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Abstract Carotenoids play crucial physiological roles in animals. A comprehensive investigation into the mechanism of carotenoid
metabolism in oysters will establish a theoretical foundation for further development of its carotenoid-rich traits. However, the in-
formation on the function of miRNA in B-carotene metabolism in oysters is limited. To elucidate the mechanisms underlying miRNA
regulation of carotenoid metabolism in oysters, we compared the expressions of miRNA in digestive gland tissues of Pacific oyster
(Crassostrea gigas) fed with a B-carotene supplemented diet and a normal diet, respectively. A total of 690 candidate miRNAs in the
Pacific oyster digestive gland tissues were identified, including 590 known miRNAs and 111 unknown miRNAs. Three differentially
expressed miRNAs were obtained in the carotenoid-fed and normal groups, associated to 137 differentially expressed target genes.
Moreover, the GO enrichment analysis revealed that the differentially expressed target genes were mainly involved in transmembrane
transport activity. KEGG enrichment showed that the differentially expressed target genes were involved in ABC transport. Analysis
of the mRNA-miRNA network revealed that novel0025 played a central role in carotenoid metabolism, and it was negatively corre-
lated with the expression of 46 mRNAs. In addition, down-regulated expression of novel0025 upregulated the expression of the lipo-
protein gene LOC105342186, suggesting a potential regulatory role in carotenoid metabolism. Our results provide useful information
for elucidating the miRNA regulation mechanism during carotenoids metabolism in the Pacific oyster.
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(Karadas et al., 2005; Maoka, 2020).

1 Introduction Aquatic animals acquire carotenoids from sources such
as algae and other organisms, and modify them through me-
tabolic reactions (Maoka, 2020). Carotenoids are liberated
from the food matrix upon ingestion by animals, incorpo-
rated into mixed microaggregates and absorbed in the in-
testine, subsequently undergoing transport, transformation,
lysis or deposition within cells. These processes are affect-
ed by diverse exogenous elements, such as dietary, fluctu-
ations in seasonality (Olsen et al., 2005; Chimsung et al.,
2013) as well as photoperiod (Tan et al., 2021). Further-
more, inheritance is crucial in the metabolic mechanism of
carotenoids (Toews et al., 2017).

MicroRNAs (miRNAs) perform pivotal functions in va-
rious physiological processes like pigmentation, immune
response, and metabolism, across both plant and animal
kingdoms. In the Pacific oyster Crassostrea gigas, miRNAs

Carotenoids are lipid-soluble, tetra-terpenoid organic pig-
ments and are one of the most common pigments found in
nature (Maoka, 2020). There is a wide variety of carote-
noids, with about 1100 species reported, including 850 na-
turally occurring carotenoids (Yabuzaki, 2017; Maoka, 2020).
Organisms capable of photosynthesis have the ability to
synthesize carotenoids de novo. Together with chlorophyll,
carotenoids play an indispensable role as pigments in pho-
tosynthetic organs. In animals, carotenoids cannot be syn-
thesized de novo; therefore, they are either directly accu-
mulated from diet or are partially modified by reactions of
metabolism (Moran et al., 2010). Recent researches have
demonstrated the essential functions of carotenoids in a
range of physiological processes, encompassing gene ex-
pression, proliferation and differentiation, signaling and cell
communication, antioxidant defense mechanisms as well as ~ Perform an essential regulatory function in pigmentation
immune response. These functions are attributed to both the and are involved in the formation of shell color across va-
intrinsic properties of carotenoids themselves and the vita- ~ rious shellfish species (Feng ez al., 2020). In Dunaliella

min A-like metabolites generated during their metabolism salina, miRNAs are involved in the accumulation and me-
tabolic processes of f-carotene. Currently, research on the
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formation of shellfish B-carotene mainly focus on gene
function (Li ef al., 2010; Liu et al., 2015; Wan et al., 2022a,
2022b). Limited information is available regarding the func-
tion of miRNAs in f-carotene metabolism.

