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Abstract
Background In our previous studies, we selected a new scallop strain, QN Orange, which is rich in carotenoids
in its adductor muscles, from the bay scallop-Peruvian scallop hybrids. We further demonstrated that the
accumulation of carotenoids in QN Orange scallops might be regulated by a series of genes among which
the vacuolar protein sorting 29 ( VPS29) gene may play a pivotal role in carotenoid metabolism. However, the
possible mechanism underlying the VSP29 remains unexplored. This study aimed to further elucidate the
role of VPS29 in the carotenoid deposition process via RNA interference (RNAi).
Results HPLC results showed that the pectenolone, but not pectenoxanthin content in the adductor muscle
was reduced by RNAi of VSP29 . Transcriptomic analyses revealed 534 differentially expressed genes
(DEGs) between the group treated with RNAi and the control group, including genes related to carotenoid
biosynthesis such as low-density lipoprotein receptor domain class, cytochrome P450, Niemann Pick C1-like
1, and ATP binding cassette transporter. KEGG analyses further indicated that lysosome pathway was
enriched with VPS29 RNAi.
Conclusions Our results indicated that VPS29 may be crucial in carotenoid deposition through the regulation
of other genes related to carotenoid metabolism. This study will provide a theoretical basis and a new
research perspective for revealing the mechanism of carotenoid accumulation in shellfish.

Background
Coloration is a conspicuous and diverse trait among species. In aquatic animals, certain color variations
occur due to the presence of carotenoid pigments. Carotenoids are known to be responsible for red, orange,
yellow, and purple colors in molluscs such as oysters, scallops, and abalones [1]. While some carotenoids,
including β-carotenoid, lutein, and zeaxanthin, are commonly seen in many shellfish [2], pectenolone and
pectenoxanthin are unique carotenoids found only in scallops such as the QN Orange scallops [3], a new
scallop strain purposely selected for its orange adductor muscle from the offspring of the interspecific
hybrids between the bay scallop (Argopecten irradians irradians) and the Peruvian scallop (Argopecten
purpuratus) [4]. Remarkably high contents of pectenolone and pectenoxanthin were found in the adductor
muscles of QN Orange scallop [3].
Central to carotenoid accumulation is the uptake, deposition, and transportation of carotenoids. Many genes
are likely to be involved in carotenoid metabolism in scallops. For example, in Yesso scallop, Patinopecten
yessoensis, the carotenoid oxygenase and stearoyl-CoA desaturase genes have been identified to be the
ideal candidate genes for the carotenoid accumulation pathway [5]. In the noble scallop Chlamys nobilis,
both the total carotenoid content and mRNA expression of scavenger receptors were remarkably decreased
by RNA interference (RNAi) [6]. In the pearl mussel Hyriopsis cumingii, a positive correlation existed between
the apolipoprotein gene expression level and the total carotenoid content [7]. In exploring the possible
underlying mechanism of carotenoid accumulation in the adductor muscles of the QN Orange scallop, we
compared the transcriptome and proteomics between the orange adductor muscles of the QN Orange
scallops and the white ones of the Bohai Red scallops (which was selected from the same bay scallopPeruvian scallop hybrids as the QN Orange scallops). Among the DEGs and differentially expressed proteins
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(DEPs) between the two types of adductor muscles, the vacuolar protein sorting 29 (VPS29) was the only
gene that is richer at both mRNA and protein level in the orange adductor muscles. The VPS gene has been
shown to increase the β-carotenoid yields in Saccharomyces cerevisiae [8]. However, the exact role of VPS29
in the accumulation of carotenoids remains unknown in QN Orange scallops.
In this study, we attempted to characterize the role of VPS29 in carotenoid deposition in the adductor
muscles of the QN Orange scallops by measuring the contents of pectenolone and pectenoxanthin,
transcriptomic analyses and RT-PCR following RNAi treatment.

