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Background
Color, as the primarily perceived organoleptic attri-
bute, directly influences the selection of consumers [1]. 
Carotenoids are responsible for the yellow, orange, or 
red colors observed in marine organisms. In addition, 
carotenoids, as the source of provitamin A, benefit the 
health of marine organisms and humans [2]. Currently, 
carotenoid content has emerged as an important quality 
parameter and economic trait in seafood such as salmons 
[3].

Enormous efforts have been devoted to the explora-
tion of the mechanism of carotenoid accumulation in 
marine organisms. In previous studies, genetic linkage 

BMC Genomics

*Correspondence:
Chunde Wang
chundewang2007@163.com
1Analysis and Testing Center, Qingdao Agricultural University,  
Qingdao 266109, China
2School of Marine Science and Engineering, Qingdao Agricultural 
University, Qingdao 266109, China
3Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, 
Yantai 264003, China

Abstract
Background QN Orange scallops are interspecific hybrids with orange adductor muscles that are rich in carotenoids. 
In this study, analysis of miRNA expression profiles was performed to explore possible regulatory patterns involved in 
carotenoid accumulation in adductor muscles of QN Orange scallops.

Results A total of 91 differentially expressed miRNA between the white and orange adductor muscles were 
identified. GO and KEGG analysis of target genes of differentially expressed miRNAs revealed enrichments in the 
transmembrane transporter activity-related pathways, kinase activity-related pathways, signal transduction-related 
pathways, ATP binding cassette transporters (ABC transporters), retinol metabolism, lipid-related metabolism, and 
calcium signaling pathway. In particular, miRNA Contig1462_36180, which was shown to negatively regulate the 
activity of methyltransferase 3 (METTL3) by dual-luciferase reporter assay, may play a pivotal role in the accumulation 
of carotenoids. Furthermore, METTL3 interference seemed to reduce the pectenoxanthin content and m6A level.

Conclusion It is thus speculated that Contig1462_36180 may regulate m6A methylation by regulating METTL3, 
which in turn affects pectenoxanthin accumulation in QN Orange scallops.
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map and quantitative trait loci mapping were extensively 
employed to investigate the mechanism of carotenoids 
accumulation in bivalve molluscs, such as the bay scallop 
(Argopecten irradians) [4], the Yesso scallop (Patinopec-
ten yessoensis) [5] and the noble scallop (Chlamys nobilis) 
[6]. Genes associated with carotenoid accumulation, such 
as scavenger receptors, β-carotene15, 15′-monooxygen-
ase and apolipoprotein (Apo), have been shown to play 
important roles in bivalve mollusks [7–9]. We also dem-
onstrated that vacuolar protein sorting gene may play an 
important role in the accumulation of carotenoids in the 
QN Orange scallop [10].

Recent investigations have demonstrated that micro 
RNAs (miRNAs) are also key regulatory factors in the 
mechanism of pigment accumulation in aquatic animals. 
For instance, miRNAs in leopard coral grouper (Plectro-
pomus leopardus) [11], miR-138-5 and miR-722 in tila-
pia (Oreochromis niloticus) [12], and miR-137 in Manila 
clam (Ruditapes philippinarum) [13] have been found to 
be involved in body or shell color formation. Moreover, 
miRNA-430b has been shown to regulate scarb1, which 
is involved in carotenoid synthesis and coloration in Koi 
carp (Cyprinus carpio L.) [14]. Additionally, miR-15b was 
reported to target hcApo, which played essential roles in 
the carotenoid accumulation in H. cumingii [15]. How-
ever, whether miRNAs play roles in carotenoid accumu-
lation in scallops remains unknown.

