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ARTICLE INFO ABSTRACT

Edited by Xavier Carette Carotenoids are essential micronutrients for animals, and they can only be obtained from the diet for mollusk as

well as other animals. In the body, carotenoids undergo processes including absorption, transport, deposition,

Keywords: and metabolic conversion; however, knowledge of the involved genes is still limited. To elucidate the molecular
Crassostreili gigas mechanisms of carotenoid processing and identify the related genes in Pacific oyster (Crassostrea gigas), we
Carotenoids

performed a comparative transcriptome analysis using digestive gland tissues of oysters on a beta-carotene
supplemented diet or a normal diet. A total of 718 differentially expressed genes were obtained, including
505 upregulated and 213 downregulated genes in the beta-carotene supplemented group. Function Annotation
and enrichment analyses revealed enrichment in genes possibly involved in carotenoid transport and storage (e.
g., LOC105342035), carotenoid cleavage (e.g., LOC105341121), retinoid homeostasis (e.g., LOC105339597) and
PPAR signaling pathway (e.g., LOC105323212). Notably, down-regulation of mRNA expressions of two apoli-
poprotein genes (LOC105342035 and LOC105342186) by RNA interference significantly decreased the carot-
enoid level in the digestive gland, supporting their role in carotenoid transport and storage. Based on these
differentially expressed genes, we propose that there may be a negative feedback mechanism regulated by nu-
clear receptor transcription factors controlling carotenoid oxygenases. Our findings provide useful hints for
elucidating the molecular basis of carotenoid metabolism and functions of carotenoid-related genes in the oyster.

Transcriptome sequencing
Retinoid homeostasis
Carotenoid oxygenase
Candidate genes

1. Introduction

Carotenoids are widely distributed pigments with an orange-red
color and consist of more than 1100 members (Yuan et al., 2015;
Yabuzaki, 2017). They can be synthesized by many plants, bacteria, and
fungi, but not by animals with few exceptions (Moran and Jarvik, 2010),
so diet is the only carotenoid source. Carotenoids are of physiological
importance in various aspects of animal life. One the one hand, intact
carotenoids accumulated in animal tissues may act as antioxidants or
signal pigments involved in body coloration (Toews et al., 2016). On the
other hand, they were precursors of vitamin A and other carotenoid
derivatives playing essential roles in vision (Kiser et al., 2014) and
modulating cell differentiation, embryonic development, immunity, and

metabolism (Hall et al., 2011; Blaner, 2019; Li et al., 2020).

After intake by animals, carotenoids were released from food matrix,
incorporated into lipid droplets and absorbed in the intestine. Then they
were transported, transformed, cleaved or deposited in tissues. These
processes have been shown to be influenced by various external factors
such as food source, seasonal changes (Olsen et al., 2005; Chimsung
etal., 2013) and light cycle (Tan et al., 2021b). However, genetic factors
were also considered to play a crucial role in mechanisms underlying
carotenoid processing (Toews et al., 2017).

In particular, in recent years, carotenoid-based animal coloration has
been the focus of genetic function and evolutionary studies concerning
the establishment and maintenance of these carotenoid-dependent traits
(Toews et al., 2017). Various genes underlying these traits were reported
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to involved in selective deposition, enzymatical conversion and cleavage
of specific types of carotenoids (Maoka, 2009). For instance, some
members of scavenger receptor class B (SRB) genes, encoding for lipo-
protein receptors, are important for the cellular uptake of carotenoids
(Kiefer et al., 2002; Toews et al., 2017). Similarly, Cameo2 and SCRB15
are involved in the selective transport of lutein and beta-carotene to the
silk gland, which is responsible for cocoon coloration in Bombyx mori
(Sakudoh et al., 2010; Sakudoh et al., 2013). Furthermore, genomic and
biochemical analyses with yellow and red feather canaries (Toomey
et al., 2017) revealed a role for the high-density lipoprotein receptor
SCARBL in cellular uptake of carotenoids, responsible for carotenoid-
based coloration. In terms of carotenoid cleavage and elimination,
carotenoid cleavage oxygenases (CCOs), an evolutionary conserved
cytosolic enzyme, were shown to be key players (Poliakov et al., 2017).
The cis-acting regulatory mutations in BCDO gene result in more
uncleaved carotenoids in yellow-skinned chickens compared to white-
skinned ones (Eriksson et al., 2008).

It was noteworthy that research have shown that mammals have
evolved efficient mechanisms to control carotenoid homeostasis, which
include at least a negative feedback control mechanism implemented by
carotenoid oxygenases that control intestinal carotenoid absorption to
adapt to fluctuations in dietary availability of these lipids (Lobo et al.,
2010; von Lintig, 2010). Within these feedback regulation loops, nuclear
receptor transcription factors, including peroxisome proliferator-
activated receptors (PPARs) (Boulanger et al., 2003; Malergd et al.,
2003), retinoic acid receptor (RAR) and retinoid X receptor (RXR) (Xiao
et al., 1995), as well as intestinal transcription factor (ISX) (Lobo et al.,
2010), can regulate the expression of genes involved in carotenoid
metabolism, which are essential components of carotenoid and retinoid
(i.e., carotenoid derivatives) homeostasis (Andre et al., 2014). Other
genes, such as Niemann Pick Cl-like 1 (NPC1L1) (During et al., 2005),
ATP-binding cassette sub-family G member 5 (ABCG5) (Herron et al.,
2006), CYP2J19 (Lopes et al., 2016; Mundy et al., 2016; Twyman et al.,
2016) also play roles in carotenoid transport and binding.

