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Transcriptome and network
analyses reveal key pathways
and genes involved in response
to carotenoid deposition in
scallop muscle
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Carotenoids are essential nutrients for humans and animals, and carotenoid
content has become an important trait to evaluate the nutritional value of many
cultured animals. Marine animals provide humans with diverse carotenoids, and
developing carotenoid-enriched varieties has been the focus of marine animal
breeding. Understanding the molecular mechanism of carotenoid deposition
could benefit marine animal breeding for carotenoid content improvement. In
the present study, transcriptomic analysis of adductor muscle was performed
between Yesso scallop (Patinopecten yessoensis) with white muscle (WM) and
carotenoid-enriched orange muscle (OM). A total of 683 differentially expressed
genes (DEGs) were identified, with 302 and 381 genes being up- and down-
regulated in OM scallop. Gene co-expression network analysis identified four
carotenoid accumulation-related modules, including three up-regulated
modules and one down-regulated module. The genes in up-regulated
modules mainly participate in the pathways of translation and transcription
(MEgreen), immune system (MElightyellow), and lipid metabolism (MEpink),
while the down-regulated module is mainly enriched with genes involved in
various metabolic pathways (MEturquoise). As the causal gene responsible for
muscle coloration in scallop, PyBCO-like 1 is the hub gene of MEturquoise and
showed strong connectivity with NR2F1A, a transcriptional factor involved in the
regulation of retinoic acid. In addition, the up-regulated DEGs, including WDR3,
RPP29, TBL3, RIOK2, and NOB1 from “ribosome biogenesis’, HSP70s and
HSP702Bs from “antigen processing and presentation”’, and ACOX! from "PPAR
signaling pathway” were identified as hub genes, indicating the potential
regulatory role of these genes and pathways in response to carotenoid
accumulation. Our data contribute to a deeper understanding of the
regulatory and response mechanisms of carotenoid accumulation in
marine animals.

KEYWORDS

Patinopecten yessoensis, carotenoid accumulation, gene co-expression network
analysis, PyBCO-like 1, molecular mechanism
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1 Introduction

Carotenoids are a diverse group of colorful pigments that are
essential for all photosynthetic organisms and most non-
photosynthetic prokaryotes (Sandmann, 2015). Carotenoids and
their derivatives have various biological functions in animal growth,
development, and reproduction. They also act as effective photo-
protectors against UV radiation, antioxidants, and enhancers of
immunity (Maoka, 2020). Furthermore, they are important
compounds for human nutrition and health due to their
significant antioxidant function and as precursors for vitamin A
biosynthesis (Miao and Wang, 2013). As almost all animals cannot
synthesize carotenoids de novo and must obtain them from food,
carotenoids have long been considered essential nutrients for
humans (Menotti et al., 1999).

As one of the most widespread aquatic animals, many mollusks,
such as scallops, mussels, oysters, clams, and abalones, provide
humans with high-quality protein, lipids as well as carotenoids.
More than 60 carotenoid compounds have been discovered in
mollusks (Vershinin, 1996), and some carotenoids, such as
astaxanthin and pectenolone, provided by mollusks are often not
available to terrestrial organisms. Thus, carotenoid-based
coloration has become an important phenotypic trait in aquatic
breeding for improving their nutritional value.

Scallops are a popular cultured shellfish, prized for their large
and delicious adductor muscles. In recent years, a color variant of
adductor muscle was first found in Yesso scallops (Patinopecten
yessoensis) (Li et al., 2010). After breeding and farming this variant,
a new variety named “Haida golden scallop” possessing orange
adductor muscle was developed (Figure 1). Compared with the
normal scallop, the muscle of the “Haida golden scallop” contained
higher carotenoid content. Subsequently, similar carotenoid-based
color variants were found in some other scallop species, such as
noble scallop (Chlamys nobilis) (Liu et al., 2015) and bay scallop
(Argopecten irradians irradians) (Song and Wang, 2019). In
addition to commercial value, these variants also provided
excellent materials for researching the molecular mechanism
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underlying carotenoid accumulation in marine animals. Recently,
the function of candidate genes of carotenoid pigmentation in
scallop muscle has been reported. In noble scallops, SRB-like-3
was discovered to specifically express in orange scallops and its
down-regulation remarkably decreased blood carotenoids in noble
scallops (Liu et al., 2015). In bay scallops, RNA interference of VPS
29 resulted in the pectenolone reduction in adductor muscles (Song
and Wang, 2019). In Yesso scallop, we confirmed that PyBCO-like 1
encoding carotenoid oxygenase was the causal gene for carotenoid
coloration in the adductor muscle (Li et al., 2019). In addition, it has
been shown that the scallop with carotenoid-enriched orange
muscle showed advantages in growth and stress resistance, which
may be affected by carotenoid accumulation (Zhang et al., 2018).
However, it is not clear which pathways and key regulatory genes
are affected by carotenoid accumulation in scallops.

