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This study is the first systematic comparison of the biochemical composition and
nutritional quality between diploid and triploid Hong Kong oysters, Crassostrea
hongkongensis. Results showed that in the reproductive season, the glycogen content in
five tissues (gill, mantle, adductor muscle, labial palps and gonad) was significantly higher
(P < 0.05) in triploids than in diploids, with odds ratios (ORs) of 96.26, 60.17, 72.59,
53.56, and 128.52%, respectively. In the non-reproductive phase, significant differences
in glycogen content (P < 0.05) between diploid and triploid oysters existed only in gill and
gonad. In both diploid and triploid Hong Kong oysters, quantitative real-time PCR analysis
of the glycogen synthesis gene (ChGS) and glycogen phosphorylase gene (ChGP)
showed that the gene expression patterns matched the pattern of variation in glycogen
content. Moreover, in both the reproductive and the non-reproductive phases, triploid
Hong Kong oysters had a well balance of essential amino acids and were thus a well
source of high-quality protein. Surprisingly, in both phases, significantly higher (P < 0.05)
percentages of four essential fatty acids (a-linolenic acid, linoleic acid, eicosapentaenoic
acid, and docosahexaenoic acid) were observed in triploids than in diploids. Additionally,
the ratio of n-3/n-6 polyunsaturated fatty acids (PUFAs) was much higher in triploids than
that in diploids. Variations in Biochemical composition were consistent with the relative
expression of the citrate synthase gene (ChCS) and the a-ketoglutarate dehydrogenase
gene (ChKD), which are key enzyme genes of the tricarboxylic acid cycle. Overall, the
triploid Hong Kong oyster has a better nutritional value and taste than the diploid in
terms of glycogen content, protein quality and fatty acid content.

Keywords: Crassostrea hongkongensis, diploid, triploid, biochemical compositions, nutritional quality, metabolic
pathways
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INTRODUCTION

Due to their rapid growth and maintaining good taste in the
reproductive phase, many triploid bivalves have entered into
commercial farming, including oysters (Allen and Downing,
1986; Houcke et al., 2016), scallops (Racotta et al., 2008),
clams (Utting and Child, 1994; Shpigel and Spencer, 1996),
and mussels (Zwaan and Zandee, 1972; Dare and Edwards,
1975). However, no solid comparative data is available on the
differences in the biochemical compositions and nutritional
qualities between diploid and triploid Hong Kong oysters, which
are very important for promoting the application of triploid
Hong Kong oysters in the industry. Crassostrea hongkongensis
(Hong Kong oyster) is economically important and widely
cultivated in southern China. However, like many other oyster
species, diploid Hong Kong oysters have an inferior taste and
low meat quality during the reproductive season (from May to
August) each year, which can be attributed to gametogenesis
(Lam and Morton, 2003; Bacca et al., 2005; Wang et al., 2015;
Zhang et al, 2017). One way of solving these problems is
to introduce the use of triploid oysters into the aquaculture
industry (Stanley et al., 1981; Ren et al., 2003; Qin et al.,, 2017).
Gametogenesis in triploids is retarded in the reproductive season,
since triploid oysters have poorly developed gonads compared
to diploids. According to previous studies on diploid Tapes
philippinarum (Shpigel and Spencer, 1996), Crassostrea gigas
(Soudant et al., 1999; Dridi et al., 2007; Pogoda et al., 2013),
Ostrea edulis (Houcke et al., 2016), and Crassostrea virginica
(Zeng et al,, 2015), large changes in biochemical composition
occur in response to gonad development.

Glycogen is the main molecular contributor to flavor quality
in bivalves (Berthelin et al., 2000b; Racotta et al., 2008; Zhang
et al., 2015). Glycogen content decreased is strongly linked with
gonad development and gametogenesis in C. gigas (Berthelin
et al., 2000b; Zeng et al., 2015). Various studies have confirmed
glycogen synthesis and glycogen degradation can be altered by
changes of the glycogen synthesis gene (ChGS) and glycogen
phosphorylase gene (ChGP) (Greiwe et al., 1999; Bacca et al,
2005; Dridi et al., 2007). ChGS and ChGP are the key enzyme
genes of glycogen synthesis and degradation, respectively, in C.
hongkongensis. Bacca et al. (2005) confirmed that the expression
level of glycogen synthase changed in a pattern consistent with
seasonal variations in glycogen content in C. gigas, and the same
phenomenon was also observed in C. angulate (Zeng et al., 2013).

Protein content play a important role in determing the
nutritional value of food, and has a large effect on the market
value (Manninen et al., 2018). At the same time, the essential
amino acid composition is one of the most important factors
determining the nutritional qualities of protein. Amino acid score
is a good method of appraising protein quality by comparing a
test amino acid content with that of the reference of the amino
acid (Chen et al., 2007). When the amino acid score is calculated,
it is compared to the amino acid requirements of young children.
Amino acid scores are widely used for evaluating the nutritional
quality of protein (Celik et al,, 2004; Igbal et al, 2006; Lv
et al., 2018). In addition, it has been shown that amino acid
composition is closely linked to gonad development in C. gigas

(Kong et al.,, 2001; Dridi et al., 2007) and Mytilus edulis (Su et al.,
1998).