The predominant format of internal modification 
of mRNA is RNA methylation, which gives rise to 
N6-methyladenosine (m6A). m6A is a ubiquitous modi-
fication in mRNA and noncoding RNAs, affecting RNA 
splicing, translation, and stability, as well as the epigen-
etic effects of certain noncoding RNAs. It has emerged 
as a prevalent regulatory mechanism governing gene 
expression in various physiological processes [16]. Meth-
yltransferase 3 (METTL3) is a major component of the 
m6A methyltransferase complex, which can catalyze the 
m6A modification of adenylate on mRNA [17]. Recent 
studies have shown that METTL3 can regulate biological 
processes through the regulation of m6A abundance in 
aquatic animals. In Zebrafish (Danio rerio), the absence 
of METTL3 resulted in failure in gamete maturation 
and compromised fertility, likely due to reduced m6A 
levels and disrupted expression of genes crucial for sex 
hormone synthesis and gonadotropin signaling [18]. In 
Apostichopus japonicus, METTL3 was found to modu-
late m6A signals and promote the translation of specific 
mRNA in response to the invasion of Vibrio splendidus 
[19]. It is known that m6A methylation in non-coding 
RNAs plays an important role in the coloration of plants 
[20–23]. In our previous RNA-seq libraries [24], many 
differentially expressed genes were enriched to pathways 
related to RNA methylation by GO analysis. However, 
whether METTL3 and m6A methylation are involved 

in carotenoid accumulation in scallops has not been 
explored.

In our previous studies, we selected a new strain of scal-
lop, namely QN Orange from the interspecific hybrids 
between the bay scallop (Argopecten irradians irradians) 
and the Peruvian scallop (Argopecten purpuratus) [25]. 
This new scallop strain is featured by its orange adduc-
tor muscles which is much appreciated by customers. 
Previous studies demonstrated the orange color in the 
adductor muscle of QN Orange scallops was due to the 
presence of pectenolone and pectenoxanthin [26]. In this 
study, we aimed to identify the potential miRNAs and 
their target genes that might contribute to QN Orange 
scallop adductor muscle coloration, based on miRNA 
analyses. Moreover, we sought to investigate the potential 
regulatory roles of m6A methylation in carotenoid accu-
mulation. These findings may offer new insights into the 
regulatory mechanisms of carotenoid accumulation by 
miRNAs and m6A methylation of RNAs, thereby provid-
ing theoretical support for the breeding of new varieties 
with high content of carotenoids.

Methods
Animals
QN Orange scallops with orange adductor muscles 
(Group O) and Bohai Red scallops with white adductor 
muscles (Group W) were obtained from a scallop farm in 
Laizhou, Shandong Province, China. These scallops were 
subsequently transferred to the laboratory and adapted 
to laboratory conditions for at least 3 days before experi-
ments. A total of nine adductor muscles from each strain 
were dissected and quickly frozen in liquid nitrogen for 
miRNA sequencing analysis. Adductor muscles from 
3 animals were pooled together to form one sample for 
sequencing. In addition, 18 QN Orange scallops were 
randomly selected for the METTL3 inhibitor assay.

MiRNA library construction and sequencing
Total RNA from adductor muscle tissues was extracted 
using TRIzol reagent (Invitrogen, USA). Six small RNA 
libraries were constructed utilizing the Illumina TruSeq 
Small RNA kit (Illumina, USA). The small RNAs were 
ligated to 3′ and 5′ adapters, and reverse transcribed into 
cDNAs. Subsequently, PCR was employed for library 
enrichment. After library purification and cluster gen-
eration, sequencing was performed on Illumina Novaseq 
6000 (Illumina, USA) to obtain raw data. High-quality 
clean reads (18 to 32nt) were then obtained by filtering 
out low-quality reads from the raw data and mapped 
to the Argopecten irradians irradians genome [27]. The 
mapped reads were aligned using the miRbase  (   h t t p : / / w 
w w . m i r b a s e . o r g /     ) and Rfam databases  (   h t t p : / / r f a m . x f a m . 
o r g /     ) to identify the known miRNA and ncRNA, respec-
tively. The miRDeep2 ( h t t p  s : /  / w w w  . m  d c -  b e r  l i n .  d e  / c o  n t 

http://www.mirbase.org/
http://www.mirbase.org/
http://rfam.xfam.org/
http://rfam.xfam.org/
https://www.mdc-berlin.de/content/mirdeep2-documentation
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e  n t / m  i r  d e e p 2 - d o c u m e n t a t i o n) was employed to predict 
novel miRNA by exploring the secondary hairpin struc-
ture of the miRNA precursors.

The expression levels of miRNAs were calculated using 
Transcripts Per Million via a quantifier script in miRD-
eep2, and the differentially expressed miRNA was deter-
mined using the edgeR software with|log2FC| ≥1 and 
p-value < 0.05.

