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A B S T R A C T

Postoperative care is a critical step of pearl culture that ultimately determines culture success. To determine the
effect of dietary vitamin D3 (VD3) levels on immunity and antioxidant capacity of pearl oyster Pinctada fucata
martensii during postoperative care and explore the mechanisms behind this phenomenon, five isonitrogenous
and isolipidic experimental diets were formulated by adding different levels of dietary VD3 (0, 500, 1000, 3000,
and 10000 IU/kg), and the diets were fed to five experimental groups (EG1, EG2, EG3, EG4, and EG5) in turn
and cultured indoors. The control group (CG) was cultured in the natural sea. Pearl oysters that were 1.5 years
old were subjected to nucleus insertion. After culturing for 30 days, EG3 exhibited significantly higher survival
rates than those in CG and EG5 (P < 0.05). Moreover, EG3 exhibited the highest activities of alkaline phos-
phatase, acid phosphatase, catalase, superoxide dismutase, and lysozyme. However, EG5 achieved the highest
activities of glutathione peroxidase. Metabolomics-based profiling of pearl oysters fed with high levels of dietary
VD3 (EG5) and optimum levels of dietary VD3 (EG3) revealed 76 significantly differential metabolites (SDMs)
(VIP > 1 and P < 0.05). Pathway analysis indicated that SDMs were involved in 21 pathways. Furthermore,
integrated key metabolic pathway analysis suggested that pearl oysters in EG5 regulated the pentose phosphate
pathway, glutathione metabolism, sphingolipid metabolism, and arachidonic acid metabolism in response to
stress generated from excessive VD3. These findings had significant implications on strengthening the future
development and application of VD3 in aquaculture of pearl oyster P. f. martensii.

1. Introduction

The pearl oyster Pinctada fucata martensii is a filter feeder animal
and well known throughout the world for its ability to produce high-
quality pearls; this oyster accounts for more than 90% of seawater pearl
production [1]. In pearl farming, the process of pearl culture are as
follows: 1) preoperative conditioning, 2) implantation of a nucleus and
epithelial cells of mantle grafts, 3) postoperative care, and 4) culturing
and harvest [1]. Among these steps, postoperative care ensures that
host oysters heal in small mesh nets under stable environmental con-
ditions after implantation, while the graft tissue firmly clings to the
gonad tissue with the proliferation of epithelial cells and forms a pearl
sac that envelops the nucleus [2]. The pearl is then formed from the

deposition of nacre around the nucleus. However, a strong response can
lead to nucleus rejection, failure of pearl sac formation, and death of the
host oyster. Therefore, postoperative care is a critical step of pearl
culture that ultimately determines culture success. Hence, many studies
on pearl culture have focused on methodologies to improve the success
of postoperative care [3–5]. For example, Atsumi et al. [3] proposed a
new postoperative care method in which pearl oysters were immersed
in low-salinity seawater to increase the production of high-quality
pearls. Although our research team also demonstrated that culturing
pearl oyster indoors by using formulated diets could improve pearl
production [6], our knowledge on the roles of specific nutrients in
improving pearl oyster immunity during the postoperative care period
and the underlying mechanisms in oyster species remains limited.
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Vitamin D (VD) is classified as a secosteroid involved in the phy-
siological functions of animals; it plays not only an important role in
calcium and phosphorus metabolism and bone development but also
influences the immune function of aquatic animals [7]. Thus, VD is an
essential nutrient required for the normal growth of aquatic animals
[8]. However, excess vitamin D3 (VD3) could cause metabolic dis-
turbances in or stress to aquatic animals [9,10]. Therefore, optimum
levels of VD3 in the diet must be carefully evaluated and determined,
especially for unstudied species.

As an emerging technological and analytical approach, metabo-
lomics could be used to measure large numbers of low-molecular
weight quantitatively by using a high-throughput approach [11], such
as gas chromatography–mass spectrometry [12–14], liquid chromato-
graphy–mass spectrometry (LC–MS) [15,16], and nuclear magnetic
resonance [17,18]. This potential has been explored to assess the effects
of food shortage [19,20], nutrient supplementation [21], differences in
nutrient levels [22,23], and dietary protein or lipid substitution [24,25]
in aquatic animals via metabolomics approaches.