Four essential fatty acids, namely o-linolenic acid (ALA,
18:3n-3), linoleic acid (LA, 18:2n-6), eicosapentaenoic acid (EPA,
20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3) are very
important for human health (Dyerberg, 1986; Coetzee and
Hoffman, 2002). The nutritional quality of food is to a great
extent associated with the ratio of n-3/n-6 polyunsaturated fatty
acids (PUFAs). Several sources of information confirm that a
higher ratio of n-3/n-6 PUFAs is desirable to reduce the incidence
of many diseases (such as cardiovascular disease, asthma, breast
cancer) in modern societies, especially in developed countries
(Coetzee and Hoffman, 2002; Simopoulos, 2008). However, many
peoples’ diets are deficient in n-3 PUFAs and have excessive
amounts of n-6 PUFAs (Park et al., 1994). Seafood is well
known as a rich source of n-3 PUFAs, and some types of
seafood have a high ratio of n-3/n-6 PUFAs (Soudant et al,
1999; Skonberg and Perkins, 2002; Celik et al., 2004; Chen
et al., 2007). According to Dridi et al. (2007), PUFAs were
always the dominant fatty acids in C. gigas throughout the
year, and the ratio of n-3/n-6 PUFAs ranged from 2.45 to
3.15, indicating that C. gigas was a relatively nutritious food.
Many researchers have found a relationship between variations
in the ratio of n-3/n-6 PUFAs and gonad development; Dridi
et al. (2007) confirmed that the maximum docosahexaenoic
acid levels corresponded with oocyte maturation in C. gigas.
Ojea et al. (2004) found that neutral and polar lipids increased
during the period of maximum ripeness and decreased during
spawning of Ruditapes decussatus, while Orban et al. (2002)
reported high levels of n-3 polyunsaturated fatty acids during
spawning of Mytilus galloprovincialis. However, as yet there is
no study on the relationship between fatty acid composition
and gonad development in C. hongkongensis. Our study aims
to compare and assess the performance of diploid and triploid
oysters during the reproductive and non-reproductive phases,
from a biochemical and nutritional point of view. In addition, by
illustrating the relationships between variations in biochemical
composition and the gonad development of Hong Kong oysters,
this study will provide important information for the application
of triploid Hong Kong oysters in the aquaculture industry.

MATERIALS AND METHODS

Sample Collection and Ploidy

Determination

Diploid and triploid Hong Kong oysters for use in this study
were collected from Beihai, Guangxi Province, China. Triploid
Hong Kong oysters were induced by blocking the release of
the second polar body (PB2) in fertilized eggs using 0.5 mg.L ™}
Cytochalasin B in this research (Wang et al., 2002; Qin et al,
2017). Both diploid and triploid oysters used in this study were
descendants from the same base population and were cultured
under the same environmental conditions. Large numbers of
triploid and diploid oysters were collected in December 2016
(non-reproductive phase) and July 2017 (reproductive phase).
The oysters collected in July 2017 were at the stage 3B of gonad
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development, during which the gonads of diploid oysters were
dramatically developed morphologically ripe, covering all of the
visceral mass, the soft parts were extremely full, and the gametes
immediately scattered when put into seawater. The gonads of
oysters collected in December 2016 were at stage 0. At this stage,
the gonads of the oysters remained inactive and undifferentiated,
and the soft parts were clear and colorless (Allen and Downing,
1986; Ojea et al., 2004; Dridi et al., 2007).

According to the protocols developed by Downing and Allen
(1987) and Qin et al. (2018), the ploidy status of each individual
oyster was determinated using flow cytometry using a CyFlow
Ploidy Analyser (Sysmex). Then, subsamples of gill, mantle,
adductor muscle, labial palps, and gonad tissue were stored at
—80°C for glycogen and protein content analysis, and all tissues
were lyophilized before use. The tissues were mingled to create
mixed samples from 10 individuals of the same ploidy status.
The same individuals used for glycogen content determination
were also used for related gene expression analysis. Five tissue
samples were immediately dissected from each oyster, placedin
I1mL Trizol and wholly ground with a homogenizer, then
frozen at —80°C. For amino acid and fatty acid analysis of the
whole oysters, three pools each of 10 diploids and 10 triploids
were collected and immediately dissected, then freeze dried. All
analyses were done in triplicate.

Glycogen and Protein Content Analyses

The glycogen content of the five lyophilized tissues of diploids
and triploids, was analyzed using a kit for detecting glycogen
content (Nanjing Jiancheng Bioengineering Institute).The kit was
used according to the following procedure: after 1 mg dry weight
(DW) of tissue was ground into a powder in the presence of
liquid nitrogen, a 0.50 g sample was added to a tube containing
alkaline liquid. Then, the tube was heated at 100°C for 20 min
in a water bath. After that, the hydrolysate was diluted 16-fold
by adding sterile water. Subsequently, 2 mL of color reagent was
added to the diluted hydrolysate and the samples were heated for
5min at a 100°C in a water bath. Finally, the OD value of each
sample was measured at 620 nm using a Multimode Plate Reader
(Ensight) after setting the blank and standard for each group.
The glycogen content was calculated according to the following
formula:

Glycogen content (mg/g, DW)
OD of test group — OD of blank group
- (OD of standard group — OD of blank group)
x0.01 x 20 x 10 =+ 1.11

For protein content analyses, the lyophilized tissues were wholly
ground with a homogenizer and then analyzed using a fully
automatic Kjeldahl analyzer (PeiOU, Skd-800). Finally, protein
content was calculated by multiplying nitrogen content by a
factor of 6.25 (Igbal et al., 2006).

Amino Acid and Fatty Acid Content Assays
Amino acid analyses were performed according to the method
of Chen and Zhang (Hugli and Moore, 1972; Chen and
Zhang, 2007; Chen et al, 2007). Lyophilized meat samples

of diploid and triploid Hong Kong oysters (three pools of
10 oysters from each group) were weighed (0.0150-0.0250 g),
placed in 15 mL ampoules, and 8 mL of (6.0 N) HCI was added.
Ampoules were vacuum sealed, and samples were hydrolyzed
at 110°C for 24h. Following hydrolysis, 1 mL of hydrolyzate
was withdrawn and evaporated to dryness under vacuum at
45°C to remove HCL The hydrolyzate was dissolved in 5mL
of 0.02N HCI, and then centrifuged at 5,000 rpm and filtered.
One microliter of supernatant was used for amino acid analysis.
The identity and quantity of the amino acids were determined
by comparison with the retention times and peak areas of each
amino acid standard. The tryptophan content was determined
by Guangdong Food Quality Supervision Inspection Station
according to GB 5009.168-2016.