Bivalves are the second largest group of mollusks that
live as filter feeders, and their diet consists of carotenoid-
rich microalgae in seawater (Maoka, 2009, 2011). Bivalves
have the ability to absorb, accumulate and metabolize ca-
rotenoids and their derivatives from microalgae, while they
can adapt to the complex and variable conditions of caro-
tenoid supply in the environment (Maoka, 2020). There-
fore, they serve as an excellent model for studying the me-
chanism underlying carotenoid metabolism. The Pacific
oyster is the most productive bivalve shellfish with both
significant ecological and economic values. Its soft body,
especially the digestive gland, is a rich source of carote-
noids that are beneficial for human health (Maoka, 2011).
Therefore, a comprehensive investigation of the carotenoid
metabolism mechanism of Pacific oyster can establish a
theoretical foundation for further exploitation of its caro-
tenoid-rich traits, which holds significant potential in en-
hancing the quality of Pacific oyster. Previous transcriptome
sequencing has identified several genes related to carote-
noid transport and storage such as apolipoproteins (Wan
et al., 2022b). However, whether miRNAs are participat-
ing in regulating their differential expression is unclear.

In this study, we performed microRNA sequencing in or-
der to investigate the regulatory mechanisms of carotenoid
metabolism in Pacific oysters. Differences in miRNA pro-
files in the digestive glands of oysters fed with or without
carotenoids were analyzed. Based on the available geno-
mic information, both known and novel miRNAs were iden-
tified. The ceRNA networks were constructed to identify
and analyze miRNAs related to carotenoid processing as
well as their target genes by integrating miRNA and mRNA
data. These results facilitate a better insight into the meta-
bolic role of carotenoids in Pacific oysters.

2 Materials and Methods
2.1 Animals

In this study, the experimental component was consistent
with previous research (Wan et al., 2022b). Briefly, the
treatment groups of oysters were fed -carotene (caro) while
the control group (ctrl) did not receive any supplementa-
tion. After 30 days of treatment, digestive gland tissues
were collected for total RNA extraction. The treatment and
control groups consisted of three biological replicates and
each was formed by mixing digestive gland tissues from
three Pacific oysters.

2.2 miRNA Library Construction and Sequencing

Total RNA was extracted from the digestive gland of Pa-
cific oysters using the TRIzol (Invitrogen, USA). RNA pu-
rity and integrity were estimated using a 1% agarose gel
and the concentration of RNA was measured by utilizing
Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA).

a) Springer

Each sample was prepared with 3 pug of total RNA, and
sequencing libraries were prepared using the NEBNext®
Multiplex Small RNA Library Prep Set for [llumina® (NEB,
USA) following the manufacturer’s instructions. PCR amp-
lification was carried out utilizing LongAmp Taq 2x Mas-
ter Mix, SR Primer for Illumina and index (X) primer. DNA
fragments with a length of 140—160bp (including the small
noncoding RNA plus the 3’ and 5’ adaptors) were isolated
and dissolved in 8 uL elution buffer. Single-end reads of 50
bp in length were generated using the Illumina Hiseq 2500/
2000 platform.

2.3 Data Processing

The raw data were quality-checked using fastqc (0.12.1)
and were subsequently filtered with trim_galore (0.6.10)
software to remove adapter sequences and retain 18—30bp
fragments for downstream analyses. The sSRNA reads were
aligned to the reference (GCA_902806645.1) utilizing Bo-
wtie (Langmead et al., 2009) without mismatch to ana-
lyze the expression and distribution on the reference.

2.4 Known miRNA Alignment

Firstly, mature miRNAs and precursor miRNAs from all
animals in the miRBase 20.0 database were utilized as re-
ference sequences for Pacific oyster miRNAs. Bowtie soft-
ware was then used for map reads, which could align the
Pacific oyster genome to the miRNA reference sequences
to identify mature miRNA sequences specific to the Paci-
fic oyster.

2.5 Novel miRNA Prediction

Prediction of novel miRNA in Pacific oysters was car-
ried out by utilizing mirdeep2 software with default para-
meters (Friedlander et al., 2012). The obtained alignments
and annotations were summarized, taking into account the
possibility of sSRNA reads being aligned to multiple cate-
gories during the alignment and annotation process. To en-
sure each unique small RNA is mapped to a single anno-
tation, we adhere to the following priority order: known
miRNA >rRNA >tRNA >snRNA>snoRNA >repeat>exon
>intron. The overall proportion of rRNA serves as an indi-
cator of sample quality.