Prediction of target mRNA for differentially expressed 
MiRNAs
The target mRNAs for differentially expressed miRNAs 
were predicted using miRanda  (   h t t p : / / w w w . m i r a n d a . o r g /     
) and RNAhybrid ( h t t p  : / /  b i b i  s e  r v .  t e c  h f a k  . u  n i -  b i e  l e f e  l d  . d e 
/ r n a h y b r i d /). To analyze the target mRNAs, Gene Ontol-
ogy (GO) terms and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways were employed.

METTL3 inhibitor assay
STM2457 (Selleck, USA), a highly efficient and selective 
catalytic inhibitor on METTL3 [28], was diluted to 1 µg/
µL with PBS. A total of 18 QN Orange scallops were ran-
domly divided into the experimental and vehicle groups. 
Each animal in the experimental group was injected with 
150  µl STM2457 once each day for 3 consecutive days, 
while that in the vehicle group was injected with 150 
µL of 1× PBS once each day for 3 consecutive days. The 
adductor muscles were then dissected and sampled for 
quantification of m6A methylation levels, measurement 
of carotenoid content, and real-time PCR, as detailed 
below.

Quantification of m6A RNA methylation
Total RNA was extracted from the adductor muscles with 
TRIzol Reagent (Invitrogen, CA, USA) and purified from 
total RNA using Oligo(dT) beads by MagicPure®mRNA 
Kit (EC511 TRAN, China). Then, 200ng purified mRNA 
was incubated with 2U nuclease P1 in 20  µl of a buffer 
containing 25mM NaCl and 1.5mM ZnCl2 at 37  °C for 
2 h. Subsequently, 3 µl of NH4HCO3 (1 M) and 1U alka-
line phosphatase were added to the mixture, followed by 
a further incubation at 37 °C for 2 h. The resulted diges-
tive product was diluted five-fold with deionized water 
and filtered through a 0.22 μm filter membrane.

N6 methyladenosine (>98%)and adenosine (> 98%) 
were purchased from BeNa Culture Collection (Beijing, 
China). For calibration purposes, N6 methyladenosine 

and adenosine were prepared at a concentration of 
0.016 µg/L, 0.08 µg/L, 0.4 µg/L, 2 µg/L, 10 µg/L, 100 µg/L 
and 1000 µg/L.

The m6A RNA methylation level was detected using 
an Ultra High Pressure Liquid Chromatography Tan-
dem Mass Spectrometer (UHPLC-MS, 1290/6460 Agi-
lent). The column used was the InfinityLab Poroshell 
120 EC-C18 (50 × 2.1 mm, 2.7 μm particle size, Agilent), 
with a column temperature of 30 ◦C. The LC gradient was 
generated using solvents A (methyl alcohol) and B (0.1% 
methanoic acid). The flow rate was 0.3 mL min− 1, and the 
injection volume was 2µL. MS analysis was performed 
with Multiple Reaction Monitoring (MRM) of samples 
for sample detection in positive ion mode. Typical inter-
face conditions were configured as follows: capillary 
voltage of 4  kV; source temperature at 350 ◦C; desolva-
tion temperature set to 350 ◦C; desolvation gas flow rate 
of 12  L min− 1; and sheath gas flow rate of 10  L min− 1. 
High purity nitrogen was utilized as the collision gas. The 
optimized mass parameters of N6 methyladenosine and 
adenosine were in Additional Table 1. The standard curve 
was constructed based on the concentration of the stan-
dard substance and the peak area, and the m6A/A ratio 
was calculated.

Measurement of carotenoids
Cold acetone (2.7 mL) was added to the freeze-dried 
adductor muscles (0.2 g) following ultrasonic treatment. 
The samples were then diluted with deionized water (0.2 
mL), followed by freeze-drying for 12 h at -20 ◦C. After 
centrifugation and filtration, the contents of pecteno-
lone and pectenoxanthin in the extracts were determined 
using an Ultra High Pressure Liquid Chromatography 
Tandem Mass Spectrometer (UHPLC-MS, 1290/6460 
Agilent) with electrospray ionization (ESI) without stan-
dards. Chromatography was performed using an Infin-
ity Lab Poroshell 120 EC-C18 column (i.d. 2.1 × 50 mm, 
particle size 2.7 μm). The mobile phase consisted of ace-
tonitrile (A) and 0.1% methanoic acid solution (B). The 
column temperature was set at 30 ◦C, and the flow rate 
was 0.3 mL min− 1. The injection volume was 2µL. The 
HPLC-MS operated in the positive ionization mode with 
selected ion monitoring (SIM) relative quantification. 
The target quasi-molecular ions for pectenolone and pec-
tenoxanthin were 581 and 565, respectively (Additional 
Fig. 1). The relative contents of pectenolone and pec-
tenoxanthin were compared according to the peak area of 
SIM.