Considering all these circumstances, different dietary levels of VD3
were fed to pearl oyster P. f. martensii by using land-based culture after
implantation, and LC–MS-based metabolomics was performed and
combined with multivariate analyses to evaluate the effect of high doses
of VD3 on the pearl oyster during postoperative care. The results further
contribute to understanding the underlying mechanisms of VD3 in the
modulation of pearl oyster metabolic profiles and promote the devel-
opment of P. f. martensii aquaculture.

2. Materials and methods

2.1. Experimental diet and procedures

Five isonitrogenous and isolipidic experimental diets were for-
mulated, in which different levels of dietary VD3 (0, 500, 1000, 3000,
and 10000 IU/kg) were added based on our previous studies [25–28].
These diets were stored at −20 °C until use.

Experiments were conducted from October to November 2018. The
fifth-generation selected line for faster growth was used in the experi-
ment. The selected line was designated as “Haixuan NO 1,” and the line
development was described in detail by Du et al. [29]. Pearl oysters that
were 1.5 years old with a mean shell length of 60.35 ± 6.11mm were
chosen and subjected to nucleus insertion. In surgery, a small piece of
mantle tissue (approximately 4mm2) from a donor oyster and a small
(5.5 mm in diameter) nucleus were implanted into the gonad of the host
oyster in accordance with conventional methods [30]. These animals
were randomly assigned to five experimental groups (EG1, EG2, EG3,
EG4, and EG5) and one control group (CG). CG was cultured in the
natural sea of Liusha Bay in Guangdong, China. Experimental groups
were cultured indoors, and three tanks were prepared for each group.
Each tank had 7 net cages, and 30 animals were assigned to each cage.
The volume of water was 1000 L. Diet doses were specified based on a
previous study [31]; the pearl oysters were fed every 4 h. Water was
replaced at a volume of 300 L daily. The experimental period lasted for
30 days, and the following water parameters were maintained: dis-
solved oxygen at 5.00mg/L, temperature at 27.1 °C–29.0 °C, and sali-
nity at 30‰.

2.2. Sample collection

After culturing for 30 days, the total number of pearl oysters in each
replicate was measured to calculate the survival rate during post-
operative care. Survival rates were calculated in accordance with the
methods described by Yang et al. [26]. Hepatopancreatic tissues from
each animal were dissected, immediately placed in liquid nitrogen, and
then stored at −80 °C until analysis.

2.3. Biochemical assays

Six hepatopancreatic tissues were collected from each replicate for
biochemical measurements. Tissues were homogenized, and homo-
genates were centrifuged (10,000×g for 20min at 4 °C) by using a high-
speed refrigerated centrifuge. The supernatant solution was transferred
to new 2.0mL tubes. Protein contents of samples were measured by
using Folin's method with bovine serum albumin as the standard.
Alkaline phosphatase (AKP), acid phosphatase (ACP), catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx), and lyso-
zyme (LYS) were also determined via commercial kits (Beijing Dongge
Weiye Technology Co., Ltd.; Beijing, China) according to the manu-
facturer's instructions. All assays were conducted within 24 h after ex-
traction.