The quantifier.pl program from the mirdeep2 package
was utilized for miRNA quantification, calculation of count
value, and subsequent normalization. Standardization of
miRNA expression levels were estimated by TPM (tran-
script per million) (Zhou et al., 2010).

miRanda (Enright ef al., 2003), RNAhybrid (Kruger ef al.,
2006) and targetscan (McGeary ef al., 2019) were employ-
ed to predict the target genes of differentially expressed
miRNAs (DE-miRNA). The parameters for miRanda were
set as -en -10, while those for RNAhybrid were set as -f 2,
8 -m 10000, -v 3, -e -20. Default parameters were used
for targetscan.

2.6 GO and KEGG Enrichment Analysis
The target gene candidates of DE-miRNAs were sub-
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jected to Gene Ontology (GO) enrichment analysis. GO-
seq based Wallenius non-central hyper-geometric distribu-
tion (Young et al., 2010), which could adjust gene length
bias, was implemented for GO enrichment analysis.

KEGG pathway enrichment analysis was conducted for
miRNA target genes byKOBAS software (Mao et al., 2005)
and P<0.05 were considered significantly enriched.

2.7 Construction of miRNA-mRNA Network

The raw transcriptome data from the same experiments
were analyzed to identify differentially expressed genes
(DEGs) (Wan et al., 2022b). Subsequently, the DE-miRNA
and DEGs interaction network was constructed using Cy-
toscape software.

3 Results

3.1 Analysis and Identification of microRNAs

A total of 49378012 and 49798903 raw reads were ob-
tained from the small RNA (sRNA) libraries (caro and ctrl
libraries) through high-throughput sequencing, respective-
ly (Table 1). The raw data have been successfully upload-
ed to NCBI (PRINA983684). After filtering the raw data
and removing adapters, 47915498 (97.04%) and 48718271
(97.83%) clean reads were obtained. In the two small RNA
libraries, the sSRNA lengths ranged from 18 to 28nt, with
a predominance of 22-nt sequences followed by 23-nt and
21-nt sequences (Fig.1A), while the most abundant uni-
que read was 28nt (Fig.1B). After obtaining the filtered
sRNAs, we mapped them to the genome and retrieved

26715883 and 21270716 miRNA reads from the two li-
braries respectively. The alignment rates were 65.77% and
64.65%, indicating a high degree of accuracy in the ana-
lysis. The analysis of different types of SRNA showed that
miRNA accounted for the highest percentage of all reads,
while the percentage of rRNA was below 20% in all cases,
which indicated the high quality of the sequenced samples.
The proportion of unique reads indicated that repeat and
exon sequences account for the highest percentage, whereas
miRNA only constituted 1.1% of the unique reads (Figs.
2A-D). A total of 849, 774, 813, 845, 772 and 609 miRNAs
were identified as potential miRNAs for the Pacific oyster
digestive gland by mapping sRNAs to known animal mi-
RNA precursors.

3.2 Analysis of miRNAs Differential Expression

As a result of sequence alignment analysis, a total of
690 candidate miRNAs were identified from the Pacific
oyster digestive gland, including 579 known and 111 no-
vel miRNAs. The overall expression levels of miRNAs were
higher in the caro group than in the control group (Fig.3).
In both libraries, miRNAs with TPM>1000 were classi-
fied as abundant, while those with TPM <1 were catego-
rized as rare. Among them, 65 miRNAs were abundantly
expressed in both groups, while 271 miRNAs displayed low
expression levels.

A total of three DE-miRNAs were discovered through
comparative analysis of treatment and control groups. In
treatment group, rno-miR-200c-3p and novel0017 were up-
regulated and novel0025 was down-regulated.

Table 1 Statistics of small RNA sequences of the six libraries

Sample Raw reads Clean reads Total reads Mapped reads % mapped
Ctrll 16173382 15496482 9556561 5812857 60.826
Ctrl2 16921463 15991499 8258910 5554645 67.256
Ctrl3 16283167 16427517 8900412 6160687 69.218
Carol 16882914 16511896 9269000 6079093 65.585
Caro2 15913663 15610036 7265399 5215048 68.390
Caro3 17002326 16596339 4736317 2837416 59.908
(A) W Ctrl (B)
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Fig.1 Length distribution of small RNAs in Crassostrea gigas. (A), abundance of miRNAs in the two samples. (B), abun-
dance of unique miRNAs in the two samples. The y-axis represents the numbers of small RNA identified in each library, the

x-axis represents the length of small RNA.
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Fig.2 Annotation distribution of sSRNAs. (A) and (B) indicate the distribution of annotations of SRNAs in control and treat-
ment groups, respectively. (C) and (D) indicate the distribution of annotations of unique sSRNAs in control and treatment

groups, respectively.
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Fig.3 Overall expression levels of miRNAs in two samples.