Quantitative real-time PCR assays
The expression levels of METTL3 mRNA were deter-
mined by quantitative real-time PCR (qRT-PCR). 
β-actin was used as an endogenous control. The prim-
ers for mRNA qRT-PCR are presented in Table  1. The 

Table 1 Primer sequences used in RT-qPCR
Sample name
METTL 3-F CGACATGGAAACCTTCGTGC
METTL 3-R TGGCTTGAGAGGGGAGACTT
β-actin-F GCCGTGACTTGACCGATTACC
β-actin-R CCTTGATGTCCCTGACGATTTCTC

https://www.mdc-berlin.de/content/mirdeep2-documentation
http://www.miranda.org/
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
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first-strand cDNA synthesis from RNA was conducted 
using TransScript® Uni All-in-One First-Strand cDNA 
Synthesis SuperMix for qPCR (AU341 TRAN China). 
Quantitative real time PCR reactions were performed 
utilizing PerfectStart® Green qPCR SuperMix (AQ601 
TRAN China) on 450–725 nm CFX 96 Touch, according 
to the manufacturer’s instruction. The expression level of 
mRNA was calculated employing the 2^(-ΔΔCt) method. 
Statistical significance was attributed to the expression 
level with a P value < 0.05.

Dual-luciferase reporter assay
The wild type and mutant sequences of METTL3 with 
XhoI and NotI restriction sites incorporated were syn-
thesized. Subsequently, the synthetic sequence was 
cloned into the pmiR-RB-Report™ vector and amplified 
by PCR. The PCR purified products and vectors were 
double digested by XhoI and NotI, recovered and puri-
fied. After ligating the target fragments to the vectors, 
the transformation and colony PCR were performed. 
Finally, 48  h post-transfection of the plasmid into 293T 
cells, luciferase expression levels were assessed using 
the TransDetect® Double-Luciferase Reporter Assay Kit 
(FR201-01-V2 TRAN China).

Results
Expression of MiRNAs identified by deep sequencing
In total, 11,228,196 and 11,520,487 raw reads were gener-
ated from Group W (white adductor muscles) and Group 
O (orange adductor muscles), respectively (GEO acces-
sion number: GSE248569). After filtering, 10,948,600 
(W) and 10,985,240 (O) clean reads remained. Among 
these reads, a total of 9,158,236 and 8,683,593 clean reads 
from the Group W and Group O samples were mapped 
to the bay scallop genome. Additionally, the Q20 values 
for clean reads were 98.69% (W) and 98.78% (O), while 
the Q30 values for clean reads were 96.12% (W) and 
96.18% (O). Furthermore, the GC content was 43.6% in 
Group W and 45.68% in Group O (Table 2). There were 
3289 miRNAs identified in both Group W and Group 
O, with 398 exclusively present in white adductor mus-
cles, and 647 exclusively present only in orange adductor 
muscles (Fig. 1). In the Group W, a total of 3587 miRNAs 
were identified, including 3226 known miRNAs and 361 
novel miRNAs. In the Group O, a total of 3936 miRNAs 
were identified, including 3606 known miRNAs and 331 
novel miRNAs (Table 3).

Differentially expressed MiRNAs
A total of 91 differentially expressed miRNAs were iden-
tified between Group W and Group O, with 55 upregu-
lated and 36 downregulated in orange adductor muscles 
(Padj ≤ 0.05,fold-change ≥ 2 or ≤ 0.5)(Fig. 2). Among these 
differentially expressed miRNAs, Contig220_8995 was 

only one significantly down-regulated miRNA; while 
Contig2385_38971, Contig110_4495, and pma-miR-100b 
were significantly up-regulated miRNAs (Padj ≤ 0.01).