In this study, we performed a comparative transcriptome
analysis of the adductor muscle between normal Yesso scallop
and “Haida golden scallop”, and identified the key module and
hub genes involved in regulating and responding to carotenoid
accumulation through weighted gene co-expression network
analysis (WGCNA). The results will provide new insights into the
regulation of carotenoid accumulation and establish a foundation
for carotenoid content improvement in scallops.

2 Materials and methods

2.1 Animal materials and
expression profiling

Normal Yesso scallops with white adductor muscle (WM) and
“Haida golden scallop” with orange adductor muscle (OM) used in
this study were obtained from the hatchery of Zhangzidao Group
Co., Ltd. (Dalian, China), and all experimental procedures were
approved by the Animal Care and Use Committee of Ocean
University of China. The expression profile information was
obtained from our previous study (Li et al., 2019). Concisely, total

FIGURE 1

Color variation of the adductor muscle in Yesso scallop. Normal Yesso scallop with white muscle (WM scallop, left) and Haida golden scallop with

orange muscle (OM scallop, right).
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mRNA was extracted from the adductor muscles of 16 WM and 16
OM scallop individuals using the conventional guanidinium
isothiocyanate method (Hu et al., 2006). RNA-seq libraries were
constructed individually using the NEBNext mRNA Library Prep
Master Mix Set for Illumina (NEB, USA) and then sequenced on the
Ilumina HiSeq-2000 platform. For data analysis, high-quality (HQ)
reads were mapped to the genome of Yesso scallop (Wang et al.,
2017) using STAR aligner (v2.4.1d) (Dobin et al,, 2012). Gene
expression levels in terms of RPKM (Reads Per Kilobase per Million
mapped reads) were estimated by HTseq and custom Perl scripts
(Anders et al., 2014).

2.2 Analysis of differentially
expressed genes

Differences in expression levels of adductor muscle between
WM and OM scallops were analyzed using R (version 4.1.0)
package EdgeR (v 3.36.0) (Robinson et al, 2010). Genes with a
Benjamini and Hochberg corrected FDR < 0.05 and [log, fold-
change (FC)| > 1 were considered as differentially expressed genes
(DEGs) (Benjamini and Hochberg, 1995).

2.3 Gene co-expression network
construction

A signed co-expression network of scallop adductor muscle was
constructed using the R package weighted gene co-expression
network analysis (WGCNA) (Langfelder and Horvath, 2008).
Genes with RPKM > 0.5 in at least three of 32 adductor muscle
samples were retained for network construction. All samples were
firstly clustered to exclude any possible obvious outliers. And then,
the soft threshold of 10 was chosen based on the criterion of
approximate scale-free topology (model fitting index R* = 0.8), and
the co-expression modules were identified using the cutreeDynamic
method, with the following parameters: detectCutHeight = 0.995,
minModuleSize = 50, and deepSplit = F. The gene modules
corresponding to the branch cut-off of the gene tree were labeled in
different colors, and unassigned genes were labeled grey.

2.4 |ldentification of carotenoid
accumulation—related modules

To identify the responsive modules of carotenoid accumulation,
an overrepresentation analysis of DEGs between WM and OM
scallops was performed for each module by a hypergeometric test,
and modules with p value < 0.05 were considered as carotenoid
accumulation—related modules. The hub genes in a given module
were determined by the intramodular connectivity (Kpnin), which
indicates a gene’s connection strength to other genes in the specified
module. Therefore, the top 20% of genes with the highest Ky;min
were defined as hub genes. Co-expression patterns of the top 50 hub
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genes were visualized using the heatmap. The networks were
visualized using Cytoscape (version 3.9.1) (Shannon et al,, 2003).

2.5 Functional enrichment analysis of
genes and modules

To analyze the biological functions of all DEGs and the genes in
each module, gene ontology (GO) or Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were
performed using EnrichPipeline (Huang et al., 2009). Significantly
enriched GO terms and KEGG pathways were defined by a
hypergeometric test and a threshold of p value of less than 0.05.

