 μL using QuantiNova™ SYBR® 
Green PCR Kit (QIAGEN, Germany) for mRNAs and 
lncRNAs and miRNA Universal SYBR® PCR Master 
Mix (Vazyme, China) for miRNAs on LightCycler 480 
real-time PCR instrument (Roche Diagnostics, Burgess 
Hill, Switzerland). Each qPCR reaction was performed 
in triplicate, and relative expression was calculated 
using  2−ΔΔCT methods (Livak and Schmittgen 2001).

Results

Overview of RNA Sequencing and Identification 
of mRNAs, lncRNAs, and miRNAs

In total, 98.01% of raw reads were clean reads in BM 
group and 97.66% of raw reads were clean reads in OM 
group. Six cDNA libraries were constructed from BM and 
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OM groups, yielding 15.38 Gb and 14.75 Gb of clean data 
with Q20 values of 98.12% for BM group and 98.21% 
for OM group. A total of 77.26% and 81.07% of clean 
reads from BM and OM groups were aligned to the Pacific 
oyster genome (Table S1). Furthermore, a single merged 
transcriptome containing 94,472 transcripts and 40,661 
gene loci was obtained. The high-quality clean reads were 
subjected to an optimized method to identify mRNAs 

and lncRNAs. A total of 31,950 mRNAs were identified. 
And the final number of lncRNAs was 955, including 
292 intronic, 641 intergenic, and 22 antisense lncRNAs. 
Comparison results of the genomic characterizations about 
lncRNAs and mRNAs showed that the length distributions 
of lncRNAs and mRNAs differed, and the peak of lncR-
NAs was at about 9 while the other at about 11 (Fig. 1a). 
In addition, less GC content and lower overall expressed 

Table 1  Information of primers for qPCR

Gene name Primer

Name Sequence (5′—3′)

rpl24 rpl24-F TGC TGT CAC TGG GCT TTC TC
rpl24-R GCT CCG CCT TTC ATT GTT GG

tyr1 tyrp-F CGA GGC GTT TCC AGT TTG TG
tyrp-R TGG CAG TAG CCG GTG AAT TT

rarg rarg-F TCT GGC AAC AGT TCG TCT 
rarg-R AAT CTG GTC TTC CTG GTC TA

ebna1bp2 ebna1bp2-F CCA TGG TTG GAG CGC TTA GA
ebna1bp2-R TGG CCT GTG CCT GAC AAT AG

fib fib-F TTA CAA CGC CCG GTA TGG AG
fib-R ACA TCT ACT GTA GGG CCG GT

CYP7A1 cyp7A1-F GTC GAC GTC AAC GCA AGA AC
cyp7A1-R TGT CGT TCC CTG TTC CGT TT

calm1 calml1-F ACG TGA TGA CGA ACC TTG GG
calml1-R TAC CGG TCA TCA TTG CCA CAA 

notch1 notch1-F TGT GTT GTT GGC GTT CTC AG
notch1-R TGA GTC GAA GAA GTC CCC TCT 

LOC109619958 LOC109619958-F ACT CAG GCA ATT GAT ACC GTCT 
LOC109619958-R TGT GTT GCT CTC AGT TGA CCA 

LOC105340081 LOC105340081-F CTC CCT TCA ACG CCA CTG TA
LOC105340081-R CAT GGC AAA TTG CTG CGG TA

ef1α ef1α-F ACG AAT CTC TCC CAG AGG CT
ef1α-R GAA GTT CTT GGC GCC CTT TG

lgi-miR-252a lgi-miR-252a-reverse GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT CCC GC
lgi-miR-252a-F GCG CGC AAG ACG GGCC 
lgi-miR-252a-R AGT GCA GGG TCC GAG GTA TT

lgi-miR-279 lgi-miR-279-reverse GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT GGT GG
lgi-miR-279-F CGC GCG GAC AGA CCACA 
lgi-miR-279-R AGT GCA GGG TCC GAG GTT TA

dme-miR-981-3P dme-miR-981-3P -reverse GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACT GCG GT
dme-miR-981-3P-F CGC GCG CGG CGA CGAA 
dme-miR-981-3P-R AGT GCA GGG TCC GAG GTA TT

lgi-miR-133-3p lgi-miR-133-3p-reverse GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA CAG CT
lgi-miR-133-3p-F CGT TGG TCC CCT TCA ACC 
lgi-miR-133-3p-R AGT GCA GGG TCC GAG GTA TT

U6 U6-reverse GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA AAA AT
U6-F GAG AAG ATT AGC ATG GCC CCTG 
U6-R AGT GCA GGG TCC GAG GTA TT

420 Marine Biotechnology (2021) 23:417–429
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levels were found in lncRNAs than mRNAs (Fig. 1b, c). 
In terms of minimum free energy, lncRNAs were slightly 
more than mRNAs (Fig. 1d).