2.4. Metabolite extraction

On the basis of immunity and antioxidant capacities of pearl oysters,
we compared the metabolic profiles of pearl oysters with high levels of
dietary VD3 with those with optimum levels of dietary VD3. A sample
(50mg) was obtained and placed in the EP tube. Then, 1000 μL of ex-
traction solvent containing the internal target (V methanol: V acetoni-
trile: V water= 2:2:1, containing internal standard 2 μg/mL) was
added. The solution was homogenized in a ball mill for 4min at 45 Hz
and then ultrasound-treated for 5min (incubated in ice water). After
three rounds of homogenization, the solution was incubated for 1 h at
−20 °C to precipitate proteins and subsequently centrifuged at
12,000 rpm for 15min at 4 °C. The supernatant (825 μL) was transferred
fresh into EP tubes, extracts were dried in a vacuum concentrator
without heating, and 200 μL extraction solvent (V acetonitrile: V
water= 1:1) was added for reconstitution. Vortexing for 30 s and so-
nicating for 10min (4 °C water bath) was conducted, followed by cen-
trifuging for 15min at 12,000 rpm and 4 °C. The supernatant (75 μL)
was transferred into a fresh 2mL LC/MS glass vial, and 10 μL was ob-
tained from each sample and pooled as quality control (QC) samples.
Then, 75 μL of supernatant was obtained for UHPLC–QTOF–MS ana-
lysis.

2.5. LC–MS/MS analysis

LC–MS/MS analyses were conducted by using a UHPLC system
(1290, Agilent Technologies) with a UPLC BEH Amide column (1.7 μm
2.1mm×100mm, Waters) coupled with Triple TOF 6600 (Q-TOF, AB
Sciex). The mobile phase consisted of (A) 25mM of NH4Ac and 25mM
of NH4OH in water (pH=9.75) (B) and acetonitrile that was carried
with the following elution gradient: 0 min, 95% B; 0.5 min, 95% B;
7min, 65% B; 8min, 40% B; 9min, 40% B; 9.1 min, 95% B; 12min, and
95% B, which was delivered in 0.5mLmin−1. The injection volume was
1 μL. The Triple TOF mass spectrometer was used to obtain MS/MS
spectra on an information-dependent basis (IDA) during an LC/MS
experiment. In this mode, the acquisition software (Analyst TF 1.7, AB
Sciex) continuously evaluated the full-scan survey MS data as it col-
lected and triggered the acquisition of MS/MS spectra depending on
preselected criteria. In each cycle, 12 precursor ions with intensities
greater than 100 were chosen for fragmentation at the collision energy
of 30 V (15MS/MS events with a product ion accumulation time of 50
msec each). ESI source conditions were set as follows: ion source gas
1 at 60 Psi, ion source gas 2 at 60 Psi, curtain gas at 35 Psi, source
temperature at 600 °C, and ion spray voltage floating at 5000 or
−4000 V in positive or negative modes, respectively.

2.6. Data analysis

MS raw data (.wiff) files were converted to the mzXML format via
ProteoWizard (http://proteowizard.sourceforge.net/downloads.shtml)
and processed by using R package XCMS (version 3.2). The
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preprocessing results generated a data matrix that consisted of retention
time (RT), mass-to-charge ratio values, and peak intensity. R package
CAMERA was used for peak annotation after XCMS data processing. In-
house MS2 database was applied for metabolite identification [32,33].

The resultant three-dimensional data involving the peak number,
sample name, and normalized peak area were fed to a SIMCA software
package (v14.1; Sartorius Stedim Data Analytics AB; Umea, Sweden) for
principal component analysis (PCA) and orthogonal projections to la-
tent structures–discriminate analysis (OPLS–DA). PCA showed the dis-
tribution of origin data. To obtain an enhanced level of group separa-
tion and obtain an increased understanding of variables responsible for
classification, supervised OPLS–DA was applied. Moreover, sevenfold
cross validation was used to estimate the robustness and predictive
ability of our model. This permutation test was conducted to validate
the model further. On the basis of OPLS–DA, a loading plot was con-
structed showing the contribution of variables to differences between
the two groups. To refine this analysis, the first principal component of
variable importance in the projection (VIP) was obtained. If P < 0.05
and VIP>1, then the variable was defined as a significantly differential
metabolite (SDM) between the groups [34]. In addition, commercial
databases, including KEGG (http://www.genome.jp/kegg/) and Meta-
boAnalyst (http://www.metaboanalyst.ca/) were utilized to search for
metabolite pathways.

The results of the survival rate and biochemical data were expressed
as mean ± SEM, and the significant differences (P < 0.05) among
variables were determined by using one-way ANOVA and Tukey's
method. All analyses were conducted via IBM SPSS Statistics 19 (IBM,
USA).