MiRNA target predictions and functional enrichment 
annotation
Among the 91 differentially expressed miRNAs, there 
were 3369 targets identified between Group W and 
Group O, while the four significant differentially 
expressed miRNAs, Contig220_8995, Contig2385_38971, 
Contig110_4495, and pma-miR-100b had 51 targets. In 
our previous RNA-seq libraries [24], we identified many 
differentially expressed genes between Group W and 
Group O related to RNA methylation, mRNA (guanine-
N7-)-methyltransferase activity, and RNA methyltrans-
ferase activity (Additional Fig.  2). These results showed 
that RNA methylation may play a role in carotenoid 
accumulation. Notably, one target of Contig2385_38971 

Table 2 Statistics of MiRNA sequences in white (W) and orange 
(O) adductor muscles
Sample W O
Raw reads 11,228,196.67 11,520,487
Raw bases 797,201,963.3 817,954,577
Clean reads 10,948,600.33 10,985,240.67
Q20(%) 98.69333333 98.78333333
Q30(%) 96.12666667 96.18333333
GC content(%) 43.59666667 45.68333333
Total reads 10,301,554.67 9,856,626
Total mapped 9158236.667 8683593.333

Table 3 Summary of MiRNA identification in white (W) and 
orange (O) adductor muscles
Sample groups Known miRNA Novel miRNA Total miRNA
W 3226 361 3587
O 3606 331 3936

Fig. 1 The Venn analysis revealed the number of miRNAs in group W and 
group O and the overlapping relationship between miRNA genes in group 
W and group O. Orange-colored circles represent Group W, and the blue-
colored circles represent Group O. The numerical values represent the 
number of common and unique miRNAs among white (W) and orange 
(O) adductor muscles
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was methyltransferase domain. Additionally, Con-
tig1462_36108 was only present in white samples, with 
one of its targets being methyltransferase 3 (METTL3).

GO enrichment analysis that these targets were sig-
nificantly enriched in pathways related to transmem-
brane transporter activity, including purine-containing 
compound transmembrane transport, nucleotide trans-
membrane transport, plasma membrane protein com-
plex, transmembrane receptor protein kinase activity, 
phosphate transmembrane transporter activity, trans-
membrane receptor protein tyrosine kinase activity, 
inorganic phosphate transmembrane transporter activ-
ity, and transmembrane receptor protein serine/threo-
nine kinase activity. Additionally, kinase activity-related 
pathways were also enriched, such as MAP kinase 
kinase kinase activity, receptor signaling protein serine/
threonine kinase activity, protein tyrosine kinase activ-
ity, kinase activity, protein kinases activity and protein 
serine/threonine kinase activity. Furthermore, signal 
transduction-related pathways were identified, such as 
signal transduction and intracellular signal transduction 
(Fig. 3).

The KEGG enrichment analysis indicated that path-
ways related to carotenoid accumulation, such as ABC 
transporters, retinol metabolism, and lipid-related 
metabolism, were significantly enriched. Additionally, the 
calcium signaling pathway was also found to be enriched 
(Fig. 4).

The Inhibition of METTL3 decreased the carotenoid 
accumulation and mRNA m6A level in adductor muscles
STM2457 exhibits potent inhibition on the RNA methyl-
transferase METTL3 with high efficiency. The coloration 
of the adductor muscle in scallops treated with STM2457 
and those treated with PBS was shown in Fig. 5. It can be 
seen that the adductor muscles of the QN Orange scal-
lops treated with STM2457 were paler than those in the 
vehicle group. Meanwhile, as can be seen from Fig.  6a, 
the content of pectenoxanthin in adductor muscles from 
the vehicle group was higher than that in the STM2457-
treated group (P < 0.05). However, no significant differ-
ence was observed in pectenolone content between the 
two groups (P > 0.05, Fig.  6b). As expected, mRNA lev-
els of METTL3 were reduced in scallops treated with 

Fig. 2 Volcano plots for differentially expressed miRNAs between W vs. O. The red point represent up-regulated miRNAs, the blue points represent down-
regulated miRNA, and the gray points represent no differential miRNAs
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Fig. 4 Scatterplot of KEGG pathway related to carotenoid accumulation and the calcium signaling pathway enriched the targets of differentially ex-
pressed miRNAs between Group W and Group O

 

Fig. 3 Scatterplot of Go pathways related to stress response enriched the targets of differentially expressed miRNAs between the Group W and O
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STM2457 along with a decrease in m6A levels (Figs.  7 
and 8).