3 Results

3.1 Transcriptome sequencing data and
DEGs identification

To better understand the molecular mechanism of carotenoid
deposition of P. yessoensis, we compared gene expression of
adductor muscles between WM and OM scallops. A total of 32
libraries were constructed and named as follows: Mus-W1 to 16 and
Mus-O1 to 16. After quality control of raw data, a total of
205,386,198 and 222,167,059 HQ reads were obtained from WM
and OM scallops, respectively. The HQ reads were mapped to the
reference genome with unique mapping rates ranging from 76.7%
to 86.55% (Table S1). The correlation coefficients between the
biological replicates of the same scallops were higher than 0.85
(Table S2), indicating good reproducibility of the biological repeats.

Compared with WM scallops, a total of 683 genes were
significantly differentially expressed in the adductor muscles of OM
scallops (|log, (FC)| > 1 and FDR < 0.05), of which 302 were up-
regulated and 381 genes showed down-regulation (Figure 2A; Table
S3). We then examined the DEGs possibly involved in carotenoid
deposition. Among carotenoid accumulation-related genes, PyBCO-
like 1, encoding carotenoid oxygenase, showed the most significant
down-regulated expression in OM scallops, which is consistent with
our previous study (Li et al., 2019). We also found the genes encoding
retinoic acid receptor (RXR), fatty acid-binding protein (FABP), very
low-density lipoprotein receptor (VLDLR), and low-density
lipoprotein receptor-related protein 1B (LRP1B) were differentially
expressed between WM and OM scallops (Figure 2B).

3.2 Functional annotation of DEGs

To understand the potential functions of DEGs, GO term and
KEGG pathway enrichment analysis was performed (Table S4). The
GO terms of three main categories at level 4 are shown in Figure 3A.
GO terms analyses showed that up-regulated DEGs were mainly
significantly enriched in the cellular component (CC) related to

ribosome (“preribosome”, “ribonuclease P complex”, “small
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FIGURE 2

(A) Volcano plot for differentially expressed genes (DEGs) of adductor muscle between WM and OM scallops. The red and blue dots denote up-
regulated and down-regulated genes in OM scallop. (B) Comparison of the expression levels (represented by RPKM values) of carotenoid
accumulation-related genes in adductor muscle between WM and OM scallops. * indicates the significantly regulated DEGs with |log2(FC)| > 1 and
FDR < 0.05.
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FIGURE 3

GO function and KEGG pathway enrichment analysis of DEGs between WM and OM scallops. (A) GO function enrichment analysis of up-regulated
and down-regulated DEGs. Green, blue, and orange represent categories of molecular function (MF), biological process (BP), and cellular
component (CC), respectively. (B) KEGG pathway enrichment plot of up-regulated and down-regulated DEGs.
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nucleolar ribonucleoprotein complex”, etc.); the biological processes
(BP) involving in “small molecule biosynthetic process” and “cellular
macromolecule localization”; the molecular function (MF) related to
transcription and translation (“RNA polymerase activity”,

» o«

“ribonuclease activity”, “translation initiation factor binding”), and

various enzyme activity (“catalase activity”, “transferase activity,

»

transferring one-carbon groups”, “hydrolase activity, acting on ester
bonds”). For down-regulated DEGs, “small molecule biosynthetic
process” was the most significantly enriched GO term, followed by
several metabolic processes (“organophosphate metabolic process”,
“nitrogen cycle metabolic process”, and “urea metabolic process”) in
BP category; Several enzyme activities related to lyase and hydrolase
(“intramolecular lyase activity” and “hydrolase activity, acting on acid
phosphorus-nitrogen bonds”) were significantly enriched in MF
category, while “collagen-containing extracellular matrix” is the
only significant term in CC category.