Results
Measurements of pectenolone and pectenoxanthin contents
As shown in Figure 2, precursor ions [M + H]+ at 581.4 and 565.38 m/z were observed in the MS spectrum,
indicating the presence of pectenolone and pectenoxanthin, respectively, as judged by their molecular
weights and product ions [3]. As shown in Figure 3, the pectenolone content in adductor muscles of the
group without RNAi was significantly higher than that of the group treated with RNAi (P < 0.05, Figure 3a),
whereas no significant difference in pectenoxanthin content was observed between the two groups (P > 0.05,
Figure 3b).
Transcriptomic analyses and Real-time PCR
Six libraries from the two groups were sequenced and 358,313,800 raw reads (GEO accession number:
GSE138590), with 349,906,798 clean reads were obtained. The Q20 values were obtained at 97.6%–97.82%
and 97.56%–97.77% in the group with and without RNAi, respectively. More than 7.0 Gb clean data were
obtained from each sample (Table 2). In total, 90.89%–92.11% and 90.96%–91.83% of gene-mapped reads
from group with and with RNAi were mapped onto the bay scallop genome, respectively (Table 3).
A total of 534 DEGs, including 246 upregulated and 288 downregulated genes, were identified between the
two groups (Figure 4). Among these DEGs, 3 downregulated genes, including LDLR, CYP 450 and NPC1L1,
and 1 upregulated gene, ABC transporter, were found to be related to carotenoid metabolism.
The expression levels of these genes related to carotenoid accumulation, as well as VPS29 were further
evaluated by Real-time PCR in the adductor muscles of the two groups. Notably, the expression levels of
VPS29 were significantly decreased in the group treated with RNAi of VPS29. Among the other genes, only
the mRNA level of ABC transporter was significantly higher whereas those of NPC1L1, LDLR, and CYP450
were lower in the group treated with RNAi of VPS29 (Figure 5).
The GO functional analyses revealed that most of the DEGs were assigned to DNA integration. Among the
biological processes, the DEGs were mainly assigned to the small-molecule, single-organism, and organicacid biosynthetic processes. Among the cellular components, the DEGs were focused on the protontransporting two-sector ATPase complex, dynein complex, and plasma membrane. Among the molecular
functions, most of the DEGs were assigned to the peptidase inhibitor, peptidase regulator, and enzyme
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inhibitor activities (Figure 6). In addition, gene enrichment was also observed in the binding of tetrapyrrole, a
non-carotenoid pigment.
All the DEGs were assigned to 50 KEGG pathways. Among the KEGG pathways, lysosome, one carbon pool
by folate, biosynthesis of amino acids, citrate cycle, and 2-oxocarboxylic acid metabolism were the top five
pathways. In addition, porphyrin metabolism was also found in the KEGG pathways.
As the most significantly enriched pathway, lysosome pathway was enriched with 7 upregulated genes,
included NPC1L1, phosphatidic acid phosphatase, papain family cysteine protease, saposin-like type B, acid
phosphat A, V-type ATPase 116kDa subunit, and cation-independent mannose-6-phosphate receptor repeat.

Dicussion
The results in our previous study suggested that the gene VPS29 may be related to the deposition, but not
directly to the accumulation of carotenoids in the adductor muscle of QN Orange scallops [9]. Therefore,