Like other animals, mollusks acquire a variety of carotenoids from
their diet, i.e. microalgae filtered from seawater. Most of these carot-
enoids are fucoxanthin, diatoxanthin, diadinoxanthin, and alloxanthin
and their metabolites (Maoka, 2009; Maoka, 2011). Recent multi-omic
and biochemical analyses in mollusk species, focusing on mining
genes for carotenoid-based coloration of shells and tissues, have iden-
tified candidate genes underlying molecular mechanisms responsible for
these traits. For instance, in bivalves, studies in Yesso scallop (Pati-
nopecten yessoensis) named ‘Haida golden scallop’ with orange adductor
muscle revealed that the orange color is caused by carotenoid deposition
(Li et al., 2010). Subsequently, genes encoding the stearoyl-CoA desa-
turase (SCD) (Li et al., 2015), lysophosphatidylcholine acyltransferase 1
(LPCAT1) (Wang et al., 2015) and several proteins (Zhang et al., 2014)
were identified as candidates related to carotenoid accumulation. At
last, carotenoid accumulation was shown to be the result of PyBCO-like 1
down-regulation (Li et al., 2019). Meanwhile, bay scallop Argopecten
irradians (Song and Wang, 2019) and noble scallop Chlamys nobilis (Liu
et al., 2015) also exhibited carotenoid-based shell color and tissue color,
and the underlying genes, such as apolipophorin and SRB, were iden-
tified by transcriptomic and/or proteomic analyses. Using a similar
strategy, genes enriched in phototransduction and rhodopsin related
Gene Ontology (GO) terms were identified to be associated with higher
total carotenoid content (TCC) in yellow shell pearl oysters Pinctada
fucata martensii compared with black shell ones (Xu et al., 2019). In
addition, through correlation analyses between gene expression and
total carotenoid content in purple and white inner-shell color pearl
mussel Hyriopsis cumingii, Li et al., (2014) found a novel hcApo gene that
may be responsible for higher TCC in multiple tissues (Li et al., 2014).

The Pacific oyster Crassostrea gigas is a widely distributed and
economically important species that is rich in carotenoids. They accu-
mulate various carotenoids from their dietary microalgae and may
modify them by metabolic reactions and deposit metabolites in tissues
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(Maoka, 2011). Considering the largest production of C. gigas among all
cultured aquatic animals (FAO, 2016) and the seasonal fluctuations in
their intake of carotenoid-rich microalgae, it is important to better un-
derstand the molecular mechanisms of carotenoid metabolism in Pacific
oyster, from the economy, animal breeding, gene function and evolution
perspectives (Shahidi et al., 1998; Hubbard et al., 2010);

In the present study, to investigate the molecular mechanisms of
carotenoid processing in C. gigas, we first identified genes potentially
involved in carotenoid transport and storage by comparative tran-
scriptome analysis, with the role of two lipoprotein genes
(LOC105342035 and LOC105342186) being further supported by RNAi
assays. Secondly, based on the differentially expressed genes, we infer-
red the existence of a diet-responsive negative feedback mechanism in
C. gigas, regulated mainly by nuclear receptor transcription factors
controlling carotenoid cleavage enzyme gene expressions and retinoid
production. Our findings provide valuable information for further
research on the mechanisms of carotenoid metabolism.

2. Materials and methods
2.1. Ethics statement

The Pacific oysters used in this study were cultured by us, and we are
allowed to use these materials for research. All experiments on them
were carried out in accordance with institutional and national guide-
lines. Since no endangered or protected species were involved in our
experiments, no specific permission was required for the experiment
materials.

2.2. Experimental animals

One-year old Pacific oysters (6.64 + 0.65 cm in shell height and
16.39 + 4.30 g in total weight) were collected in September 2020 from
Rushan, Shandong, China. During the acclimation period, all the oysters
were cultured at 12-15 °C for 10 days in aerated seawater, which was
renewed every other day. Oysters were fed twice a day using Chlorella
vulgaris, with the daily amount of 300 million algal cells per oyster, to
satiate them (Kuhn et al., 2013).

2.3. Beta-carotene feeding experiment

In the formal experiment, 160 oysters were cultured in 10 tanks, each
containing 50 L seawater, and were divided into two groups, including
the beta-carotene supplemented group (group caro) and the control
group (group ctrl). Each group contained five replicates, with 16 oysters
in each replicate. All culture conditions were the same as during the
acclimation period, except that oysters in group caro were fed with
additional beta-carotene. As beta-carotene is insoluble in water, water-
soluble microencapsulated beta-carotene was purchased from LTD
Xinhe Biotech (Hubei, China) and well mixed with Chlorella vulgaris
algae for the experiment as previously reported in Hyriopsis cumingii
(Chen et al., 2019). Considering beta-carotene content of 1% (w/w) in
the microcapsules, each oyster was fed with 0.28 g of microencapsulated
beta-carotene per day (i.e., 2.8 mg of pure beta-carotene). The beta-
carotene microcapsules used are lipid-based and their lipophilic shells
consist mainly of triglyceride oil and a small amount of surface active
materials (Lin et al., 2018).