The enrichment results of KEGG were roughly corresponding to
GO enrichment (Figure 3B). KEGG pathway analyses revealed that
the up-regulated DEGs mainly participate in translation (“ribosome
biogenesis”), signal transduction (“MAPK signaling pathway” and
“FoxO signaling pathway”), immune system (“antigen processing and
presentation”, “graft-versus-host disease”, etc.), and lipid metabolism
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and regulation (“PPAR signaling pathway”, “alpha-linolenic acid
metabolism”). By contrast, down-regulated DEGs were mainly
enriched in the various pathways of metabolism, including
“metabolic pathways”, “glyoxylate and dicarboxylate metabolism”,

“taurine and hypotaurine metabolism”,
“fatty acid biosynthesis” and “fatty acid metabolism”, as well as the

one carbon pool by folate”,

pathways of signal transduction (“cGMP-PKG signaling pathway”,
“calcium signaling pathway”, and “thyroid hormone signaling
pathway”) and organismal systems (“cardiac muscle contraction”,
“gastric acid secretion”, “endocrine and other factor-regulated
calcium reabsorption”, etc.).

3.3 ldentification of carotenoid
accumulation-related modules

A gene co-expression network was constructed from 32
adductor muscle transcriptomes to screen the carotenoid
accumulation-related modules. Based on the approximation of
scale-free topology (R* > 0.8) and gene mean connectivity, 12,535
genes including all 683 DEGs were assigned to 20 modules, with
module sizes ranging from 81 to 2872 genes (Figure 4A).

Gene dendrogram and module colors

salm
purple

pink ‘midnightblue
grey60 lightyeliow

royalblue yellow n

greenyellow

lighteyan

log,(FC)

FIGURE 4

(A) Weighted gene co-expression network analysis (WGCNA) of 32 adductor muscle transcriptomes. Modules of co-expressed genes are labeled
with different colors. (B) The boxplot of DEGs for 20 modules based on the fold change of their expression levels. The green and red colors of box

represent down-regulated and up-regulated modules, respectively.
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Overrepresentation analysis revealed that four modules including
MEturquoise (p value = 1.48E-17), MEgreen (p value = 3.46E-3),
MElightyellow (p value = 0.01), and MEpink (p value = 0.02) were
significantly enriched with DEGs (Figure 4B; Table S5). These
modules are considered as carotenoid accumulation-related
modules. Interestingly, we found all DEGs in MEturquoise (252/
252) were down-regulated in OM scallops, while almost all the
DEGs in MEgreen (84/84), MElightyellow (12/12), and MEpink
(61/62) were up-regulated in OM scallop. Further analyses of the
expression of top 50 hub genes also corroborate this result
(Figure 5A). The top 50 hub genes of MEturquoise module are
highly expressed in WM scallops, while the hub genes of MEgreen,
MElightyellow, and MEpink showed higher expression in OM
scallops. Thus, MEturquoise is considered as a down-regulated

10.3389/fmars.2023.1158325

module, and MEgreen, MElightyellow, and MEpink are up-
regulated modules.

3.4 Functional annotation and hub
genes of carotenoid accumulation-
related modules

Enrichment analysis was performed for genes in carotenoid
accumulation-related modules to elucidate their potential biological
roles. The down-regulated module MEturquoise was enriched with
genes participating in metabolic pathways, such as amino acid
metabolism (“valine, leucine and isoleucine degradation”), lipid
metabolism (“fatty acid degradation”), carbohydrate metabolism
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FIGURE 5

(A) Heatmap visualization of top 50 hub genes in carotenoid accumulation-related modules, including one down-regulated module (MEturquoise)
and three up-regulated modules (MEgreen, MElightyellow, and MEpink). (B) KEGG enrichment analysis of genes in carotenoid accumulation-related

modules (MEturquoise, MEgreen, MElightyellow, and MEpink).

Valine, leucine and isoleucine degradation
Metabolic pathways

Carbon metabolism

Tryptophan metabolism

Propanoate metabolism

Gly and

Biosynthesis of amino acids

Fatty acid degradation

Glycine, serine and threonine metabolism
Vitamin B6 metabolism

Cl
w
IS
N
o

10

Ribosome biogenesis
Spliceosome
Aminoacyl-tRNA biosynthesis
Nucleocytoplasmic transport
Protein export

RNA degradation

RNA polymerase

mRNA surveillance pathway
Basal transcription factors
Ribosome

o8

RIG-I-like receptor signaling pathway
Antigen processing and presentation
Protein processing in endoplasmic reticulum
Longevity regulating pathway - multiple species
Estrogen signaling pathway

Spliceosome

MAPK signaling pathway

Cytosolic DNA-sensing pathway

NF-kappa B signaling pathway

Apoptosis

0 2 4 s
Lysosome

Apoptosis

Phagosome

PPAR signaling pathway

Endocytosis

Fatty acid metabolism

Cholesterol metabolism

Fat digestion and absorption
Biosynthesis of unsaturated fatty acids
Sphingolipid metabolism