3. Results

3.1. Survival rate

At the end of the experiment, survival rates of pearl oysters ranged
from 79.70% to 88.49%. The pearl oysters in EG3 exhibited sig-
nificantly higher survival rates than those in CG and EG5 (P < 0.05,
Fig. 1).

3.2. Activities of immune- and antioxidant-related enzymes

Table 1 lists the responses of immune- and antioxidant-related en-
zymes (AKP, ACP, SOD, CAT, GPx, and LYS) in the hepatopancreas of
pearl oysters in the experimental and control groups. EG3 exhibited the
highest activities of AKP, ACP, SOD, CAT, and LYS. AKP and CAT ac-
tivities were significantly higher in EG3 than those in CG, EG4, and EG5
(P < 0.05). EG3 indicated significantly higher ACP activities than EG4
and CG (P < 0.05). SOD and LYS activities in EG3 were significantly
higher than those in other groups (P < 0.05). However, EG5 achieved
the highest activities of GPx, which was significantly higher than those

of other groups (P < 0.05).

3.3. Identification and quantification of LC–MS compounds

The ionization source of LC–QTOF/MS was electrospray ionization,
including positive (POS) and negative (NEG) ion modes. QC samples
were analyzed to detect the stability and repeatability of the system.
The peak RT and peak area of total ion chromatograms (TICs) from all
QC samples overlapped well, thereby indicating that the analytical
system was stable (Supplementary Fig. 1). A total of 2385 and 2246
valid peaks were identified in POS and NEG for the hepatopancreas of
the pearl oyster, respectively. On the basis of the in-house MS2 data-
base, these valid peaks were matched for 487 (POS) and 287 (NEG)
metabolites.

3.4. Multivariate analysis of metabolites

Given that PCA is an unsupervised pattern recognition method, it
can reveal the intrinsic variations within data and reduce data di-
mensionality. In the PCA score scatter plot, similar datasets were
clustered more closely, whereas different datasets were placed further
apart. Fig. 2(A) and (B) illustrate the PCA results of UHPLC–QTOF/MS
metabolic profiles. R2X value of the PCA model between EG5 and EG3
was 0.556 (POS) and 0.531 (NEG). All samples in each score scatter plot
were within the 95% Hotelling's T-squared ellipse. Based on these re-
sults, the metabolic datasets warranted further analysis.

To maximize the discrimination between the two groups, OPLS–DA
was used to explain the different metabolic patterns. Fig. 2(C) and (D)
show the OPLS–DA results for the hepatopancreas of the pearl oyster.
All samples in each score scatter plot of the OPLS–DA model were inside
the 95% Hotelling's T-squared ellipse. R2X, R2Y, and Q2 values of the
OPLS–DA model of POS and NEG between EG5 and EG3 were 0.366,
0.928, and 0.440, respectively. R2X, R2Y, and Q2 value of the OPLS–DA
model of NEG between EG5 and EG3 were 0.445, 0.897, and 0.496,
respectively. To avoid the transition fit of the OPLS–DA mode, the
permutation test was used for verification. Fig. 2(E) and (F) and present
the results. The permutation test results for the R2Y and Q2 intercepts
were 0.89 and−0.53 between EG5 and EG3 (POS) and 0.82 and−0.66
between EG5 and EG3 (NEG), respectively. The results indicated that
the OPLS–DA model had no overfitting and good stability, making it
suitable for optimization in subsequent analyses.

3.5. Significantly differential metabolites

According to the principle that the P value of the t-test was< 0.05
and the VIP of the OPLS–DA model was>1, SDMs were screened from
all identified metabolites. Fig. 3(A) and (B) illustrate the volcano plots
of SDMs. The figures clearly show that many metabolites were sig-
nificantly different. Seventy-six SDMs were obtained between group
EG5 and EG3 (POS: 50, NEG: 26) (Figs. 4 and 5, Supplementary
Table 1). Compared with EG5, 22 SDMs had higher concentrations in
EG3.