After 30 days of cultivation, 9 oysters were randomly sampled from
each group. The digestive gland tissue from every oyster was dissected,
immediately frozen in liquid nitrogen, and then stored at —80 °C for
total RNA extraction.

2.4. RNA isolation, library preparation, and sequencing

Total RNA of digestive gland tissues from eighteen oysters (i.e., nine
from beta-carotene group and nine from control group) were extracted
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separately using TRIZOL, assessed by electrophoresis on 1% agarose gel
for quality and quantified using NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). RNA concentration and integrity were determined
using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technolo-
gies, CA, USA) and the RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, CA, USA), respectively. For each
group, three libraries were constructed and each one consists of equal
amounts of total RNA pooled from three replicates. For comparison,
total RNA (3 pg per sample, 1 pg per individual) from oysters of both
groups was used to prepare six pair-end cDNA libraries. Briefly, ribo-
somal RNA (rRNA) was firstly depleted from the total RNA by using
Epicentre Ribo-zero™ rRNA Removal Kit (Epicentre, USA), and then
cleaned up by ethanol precipitation.

Sequencing libraries were subsequently generated with the rRNA-
depleted RNA by NEBNext® Ultra™ Directional RNA Library Prep Kit
for Illumina® (NEB, USA) following manufacturer’s recommendations.
In this process, libraries were fragmented using divalent cations under
elevated temperature in NEBNext First Strand Synthesis Reaction Buffer
(5X). And then first strand cDNA was synthesized using random hexamer
primer and M-MuLV Reverse Transcriptase (RNaseH-), followed by RNA
degradation and second strand cDNA synthesis with RNase H and DNA
Polymerase I, in which dNTPs with dTTP were replaced by dUTP.
Remaining overhangs were converted into blunt ends via exonuclease/
polymerase activities. Subsequently, 3’ ends of DNA fragments were
adenylated and ligated with NEBNext Adaptor with hairpin loop struc-
ture to prepare for hybridization. Then 350-400 bp cDNA fragments
were selected with AMPure XP system (Beckman Coulter, Beverly, USA).
Before PCR, USER Enzyme (NEB, USA) was used to degrade the second-
strand cDNA containing dUTP. Then PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers and Index (X)
Primer. After the purification of PCR products with AMPure XP system,
library quality was assessed on the Agilent Bioanalyzer 2100 system.
After library generation, the clustering of all samples was conducted on
a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-
HS (Illumia) according to the manufacturer’s instructions. At last, the
resulting libraries were sequenced using 150 bp paired-end reads on an
[llumina NovaSeq 6000 platform. Sequence read data have been
deposited at the NCBI sequence read archive (SRA) under the accession
number PRJINA765831 (Table S1).

2.5. Quality control, mapping and gene expression calculation

Raw sequence data from the 6 libraries were quality trimmed using
fastp v0.20.1 package (Chen et al., 2018) to obtain clean reads removed
adapter sequences, poly-N sequences, and low quality reads, and to
produce reports of the Q20, Q30, and GC content of the clean data. All
the downstream analyses were based on these high-quality clean data.

Then, all the RNA-seq reads were mapped to the oyster genome
(GenBank accession No. GCA_902806645.1) with the HISAT2 (Kim
et al., 2015) (v2.2.1, with following parameters -rna-strandness RF and
-dta options). The produced SAM files were converted to BAM files and
sorted by SAMtools v1.10 (Li et al., 2009). On the basis of the C. gigas
genome sequence, transcript assembly was performed by StringTie
v2.1.2 (Pertea et al., 2015), with which StringTie estimated expression
abundance for input to IsoformSwitchAnalyzeR v1.13.05 (Vitting-
Seerup and Sandelin, 2019). Then, raw read counts of all genes were
extracted with the IsoformSwitchAnalyzeR and the fragments per kilo-
base per million mapped reads (FPKM) of each gene was also calculated.

2.6. Differential expression analysis, gene annotation and GO and KEGG
enrichment analysis

Differentially expressed genes (DEGs) based on read counts was
identified with the R package DESeq2 v1.30.1 (Wang et al., 2010), with
a model based on a negative binomial distribution and adjustment of p-
values using the Benjamini and Hochberg approach for controlling false
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discovery rate (FDR). The resulting adjusted p-values < 0.05 and |
log2FoldChange| > 1 were used to find differentially expressed genes.
Further, isoform usage, nucleotide and amino acid sequences of differ-
entially expressed genes (DEGs) were deduced using
IsoformSwitchAnalyzeR.

To establish the latest local protein databases of Gene ontology (GO)
(Khatri and Draghici, 2005) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (Kanehisa et al., 2008), all the metazoan protein se-
quences with GO numbers were download from NCBI protein database,
and those with K numbers were obtained through KEGG API (htt
ps://www.kegg.jp/kegg/rest/keggapi.html). Through BLASTP (cut-off
E-value of le-5) against the resulting databases, deduced amino acid
sequences of all the genes (FPKM > 1 in at least one group) were
assigned with GO and KEGG numbers. GO and Kegg enrichment was
done using clusterProfiler (Yu et al., 2012) with default parameters and
then visualized.