0 5 10 15 20

-log10(p value)

25 30

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2023.1158325
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

(“glyoxylate and dicarboxylate metabolism”), metabolism of
cofactors and vitamins (“vitamin B6 metabolism”), etc
(Figure 5B). PyBCO-like 1, the key enzyme involved in carotenoid
cleavage, was included in the top 20% of hub genes and showed
lower expression in OM scallop than that in WM scallop. Similar
expression patterns are also detected for the hub genes encoding
transcriptional factors (TFs), including NR2FIA (nuclear receptor
subfamily 2 group F member 1-A), EPASI (endothelial PAS
domain-containing protein 1), and SCRTI (Transcriptional
repressor scratch 1) (Table S3). Among all TF genes in
MEturquoise, NR2FIA as the member of RXR-like family, showed
the highest connectivity with PyBCO-like 1 (Figure 6A), implying a
potential regulatory relationship between them.

The up-regulated module MEgreen was enriched with genes
involved in translation (“ribosome biogenesis”, “aminoacyl-tRNA
biosynthesis”, and “nucleocytoplasmic transport”), transcription
(“spliceosome” and “RNA polymerase”), folding, sorting and
degradation (“protein export” and “RNA degradation”), etc
(Figure 5B). Hub genes WDR3, RPP29, TBL3, RIOK2, and NOBI
from “ribosome biogenesis”, RPAC2 and RPA49 from “RNA
polymerase”, RRP44 and EXOS9 from “RNA degradation” were
highly expressed in OM scallops (Figure 6B; Table S3). Another
up-regulated module MElightyellow is mainly enriched for the
pathways of the immune system (“antigen processing and
presentation” and “RIG-I-like receptor signaling pathway”), and
cell growth and death (“apoptosis”) (Figure 5B). Hub genes such as
HSP70 (heat shock 70 kDa protein), HSP70B2, and TNFL6 (tumor
necrosis factor ligand superfamily member 6) were all up-regulated in
OM scallops (Table S3). It is worth noting that two HSP70 genes and
two HSP70B2 genes from “antigen processing and presentation” were
included in the top 5 hub genes (Figure 6B), implying their potential
regulatory roles in responding to carotenoid accumulation. MEpink

10.3389/fmars.2023.1158325

is overrepresented with genes involved in transport and catabolism

» <«

(“lysosome”, “apoptosis”, and “endocytosis”) and lipid metabolism
(“PPAR signaling pathway”, “biosynthesis of unsaturated fatty acids”,
and “fat digestion and absorption”) (Figure 5B). Hub genes including
VPP]I (V-type proton ATPase 116 kDa subunit an isoform 1) from
“lysosome”, ACOXI (peroxisomal acyl-coenzyme A oxidase 1) and
PCKGC (phosphoenolpyruvate carboxykinase) from “PPAR
signaling pathway” were also highly expressed in OM scallop

(Figure 6B; Table S3).

4 Discussion

Carotenoids are responsible for muscle color and nutritional
quality in aquatic animals, such as salmon, shrimp, and scallops. It
has important economic value and social benefits to cultivate
carotenoid-rich aquatic products. In recent years, research on the
molecular mechanism of carotenoid accumulation in marine
animals has become a focus. The color variant Yesso scallop
“Haida golden scallop” used in our study provides a suitable
animal model to investigate the carotenoid-related mechanism. In
our previous study, we revealed the molecular mechanism
underlying muscle coloration in OM scallop using multiple
genomic analyses and functional verifications. Our results showed
that carotenoid coloration in OM scallop muscle is recessively
inherited as a Mendelian trait determined by a single gene
PyBCO-like 1 (Li et al, 2019). On the basis of our previous
research, we further found that some other traits such as growth,
stress resistance, and amino acid content, also showed differences
between WM and OM scallops. We believe that the changes of these
traits are the results of carotenoid accumulation. Studying the effect
of carotenoid accumulation on gene expression is helpful to
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(A) Network visualization of hub genes with significantly different expression levels in MEturquoise. Each node represents a hub gene, which is
labeled with gene name. NA represents the genes with unannotated information. The node size represents the intramodular connectivity, and larger
nodes indicate higher connectivity. Green border represents hub genes encoding transcriptional factors. PyBCO-like 1 is shown in orange border. In
the upper right circle is the network visualization of NR2F1A, EPAS1, SCRT1, and PyBCO-like 1 in MEturquoise. (B) Network visualization of hub genes
with significantly different expression levels in up-regulated modules. Green nodes represent hub genes in MEgreen module. Purple, blue, and light
blue border represents hub genes from “ribosome biogenesis”, “"RNA polymerase” and "RNA degradation”, respectively. Lightyellow nodes represent
hub genes in MElightyellow module. Red border represents hub genes such as HSP70s, HSP70B2s, and TNFL6. Pink nodes represent hub genes in
MEpink module. Rose red and magenta border represents hub genes from “lysosome” and “PPAR signaling pathway", respectively.