Fatty acids were analyzed according to Doan et al. (2018). In
brief, 10mg of dry tissue was dissolved in 1 mL of petroleum
ether. Then, 25 pL of 2 M sodium methanolate methanol solution
was added, and the closed vial was agitated vigorously for 1 min.
About 20 pL of water was added, and after centrifugation the
aqueous phase was removed. Then 20 pL methyl orange in 0.1 N
HCI was added as a pH indicator. The mixture was agitated
carefully and the derivatives were analyzed using a Hewlett-
Packard Gas Chromatography Instrument.

Real-Time Quantitative PCR Analysis of

Genes

According to the sequence of the C. gigas glycogen synthesis
gene (Genbank accession bank number: NMO001308922.1),
glycogen phosphorylase gene (Genbank accession bank number:
NMO001305341.1), citrate synthase gene (Genbank accession bank
number: XM011429904.2), and a-ketoglutarate dehydrogenase
gene (Genbank accession bank number: XM011437307.2), and
a BLAST analysis of all EST sequences from a C. hongkongensis
hemocyte EST library which was constructed and sequenced
by our lab, the open reading frames (ORF) of ChGS, ChGP,
ChCS, and ChKD have already been obtained. The temporal
expression of the genes in various tissues (gill, mantle, labial
palps, muscle, and gonad) of the oysters during the reproductive
and non-reproductive phases were investigated using real-time
quantitative PCR (qPCR) analysis. We designed gene-specific
primers (Table 1) based on ORF to amplify gene fragments ~250
bp in length. Amplifications of actin and elongation factor 1o
gene (EFla) fragments were performed in order to confirm the
steady-state level of expression of housekeeping genes, providing
an internal reference for gene expression (Zhou et al., 2018).

The real-time PCR amplifications were carried out in triplicate
in a total volume of 10 WL with 5 pL of 2 x Real Star Green
Power mixture (Genstar), 0.50 WM each of forward and reverse
primers, 1 LL of the 1:20 diluted cDNA using Light Cycler 48011
(Roche). The PCR protocol was: 95°C for 10 min, followed by
40 cycles of 95°C for 155, 60°C for 30, and 72°C for 30s. The
relative expression ratio (R) of each target gene was calculated
based on the threshold value (Ct) deviation of this target gene
from the housekeeping gene, corresponding to the copy number
of the target gene relative to the copy number of the housekeeping
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TABLE 1 | Sequences of designed primers used in this study.

Primer Sequence (5’ — 3') Comment

ChGS-F TCGGCTGGGAGATATGAGTT gPCR of
ChGS

ChGS-R AGTTGTTGGTCTTGGTGGGG

ChGP-F ACCACGAGAAGCGAAAGCAAATCAG gPCR of
ChGP

ChGP-R CGGTGTCGCCACATTTCTATCTTTC

ChKD-F TACTCTGGCTCGTCTCGT qPCR of
ChKD

ChKD-R GCACATTCAGTCTCCCTCT

ChCS-F TCTCCTCTCCCCAACCAT gPCR of
ChCS

ChCS-R TAATGGCAGCAATGGTGG

EFLa-F CGGGATCCATGTATAGTCGGGAGA gPCR of EFLa

EFLa-R CCCAAGCTTTCACAGAGAAATCAA

“F” indicates forward primers and “R” indicates reverse primers.

gene. So, the following formula was used:

R = 2_(Ctturget gene_Cthousekeeping gene)

Statistical Analysis

All data are presented as mean =+ standard deviation (SD).
Multiple comparisons of the relative expression levels of
target genes and biochemical makeup of different tissues from
diploid and triploid oysters during the reproductive and non-
reproductive phases were performed using one-way analysis of
variance (ANOVA) followed by a multiple comparison test with
the LSD-t-test using Statistical Package for the Social Sciences
(SPSS18). P < 0.05 was considered significant, while P < 0.01
was considered extremely significant.

The odds ratio (OR) is defined as the percent difference in
the biochemical components (glycogen, fatty acid, and amino
acid contents) between the diploid (2N) and the triploid oyster
(3N) performances and is calculated using the following formula
(Callam et al., 2016):

3N —2N
OR (%) = (—5—
2N

) x 100

where a positive OR indicates that the triploid oysters performed
better than the diploids, and a negative OR indicates that the
triploids performed worse.

The essential amino acid score was calculated with reference
to the FAO/WHO reference amino acid pattern for preschool
children (2-5 years old) (FAO/WHO/UNU, 1985), according to
the following formula:

Test amino acid

Amino acid score = ( ) x 100

Reference amino acid

The reason for using the requirements of young children as a
reference is that, if the amino acid composition of proteins can
adequately support the healthy growth of preschool children, it
will be more than adequate for adults (Kirimura et al., 1969;
Gatenby et al., 2003).