2.7. Quantitative real-time PCR validation of DEGs

For validation of RNA-seq, a total of 16 DEGs of insterest were
selected. With the remaining total RNA for RNA-seq, cDNAs of six
samples were synthesized, using a HiScript III RT SuperMix for qPCR
(+gDNA wiper) kit (Vazyme, Nanjing, China). Specific primers for qRT-
PCR were designed with Primer-Blast at NCBI (Ye et al., 2012)
(Table S2). Enlongation Factor was used as an internal controls (Renault
et al., 2011).

qRT-PCR assays were performed on a Roche LightCycler 480 Real-
time PCR System (Roche, Switzerland) using EvaGreen 2x qPCR
MasterMix-No Dye (ABM). Reactions (20 pl) contained cDNA (4 pl,
diluted 1:15 in water), MasterMix (10 pl), forward primer (3 pl, 2 pM)
and reverse primer (3 pl, 2 pM). Amplification procedures were as
following: pre-incubation at 94 °C for 10 min, followed by 40 cycles of
15 s at 95 °C, 1 min at 60 °C, and a final melting curve step was con-
ducted to verify that each primer set amplified a single product. Two
technical replicates were performed for each sample, and six samples
were used as biological replicates. The qPCR results were analyzed using
Real-time PCR Miner (http://www.miner.ewindup.info/) (Zhao and
Fernald, 2005), with which PCR efficiencies and optimal cycle threshold
(Ct) values were estimated. The gene expression was quantified by
normalizing to Enlongation Factor gene expression.

2.8. Sequence analysis and phylogenetic analysis of genes of interest

Differentially expressed genes encoding apolipoproteins, carotenoid
oxygenase, nuclear receptor transcription factors were chosen for
further sequence analyses. Their mRNAs, ORFs and proteins were
downloaded from the the National Center for Biotechnology Informa-
tion (NCBI) and deduced from the transcriptome data using Iso-
formSwitchAnalyzeR (Protein sequences: File S1).

Conserved protein domains were predicted with the Simple Modular
Architecture Research Tool SMART (http://smart.embl-heidelberg.de/)
(Letunic et al., 2021). The amino acid (aa) sequences of apolipoprotein
genes and carotenoid oxygenase of C. gigas, as well as homologous genes
of other species retrieved from NCBI were aligned with MAFFT v7.471
(Katoh et al., 2002) alignment software using the L-INS-I algorithm and
visualized in Jalview (Waterhouse et al., 2009). Their phylogenetic trees
were constructed by the Maximum-Likelihood (ML) algorithm using IQ-
Tree 1.4.3 (Minh et al., 2013), and the topological stability of the trees
was evaluated by 1000 bootstrapping replicates.

2.9. RNA interference (RNAi) experiment of apolipoprotein genes

Based on differential expression analysis and functional enrichment
analysis, we selected two apolipoprotein genes (LOC105342035 and
LOC105342186), designated CgApol and CgApo2 respectively, for
further RNA interference experiment to analyse their function. Through
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sequence analysis and alignment, we found a shared conserved domain
called lipoprotein N-terminal domain (LPD-N) between CgApol and
CgApo2 (Fig. 1la), whose nucleotide sequences were highly similar
(99.88%); Fig. S1) and chosen as candidate target region of dsRNA. The
cDNA of the two CgApo genes was synthesized and used as template for
PCR amplification with Phanta® Max Super-Fidelity DNA Polymerase
(Vazyme), and primers were designed with Primer-Blast (Table S2).
After purification, the PCR products were used as templates and
amplified with the primers containing T7 promoter. For a control group,
a DNA fragment of enhanced green fluorescent protein (EGFP) gene was
also cloned using specific primers with T7 promoters (Table S2).

After purification, the PCR products were used as templates for in
vitro transcription using a T7 RNAi Transcription Kit (Vazyme) ac-
cording to the manufacturer’s instructions. The quality of obtained
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dsRNA was assessed by electrophoresis on 1% agarose gel and quantified
with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA), after which dsRNA was diluted to 1 pg/pul with PBS and dispensed
into tubes (100 pl per tube).

Prior to dsRNA injection, oysters with an average shell height of 80
mm were subject to one week starvation to consume stored carotenoids.
Then, a total of 54 individuals were randomly separated into three
groups consisting of dsCgApo, dsEGFP and phosphate buffered saline
(PBS) group. The oyster shells were ground with an electric drill to
create a slit approximately 1-cm wide at the shell edges near the
adductor muscle for subsequent injection into the muscle. Oysters in the
RNAi group were injected with 100 pl of prepared dsRNA for CgApo
genes. Besides, the same amount of dsRNA for EGFP and the same vol-
ume of PBS were also injected into adductors of oysters in the negative

a
5373
LPD_N [fovrrss [
42 593
LOC105342035
1 886
LPD_N [[ovrio
41 592
LOC105342186
b
452
NR_DBD_PPAR NR_LED_PPAR
108 192 229 449
LOC105323212
1 529
[ NRoomoike | NR_LBD_F1
4|7 11|8 343 506
LOC105331182
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NR_LED_F1
43 101
LOC117682968