3.3 Prediction of DE-miRNA Target Genes in the
Pacific Oyster

Three software programs, miRanda, RNAhybrid and tar-
getscan, were utilized to predict the target genes of the
three DE-miRNAs. An intersecting of the three software
predictions yielded 5544 miRNA-target gene pairs, of which
137 were identified as differentially expressed genes.

The enrichment analysis of miRNA target genes was per-

@ Springer

formed in order to identify the pathways in which diffe-
rentially expressed miRNAs may be involved and their
impact on the treatment. GO enrichment analysis revealed
that the target genes of DE-miRNA were mainly involved
in transmembrane transport activity-related molecular func-
tion and biological processes associated with transport,
as shown in Fig.4. The target genes were significantly en-
riched to a KEGG pathway of ABC transporters, as shown
in Fig.5.
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Fig.4 Gene ontology distribution of the DE-miRNA target genes.

Among the DE-miRNAs, mo-miR-200c-3p and novel0017
were found to be up-regulated in treatment group, result-
ing in the down-regulation of 5 and 14 mRNAs, respective-
ly. In the interaction network, novel0025 was found to have
a central role and down-regulate the expression of 46
mRNAs in the treatment group (Fig.6A). In addition, down-
regulation of novel0025 up-regulated the expression of the
apolipoprotein gene LOC105342186. Therefore, a nega-
tive regulatory relationship exists between novel0025 and
lipoprotein genes. Analysis with miRanda software show-
ed that novel0025 was capable of binding to the 5’UTR
region of the lipoprotein gene (Fig.6B).

4 Discussion

To date, miRNAs were reported to function as key re-
gulators in growth, development, immunity, shell color for-

mation and glycogen synthesis in Pacific oysters (Feng et al.,
2018; Rosani et al., 2020; Wang et al., 2021; Yue et al.,
2022). Previously, we screened genes involved in carote-
noid metabolism-related genes by transcriptome (Wan ef al.,
2022b). However, the regulatory mechanisms of miRNAs
in carotenoid metabolism remain poorly understood. In this
study, the miRNA transcriptomes of the microencapsulat-
ed group, which was fed with beta-carotene, and the nor-
mally fed group were compared, while the key miRNA and
miRNA target genes in carotenoid metabolism were iden-
tified. These results laid the basis for further investigations
associated with carotenoid anabolism.

In this study, the length of the sSRNA library reads ranged
mainly from 21nt to 23 nt, in line with previous studies
(Feng et al., 2020; Yue et al., 2022). The prevalence of 22
nt dicer cleavage products in Metazoa suggests the evolu-
tionary conservation of miRNAs (Starega-Roslan et al.,
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2015). The small RNA statistics revealed a proportion of
rRNAs below 40%, indicating the high quality of the se-
quencing data obtained (Qin et al., 2014). Interestingly,
the most abundant reads in the category of small RNAs
were 28 nt in length, which may indicate their classifica-
tion as piRNAs given that piRNAs typically range from 25
to 31 nt (Girard et al., 2006).

To investigate the regulatory mechanism of miRNAs in
carotenoid metabolism, we performed a comparative mi-
RNA analysis of the digestive glands of the Pacific oysters
in both the treatment and control groups. A total of 690
miRNAs were identified, which was more than the num-
ber of miRNAs previously identified in Pacific oysters
(Feng et al., 2020). The previous studies focused on align-
ing small RNA sequences to known miRNA precursor se-

Tryptophan metabolism -
Synaptic vesicle cycle -

Sulfur metabolism -«

Selenocompound metabolism -«
Metabolism of xenobiotics by cytochrome P450 -
Inflammatory mediator regulation of TRP channels -
Glycosaminoglycan degradation -
Glycine, serine and threonine metabolism -
Glutamatergic synapse -
Fatty acid degradation -