Frontiers in Marine Science

07

frontiersin.org


https://doi.org/10.3389/fmars.2023.1158325
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

understand the underlying mechanism of the changes of the traits.
Therefore, the aim of this study is to investigate the response
mechanisms of carotenoid accumulation in scallops by analyzing
the DEGs and gene co-expression networks of WM scallops without
carotenoid accumulation and OM scallops with
carotenoid accumulation.

In this study, nearly 700 DEGs involved in various biological
processes or pathways were identified between WM and OM scallops,
implying the effects of carotenoid accumulation impacting on scallops
are multifaceted. We first screened the DEGs possibly involved in
carotenoid absorption, transport, and metabolism. Similar to our
previous study, PyBCO-like 1 was the most significantly down-
regulated gene in OM scallops among these genes (Li et al,, 2019).
Some other carotenoid accumulation-related genes, such as RXR,
FABP7, LDLR, and LRPIB, also showed significant differences
between WM and OM scallops. Given that the muscle coloration in
scallop is induced by genomic variation in the upstream promoter
region of PyBCO-like 1, thus the down-regulation of PyBCO-like 1 is
the cause of carotenoid accumulation in muscle because of impaired
carotenoid degradation. Other DEGs including some carotenoid
accumulation-related genes, are not the cause of carotenoid
accumulation, their expression changes are in response to carotenoid
accumulation. PyBCO-like 1 was identified as the top 20% hub gene of
MEturquoise, the module only enriched with down-regulated DEGs,
and showed strong connectivity with NR2FIA, which was also
suppressed in OM scallop. NR2F1A is the member of NR2F
receptors, which are reported to bind to RAREs, and experiments in
vitro have shown that they can regulate retinoic acid (RA) response
genes (Tsai and Tsai, 1997). BCO is a critical cleavage enzyme for RA
production, and could be regulated by the TFs (e.g. RAR/RXR)
containing RAREs (Airanthi et al, 2015). Therefore, we speculate
that NR2FIA may exert regulatory effects on PyBCO-like 1 by
regulating RAREs-containing transcription factors. In addition, the
down-regulated DEGs were significantly enriched to multiple
metabolic pathways, which is consistent with the functional
enrichment of MEturquoise, which is enriched with genes involved
in the metabolism pathways of amino acid (e.g. “valine, leucine and
isoleucine degradation”), lipid (e.g. “fatty acid degradation”),
carbohydrate (e.g. “glyoxylate and dicarboxylate metabolism”), and
cofactors and vitamins (e.g. “retinol metabolism”). Previous studies
have shown that in carotenoid-accumulating mice constructed by
silencing BCOI1, a fatty liver was developed and the serum lipid
levels were altered with elevated serum unesterified fatty acids
(Hessel et al., 2007). Our previous research also found that the
content of fatty acid, as well as amino acid and protein expression
level of OM scallop are different from those of WM scallop (Zhang
et al, 2014; Zhang et al., 2018). Combined with the analysis results in
this study, it is suggested that the accumulation of carotenoids in
scallop muscle caused by the down-regulation of PyBCO-like I may
induce the changes in traits (e.g. amino acid and lipid content) by
affecting a variety of metabolic pathways as described above.