Fig. 1. Protein organization of differentially expressed apolipoproteins and nuclear receptors. a. apolipoproteins: LOC105342035 and LOC105342186; nuclear
receptors: LOC105323212, LOC105331182 and LOC117682968; Arabic numbers: position and length for protein (aa). LPD_N: Lipoprotein N-terminal Domain
(Accession: smart00638); DUF1943: Domain of unknown function (pfam09172); VWD: von Willebrand factor type D domain (smart00216); b. nuclear receptors:
LOC105323212, LOC105331182 and LOC117682968; NR_DBD_PPAR: DNA-binding domain of peroxisome proliferator-activated receptors (cd06965);
NR_LBD_PPAR: The ligand binding domain of peroxisome proliferator-activated receptors (cd06932); NR_DBD _like: DNA-binding domain of nuclear receptors
(cd06916); NR_LBD_F1: Ligand-binding domain of nuclear receptor family 1 (cd06929);
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control and empty group, respectively.

One day after injection, oysters were fed normally as mentioned
above; two days later, they were injected again with those dsRNA or
PBS. The RNAi experiment lasted for 8 days. At last, digestive glands of
survived oysters in dsCgApo (n = 13), dsEGFP (n = 14) and PBS (n = 10)
group were collected and frozen immediately in liquid nitrogen. All
samples were stored at —80 °C until RNA and carotenoid extraction.
RNAI efficiency was determined by qPCR.

2.10. Effect of dsRNA on target mRNA and total carotenoid content
(TCC) in the digestive gland

For every individual, half of the digestive gland was used for RNA
extraction and the other half for carotenoid extraction. qQPCR was per-
formed as described above with two technological replicates for each
sample.

Prior to carotenoid extraction, digestive glands from about five
oysters were mixed and dried in a freeze-dryer (SCIENTZ-10 N, Ningbo
Scientz Biotechnology CO., China) for 24 h, and ground with pestles and
mortars that sterilised at 180 °C. Total carotenoids were extracted ac-
cording to Zheng’s method (Yanar et al., 2004) with minor modification.
Every sample was homogenized and dissolved in 5 ml acetone, followed
by shaking at 200 rpm for 3 h at 25 °C in an aphotic environment of a
temperature control shaking incubator. After centrifuging the extracts at
5000 rpm for 5 min, the supernant was passed through a 0.22 pm syringe
filter. Then the concentration of the total carotenoid was determined by
an ultraviolet—visible spectrophotometer (UNICO UV-2800A, China) at
480 nm and calculated with the following formula: TCC (%) = (A480 x
V x 10000)/(1900 x w), where A480 is the absorbance of the sample at
480 nm, V is the diluted volume of the sample (ml), 1900 is the
extinction coefficient of 1% (g/ml) carotenoids in acetone in a 1 cm
cuvette at 480 nm, W is the sample dry weight of tissue powder (g).

2.11. Statistical analysis

Data are shown as mean + SD. Two-group comparison analyses were
performed using unpaired two-tailed t-test for gPCR validation. TCC and
qPCR data were compared among groups with one-way ANOVA. Results
were considered significant at *P < 0.05 and **P < 0.01.

3. Results
3.1. Sequencing and mapping of RNA-Seq libraries

To identify differently expressed genes between oysters fed on the
beta-carotene supplemented diet and normal diet, six cDNA libraries
constructed from the digestive gland of two groups of oysters (group
caro and ctrl) were sequenced using Illumina NovaSeq 6000, and the
read data were submitted to the NCBI SRA database. After quality
control, a total of 503.8 million (M) clean reads were obtained from
506.3 M pair-end 150 bp raw reads of six libraries, with the resulting
total reads length of 75.45 Giga base (G) and Q20 (%) of each sample
varying from 98.42% to 98.58% (Table S1). The filtered high-quality
reads of each sample were aligned to the C. gigas genome, resulting in
overall alignment rates varying from 78.77% to 80.80%.

The abundance of all genes (42,838) was normalized and calculated
by FPKM. The distribution of gene expressions showed similar patterns
among libraries, and genes with FPKMs > 1 accounted for about 44% of
the total number (Fig. S2).

3.2. Differential expression analysis and validation by qRT-PCR

Genes with FPKMs less than 1 were considered low abundance genes
and omitted. The DEGs between the beta-carotene supplemented group
and the control group were identified by DESeq2 with adjusted P value
< 0.05 and |log2 (fold change)| > 1. As a result, 718 DEGs were found,
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in which 505 genes (~70.33%) were up-regulated and 213 (~29.67%)
genes down-regulated in the group caro compared with group ctrl
(Fig. S3; Fig. S4). Genes of special interest were shown in Fig. 2.
Sixteen genes of interest were chosen to perform qPCR, and the ob-
tained values of 10g2FC were compared with those from the RNA-seq
data. Especially, carotenoid oxygenase genes (LOC105321989 and
LOC117690758) with no different expression in transcriptome data
were further validated. The results showed that most genes analyzed by
qPCR share same expression patterns with those obtained from the RNA-
seq data, especially including apolipoprotein genes, carotenoid oxy-
genase genes and nuclear receptor genes that we focused on (Fig. S5).