The small RNA libraries of BM and OM groups were 
determined and analyzed by Illumina deep sequenc-
ing. A total of 48,961,810 and 59,170,092 clean reads 
were obtained from the BM and OM libraries, respec-
tively. After a series of filters, 42,981,200 (87.79%) and 
52,838,341 (89.30%) clean reads were retrieved for fur-
ther analysis. Moreover, 90.59% clean reads were mapped 
to the Pacific oyster genome (Table S2). The length of 
small RNAs (sRNAs) ranged from 18 to 35 nt, with 22 nt 
sRNAs representing the most frequent lengths (Fig. 2). 
In order to annotate the different classes of sRNAs, clean 
reads were compared with miRBase, ncRNA, exon, and 
repeat-associated RNA databases (Table S2). Finally, a 
total of 89 miRNAs (77 conserved and 12 novel miR-
NAs) were identified; among these, 47 known miRNAs 
were identified based on miRNA database of L. gigantea 

in miRbase. The high conservation of the known 30 
detected miRNAs with other species’ miRNAs in miR-
base (Table S3).

Function Enrichment Analysis and Potential DEGs 
Related to the Shell Coloring Detection

In total, 458 DEGs including 238 up-regulated genes and 
220 down-regulated genes were identified in OM and BM 
comparison (Fig. 3a). GO enrichment analyses revealed 
that 458 DEGs were enriched in 14, 13, 3 GO terms in bio-
logical process, cellular components, and molecular func-
tion, respectively. Within the three process categories, gene 
expression, ribosome, and structural constituent of ribosome 
were the most represented, respectively (Fig. 3b). KEGG 
pathway analyses showed that DEGs were significantly 
enriched in 9 KEGG pathways, in which genetic informa-
tion processing was the most enriched. Moreover, pathways 
related to melanogenesis and ATP synthesis like tyrosine 

Fig. 1  Characteristics of mRNA, lncRNA, and miRNA. a–c Com-
parison of genomic architecture and expression level of lncRNAs and 
mRNAs. a Distribution of lengths of lncRNAs and mRNAs. b GC 

contents of lncRNAs and mRNAs. c Expression level of lncRNAs 
and mRNAs, calculated as log10(FPKM + 1). d Minimum free energy 
(MFE kcal/mol) of lncRNAs and mRNAs
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metabolism, oxidative phosphorylation, and energy metabo-
lism pathway were significantly enriched (Fig. 3c).

In order to investigate the molecular mechanisms of 
orange shell formation in C. gigas, some DEGs related 
to shell color formation were explored (Table 2). Genes 
involved in melanin synthesis like tyr1, sfrp3, calm1 
were differentially up-regulated in OM group compared 
with BM group. Most genes related to the carotenoid 
pigmentation were significantly down-regulated in OM 
group. With respect to CYP450 in OM group, gene 
expressions of two subtypes were increased; other sub-
types were decreased. Cytochrome c oxidase is related 
to ATP synthesis. In this study, transcriptional level of 
cox19 and coa7 was both higher in OM group than BM 
group. Furthermore, many genes related to biominerali-
zation, such as matrix proteins, calmodulins, and colla-
gen alpha chain, were significantly up-regulated in OM 
group.