RESULTS

Glycogen Content and ChGS and ChGP

mRNA Expressions

In the non-reproductive phase (December), the average glycogen
content of diploids was 36.20 + 8.59 mg/g DW in the muscle,
37.25 £ 2.98 mg/g DW in the mantle, 57.89 £ 3.88 mg/g DW
in the gill, 176.69 & 10.80 mg/g DW in the gonad, and 178.49
£ 17.41 mg/g DW in the labial palps. In triploids, the average
glycogen content was 35.93 £ 4.55 mg/g DW in the muscle,
39.96 £ 7.78 mg/g DW in the mantle, 68.35 £ 3.62 mg/g DW
in the gill, 185.19 £ 30.42 mg/g DW in the labial palps, and
226.03 £ 6.70 mg/g DW in the gonad (Figure 1A). There were
statistically significant differences in gill and gonad glycogen
content between diploids and triploids (P < 0.05), with ORs of
18.07 and 27.92%, respectively (Table 2). In the non-reproductive
phase, triploids showed highly significant elevations in ChGS and
ChGP expressions in tissues compared to diploids (P < 0.01)
(Figures 3A,B).

However, in the reproductive season (July), the average
glycogen content of diploids was 27.47 £ 1.81 mg/g DW in
the muscle, 31.00 £ 6.45 mg/g DW in the gill, 34.30 + 7.84
mg/g DW in the mantle, 86.39 + 3.63 mg/g DW in the labial
palps, and 88.87 £ 7.24 mg/g DW in the gonad. In triploids,
the average glycogen content was 47.41 £ 10.46 mg/g DW in
the muscle, 54.94 £ 4.55 mg/g DW in the mantle, 60.84 + 3.64
mg/g DW in the gill, 132.66 £ 11.26 mg/g DW in the labial
palps, and 203.09 & 12.41 mg/g DW in the gonad. The glycogen
content of all five tissues was significantly higher (P < 0.05) in
triploids than in diploids (Figure 1B). The ORs of the five tissues
(gill, mantle, muscle, labial lalps, and gonad) were 96.26, 60.17,
72.59, 53.56, and 128.52%, respectively (Table 2). In addition, we
found that the glycogen content of some tissues was lower during
the reproductive season than in the non-reproductive phase in
diploid oysters, especially in the labial palps and gonad, which
had ORs of —51.60 and —49.70% comparing the reproductive
to the non-reproductive phase. By contrast, from the non-
reproductive to the reproductive phase, the five triploid tissues
had glycogen content ORs of —10.99, 37.49, 31.95, —28.37,
and —10.15% (Table 3). In the reproductive phase, significantly
higher (P < 0.05) expressions of ChGS were observed in triploids
than in diploids. In contrast, the expressions of ChGP were
significantly lower (P < 0.05) in triploids (Figures 4A,B).

Protein Content

According to our research, in the non-reproductive stage, the
protein content ranged from 424.46 & 16.00 (mantle) to 458.73
+ 6.77 mg/g DW (labial palps) in diploids and from 422.47
=+ 13.78 (muscle) to 466.07 £ 8.87 mg/g DW (labial palps) in
triploids, and there were no statistically significant differences in
protein content between diploid and triploid oysters (Figure 2A,
Table 2). In the reproductive phase, the protein content was
lowest in the muscle tissue of both diploids and triploids, with
430.84 £ 16.05 and 421.79 £ 3.52 mg/g DW, respectively.
Conversely, the protein content of diploid and triploid oysters
was highest in the gonad and labial palps, respectively, with
491.23 & 14.38 and 479.32 & 7.23 mg/g DW. In addition, except
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FIGURE 1 | Glycogen contents (mg/g, DW) of various tissues (gill, mantle, muscle, labial palps, and gonad) of diploid and triploid Hong Kong oysters, Crassostrea
hongkongensis, in the non-reproductive phase (A) and reproductive phase (B). Significant differences are indicated by asterisks (* and ** represent P < 0.05 and P <
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TABLE 2 | The odds ratios (ORs) of the glycogen and protein content of various tissues (gill, mantle, muscle, labial palps, and gonad) between diploid and triploid Hong
Kong oysters, Crassostrea hongkongensis, in the non-reproductive and reproductive phases.

Gill Mantle Muscle Labial palps Gonad

OR (%) Glycogen Non-reproductive 18.07 7.28 -0.75 3.75 27.92
Reproductive 96.26 60.17 72.59 53.56 128.52

Protein Non-reproductive -0.72 3.14 —1.67 1.60 0.52

Reproductive 1.99 -0.22 —2.00 0.97 —-11.41

TABLE 3 | The odds ratios (ORs) of the glycogen and protein content of various
tissues (gill, mantle, muscle, labial palps, and gonad) of diploid and triploid Hong
Kong oysters, Crassostrea hongkongensis, between the non-reproductive phase
and the reproductive phase.

Gill Mantle Muscle Labial palps Gonad

OR (%) Glycogen 2N —-46.45 -—7.92 -24.12 —51.60 —49.70
3N —-10.99 37.49 31.95 —28.37 -10.15

Protein 2N 1.08 8.57 0.18 3.49 17.72

3N 3.79 5.03 -0.16 2.84 3.75

in the gonad (P < 0.05), there were no significant differences
in the protein content between diploids and triploids in the
reproductive phase (Figure 2B, Table 2).

Amino Acid and Fatty Acid Content

During the non-reproductive phase, the individual amino acid
levels were highest for glutamic acid and lowest for methionine
in both diploid and triploid oysters (Table 4). In the reproductive
phase, the diploid Hong Kong oysters contained glutamic acid in
the largest amounts (142.0 mg/g of protein), followed by aspartic
acid, lysine, leucine, arginine, and glycine in descending order.
Individual amino acid contents ranged from 20.2 (methionine)
to 153.8 mg/g of protein (glutamic acid) in triploids (Table 4).
When compared to the reference amino acid pattern of children,
all of the essential amino acid scores in diploids and triploids

were more than 100, except that of methionine, no matter in the
non-reproductive phase or the reproductive phase (Table 5).