The up-regulated DEGs were significantly enriched in
transcription and translation-related processes or pathways, such as

» <«

“preribosome”, “small nucleolar ribonucleoprotein complex”, “RNA

polymerase activity”, “translation initiation factor binding” in GO
analysis, and “ribosome biogenesis” in KEGG analysis. These
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functions are consistent with the enrichment results of the up-
regulated module MEgreen in WGCNA. Ribosome biogenesis was
the most significantly enriched pathway of MEgreen and the up-
regulated DEGs WDR3, RPP29, TBL3, RIOK2, and NOBI from this
pathway were identified as hub genes, implying the important role of
this pathway in response to carotenoid accumulation. Ribosome
biogenesis is the process of making ribosomes, which function at
the heart of the translation machinery. It is also a very tightly regulated
activity and closely linked to other cellular processes, such as growth
and division (Thomson et al., 2013). Previous studies have shown that
marine carotenoid fucoxanthin modulated various cellular processes,
including ribosome biogenesis (Guvatova et al., 2020). Similar results
were observed in our study. Given carotenoid accumulation leads to
the differential expression of a large number of genes, the up-
regulation of the above ribosomal genes suggests that the efficiency
of protein translation in ribosomes may be enhanced, thus promoting
and accelerating protein synthesis in OM scallops.

Carotenoids are biologically active pigments that are well-known
to enhance the defense and immunity of the vertebrate system. They
also play important roles in invertebrate immunity (Tan et al., 2020).
In our study, we found that the up-regulated DEGs were involved in
pathways of the immune system, such as “antigen processing and
presentation”. The up-regulated module MElightyellow is also
enriched for the pathways of the immune system, such as “RIG-I-
like receptor signaling pathway” and “antigen processing and
presentation”. Many immune-related genes were identified as hub
genes in this module, among which four (two HSP70s and two
HSP70B2s) of the top 5 hub genes belonged to HSP70 family. HSP70
family is ubiquitous and highly conserved molecular chaperones with
essential roles in various biochemical processes, such as protein
folding, translocation, degradation, and regulation of cellular
immune responses from extrinsic or intrinsic stimuli (Daugaard
et al., 2007; Murphy, 2013). Four HSP70 genes were up-regulated
in OM scallop and identified as top hub genes, suggesting that HSP70
gene may play an important regulatory role in the immune response
to carotenoid accumulation.

Carotenoid accumulation also affects the expression of lipid
metabolism-related genes. Carotenoids are a class of lipid-soluble
molecules, and a close association between lipids and carotenoid
accumulation has been reported in humans (Harrison, 2012). Our
study showed that the up-reguated DEGs were enriched in lipid
metabolism-related pathways, including PPAR signaling pathway.
PPAR signaling pathway is a major regulator of lipid metabolism,
adipogenesis, and energy homeostasis (Grygiel-Gorniak, 2014). We
found several members of this pathway, including ACOXI, FABP7,
and PCKGC, were significantly up-regulated in OM scallop.
ACOXI is the first and rate-limiting enzyme in peroxisomal fatty
acid B-oxidation of fatty acids (Reddy and Hashimoto, 2001), while
FABP7 is involved in fatty acid uptake, transport, and metabolism
(Owada, 2008). Studies have shown that carotenoids and their
derivatives (e.g., retinoid) may exert their effect on gene
expression via several similar transcriptional systems with lipid
metabolism, such as RXR and PPAR (Sharoni et al., 2004). The up-
regulation of these genes suggests that fatty acid accumulation and
metabolism may be influenced by carotenoid accumulation.
Besides, we further found ACOX1 was a key hub gene of up-
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regulated module MEpink, which module was also enriched for
several lipid metabolism-related pathways. Previously, it was shown
that ACOXI mRNA levels were significantly elevated in BCOI
knock-out mouse (Hessel et al., 2007). Loss of ACOXI has been
shown to induce the expression of PPARs, the nuclear receptors
serving as lipid sensors and regulators of lipid metabolism (Poulsen
et al, 2012). Thus, it is speculated that a crosstalk between lipid
homeostatic and carotenoid metabolic pathways may exist in
OM scallop.

5 Conclusion

This study demonstrated the response mechanisms of carotenoid
accumulation in scallops by analyzing the DEGs and gene co-
expression networks of WM and OM scallops. Transcriptome
analysis showed that the down-regulation of PyBCO-like 1 is the
cause of carotenoid accumulation in muscle, while the expression
changes of other DEGs were in response to carotenoid accumulation.
Gene co-expression network analysis detected four carotenoid
accumulation-related modules. The hub genes and pathways
involved in translation and transcription, immune system, and lipid
metabolism pathways were identified in up-regulated modules, while
the down-regulated module is mainly enriched with genes involved in
various metabolic pathways. These findings provide candidate genes
and pathways for further studies on the effects of carotenoid
accumulation on other traits in bivalves.
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