3.6. Metabolic pathway analysis of significantly differential metabolites

To explore the potential metabolic pathways affected by different
dietary VD3 levels, SDMs were imported into MetaboAnalyst 4.0. The
bubble plots in Fig. 6(A) and (B) demonstrate the main influential
metabolic pathways in which the SDMs in the hepatopancreas are in-
volved. Twenty-one metabolic pathways were found between groups
EG5 and EG3 (POS: 9, NEG: 12) (Supplementary Table 2). On the basis
of both –ln P-value and pathway impact scores, the relevant metabolic
pathways were identified as glutathione metabolism, histidine meta-
bolism, sphingolipid metabolism, tryptophan metabolism, and pyr-
imidine metabolism in POS between groups EG5 and EG3. The relevant
metabolic pathways were identified as pentose phosphate pathway,

Fig. 1. Survival rates of pearl oyster P. f. martensii in experimental and control
groups. Means with the same letters are not significantly different (P > 0.05).
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propanoate metabolism, ubiquinone and other terpenoid–quinone bio-
synthesis, citrate cycle, amino sugar and nucleotide sugar metabolism,
glutathione metabolism, and tyrosine metabolism in NEG between
groups EG5 and EG3.

4. Discussion

Increase in cultured pearl yield and quality is essential to pearl farm
viability and a remarkable challenge in research and development.
Nucleus implantation can cause serious trauma on host oysters, and

improper postoperative care can lead to a large number of host oyster
deaths, thereby affecting the yield and quality of pearls [3]. Therefore,
the purpose of postoperative care is to restore the health of the host
oyster, prevent death, and more importantly, rest the nucleus and avoid
movement before the pearl sac is formed. Hence, denucleation and the
occurrence of deformed beads are prevented. However, pearl oysters
suspended from the raft in the sea throughout the postoperative care
period were susceptible to a variable environment (e.g., salinity, tem-
perature, environmental pollution, biofouling, pathogenic micro-
organisms, and phytoplankton biomass) [35–37]. These disadvantages

Table 1
Activities of immune-related enzymes of P. f. martensii in the experimental and control groups.

Group AKP (IU/g prot) ACP (IU/g prot) SOD (IU/mg prot) CAT (U/mg prot) GPx (U/mg prot) LYS (U/g prot)

CG 5.44 ± 0.64 b 1.04 ± 0.09 b 48.42 ± 5.49 bc 10.72 ± 1.56 b 3.57 ± 0.61 c 1.35 ± 0.23 b
EG1 6.47 ± 1.01 ab 1.30 ± 0.34 ab 58.69 ± 8.34 b 15.08 ± 2.67 ab 4.44 ± 0.34 bc 1.91 ± 0.19 b
EG2 7.19 ± 1.64 ab 1.34 ± 0.26 ab 54.09 ± 4.99 bc 15.14 ± 3.34 ab 4.43 ± 0.49 bc 1.60 ± 0.28 b
EG3 9.35 ± 1.99 a 1.81 ± 0.34 a 79.93 ± 12.61 a 18.51 ± 4.32 a 4.63 ± 0.46 b 2.25 ± 0.24 a
EG4 5.38 ± 1.07 b 0.98 ± 0.21 b 43.01 ± 7.87 c 9.71 ± 2.37 b 4.69 ± 0.19 b 1.15 ± 0.33 b
EG5 6.27 ± 0.91 b 1.25 ± 0.23 ab 57.23 ± 6.97 b 11.53 ± 2.21 b 5.66 ± 0.39 a 1.53 ± 0.26 b

AKP, alkaline phosphatase; ACP, acid phosphatase; SOD, superoxide dismutase, CAT, catalase; GPx, glutathione peroxidase; LYS: lysozyme.
Within the column, means with the same letters are not significant different (P > 0.05).