In the non-reproductive phase, 21 fatty acids were present in
diploids and triploids. The proportion of saturated fatty acids
(SFAs) was lower in triploids than in diploids, while that of
PUFAs was higher, indicating that triploids have a better fatty
acid composition for human consumption than diploids during
the non-reproductive phase. In diploids, the proportions of
individual PUFAs making up the total PUFA content ranged
from 0.16 £ 0.01% for y-linolenic acid (18:3n-6) to 11.28 +
1.05% for DHA (22:6n-3). In triploids, the dominant PUFA was
also DHA (22:6n-3), accounting for 14.30 £ 0.39% of the total
fatty acid content, and there appeared to be more n-3 than n-
6 fatty acids (Table 6). During the reproductive phase, 19 fatty
acids were found in diploid and triploid Hong Kong oysters.
The fatty acid compositions of the diploids and triploids in the
reproductive phase are shown in Table 6. The fatty acid profiles of
both diploids and triploids were dominated by SFAs, which made
up 58.26 and 55.34% of the total fatty acids, respectively. Among
the SFAs, the proportions of fatty acids in diploids ranged from
0.10 £ 0.03% for lauric acid (12:0) to 38.35 & 0.74 for palmitic
acid (16:0), which was also the dominant SFA in triploids (37.6 £
2.00% of the total fatty acids). EPA (20:5n-3) was the dominant
PUFA in both diploids and triploids, followed by DHA (22:6n-3),
ALA (18:3n-3), and LA (18:2n-6) in descending order. Triploids
had a greater PUFA content than diploids, with PUFAs making
up 37.71% of the total fatty acid content of triploids.
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FIGURE 2 | Protein contents (mg/g, DW) of various tissues (gill, mantle, muscle, labial palps, and gonad) of diploid and triploid Hong Kong oysters, Crassostrea
hongkongensis, in the non-reproductive phase (A) and reproductive phase (B). Significant differences are indicated by asterisks (** represent P < 0.01).

TABLE 4 | Amino acid composition of diploid and triploid Hong Kong oysters, Crassostrea hongkongensis, in the non-reproductive and reproductive phases.

Non-reproductive

Reproductive

Amino acid Content (g/100 g meat) Content (mg/g protein) Content (g/100 g meat) Content (mg/g protein)
2N 3N 2N 3N 2N 3N 2N 3N
Aspartic acid 4.16 + 0.60 4.27 £ 057 107.8 108.4 5.83 + 0.98a 3.91 £ 0.07b 111.3 105.1
*Threonine 1.92 £0.27 1.93 +£0.24 49.7 49.0 2.72 £ 0.48a 1.77 £ 0.04b 51.9 47.6
Serine 2.04 +£0.25 2.00 +£ 0.36 52.8 50.8 2.95 + 0.64a 1.80 £ 0.03b 56.3 48.4
Glutamic acid 5.43 + 0.66 5.86 +£ 0.25 140.7 148.7 7.44 +£1.30 572 £ 0.19 142.0 153.8
Proline 1.67 £0.28 1.81 £ 0.08 43.3 45.9 222 +0.29 1.76 £ 0.04 42.4 47.3
Glycine 2.46 + 0.52 2.94 +0.38 63.7 74.6 297 £ 0.52 3.14 £ 0.04 56.7 84.4
Alanine 2.09 + 0.26 2.24 £ 0.08 541 56.9 2.75 £ 0.48a 2.20 + 0.04b 52.5 59.1
*Valine 2.07 £ 0.30 2.03 £ 0.30 53.6 51.5 2.88 + 0.48a 1.83 £ 0.04b 55.0 49.2
*Methionine 0.71 £0.13 0.77 £ 0.03 18.4 19.5 0.95 £ 0.11a 0.75 + 0.03b 18.1 20.2
*Isoleucine 1.73 £0.27 1.73 £ 0.27 44.8 43.9 2.48 + 0.45a 1.55 £ 0.03b 47.3 M7
*Leucine 2.78 £ 0.35 2.67 + 0.41 72.0 67.8 3.92 £ 0.75a 2.45 + 0.04b 74.8 65.9
Tyrosine 1.36 £ 0.13 1.38 £ 0.14 35.2 35.0 1.83 £ 0.36 1.31 £0.07 34.9 35.2
*Phenylalanine 2.01 £ 0.21 1.94 £ 0.32 52.1 49.2 2.87 + 0.63a 1.74 £ 0.03b 54.8 46.8
*Lysine 3.18 £ 0.35 2.91 + 0.51 82.4 73.9 4.32 + 0.79a 2.63 + 0.02b 82.4 70.7
*Histidine 0.94 + 0.20 0.99 + 0.16 24.4 25.1 1.22 £ 0.09a 0.92 + 0.08b 23.3 24.7
*Arginine 274 £ 0.27 2.62 +0.28 71.0 66.5 3.71 £ 0.72a 2.46 + 0.02b 70.8 66.1
Tryptophan 1.31 £0.02 1.32 £ 0.04 33.9 33.5 1.34 £ 0.10 1.26 £ 0.05 25.6 33.9
Total 38.60 39.41 999.9 1000.2 52.40 37.16 1000.1 999.0

Means + SD followed by different letter within a line are significantly different (P < 0.05). “*” indicate essential amino-acids.