VPS29 was speculated to influence the carotenoid accumulation by regulating other genes in the carotenoid
metabolism pathways. The main objective of this study was to further understand the role of VPS29 in the
carotenoid deposition process by RNAi.
VPS29: Most previous studies on VSP have focused on the sorting and delivery of soluble vacuoles as the
targets of VPS genes. Evidence on the role of VPS genes in accumulation of pigments has been sparse. The
VPS gene was first investigated in the cooperative contribution of certain proteins responsible for
anthocyanin accumulation in tomatoes [10]. Recently, VPS genes have been reported to function in the
increase of carotenoids in Saccharomyces cerevisiae [8]. Furthermore, homologous VPS was found
necessary for the formation of deep-orange pigments in Drosophila [11]. In our pervious study, the VPS29
protein was found only in the orange adductor muscle of QN Orange scallop but absent in the white
adductor muscle [9]. In this study, we unexpectedly found that the mRNA expression level of VPS29 and
pectenolone, but not pectenoxanthin content decreased after RNAi of VPS29. However, since VPS genes
seemed not directly involved in carotenoid metabolism, it is possible that VPS29 regulates pectenolone
deposition indirectly by interacting with other genes and pathways related to carotenoid metabilism. It is
obvious that accumulation of pectenoxanthin may be modulated by different mechnism regulated by genes
other than VSP29.
LDLR: In the animal models, carotenoids are associated with the low-density lipoprotein (LDL) which
functions as the main carrier of carotenoid. LDLR can endocytose the majority of LDL to facilitate cellular
lipid acquisition [12]. LDLR participates in the uptake of carotenoid as carotenoid receptors [13], which are
crucial in carotenoid deposition. In chinook salmon (Oncorhynchus tshawytscha), the absence of carotenoid
receptors possibly caused the failure of carotenoid accumulation in white-fleshed muscles [14]. Here we
showed that both pectenolone content and mRNA level of LDLR decreased after application of VPS29 RNAi.
Thus it is possible that VPS29 regulates pectenolone accumulation via expression of LDLR in QN Orange
scallops.
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CYP450: CYP450 (cytochrome P450) is widely distributed and well studied in most organisms. Involvement
of CYP450 in accumulation of pigments is common in plants. CYP450 has been found to be crucial in the
coloration of flowers and oranges [15;16]. CYP450 is involved in carotenoid ketolases and hydroxylation in
flower [15;17] and responsible for the formation of lutein, a common carotenoid [17]. The accumulation of
another carotenoid called astaxanthin also requires CYP450 activity in Haematococcus [18]. CYP450 is also
involved in the biosynthesis of fucoxanthin, which is a marine carotenoid in brown algae [19]. However, the
roles of CYP450 in formation of pigments in animals have not been elucidated. In this study, the mRNA
expression level of CYP450 was also downregulated after VPS29 RNAi treatment, suggesting that CYP450
may play an important role in the accumulation of pectenolone. This result is consistent with that obtained
in our previous study in which the mRNA expression of CYP450 was higher in the orange adductor muscles
of QN Orange scallops than in the white adductor muscles of Bohai Red scallops [9].
ABC transporter: ABC transporters belong to a superfamily of proteins responsible for transporting a variety
of substrates and exporting lipophilic molecules. They may be responsible for reduced absorption of
carotenoid pigments. In insects, ABC transporter families are responsible for their extremely diverse color
patterns [20]. A study in the yeast Schizosaccharomyces showed that accumulation of red pigments was
also related to ABC transporters [21]. In salmons, ABC transporters were responsible for translocating of
astaxanthin from the enterocytes to the intestinal lumen, and thus ABC transporters were more abundant in
the pale-fleshed than red-fleshed fish. And low absorption and/or high metabolic transformation rate were
critical factors for the observed low retention of astaxanthin in pale-fleshed muscles [22]. Similarly, in this
study, ABC transporter mRNA was upregulated in adductor muscles with low pectenolone content. ABC
transporter was thus speculated to be responsible for pectenolone transport and absorption in QN Orange
scallops.
NPC1L1: NPC1L1 has been reported to facilitate the uptake of carotenoids in several occasions. A specific
inhibitor of NPC1L1, ezetimibe, decreased the uptake of carotenoids, such as α-carotenoid, β-carotenoid, βcryptoxanthin, lycopene, and zeaxanthin in Caco-2 cells [23;24]. NPC1L1 was involved in the uptake of lutein,
and its overexpression could facilitate the accumulation of lutein in intestinal model system [25]. In this
study, inhibited NPC1L1 mRNA expression by VSP29 RNAi resulted in decreased pectenolone content.
Therefore, NPC1L1 might function to facilitate the uptake of pectenolone in QN Orange scallop.
Lysosome pathway: In this study, lysosome was the most significantly enriched pathway via the KEGG
analyses, suggesting lysosomes may play important roles in accumulation of carotenoids in the QN Orange
scallops. Similarly, in Drosophila, lysosomal delivery and the biogenesis of pigment granules have been
reported to interfer with the RNAi-induced knockdown of the VPS gene [26]. In study, VPS29 RNAi was shown
to enhance the lysosome fusion and control the release of lysosomal enzymes. Two major functions of
lysosomes are acidification and proteolysis. Saposin-like type B, cysteine protease and acid phosphat A are
lysosome-associated enzymes catalyzing the hydrolysis of proteins [27]. V-type ATPase and phosphatidic
acid phosphatase are involved in the acidification process [28]. The mannose-6-phosphate receptors mediate
the sorting of soluble lysosomal enzymes. NPC proteins can be involved in lysosomal transport [28].
Notably，ABC transporter was found as potential lysosomal transporters [29]. Lysosome was also a main
location for NPC1L1 expression and LDLR degradation. All of them were the important transporters of
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carotenoids. Therefore, it is possible that activition of VPS29 enhances carotenoid accumulation by
inhibiting the lysosome pathway.

Conclusions
In this study, we demonstrated that VPS29 may have modulated pectenolone accumulation at
transcriptional level. RNAi of VPS29 might reduce pectenolone content in the adductor muscle of QN Orange
scallops by decreasing the expressions of LDLR, CYP450, and NPC1L1 and upregulating the ABC
transporter. In addition, activation of VPS29 enhances carotenoid accumulation by inhibiting the lysosome
pathway. These findings lend further evidence to the hypothesis that VPS29 is an important regulator in
carotenoid-induced coloration in the adductor muscle of QN Orange scallops.