Fat digestion and absorption -

Description

Drug metabolism —cytochrome P450 -
Cholesterol metabolism -
Chemical carcinogenesis —reactive oxygen species -
Chemical carcinogenesis— DNA adducts -
Bile secretion -
Arachidonic acid metabolism -
Antifolate resistance -
Aminobenzoate degradation - «

ABC transporters -

quences in invertebrates listed in miRbase (Feng et al.,
2020; Li et al., 2021). In this study, small RNA sequences
were aligned to miRNA precursor sequences across all ani-
mal species, resulting in a significantly expanded repertoire
of identified miRNAs. However, we identified only 3 dif-
ferentially expressed miRNAs from 690 candidates. These
three miRNAs target over 5000 genes, yet only 137 of these
genes exhibited differential expression between the treat-
ment and control groups. A plethora of structurally diverse
carotenoids that accumulate in shellfish are derived from
the microalgae they ingest (Maoka, 2011). Moreover, their
biosynthesis involves multiple genes for uptake, transport,
metabolism and deposition (Parker, 1996). Many of the tar-
get genes identified were found to be associated with lipid
transport and storage, carotenoid processing and retinoid
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Fig.5 KEGG enrichment pathways of target genes of DE-miRNAs. The y-axis represents the KEGG enriched pathways, the
x-axis represents the enrichment factor, which was calculated by ratio of the number of differentially expressed mRNAs

divided by the number of annotated mRNAs in this pathway.
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Fig.6 Interaction network analysis of DE_miRNA and DEG. (A), interaction network of the differentially expressed miRNAs
and their target genes. (B), binding sites of novel0025 and apolipoprotein gene predicted by miRanda software.
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metabolism, indicating a significant role of the digestive
gland in carotenoid metabolism in Pacific oysters. The func-
tion of the ABC transport pathway in carotenoid transport
has been found in several species (Verwaal et al., 2010;
Roth et al., 2017). In this study, DEGs were only enriched
in the ABC transport pathway, further illustrating the im-
portance of the altered pathway for carotenoid transport.
Collectively, miRNAs participate in the metabolic process
of carotenoids by regulating genes in the transport process.

Carotenoid uptake, translocation, and metabolism are be-
lieved to primarily occur in the digestive glands due to the
high levels of carotenoids found in the hepatopancreas of
many shellfish species (Vershinin, 1996). A comparative
transcriptome analysis between the digestive gland of the
Pacific oyster and other tissues has revealed that genes en-
riched in the hepatopancreas match digestive functions, and
these genes encode numerous proteins homologous to pan-
creatic digestive enzymes found in vertebrate. At the same
time, numerous studies have demonstrated that the verte-
brate liver and intestine are important sites for multiple
genes to carry out their functions related to carotenoid me-
tabolism (Raghuvanshi et al., 2015; Widjaja-Adhi et al.,
2015). For instance, carotenoid lyase performs cleavage of
carotenoids, while SRB and apolipoprotein perform the
functions of carotenoid uptake, transport and storage of
carotenoids in these organs (Widjaja-Adhi et al., 2015). In
the present study, we found that miRNA novel0025 may
be involved in the regulation of the apolipoprotein gene
LOC105342186, which performs carotenoid transport and
storage functions in Pacific oysters (Wan et al., 2022b).
miRNAs typically match the 3’UTR of genes for func-
tional inhibition of target genes. With further research, the
miRNA recognition site has been investigated in the cod-
ing region or 5’UTR of the target gene (Pu et al., 2019).
The results from miRanda software analysis showed that
novel0025 mainly binds to the 5’UTR of the apolipopro-
tein gene, so it is hypothesized that novel0025 may func-
tion on the 5’UTR of this gene to inhibit its expression.

In summary, this study investigated carotenoid metabo-
lism in Pacific oysters by supplementing their diet with beta-
carotene microcapsules. By conducting a comparative ana-
lysis of miRNAs in the digestive glands of Pacific oysters
in the treatment and control groups, differentially express-
ed miRNAs related to carotenoid metabolism were identi-
fied and associated with a differentially expressed apolipo-
protein gene.
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