DISCUSSION

The Glycogen Content Variation Pattern Is
Correlated With ChGS and ChGP mRNA
Expression Patterns

According to our study, in the non-reproductive phase, there
were statistically significant differences in gill and gonad glycogen
content between diploids and triploids, as the glycogen content of
triploid Hong Kong oysters increased in response to increasing
translatable mRNA of ChGS, especially in the labial palps and
gonad. The same phenomenon has been observed in C. gigas

and C. virginica (Bacca et al., 2005; Zeng et al., 2013; Guévélou
et al, 2017). Pogoda et al. (2013) confirmed that O. edulis
and C. gigas juveniles and adults primarily utilized glycogen
to store energy, and that all tissues were capable of glycogen
hydrolysis and glucose formation to provide ATP for growth.
This process is known to be modulated by variations in ChGS
and ChGP expressions. In our study, the rates of ChGS and
ChGP transcription appeared to vary depending on the tissue and
ploidy status. In the non-reproductive phase, highly significant
differences (P < 0.01) in levels of ChGS expression existed
between diploid and triploid oysters in all five tissues. In the
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TABLE 5 | Essential amino acid scores of diploid and triploid Hong Kong oysters,
Crassostrea hongkongensis, in the non-reproductive and reproductive phases.

Non-reproductive Reproductive

Amino acid Reference  Score 2N Score 3N Score 2N Score 3N
(mg/g

protein)
Threonine 34 146 144 153 140
Valine 35 153 147 157 141
Methionine 25 74 78 72 81
Isoleucine 28 160 157 169 149
Leucine 66 109 103 113 100
Phenylalanine 63 138 134 142 130
+ tyrosine
Lysine 58 142 127 142 122
Histidine 19 128 132 123 130
Tryptophan ihl 308 304 233 308
Total 339

Reference amino acid pattern for preschool children (2-5 years) (FAO/WHO/UNU, 1985).
Each amino acid in the reference was presumed to score a value = 100. Score for each
amino acid is expressed relative to the reference.

mantle, muscle, labial palps, and gonad, there were also very
significant differences (P < 0.01) in ChGP expression between
diploid and triploid oysters. According to Dégremont et al. (2012)
and Zhang et al. (2017), triploid oysters had a faster growth
rate than diploids, and therefore had higher energy requirements
for growth. Because of the faster growth in triploid Hong Kong
oysters, the tissue-specific expressions of ChGS and ChGP (except
in the gill) have been shown to be very significantly higher (P <
0.01) in triploids than in diploids (Zhang et al., 2017).

In the present study, significantly higher (P < 0.05)
expressions of ChGS in triploids were observed across the five
tissues in the reproductive season, but expressions of ChGP
in all tissues were significantly lower (P < 0.05) in triploids
than in diploids. This is in accordance with the higher glycogen
content observed in all five tissues of triploid oysters. ChGS
and ChGP mRNA expressions are closely related to glycogen
content, as previously characterized in C. gigas (Berthelin et al.,
2000a,b), so it is believed that the observed variations in ChGS
and ChGP mRNA levels in diploid C. hongkongensis are closely
linked to the stages of reproduction. Additionally, the OR of
the glycogen content of the gonad of triploid oysters from the
non-reproductive to the reproductive phase was much lower
than that of diploids, indicating that much less glycogen was
required to support gonad development in triploid Hong Kong
oysters in the reproductive phase. Zwaan and Zandee (1972) and
Berthelin et al. (2000a,b) reported the same phenomenon, finding
that the storage and mobilization of glycogen was correlated
with the reproductive cycle of bivalves. The glycogen storage
levels of Mpytilus edulis and C. gigas were lowest during the
reproductive phase, while phytoplanktonic food was potentially
abundant, suggesting that diploids were unable to store reserves
at this time due to gametogenesis. Based on Zhang et al.
(2017) and Qin et al. (2018), the gonad development and

spawning stage of diploid Hong Kong oysters lasts from May to
August. In our study, the diploids went through the maturation
stage until July, and needed to consume large amounts of
glycogen to support gonad development. In male diploid oysters,
energy in the forms of glycogen would be mobilized for active
production of germ cells, while in diploid females glycogen
would be mobilized for vitellogenesis due to oocyte maturation,
with the accumulation of yolk and other nutritive substances
(Fabioux et al., 2004; Bacca et al., 2005; Zeng et al.,, 2013). In
addition, according to Allen and Downing (1986) and Jeung
et al. (2016), reproductive sterility is a common feature of
triploid oysters as a result of the extra set of chromosomes,
and gonadogenesis in triploids is either reduced or absent, with
reduced numbers of gametes even if a small number of triploids
are fertile.

From our results, together with previous studies, we
conclude that in both diploid or triploid Hong Kong oysters,
expressions of ChGS and ChGP appear to be related to
glycogen content, indicating that their expressions are likely
to be involved in glycogen regulation, as observed in other
bivalves and mammals (Zwaan and Zandee, 1972; Towle, 1995;
Berthelin et al., 2000a; Vali et al, 2000). Glycogen content
is an important factor that affects taste, meaning that sterile
triploid Hong Kong oysters have added value, because their
increased glycogen content allows them to be marketed during
the reproductive phase, when diploids suffer from low meat
quality.

Crude Protein and Amino Acid Contents

Proteins are the fundamental building blocks for tissue
biosynthesis and enzyme production in all animals. Dietary
protein must meet the demands for tissue production and
metabolic processes, and meat consumption is an important
part of this for most consumers (Manninen et al., 2018). High-
quality protein is generally considered most important for
rapidly growing young chindren, followed by adults undergoing
gametogenesis (Kirimura et al., 1969; Gatenby et al., 2003). High-
quality protein content directly contributes to the nutritional
value of food, and has a large effect on the market value. In
the reproductive phase, there were no statistically significant
differences in protein content between diploid and triploid
oysters, which may indicate that the overwhelming majority of
ATP supporting the fast growth of triploid Hong Kong oysters
was produced thorugh glycogen metabolism. However, there
was a significant difference (P < 0.05) between diploids and
triploids in the protein content of the gonad, in agreement with
a previous study done in C. gigas by Ren et al. (2003), in which
gonad protein levels correlated positively with the gametogenic
cycle, increasing with gonad development and oocyte diameter.
Together with Dare and Edwards (1975), they concluded that
glycogen and lipid stored in the mantle and gonad contributed
to the increase in protein content in the gonad during the
reproductive phase. Because of their sterility, the OR of triploids
(3.75%) was smaller than that of diploids (17.72%) from the
non-reproductive to the reproductive phase (Table 3). Based on
the experiments, protein was typically the major biochemical
component of diploid and triploid Hong Kong oysters and
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TABLE 6 | Fatty acid composition (% of total fatty acids) of diploid and triploid Hong Kong oysters, Crassostrea hongkongensis, in the non-reproductive and reproductive