Methods
Materials
Forty QN Orange scallops with orange adductor muscles were obtained and transferred from a scallop farm
in Laizhou, Shandong Province to the laboratory. They were cultured in running seawater and fed twice a day
with microalgae for 3 days for them to adapt to laboratory conditions before the experiments. The QN
Orange scallops were randomly divided into control and experimental groups with 20 samples for each
group. The control group was prepared for PBS injection. The experimental group was prepared for dsRNA
injection.
RNA interference (RNAi) of VPS29 in vivo

VPS29 DNA fragments were amplified by PCR with synthesized cDNA as templates and designed primers1
as shown in Table 1. The PCR products were electrophoresed, purified, ligated with pMD-18 T vector (Takara,
USA), and transformed into Trans5α chemically competent E. coli cells (TransGen Biotech, China). The
recombinants were screened and sequenced. T7 primers were then designed based on the sequencing
results (Table 1). The plasmids were extracted using a MiniBEST Plasmid Purification Kit Ver.4.0 (Takara,
USA). The target dsRNA was amplified by PCR with T7 primers and plasmid templates. After recovery and
purification, the qualified templates of dsRNA were stored at −20 °C.
VPS29 dsRNA was prepared using a MEGAscript™ RNAi Kit (Invitrogen™, USA) according to the
manufacturer’s instructions. The resulted dsRNA products were diluted to 1 μg/μl with nuclease-free 1× PBS
(Sangon, China). One hundred micro-liter (μl) dsRNA was injected into the adductor muscle of each scallop
in the experimental group, while 100 μl 1× PBS was injected into the adductor muscle of each scallop in the
control group. After 48 h, the adductor muscles were dissected for measurement of carotenoids,
transcriptomic analyses, and expression level of DEGs potentially related to carotenoid accumulation by realtime PCR as detailed below (Figure 1).
Measurement of carotenoids
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As pectenolone and pectenoxanthin are the major carotenoids in the orange muscle of QN scallops [3], we
therefore measured only the contents of these two carotenoids. Freeze-dried adductor muscle (0.2 g) was
sonicated with 2.7 mL cold acetone. After adding 0.2 mL deionized water, the samples were frozen for 12 h
at -20 °C. Following centrifugation and filtration, the contents of pectenolone and pectenoxanthin in the
extracts were determined using an ultrahigh-performance liquid chromatography electrospray ionization–
tandem mass spectrometry system (Alilent, USA) without standards as described by Zhao et al. (2019) [3].
Transcriptomic analyses
Total RNA was isolated from the adductor muscles of 9 scallops injected with RNAi as well as from those of
9 scallops of the control group using a TRIzol reagent (Invitrogen, UK). Three replicates were obtained for
both the experimental and the control group. After purification, RNA samples were transcribed, PCR-amplified
and sequenced on Illumina. After removing low-quality reads, the obtained high-quality clean reads were
aligned to the bay scallop genome (Liu et al., unpublished) with Hisat2 v2.0.4 [30]. The total number of reads
matching the gene regions was calculated using HTSeq v0.9.1 [31]. The gene expression level was
quantified with FPKM [32]. DEGSeq R package 1.18.0 [33] was used to identify the differentially expressed
genes (DEGs) between the two groups. The filtering criteria for definition of DEGs were set at false discovery
rate < 0.05 and |log2FoldChange| > 0. Gene ontology (GO) terms were selected to analyze the biological
process, cellular component, and molecular function of DEGs with P < 0.05. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) database pathways were also utilized to identify the enriched metabolic
pathways of DEGs with P < 0.05.
Real-time PCR analyses
Expression levels of DEGs potentially related to carotenoid accumulation, including VPS29, low-density
lipoprotein receptor (LDLR) domain class, cytochrome P450 (CYP 450), Niemann Pick C1-like 1 (NPC1L1),
and ATP binding cassette transporter (ABC transporter) were analyzed by real-time PCR in both the
experimental and control group. The β-actin gene was selected as the internal control gene. According to the
manufacturer’s instructions, cDNA was synthesized with a Bestar qPCR RT Kit (Roche, Germany) with a
Light-Cycler® 480 SYBR Green I Master Kit (Roche, Germany). All primers for real-time PCR are listed in Table
1. The results of mRNA expression levels were analyzed using the comparative Ct (ΔΔCt) method. The data
were analyzed by t-Test (SPSS 17.0) and considered significant if P < 0.05.