Dual-luciferase reporter assay
For METTL3 wild type (METTL3-WT) vector con-
taining putative binding site of Contig1462_36180 
was shown in Fig.  9a. And the mutations of METTL3 
(METTL3-MUT) were shown in Fig.  9b. The lucifer-
ase activity of METTL3-WT was significantly reduced 
by Contig1462_36180 mimics, whereas no effect on the 
luciferase activity of METTL3-MUT was observed. This 

provides evidence for the binding between METTL3 and 
Contig1462_36180 (Fig. 9c).

Discussion
miRNAs are short noncoding RNAs that regulate gene 
expression by binding to mRNAs of target genes [29]. 
It has been recognized that miRNAs target carotenoid 
transport and absorption genes. However, the mecha-
nism of miRNAs coordinating carotenoid pigment has 
not been fully characterized. In this study, we sequenced 
all the miRNAs in the scallops with orange and white 

Fig. 6 The carotenoid content in QN Orange scallops with STM2457 and the vehicle group. The content of pectenoxanthin in adductor muscles from 
the STM2457-treated group and PBS-treated group (a) and the content of pectenolone in adductor muscles from the STM2457-treated group and PBS-
treated group (b)

 

Fig. 5 The adductor muscles treated with STM2457 (upper panel) and the vehicle group treated with PBS (lower panel) in QN Orange scallops
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adductor muscles and conducted enrichment pathways 
analysis of miRNAs target genes involved in carotenoid 
accumulation in orange adductor muscles. Interestingly, 
we discovered that Contig1462_36180 targets METTL3 
in orange adductor muscles. Furthermore, we demon-
strated that METTL3 regulates carotenoid accumulation 
through the modulation of m6A levels.

The KEGG enrichment analysis of the differentially 
expressed miRNA targets revealed significant involve-
ment of ABC transporters, retinol metabolism, and lipid-
related metabolism pathways. This observation can be 

attributed to the accumulation of carotenoids in orange 
adductor muscles. In addition, GO and KEGG enrich-
ment analysis revealed the involvement of certain tar-
gets in the calcium signaling pathway, pathways related 
to transmembrane transporter activity, kinase activity-
related pathways, and signal transduction-related path-
ways. These pathways are integral components of the 
stress response mechanism, which can be attributed to 
the role of carotenoids in enhancing stress resistance. 
Essentially, stress triggers the activation of multiple sig-
naling pathways through cell membrane receptors, sub-
sequently leading to a cascade of stress responses. As 
natural antioxidants, carotenoids have been shown to 
improve physical condition and performance under vari-
ous stressful conditions in marine animals. In the Cas-
pian roach (Rutilus caspicus), dietary vitamin A has been 
found to enhance immune response [30]. High carot-
enoid content in Akoya pearl oysters (Pinctada fucata) 
has been demonstrated to increase resistance against 
high-temperature stress [31]. Carotenoids present in the 
gill tissue of Yesso scallops are believed to provide pro-
tection against oxidative stress [32]. Similarly, high levels 
of carotenoids have been shown to enhance immunity in 
noble scallops (Chlamys nobilis) [33]. Studies in crusta-
ceans have indicated that supplementation with carot-
enoids improves various factors associated with stress 
tolerance [34].

The effects of m6A are determined by its readers, writ-
ers, and erasers. METTL3 is a crucial component of 
the m6A writer complex, which is indispensable for the 
formation of m6A [17]. METTL3 plays a pivotal role in 
regulating m6A methylation in a variety of biological 
processes. In Saccharomyces cerevisiae, deletion of the 
homologous gene to METTL3 resulted in reduced m6A 
methylation and developmental arrest specific to spores 
[35]. In Arabidopsis thaliana, the expression of the 
homologous gene to METTL3 was associated with m6A 
methylation and influenced growth and development 
traits [36]. METTL3 regulates the expression of m6A 
and downregulation of m6A methylation inhibits adipo-
genesis in porcine adipocytes [37]. Studies have shown 
that m6A methylation affects pigmentation in sheep 
skin [38]. This study demonstrates that STM2457 inhib-
its mRNA expression of METTL3, leading to decreased 
levels of carotenoid (pectenoxanthin) content and m6A 
modification. These results suggest that pectenoxanthin 
accumulation may be involved in the regulation of m6A 
methylation mediated by METTL3.