phases.
Fatty acid Non-reproductive Reproductive

Mean + SD/2N Mean + SD/3N Mean + SD/2N Mean + SD/3N
SATURATED FATTY ACID (SFA) COMPOSITION (%)
8:0 - 0.25 + 0.01 0.29 £+ 0.05
12:.0 - 0.10 £ 0.03 0.09 + 0.02
14:0 3.04 +£ 0.10 2.97 + 0.09 6.13 £ 0.10a 3.42 £ 0.28b
15:0 1.42 £ 0.04 1.32 £ 0.04 0.98 £+ 0.07 1.24 £ 017
16:0 38.13 & 0.60a 33.7 + 0.04b 38.35 + 0.74 37.6 + 2.00
17:0 4.25 + 0.26a 3.79 + 0.04b 2.64 £ 0.27 2.99 £ 0.21
18:0 11.23 £ 0.31a 9.84 + 0.33b 9.53 £ 0.37 9.42 £ 0.67
20:0 0.21 £0.02 0.19 + 0.01 0.28 + 0.01 0.29 + 0.03
21:0 0.10 + 0.01 0.10 + 0.01 - -
22:0 0.34 + 0.01 0.33 + 0.01 - -
YSFA 58.72 52.24 58.26 55.34
MONOUNSATURATED FATTY ACID (MUFA) COMPOSITION (%)
16:1n-7 1.95 £ 0.06 1.94 £ 0.11 4.46 + 0.50 3.97 £ 0.47
18:1n-9 5.39 £+ 0.05 5.41 +£ 0.02 4.42 £ 0.47 5.09 + 0.30
20:1n-9 0.90 + 0.03 0.83 + 0.05 - -
22:1n-9 1.28 + 0.10a 0.98 + 0.07b - -
XMUFA 9.52 9.16 8.88 9.06
POLYUNSATURATED FATTY ACID (PUFA) COMPOSITION (%)
18:2n-6 2.49 + 0.12a 2.79 + 0.05b 2,57 £0.11a 3.25 + 0.06b
18:3n-6 0.16 £ 0.01a 0.18 £ 0.01b 0.33 + 0.02a 0.46 + 0.02b
18:3n-3 2.88 + 0.39a 3.85 + 0.09b 4.25 £ 0.31a 5.13 £ 0.35b
20:2n-6 0.40 £ 0.01 0.41 £0.02 0.40 £+ 0.04 0.35 £ 0.02
20:3n-6 0..22 £ 0.01 0.21 £ 0.01 0.28 + 0.03 0.28 £ 0.01
20:4n-6 3.43 + 0.08 3.35 £ 0.12 2.13 £ 0.562 2.01 £ 0.03
20:3n-3 0.20 £+ 0.01 0.22 + 0.02 0.24 +£ 0.03 0.23 + 0.02
20:5n-3 10.49 £ 0.71a 14.27 £ 0.83b 13.4 + 0.44a 15.07 £ 0.71b
22:6n-3 11.28 + 1.05a 14.30 + 0.39b 8.61 + 0.24a 10.93 + 0.84b
YPUFA 31.55 39.58 32.21 37.71
YPUFANn-3 24.85 32.64 26.50 31.36
Y PUFA n-6 6.70 5.71 6.35
YPUFA 3.71 4.70 4.64 4.94
n-3/XPUFA
n-6
YPUFA 0.27 0.22 0.20
n-6/XPUFA
n-3

Means + SD followed by different letter within a line are significantly different (P < 0.05). “~" indicates <0.0033%.

maintained a relatively stable levels (consistently above 40%
DW) compared to glycogen between the reproductive and non-
reproductive phases, similar to diploid C. gigas (Ren et al., 2003),
O. edulis (Ruiz et al., 1992), and M. edulis (Dare and Edwards,
1975). In general, we confirmed that both diploid and triploid
oysters were high protein foods regardless of the phase of the
reproductive cycle.

Amino acids are associated with flavors of sweetness,
bitterness, sourness, saltiness, and umami, and are very
important in contributing to the taste of foodstuffs. Protein
quality is determined based on levels of essential amino acids

for humans (Kirimura et al., 1969). In the non-reproductive
phase, there were no significant differences between the levels of
individual amino acids in diploid and triploid oysters. In both
diploids and triploids, the methionine content was the lowest
of the essential amino acids, and had scores of <100 when
compared to the reference amino acid pattern for preschool
children (2-5 years old) (FAO/WHO/UNU, 1985), indicating
that methionine was the limiting amino acid in both diploid and
triploid Hong Kong oysters (Table 5). Glutamic acid and aspartic
acid were found to be major non-essential amino acids in diploids
and triploids, as reported in C. gigas (Kong et al, 2001) and
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FIGURE 3 | Quantitative PCR analysis of relative mRNA expressions of ChGS (A), ChGP (B), ChKD (C), and ChCS (D) in various tissues (gill, mantle, muscle, labial
palps, and gonad) of diploid and triploid Hong Kong oysters in the non-reproductive phase. Each bar represents the mean of the normalized expression levels of the
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M. edulis (Su et al., 1998). In the reproductive phase, significant
differences (P < 0.05) existed in the individual essential amino
acid levels between diploids and triploids, particularly for valine,
isoleucine, leucine, phenylalanine, and lysine, which were higher
in diploids and had ORs of —8.01, —6.78, —10.53, —12.38,
and —11.50%, respectively. This is likely related to gonad
development, as reported in C. gigas by Kong et al. (2001). Kong
et al. (2001) also found that the amino acid composition of
diploid C. gigas changed dramatically with gonad development,
but remained relatively stable in triploids. According to the
reference amino acid pattern, methionine levels did not meet
the recommendations for preschool children in either diploids
or triploids (scored <100); however, given that about 55% of
methionine is lost when meat was hydrolyzed without performic
acid oxidation, the true methionine score would likely be over
100 (Spindler et al., 1985; Chen et al., 2007). Overall, diploid
and triploid Hong Kong oysters are high protein foods and
are relatively well-balanced in terms of essential amino acid
composition, which indicates that they are a high-quality protein
source.