Abbreviations
CYP450
cytochrome P450
LDL
low-density lipoprotein
ABC transporter
ATP binding cassette transporter
VPS
vacuolar protein sorting
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VPS29
vacuolar protein sorting 29
LDLR
low-density lipoprotein receptor
NPC1L1
Niemann Pick C1-like 1
DEGs
differentially expressed genes
DEPs
differentially expressed proteins
RNAi
RNA interference
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Tables
Table1 Primer sequences used to synthesize dsRNA and RT-qPCR

Purpose

Gene name

Primer sequence (5′ to 3′)

PCR

VPS29

F:TGCCGTCAAGGTTCAAGAAA
R:CTTGTGAGTGTGACCAGAGATG

dsRNA

T7-VPS29

F:GATCACTAATACGACTCACTATAGGGAGAGAGATCCACATATTCTGTGTACTTGA
R:GATCACTAATACGACTCACTATAGGGAGAGCTGAACCATGGACAAACTTTC

RTqPCR

VPS29

F:CGACTACCTCAAGACATTAGCC
R:TGTCACAACCTTCTGCTCAG

RTqPCR

LDLr

F:TGTACCAACCTTTCGAGCAG
R:GTCCCCTTTTCCCCTGTTTAG

RTqPCR

Cyp450

F:CATCCGTACACCTTTATCCCGTGTG
R:TGTGTTTTACTGGATGGGACG

RTqPCR

NPC1

F:ACCCCTGACACCTACTCTAC
R:TGAATCCAACATACGGAGCC

RTqPCR

ABC
transporter

F:CCTATTACCTCGCCAAGATTACC
R:GACAGTTGAGGATACCAATACCG

RTqPCR

SCAR

F: CCAGAAAGATGTAGGGTTCCG
R: GTACCATCAAGTTCCTCTCCAG

RTqPCR

β-Actin

F:ATTTCCCTGCTCATATCTTCCC
R:TTCACCTCCAACATAGCACG
Table

2 Summary of RNA-seq results

mple name

Raw reads

Clean reads

clean bases

Q20 (%)

Q30 (%)

GC content (%)

56389746
63123700

55422060
61818164

8.31G
9.27G

97.77
97.56

93.32
92.94

40.06
40.07

66150252

64569890

9.69G

97.65

93.07

40.09

51642762
62424554

50179438
60888042

7.53G
9.13G

97.6
97.82

92.97
93.48

39.75
40.69

58582786

57029204

8.55G

97.78

93.41

40.98
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Table 3 Basic characteristic of reads mapping to the reference genome.
Sample name

Total reads

Total mapped

Exon

Intron

Intergenic

W1
W2

55422060
61818164

50892278(91.83%)
56313575(91.1%)

43.63%
49.31%

2.78%
2.38%

53.59%
47.32%

W3

64569890

58734976(90.96%)

34.89%

2.37%

62.75%

O1
O2

50179438
60888042

45310459(90.3%)
55701265(91.48%)

43.08%
54.85%

3.59%
3.33%

53.33%
41.82%

O3

57029204

52532247(92.11%)

55.62%

3.11%

41.28%

Figures
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Figure 1
The change of adductor muscle color with RNAi of VPS29 in QN Orange scallops. (a) adductor muscle after
injection of PBS in the control group; (b) adductor muscle after injection with VPS29 dsRNA. Note the orange
adductor muscle turned pale after injection of VPS29 dsRNA.
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Figure 2
Mass spectrogram of (a) pectenoxanthin and (b) pectenolone. Abscissa represents the mass to charge ratio,
and ordinate denotes the relative abundance of ion.
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Figure 3
Pectenolone and pectenoxanthin content in the scallop adductor muscle. A and B denote the group treated
with PBS and with RNAi of VPS29, respectively; *P < 0.05.
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Figure 4
Volcano plots for DEGs between the groups with and without RNAi. The points of the plots represent the
genes with differential expressions. The green circles and red points represent the downregulated genes of
the groups treated with PBS and with RNAi, respectively. The abscissa denotes the change in multiple genes
expressed in different samples, whereas the ordinate refers to the statistically significant differences in the
quantity change in gene expression. Padj indicates the adjusted p values.
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Figure 5
mRNA expression levels of the five genes examined via RT-PCR. The expression levels are normalized to βactin and presented as the relative expression to the controls (mean ± SD). A and B refer to the control group
treated with PBS and the group treated with RNAi of VPS29, respectively. *P < 0.05; ** P < 0.01.
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Figure 6
GO distributions of DEGs from the adductor muscles treated with and without VPS29 RNAi. GO enrichment
of genes and proteins was based on the biological process (red bar), cellular component (green bar), and
molecular function (blue bar). The abscissa shows the number of genes distributed in different GO terms.
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