Fig. 2  The length distribution of small RNAs

Fig. 3  Identification of enriched analysis of DEGs. Volcano plot of 
differentially expressed genes (DEGs) in comparison of OM and BM. 
X-axis exhibited change in fold between samples and Y-axis shows 
significance of DEGs. Red (up-regulation) and blue (down-regula-
tion) dots indicated significantly different expression (q-value < 0.05, 
|log2 (fold change) |> 1), respectively, and dots in gray color showed 

no significant differences. b Gene ontology classification of 458 
DEGs in comparisons between OM and BM. Blue, orange, and green 
represent biological process, cellular component, and molecular 
function, respectively. c Enriched Kyoto encyclopedia of genes and 
genomes (KEGG) pathways of 458 DEGs comparisons between OM 
and BM

422 Marine Biotechnology (2021) 23:417–429
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Expression Profiling of ncRNAs and Their Target 
Gene Prediction

The expression of ncRNAs regulates the expression of 
the protein-coding genes. Here, a total of 13 DELs were 
identified, 4 lncRNAs exhibited higher expression level 
in OM group than that in BM group, while 9 lncRNAs 
showed lower expression level in OM group. Addition-
ally, 8 DEMs were identified. Compared with BM group, 
3 miRNAs were up-regulated in OM group, including 
lgi-miR-31, dme-miR-1-3p, and lgi-miR-279, while 5 
miRNAs were down-regulated (Table S4). These DELs 
and DEMs reflected their specific functions and related 
biological mechanisms in the mantle of orange shell 
oyster.

The potential cis targets of lncRNAs were predicted to 
investigate the functions of 13 DELs, and 13 DELs were cor-
responded to 163 protein-coding genes (Fig. 4a, Table S5). 
In terms of target gene prediction in miRNAs, a total of 20 
target genes were predicted for 8 DEMs (Fig. 4b). Except 
lgi-miR-133-3p, other DEMs appear to target multiple genes. 
Moreover, some genes were regulated by more than one 
miRNA (Fig. 4b). To reveal the global regulatory network 

of mRNAs and ncRNAs about shell pigmentation, a regula-
tion network was constructed using DEMs-DEGs pairs and 
DEMs-DELs pairs, every pair was selected by RNA pairs of 
p < 0. In total, 7 DEMs-DEGs pairs were detected, 5 DEGs 
were predicted as targets of 5 DEMs (Fig. 4c). As follows, 
tyr1 gene (LOC105331192) was negatively regulated by lgi-
miR-133-3p and lgi-miR-252a, timp3 gene (LOC105346390) 
was negatively regulated by dme-miR-981-3p, CYP 4F2-like 
isoform X1 gene (LOC105335484) was negatively regulated 
by dme-miRNA-1-3p, suggesting that these DEMs likely 
played a key role in the shell color variation process.

The qPCR Validation

To validate the RNA-seq results, eight DEGs, 2 DELs, and 
4 DEMs were randomly selected to confirm the reliability 
of the sequencing technology. The expressions of 6 DEGs 
related to shell color and biomineralization were in line 
with the expression results of RNA-seq, except that fib 
and calm1 genes were not significantly changed (Fig. 5). 
Two candidate up-regulated genes, rpl24 and tyr1, were 
predicted to be the target genes of down-regulated miR-
NAs dme-miR-981-3p, lgi-miR-252a, and lgi-miR-133-3p, 