Fig. 2. PCA model score scatter plot, OPLS–DA model, and permutation test for groups EG5 and EG3. The PCA model (A and B), OPLS–DA model (C and D), and
permutation test of the OPLS–DA model (E and F) were derived from the UHPLC–QTOF/MS metabolomics profiles. A, C, and E were derived from the POS ion mode,
and B, D, and F were derived from the NEG ion mode.
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could be avoided by using land-based culturing, where unfortunately,
food demand was high and available formulated diets for bivalves were
limited. Our research team has developed optimally formulated diets
for the pearl oyster P. f. martensii [6,25–28,31]. In this study, land-
based cultured EG3 exhibited significantly higher survival rates than
those cultured in natural sea. The results indicated that the living en-
vironment and external disturbances could be improved and reduced to
improve the mortality of host oysters during postoperative care. Yang
et al. [6] also proved that land-based culturing could enhance the
survival rate of pearl oysters.

Land-based culturing can provide not only a stable environment to
avoid the effects of environmental pollution and natural disasters but
also supply optimal nutrients to strengthen immunity and antioxidant
capacity of host oysters after transplantation and promote the maximal

increase of pearl quality and yield. VD3 and its metabolite 1,25-
(OH)2D3 structure is similar to the cell membrane, and when it accu-
mulates in the cell membrane, it protects the cell membrane from free
radical-induced oxidative damage [38]. Dietary VD3 has a regulating
effect on the immune system of aquatic animals [7,10] and is involved
in coordinating the body's antioxidant effects that influence its health
[39,40]. Shellfish species lack an acquired immune system, and their
defensive mechanisms mainly rely on innate immune responses [41].
ACP and AKP are both important lysosomal enzymes in marine in-
vertebrates that could participate in nonspecific immune actions
[42,43], which are involved in various metabolic processes, such as
detoxification, metabolism, and biosynthesis of macromolecules, for
various essential functions in living organisms [44]. Therefore, these
compounds and enzymes are often used as reliable indicators in

Fig. 3. Volcano plots for groups EG5 and EG3. A and B were derived from POS and NEG, respectively. In the volcano plot, each point represents a metabolite, and the
point size represents the VIP value of this metabolite in the OPLS–DA model. Red, blue, and gray indicate a significantly upregulated metabolite in EG5, the opposite,
and no significant difference between the two groups, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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assessing the immune status of living organisms [45]. Free radicals
generated by endogenous metabolic processes can cause oxidative da-
mage that results in cell death and tissue damage [46]. Antioxidant
enzymes, including CAT, SOD, and GPx, participate in primary anti-
oxidant protection against free radicals in organisms. These enzymes
are generated during immune responses and metabolic processes to
prevent fatty acid oxidation, decrease toxic effects of ROS, and protect
organisms from oxidative damage [26]. Bactericidal LYS is important in
the nonspecific immune system against pathogenic microbes [47].
Thus, this study optimized the appropriate doses of dietary VD3 to

enhance host oyster immunity through nutritional methods. Group EG3
achieved the highest activities of immune- and antioxidant-related en-
zymes (AKP, ACP, CAT, SOD, and LYS), which could improve the
overall antioxidant and immune status. These results were consistent
with previous reports on other aquatic animals [48,49]. The survival
rate of group EG3 was the highest after postoperative care, thereby
suggesting that the optimum levels of VD3 in the diet also increased the
immunity of host oysters and reduced the mortality rate after trans-
plantation.

However, high doses of dietary VD3 could cause different degrees of

Fig. 4. Hierarchical clustering analysis on SDMs from POS. The relative metabolite level is depicted according to the color scale. Red and blue indicate upregulation
and downregulation, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Hierarchical clustering analysis on SDMs from NEG. The relative metabolite level is depicted according to the color scale. Red and blue indicate upregulation
and downregulation, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

C. Yang, et al. Fish and Shellfish Immunology 94 (2019) 271–279

276



Fig. 6. Metabolome view map of significant metabolic pathways characterized in the hepatopancreas of pearl oyster P. f. martensii for groups EG5 and EG3. A and B
are derived from POS and NEG, respectively. Significantly changed pathways based on enrichment and topology analysis are shown. The x- and y-axes represent
pathway enrichment and pathway impact, respectively. Large sizes and dark colors represent major pathway enrichment and high pathway impact values, re-
spectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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structural damage to the liver of fish [10] and hepatopancreatitis of
abalone [50], which could explain the decreased SOD activity in group
EG5. However, the antioxidant system in the body is a complicated
system. SOD is the first line of defense against oxidative damage caused
by superoxide radicals in cellular antioxidant systems. When the first
line of defense is destroyed, the body can launch other systems (such as
the GPx system) to resist oxidative damage [50].