In our previous study, it was observed that the vacu-
olar protein sorting 29 gene (VPS29), a core component 
of the membrane transport complex Retromer, may lead 
to a reduction in pectenolone levels in orange adduc-
tor muscle with RNAi. However, VPS29 RNAi did not 
significantly affect the pectenoxanthin content [10]. In 

Fig. 8 m6A levels in QN Orange scallops with STM2457 and the vehicle 
group

 

Fig. 7 mRNA levels of METTL3 in QN Orange scallops with STM2457 and 
the vehicle group
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this study, we found that blocking METTL3 resulted in 
a decrease in pectenoxanthin content, whereas no sig-
nificant difference was observed in pectenolone content 
between the two groups. These findings suggest the accu-
mulation of these two major carotenoids in orange mus-
cle may be regulated by different pathways.

So far, a wide range of structurally diverse carotenoids 
have been discovered in marine animals. The distribu-
tion of these forms of carotenoids also varies among dif-
ferent species, life-history stages, developmental stages, 
and the organs or tissues of the animals. While common 
carotenoids such as β-carotene, astaxanthin, and lutein 
are widely present in many shellfish, pectenolonen and 
pectenoxanthin are rare carotenoids that are exclusively 
found in scallops [26, 39]. For instance, abalones primar-
ily accumulate zeaxanthin and β-carotene [40], while 
tridacnid clam (Tridacna squamosal) contains peridinin 
and pyrrhoxanthin [41]. Crustaceans and Salmonidae 
fishes predominantly amass astaxanthin [34], whereas 
tunaxanthin is widely distributed among Perciformes 
fishes [1]. In addition, carotenoid content varies among 
different tissues of the same species. For instance, in the 
red devil fish (Cichlasoma citrinellum), the astaxanthin 
content in the gonad is significantly higher compared to 
that in the skin and muscle [42]. The head and carapace 
of P. stylifera exhibit the highest total carotenoid con-
tents, whereas P. indicus shows relatively lower levels of 
carotenoids in its body components [43] Furthermore, 
there are significant differences in the percentage of 
carotenoids found in various tissues of pearl oyster [44]. 
On the other hand, different forms of carotenoids also 
show variations across tissues. In the previous study in 

the ‘QN Orange’ scallops, α-carotene, β-carotene, and 
ζ-carotene were exclusively detected in gills and mantle, 
while canthaxanthin, pectenolone, pectenoxanthin, fuco-
xanthin, zeaxanthin, and lutein were present primarily 
within adductor muscles as well as gills and mantles [26].

The accumulation of specific carotenoids in various 
species or tissues implies that carotenoids can be targeted 
and transported to specific species or tissues. Research 
provided evidence that two strains of silkworm (Bom-
byx mori), SCRB15 and Cameo2 were responsible for the 
transport of β-carotene and lutein to the two silk gland 
tissues, respectively [45]. These selective mechanisms 
and regulatory factors are worthy of further investigation.

Conclusion
In conclusion, we have identified differentially expressed 
miRNAs associated with carotenoid accumulation and 
further investigated the regulatory role of METTL3 in 
m6A modification during carotenoid metabolism. Our 
analysis of target genes based on small RNA sequencing 
data suggests that these differentially expressed miRNAs 
may play a role in regulating carotenoid accumulation 
and stress response. Notably, Contig1462_36108, was 
found to be negatively correlated with METTL3 expres-
sion. Furthermore, our findings indicate that METTL3 
may reduce pectenoxanthin content in the adductor 
muscles of QN Orange scallops along with a decrease 
in m6A levels. These results provide additional evidence 
supporting the hypothesis that METTL3 is a crucial reg-
ulator involved in carotenoid-induced coloration in the 
adductor muscles of QN Orange scallops.

Fig. 9 Interaction between Contig1462_36180 and METTL3. The predicted binding sites of METTL3 and Contig1462_36180 (a), mutations (b) and the 
relative luminescence ratio by luciferase reporter assay (c)
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