Table 2  DEGs related to the shell color formation and biomineralization

Gene_id Gene _name Product log2 (fold change) Biological function

MSTRG.2156 LOC105331192 Tyrosinase-like protein 1 (tyr1) 1.325405021 Melanin synthesis
gene-LOC105328004 LOC105328004 Neo-calmodulin-like (calm1) 1.812776922
gene-LOC105333988 LOC105333988 Secreted frizzled-related protein 3 (sfrp3) 1.184593068
MSTRG.19293 LOC105347692 Cytochrome P450 7A1 (CYP7A1) 1.181298861 Carotenoid metabolism
MSTRG.11449 LOC105339490 Probable cytochrome P450 49a1 1.585612411
MSTRG.15115 LOC105335484 Cytochrome P450 4F2-like isoform X1 − 1.813759181
MSTRG.25035 LOC105335491 Cytochrome P450 3A9-like (CYP3A9) − 1.317586541
MSTRG.12986 LOC105329955 Retinol-binding protein 4 (rbp4) − 1.642369625
MSTRG.20750 LOC105341900 Retinoic acid receptor gamma isoform X2 (rarg) − 1.068966191
MSTRG.21786 LOC105317288 Low-density lipoprotein Receptor-related protein 4 (lrp-4) − 5.586602274
MSTRG.23874 LOC105345576 Apolipophorins isoform X6 1.954479127
MSTRG.24336 LOC105343766 cytochRome c oxidase assembly protein-like (cox19) 1.5875235 ATP synthesis
MSTRG.22869 LOC117684622 Cytochrome c oxidase assembly factor 7-like (coa7) 3.056596049
MSTRG.10825 LOC117692177 Cytochrome c oxidase copper chaperone-like (cox17) 1.902226131
MSTRG.19028 LOC105346390 Metalloproteinase inhibitor 3-like (timp3) 3.469101032 Chromatophore differentiation
MSTRG.11341 LOC105342603 60S ribosomal protein L24 (rlp24) 1.565837203
MSTRG.2500 LOC105318348 Neurogenic locus notch homolog protein 1-like (notch1) 4.662728084
MSTRG.23750 LOC105329263 Probable rRNA-processing protein (ebna1bp2) 1.108397051
MSTRG.1496 LOC105332395 Melanocortin receptor 3 (mcr3) − 1.328058827
MSTRG.15145 LOC105328113 Extracellular matrix protein A 1.790906308 Biomineralization
MSTRG.10797 LOC105343028 Insoluble matrix shell protein 6-like 5.281370581
MSTRG.19867 LOC105327023 Collagen alpha-1(VIII) chain-like 1.548999856
gene-LOC105346180 LOC105346180 Collagen alpha-2(IV) chain 4.268452235
MSTRG.18563 LOC105335242 Short-chain collagen C4-like 1.0507215
MSTRG.9990 LOC105328022 Nacrein-like protein isoform X1 (fib) − 1.52571326
MSTRG.20785 LOC117682398 E3 ubiquitin-protein ligase TRIM71-like − 1.817442198 Pteridine synthesis
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respectively. Above 3 down-regulated miRNAs and 1 
up-regulated miRNA, i.e., lgi-miR-279, were selected to 
validate; the results from qPCR matched those from RNA-
Seq analysis (Fig. 5). Two lncRNAs also were assessed 

by qPCR; the results showed that expression levels of 
LOC109619958 and LOC105340081 were significantly 
different between OM and BM group, as described in 
RNA-Seq analysis (Fig. 5).

Fig. 4  Regulation analysis in mRNAs, lncRNAs, and miRNAs. 
Orange: up-regulation, green: down-regulation, ellipse: mRNAs, 
diamond: lncRNAs, V type: miRNAs. a Cis-regulations between 
differential expression lncRNAs (DELs) and mRNAs. b Regula-

tions between differential expression miRNAs (DEMs) and mRNAs. 
c Regulations between DEMs and differential expression mRNAs 
(DEGs)
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Discussion

Reliable and abundant lncRNA database and small RNA 
database in mantle of C. gigas with orange and black shell 
color were constructed using high-throughput sequenc-
ing. In total, 955 putative lncRNAs were characterized; 
these lncRNAs shared many common characteristics 
among species, including shorter transcript length, lower 
GC content, and lower expression as compared to known 
protein-coding transcripts (Cabili et  al. 2011). These 
features were also observed in this study, indicating that 
lncRNAs identified were reliable. The sRNA libraries 
constructed displayed a similar read length distribution 
of 21–23 nt sRNAs; the most frequent length of sRNA 
sequenced was 22 nt, which is equivalent in size to typi-
cal Dicer-derived products (Starega-Roslan et al. 2015), 
suggesting the conservation of miRNAs. A total of 89 
miRNAs (77 conserved and 12 novel miRNAs) were iden-
tified, among these, 47 known miRNAs identified based 
on miRNA database of L. gigantea, which is consistent 
with the previous results in C. gigas (Feng et al. 2020). 
The high conservation of the known 30 detected miRNAs 
with other species’ miRNAs in miRBase 21.0 suggested 
the conservation of miRNA sequences in the evolution 
process of different species (Wheeler et al. 2009).

The expression patterns of mRNAs and ncRNAs were 
further investigated to gain insight into their possible roles 
in orange shell color formation in C. gigas. A total of 458 
DEGs were identified in OM and BM comparison; enrich-
ment study suggested that DEGs significantly enriched in the 
tyrosine metabolism related to melanogenesis and may play 
a vital role in distinguishing orange and black shell oyster. 
DEGs were also significantly enriched in “oxidative phos-
phorylation” related to ATP synthesis and may be involved 
in pigmentation. Real-time qPCR experiments were carried 
out to validate the RNA-seq data; results indicated that the 
RNA-seq was a reliable reference for expression profiling 
study.