3.3. Gene annotation and enrichment analysis of DEGs

In order to analyze functions of the DEGs between group caro and
ctrl, these genes were annotated and enriched with GO and KEGG
database. The significantly enriched GO terms for biological process at
level 5 are illustrated in Fig. 3. The detailed results for three main GO
categories (biological process, cellular component and molecular func-
tion) are listed in Table S3. A total of 49 KEGG pathways were signifi-
cantly enriched and sorted by the number of genes in Fig. 4 and details
were listed in Table S4. Furthermore, all the genes involved in enriched
terms or pathways were annotated with description from GO and KEGG
database (Table S5).

In general, results of GO and KEGG enrichment analysis were similar.
Except for xenobiotic metabolic related terms that may be caused by
microcapsules of beta-carotene, depending on their relationship with
carotenoid metabolism, all the enriched terms can be divided into the
following three categories: a. terms directly correlated with metabolism
of carotenoids and their derivatives (absorption, transport and meta-
bolic transformation); b. terms relating to fat metabolism; c. terms
regarding transcription factors (Table S6).

Notably, three  down-regulated genes (LOC117684251,
LOC105348216, LOC105341121) encoding carotenoid cleavage en-
zymes were enriched in the pathway of retinol metabolism, among
which the latter two genes encode identical protein sequences. DEGs
included in this pathway are marked in the pathway map (map00830)
(Fig. 5). Among those, retinol dehydrogenase 8 (RDH) and UGT (glu-
curonosyltransferase) were also down-regulated in group caro, whereas
some members of cytochrome P450 family were up-regulated. In addi-
tion, in the pathway of vitamin digestion and absorption, apolipoprotein
genes (LOC105342035 and LOC105342186), known as the main
chylomicron apoproteins, were upregulated. In terms of PPAR signaling
pathway, LOC105323212 (peroxisome proliferator-activated receptor
delta), LOC105331182 (nuclear receptor ROR-beta) and
LOC117682968 were up regulated, together with a few of their down-
stream genes involved in lipid metabolism.

3.4. Sequence and phylogenetic analyses

The mRNA sequences of CgApol and CgApo2 were 15715 bp and
3060 bp in length, with ORFs encoding 5373 and 886 aa, respectively.
The predicted amino acid sequences of these two CgApo genes both
contain the LPD-N domain (Fig. la). Furthermore, LOC105323212,
LOC105331182 and LOC117682968 (only containing LBD) were found
to contain characteristic domains, i.e., DNA binding domain (DBD) and
ligand binding domain (LBD), compatible with the role of nuclear re-
ceptors (Fig. 1b).

Conserved domains of amino acid sequences encoded by CgApol and
CgApo2 were aligned with their known homologous genes in other
species using MAFFT (Fig. S6). We found a high degree of similarity
among these sequences. Phylogenetic analysis revealed that C. gigas
Apo-1 and Apo-2 were close to each other and clustered with the
apolipoprotein gene of Hyriopsis cumingii with a support of 100%
(Fig. 6a).

Through BLASTP we found 5 carotenoid oxygenases in C. gigas, and
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three were downregulated in group caro. Similar sequence and phylo-
genetic analyses performed on carotenoid oxygenases showed that their
conserved domains share a high degree of similarity (39.58-65.62%),
but the existence of slight differences may be associated with the sub-
strate specificity (Fig. S7a). Among those, proteins of LOC105321989
and LOC117690758, as well as LOC117684251 and LOC105348216
were identical to each other respectively (Fig. S7a), which may result
from gene duplication event, and we have to take the mRNAs of two
identical genes as one target of qPCR. Phylogenetic analysis demon-
strated that the protein of LOC105341121 is close to BCOlike 1 in Yesso
scallop and they group together with other C. gigas carotenoid oxy-
genases with a with a support of 100% (Fig. S7b).

3.5. mRNA expressions of CgApo genes and carotenoid content in the
digestive gland after RNAi

To identify the role of CgApol and CgApo2 in carotenoid metabolism,
we synthesized the dsRNA (dsApo) and injected them into oyster
adductor muscle at 100 pg twice for each individual.

Results of qRT-PCR showed that the mRNA expression levels of
CgApol and CgApo2 in the digestive gland were inhibited after RNAi.
The expression levels of CgApol and CgApo2 mRNA were about
46.47-78.05% downregulated compared with the dsEGFP and PBS
injected groups (Fig. 6b,c). Furthermore, significant expression differ-
ences were found between the RNAi group and PBS group of both CgApo

genes. Even though the differences between RNAi group and EGFP
group were not significant, expression of CgApo genes were roughly
lower in the RNAi group.

After the RNAI experiment, total carotenoid content (TCC) in the
digestive gland of C. gigas was determined. The results showed that TCC
of the dsApo group is lower than that of dSEGFP (P < 0.01) and PBS (P <
0.05) group (Fig. 6d), suggesting that downregulation of CgApo genes
suppressed the carotenoid accumulation in the digestive gland of
C. gigas.