In this study, the high activity of GPx and concentrations of glu-
tathione disulfide in glutathione metabolism could also prove the above
surmise. Nonenzymatic small organic molecules, such as reduced glu-
tathione, are important in maintaining the cellular redox status [51].
The pentose phosphate pathway is an alternative route of glucose cat-
abolism that functions in NADPH formation for biosynthetic reactions
[52]. In this study, pentose phosphate pathway could be activated along
with high levels of D−Glucose 6−phosphate, D−Ribose 5−phos-
phate, and 2−Deoxy−D−ribose in group EG5, resulting in large
amounts of NADPH. Glutathione reductase can use NADPH to convert
glutathione disulfide into reduced glutathione, and increased produc-
tion of NADPH promotes the regeneration of reduced glutathione [53].
Thus, the metabolomics analysis results suggested that pearl oysters
launch GPx systems to resist oxidative damage again when VD3 was
excessive.

On the other hand, lipid metabolism, including sphingolipid meta-
bolism and arachidonic acid metabolism were influenced.
Phosphatidylethanolamines are rich in readily oxidizable amino acids
and docosahexaenoic acid, and phosphatidylethanolamine-derived un-
saturated fatty acids usually serve as the substrate of sphingolipid
peroxidation under stress [54]. Thus, the upregulation of O−pho-
sphoethanolamine was a precursor of phosphatidylethanolamine that
reflected the occurrence of sphingolipid metabolism in group EG5.
Organisms could also mobilize sphingolipid to signal the control of
stress response [55]. Some prostaglandins have been reported to be
involved in inflammatory responses in several fish species [56]. Pros-
taglandin I2 is produced from arachidonic acid by a series of reactions
and finally produced from prostaglandin H2 by the action of the en-
zyme prostacyclin synthase [57]. Transcriptomic data of our research
team showed that prostaglandin E synthase-related genes were down-
regulated after transplantation (unpublished data). Wang et al. [58]
also reported that prostaglandin E synthase was downregulated in the
stress response of pearl oysters to nucleus implantation by iTRAQ-based
proteomic analysis. This study indicated that the prostaglandin I2
content in group EG3 was lower than that in group EG5, thereby re-
flecting the occurrence of arachidonic acid metabolism and suggesting
that pearl oysters in group EG5 consumed more arachidonic acid in
response to stress generated from excessive VD3.

5. Conclusions

This study aimed to determine the effect of dietary VD3 levels on
immunity and antioxidant capacity of the pearl oyster P. f. martensii
after implantation. The results of this investigation showed that ap-
propriate doses of VD3 increased the immunity and antioxidant capa-
city of pearl oysters. In addition, LC–MS-based metabolomics was
conducted to evaluate high doses of VD3 on P. f. martensii.
Metabolomics-based profiling of pearl oysters fed with high levels of
dietary VD3 and optimum levels of dietary VD3 revealed 76 SDMs.
Pathway analysis indicated that SDMs were involved in 21 pathways.
Furthermore, integrated key metabolic pathway analysis suggested that
pearl oysters regulated pentose phosphate pathway, glutathione meta-
bolism, sphingolipid metabolism, and arachidonic acid metabolism in
response to stress generated from excessive VD3. These findings pro-
vided a theoretical basis on understanding the effect of high doses of
VD3 on pearl oysters. Therefore, the findings of this study strengthen
future development and application of VD3 in the aquaculture of pearl
oyster (P. f. martensii).
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