In this study, many pigmentation-related genes were 
screened in differentially expressed gene analysis. 
Tyrosinases are essential for melanogenesis (Aguilera et al. 
2014). The upregulation of tyrosinase gene has been reported 
in the bivalves Patinopecten yessoensis and QN Orange 
scallops, showing contrasting pigmentation phenotypes 
(Ding et al. 2015; Song and Wang 2019). In this study, tyr1 
gene exhibited higher expression level in the mantle of orange 
shell phenotype than black shell phenotype, suggesting that 
tyrosinase had an influence on orange coloration compared 
with black coloration. Moreover, sfrp3 is an essential factor 
associated with wnt signaling pathway, which is involved in 

Fig. 5  Quantitative PCR validation of DEGs, DELs, and DEMs. 
Results were shown as means ± standard deviation of triplicate meas-
urements. “*” and “#” indicate p < 0.05. Gray and white bar stands 
for qPCR and RNA-seq results, respectively. DEGs: rpl24, 60S ribo-
somal protein L24, tyr1, tyrosinase-like protein 1, rarg, retinoic acid 
receptor gamma isoform X2, ebna1bp2, probable rRNA-process-

ing protein EBP2, fib, nacrein-like protein isoform X1, CYP7A1, 
cytochrome P450 7A1, calm1, neo-calmodulin-like, noth1, neuro-
genic locus notch homolog protein 1-like; DEL: LOC109619958 
and LOC105340081. DEMs: lgi-miR-252a, lgi-miR-279, dme-miR-
981-3p, and lgi-miR-133-3p
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the maintenance of melanocyte and keratinocyte homeostasis 
(Ekstro et al. 2011). Here, sfrp3 gene expression was elevated 
in orange shell phenotype, which accelerated the melanin 
production. Furthermore, it has been found that CYP450 
also implicated in the melanin biosynthesis by catalyzing 
retinoate into retinoic acid (Yu et al. 2017). And Song and 
Wang (2019) suggested that CYP450 might affect orange 
coloration through the accumulation of melanin in QN 
orange scallops. Surprisingly, several genes involved in 
melanin synthesis were expressed at higher levels in orange 
shell oyster compared with the black strain, which indicated 
that melanin production might play an important role in 
orange shell coloration. Melanins are known to exit in two 
forms in mollusks: eumelanin, a brown or black pigment; 
and pheomelanin, a red, yellow, or brown pigment (Williams 
2017). Hines et al. (2017) pointed out that black and red setae 
differ primarily in relative amount of melanin, with black 
setae containing some combination of both eumelanin and 
pheomelanin and red containing exclusively pheomelanin. 
Namely, black and red setae in insects depended mainly 
on relative amount of eumelanin and pheomelanin. In C. 
gigas, the contents of eumelanin and pheomelanin of shell 
in orange and black shell have been studied in our research 
group; results showed that ratios of red pheomelanin to 
dark eumelanin were higher in orange shell than the black 
(unpublished data). We are therefore speculated that high 
expressions of tyr1, sfrp3, and CYP450 genes in orange shell 
might contribute to the pheomelanin synthesis. On the other 
hand, it has been reported that red carotenoid coloration 
was controlled by a CYP450 gene cluster in the Zebra Finch 
(Mundy et al. 2016). In this study, different members of 
CYP450 gene family had diverse differential expressions 
in orange shell phenotype compared with the black shell 
phenotype, thus the possibility that CYP450 affected orange 
coloration through the accumulation of different pigments 
including pheomelanin and carotenoid in C. gigas could 
not be excluded. Additionally, RBP4, RAR , and LDLR had 
known function related to the biosynthesis, accumulation, 
and metabolism of carotenoids. RBP4, RAR , and LDLR genes 
were expressed at lower levels in orange shell phenotype than 
the black. Gene expression results were consistent with the 
relative contents of carotenoids in mantles of C. gigas with 
orange and black shell color (Fig. S1).