4. Discussion

4.1. Roles of the digestive gland in carotenoid processing of the Pacific
oyster

In the present study, the transcriptome comparison between the
digestive glands of oysters on a beta-carotene supplemented diet and a
normal diet identified a set of 718 DEGs, many of which are associated
with lipid transport and storage, carotenoid processing and retinol
metabolism.

Mollusks contain a wide range of structurally different carotenoids
obtained from their dietary microalgae (Maoka, 2011), rely on steps of
absorption, transport, metabolism and deposition implemented by
various genes (Parker, 1996). These steps are considered to mainly
happen in the digestive gland as high carotenoid content was found in
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Fig. 3. Enriched GO terms related to DEGs in the Biological Process category at level 5.

the hepatopancreas of most freshwater species (Vershinin, 1996).
Indeed, it has been well established that certain specialized cells in the
digestive gland of mollusks perform multiple tasks including digestion of
small molecules, transport of nutrients, and storage of lipid droplets that
may be rich in carotenoids. In particular, it should be noted that the
storage function was found for the digestive tract epithelial-supporting
cells of mollusks, in contrast to vertebrate cells whose primary func-
tion is not intracellular digestion and storage (Lobo-da-Cunha, 2019).
In C. gigas, research has revealed the homology, functional similarity
and evolutionary connections between oyster and vertebrate digestive
tissues (Xu et al., 2021). Especially, transcriptomic comparison between
the oyster digestive gland (mainly composed of hepatopancreas and few
gut tissues) and other tissues demonstrated that hepatopancreas-
enriched genes are compatible with a digestive role and encode diges-
tive enzymes homologous to those produced by vertebrate pancreas.
Actually, the vertebrate liver and intestine have been well characterized
as important sites for genes to perform carotenoid-related functions such
as carotenoid cleavage of CCOs (Raghuvanshi et al., 2015; Widjaja-Adhi
et al., 2015) as well as transport and absorption of carotenoids of SRBs
(Widjaja-Adhi et al., 2015), which leads us to reasonably speculate that

the oyster digestive gland has a similar role.

In the following, we discuss the DEGs which might be associated with
different cellular and metabolic processes regarding carotenoid
processing.

4.2. Functions of apolipoprotein in carotenoid transport and storage

Apolipoprotein (Apo) was known to play an essential role in the
assembly of lipoproteins functioning in the transport and storage of
lipids, fat-soluble vitamins and carotenoids (Arrese et al., 2001; Weers
and Ryan, 2006). The lipoproteins (including lipophorins in insects)
formed may be bound by SRB to promote possibly selective uptake of
lipids containing specific species of carotenoids (Kiefer et al., 2002; van
Bennekum et al., 2005; Sakudoh et al., 2010).

Through comparative transcriptome analysis, qRT-PCR analyses and
functional verifications, we identified two C. gigas Apo genes (NCBI
accession: LOC105342035 and LOC105342186), designated CgApol
and CgApo2 respectively, which may facilitate carotenoid storage.
Multiple alignments showed that although CgApol (5373 aa) protein is
much longer than and CgApo2 (886 aa), they share high sequence
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Fig. 4. Enriched KEGG pathways related to all DEGs.

identity in the overlap region and both contain a lipoprotein N-terminal
domain (LPD-N), a conserved feature of the large lipid transfer protein
(LLTP) that may function as a recognition motif by lipoproteins (Avarre
et al., 2007; Hayward et al., 2010). Notably, a high degree of sequence
identity was observed between the CgApo and hcApo of the fresh-water
pearl mussel Hyriopsis cumingii, which clustered on the same branch in
the phylogenetic tree (Fig. 6a) constructed from their conserved do-
mains, and could be grouped into the Apo subset containing homologs of
other species. In fact, significantly positive correlation between the
hcApo gene expression level and the total carotenoid content has been
demonstrated in purple line pearl mussels (Li et al., 2014). Consistently,
in the present study, RNAi of CgApo genes that downregulated the
expression of CgApol and CgApo2 caused the decrease of TCC in the
digestive gland of oysters, indicating that inhibition of CgApo may
hinder lipoprotein assembly and thus carotenoid transport and storage.
Similarly, consistent results of RNA-seq analyses in various tissues of
C. gigas showed that apolipophorins-like (LOC105333749), which has
100% identity with CgApo2, was uniquely highly expressed in the
digestive gland and constitutively expressed in other tissues (Zhang
et al., 2012; Xu et al., 2021).

4.3. Negative feedback regulation of carotenoid cleavage and retinoid
homeostasis

Expansion of carotenoid oxygenase genes in C. gigas, including a
relatively independent gene (LOC105341121) and two groups of
duplicated genes (i.e., LOC105321989 and LOC117690758;
LOC105348216 and LOC117684251) may reflect complex interactions
with the environment during evolution (Poliakov et al., 2017). Among
these genes, three carotenoid cleavage oxygenases (CCOs)
(LOC105341121, LOC105348216, LOC117684251) were down-
regulated in group caro compared to group ctrl in our study, indicating
that these genes may be associated with the ability of C. gigas to adapt to
excessive carotenoids and excessive derived retinoids (including vitamin
A, retinoic acid, and so on) (von Lintig, 2010). Notably, the expression of
two carotenoid oxygenase genes (LOC105321989 and LOC117690758)
was not altered, probably due to differences in their substrate specificity.

In vertebrates, CCOs can be classified into three classes (BCO1, BCO2
and RPE65) with different substrate specificity and cleavage manner
(Hessel et al., 2007; Amengual et al., 2011). Furthermore, it is well
established that BCO1 activity is under negative feedback regulation of
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vitamin A, involving transcription factor genes RAR, RXR, PPAR and ISX
(van Vliet et al., 1996; Seino et al., 2008; Lobo et al., 2013; Widjaja-Adhi
et al., 2015). In comparison, among invertebrates, a BCO2-like (BCOL)
clade exists, which includes lancelet, nematode, and molluscan carot-
enoid oxygenases with the activity demonstrated (Poliakov et al., 2017).
Furthermore, there are a large number of homologs of nuclear receptor
transcription factors in invertebrates playing crucial biological, devel-
opmental and reproductive processes (Vogeler et al., 2014). However,
few reports have focused on whether invertebrate carotenoid cleavage
oxygenases are subject to negative feedback regulation controlled by
NRs.

In mollusks, through a combination of genomic approaches and
functional assays, Li et al. (2019) showed a carotenoid oxygenase
PyBCO-like 1 is capable of degrading beta-carotene and its down-
regulation is responsible the carotenoid-based color of orange-muscle
Yesso scallops compared with white-muscle ones (Li et al.,, 2019).
Additionally, RAR and RXR genes have been reported to play possible
roles in carotenoid metabolism by regulate SRB and BCO gene in noble
scallop Chlamys nobilis rich in carotenoids (Tan et al., 2021b) (Tan et al.,
2021a), compatible with the pattern mentioned above.

Interestingly, we found elevated expression of three nuclear receptor
(NR) transcription factors (Fig. 1b), which may be responsible for the
downregulation of three among five carotenoid cleavage oxygenases in
C. gigas. Among them, we highlighted LOC105323212, annotated as
“peroxisome proliferator-activated receptor delta” in NCBI, may form a
heterodimer with RXR that can interact with ligands belonging to
carotenoid derivatives (Vogeler et al., 2017).

Here, we put forward a hypothesis that a negative feedback regula-
tion of retinoid homeostasis exists in the oyster, in which nuclear re-
ceptor transcription factors may regulate gene expressions of carotenoid
cleavage oxygenases to control the conversion of carotenoids and reti-
noid production. This regulation may prevent excessive production of

vitamin A when the supply of provitamin A carotenoids is abundant and
promote its production in deficient conditions. Further experiments
were needed to verify this hypothesis.

Importantly, a retinol dehydrogenase (RDH, LOC105339597) was
downregulated in the group caro. RDH may play a key role in the inter-
conversion of retinol to retinal and is an essential component of the
regulation mechanism of retinoid homeostasis (Napoli, 2012; Kedishvili,
2013). Subsequently, the levels of ligands such as retinoic acid are
regulated, whereby the activity of corresponding transcription factors is
controlled for a wide range of processes such as cell differentiation,
immunity, and metabolism (Blaner, 2019). In addition, other DEGs such
as cytochrome P450 genes (LOC105343044, LOC105344043,
LOC105337485), upregulated in group caro, may also play roles in
carotenoid metabolism and retinoid homeostasis. For instance, a cyto-
chrome P450 gene cluster in zebra finch (Taeniopygia guttata) contains
candidates for the carotenoid ketolase, which catalyzes carotenoid
ketolation (Mundy et al., 2016), and in mammals cytochrome P450
enzymes were responsible for RA degradation (Napoli, 2017). Notably,
although the beta-carotene contained in microcapsules is potent, as
evidenced by the expression changes of carotenoid cleavage oxygenases,
shells of beta-carotene microcapsules containing triglyceride oil and
surface active materials may act as interference factors, in the absence of
a control group supplied with only shell substances to clear up these
effects. For example, surface active materials may play a role as xeno-
biotics inducing detoxification response in oysters, which also involves
cytochrome P450 genes. Therefore, the link between cytochrome P450
genes and carotenoid metabolism in Pacific oyster should be further
investigated. Similarly, several additional DEGs in this study, such as
perilipin gene (LOC105348543), involved in fatty acid metabolism, may
also be affected by the triglyceride oil in the microcapsule shell (Gran-
neman et al., 2017; Lin et al., 2018), and thus whether their functions
are related to carotenoids needs to be further verified.
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5. Conclusion on a beta-carotene supplemented diet or a normal diet. Several induced
differentially expressed genes possibly related to carotenoid metabolism

Taken together, we analyzed differential gene expression related to were obtained, including two apolipoprotein genes, three carotenoid
carotenoid metabolism based on a comparative analysis between oysters oxygenase genes, three nuclear receptor transcription factors, and a

10
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retinol dehydrogenase. Results of functional assays provided support for
the role of the two apolipoprotein genes in carotenoid transport and
storage. We further proposed a negative feedback regulatory mechanism
for retinoid production by carotenoid cleavage, including nuclear re-
ceptor transcription factors and possibly regulated downstream carot-
enoid oxygenase genes. Our findings provide useful information for
potential mechanisms on molluscan carotenoid metabolism and point
out several promising candidate genes for further study.
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