Shell color is mainly determined by the presence of 
pigments produced by the mantle, but the calcium carbonate 
and microstructure of the shell may also contribute 
to coloration (Saenko and Schilthuizen 2021). The 
determination of crystal type (aragonite or calcite) and the 
formation of microstructures such as the prismatic and the 
nacreous layers are thought to be regulated by organic matrix 
proteins (Belcher et al. 1996; Falini et al. 1996). Proteins 
produced in the mantle are secreted into the extrapallial 
space, where calcium carbonate  (CaCO3) crystallizes to build 

unusual microstructures (Yano et al. 2006). The mechanism 
of this process is unknown, but may involve interactions 
of the matrix proteins and inorganic ions present in the 
extrapallial space, leading to crystallization of  CaCO3 and 
morphogenesis of the species-specific appearance of the 
shell (Yano et al. 2006). Lemer et al. (2015) pointed out that 
the origin shell color was induced by shell matrix protein 
expressed in the nacre and calcitic layer of pearl oysters 
(Pinctada margaritifera). In our study, the expression levels 
of genes related to biomineralization, such as matrix proteins, 
calmodulins, and collagen alpha chain, were higher in orange 
shell oyster, suggesting that matrix proteins and calmodulin 
genes were most likely involved in the establishment of 
special shell microstructure in orange phenotype that differed 
from black phenotype. In addition, multiple transcriptome 
analysis in pearl oyster also detected differential expression 
of many biomineralization-related genes and suggested that 
shell pigmentation required essential biomineralization genes 
(Auffret et al. 2020; Xu et al. 2019); however, this connection 
contributing to the pigmentation difference between orange 
and black shell in the Pacific oyster needed to be further 
studied.

The role of miRNA is to inhibit protein synthesis by 
partially or completely binding to the 3′ untranslated region 
of mRNA, thus regulating gene expression (Vidigal and 
Ventura 2015). Although a large number of miRNAs have 
been identified in melanocyte biology of mammals, amount 
of miRNA in oyster pigmentation has rarely been stud-
ied (Zhang et al. 2021). In this study, a total of 20 target 
genes were predicted for 8 DEMs (Fig. 4b). Multiple genes 
were targeted by a single miRNA, suggesting a multiple 
regulatory function for these miRNAs in multiple signal 
pathways. Within these pairs, 5 DEGs were predicted as 
targets of 5 DEMs, of which, tyr1 gene, acting as a key role 
in melanin synthesis, was negatively regulated by lgi-miR-
133-3p and lgi-miR-252a. CYP 450 gene, implicating in 
the production of melanin and carotenoid, was negatively 
regulated by dme-miR-1-3p. MiR-133b and its target gene, 
SLC associated with pigmentation, and melanogenesis 
have been detected to influence muscle melanogenesis in 
Muchuan black-boned chickens (Yu et al. 2020). So, it was 
likely that lgi-miR-133-3p and its target gene (tyr1) may 
play an important role in shell pigmentation by influencing 
melanin synthesis in C. gigas. The regulation of tyr gene 
expression in different carp has been reported to be affected 
by different miRNAs (Tian et al. 2018; Yin et al. 2020), 
suggesting that the regulation of tyr gene expression level 
may be regulated by diverse miRNAs even in the same 
species. Although the function on pigmentation of lgi-miR-
252a and dme-miR-1-3p has not been reported in animals, 
in current studies, lgi-miR-252a and dme-miR-1-3p might 
be major miRNAs acting on shell coloration via regulating 
DEG-associated pigment synthesis. The functional roles of 
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such DEMs are the focus of future investigation. Indeed, 
compared with the previous study in four shell color strains 
of C. gigas (white, golden, black, and partially pigmented) 
(Feng et al. 2020), novel functional miRNAs being possible 
for regulating shell pigmentation were explored in orange 
and black shell color of C. gigas. Hence, the study of small 
RNA sequencing provides a new clue about the pigmenta-
tion function of miRNAs in C. gigas and it is necessary to 
uncover more miRNAs by incessant studies.

Conclusion

In this study, the whole transcriptome sequencing of man-
tles was performed in C. gigas with orange and black shell. 
The expressions of DEGs involved in melanogenesis and 
biomineralization were up-regulated in orange shell oyster, 
which implied that orange shell coloration in C. gigas may 
be controlled by genes modulating accumulation of melanin 
and biomineralization processes. Additionally, three DEMs 
(lgi-miR-133-3p, lgi-miR-252a, and dme-miRNA-1-3p) and 
their target genes related to pigment synthesis were found, 
and the roles of these DEMs in pigment synthesis needed to 
be further studied. This study provided valuable information 
for understanding the miRNA-mediated regulatory mecha-
nisms underlying shell coloration in marine shellfish.
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