Fatty Acid Content

Essential fatty acids, namely ALA, LA, EPA, and DHA, are very
important for human health (Coetzee and Hoffman, 2002). ALA
and DHA are major components of cell membrane phospholipids
and are the predominant long-chain PUFAs of the central
nervous system (Dyerberg, 1986). The ratio between n-3 and n-6
long chain PUFAs (n-3/n-6) is also considered to be important
(Coetzee and Hoffman, 2002; Simopoulos, 2008). Lack of n-3
PUFAs and very low n-3/n-6 ratios promote the pathogenesis of
many diseases, including cancer, inflammatory, and autoimmune
diseases (Park et al., 1994). In both the non-reproductive and
the reproductive phases, the proportion of saturated fatty acids
(SFAs) was lower and that of polyunsaturated fatty acids (PUFAs)
was higher in triploids than in diploids, indicating that triploids
have better fatty acid composition as a human food source
(Chen and Zhang, 2007). In both phases, significant differences
(P < 0.05) were observed between diploids and triploids in the
proportions of LA, ALA, y-linolenic acid, EPA, and DHA. EPA
and DHA were the dominant PUFAs. Many researchers have also
confirmed that variations in the fatty acid composition of bivalves
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were related to gametogenic cycle, such as in C.gigas (Dridi et al.,
2007), Subnodosus nodipecten (Racotta et al., 2008), R. decussatus
(Ojea et al., 2004), and M. galloprovincialis (Orban et al., 2002).
Furthermore, the proportion of n-3 PUFAs was significantly
higher than that of n-6 in both diploid and triploid Hong Kong
oysters. An increase in the levels of n-3 PUFAs in the triploid
oysters effectively reduced the proportion of SFAs, making them
healthier for human consumption (Celik et al., 2004). There is
no question that n-3 PUFAs are important in the human diet,
or that they are found in a wide variety of foods. The n-3/n-
6 ratio is a good index for comparing the relative nutritional
value of foods from different sources, and a high n-3/n-6 PUFA
ratio has often been cited as an indicator of high nutritional
value (Skonberg and Perkins, 2002). The n-3/n-6 PUFA ratio
of triploid Hong Kong oysters was higher than that of diploids
in both the non-reproductive (4.70 and 3.71, respectively) and
reproductive (4.94 and 4.64, respectively) phases. By contrast,
in C. gigas, the n-3/n-6 PUFA ratio was only 3.15 in the non-
reproductive stage and only 2.45 in the reproductive stage (Dridi
et al,, 2007). The difference in fatty acid composition and the n-
3/n-6 PUFA ratio between C. gigas and C. hongkongensis can be

attributed to special biological traits (endogenous origins) and
living environments (exogenous origins). Orban et al. (2002)
confirmed a close relationship between temperature and PUFA
compositions in M. galloprovincialis, and Napolitano et al. (1997)
reported that seasonal variations in fatty acid composition of
Placopecten magellanicus reflected the fatty acid composition
of the phytoplankton. Precisely the opposite from C. gigas, C.
hongkongensis live in a high temperature and low salt sea area.
As C. hongkongensis grow slowly, it usually takes 3 years to reach
the specified commercial size (Qin et al., 2018). Dyerberg noted
that an increase in the ratio of n-3/n-6 PUFAs increases the
availability of n-3 PUFAs, which are beneficial for human health
(Dyerberg, 1986). In general, triploid Hong Kong oysters have
higher nutritional value than diploids, since the ratio of n-3/n-6
PUFAs is higher than diploids.

The Tricarboxylic Acid Cycle Related to
Variations in Biochemical Composition
The tricarboxylic acid (TCA) cycle is the final metabolic
pathway of glycogen, lipids and proteins, and is also a hub
for the metabolism of three major nutrients. The biochemical
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composition of organisms is closely related to the TCA
cycle. ChCS and ChKD are the key enzyme genes in the
TCA cycle. According to our research, during the non-
reproductive phase, the relative expressions of ChKD and
ChCS were significant higher (P < 0.05) in all five tissues
(gill, mantle, muscle, labial palps, and gonad) of triploids
than in those of diploids (Figures 3C,D). Interestingly, the
glycogen content was significantly higher in the gill and
gonad of triploids than those of diploids, while there was
no signiciant difference in protein content between triploids
and diploids. Although the high levels of expression of
ChGS and ChGP were related to glycogen metabolism, higher
expressions of ChKD and ChCS in triploid oysters revealed
that these oysters have a higher matabolic rate than diploid
oysters, which may contribute to their faster growth. The
same phenomenon was discovered by Li et al. (2017), who
found that the TCA cycle was enhanced in C. gigas by high
glycogen content in the non-reproductive stage, implying that
increased energy metabolism occurs in the high-glycogen Pacific
oysters.

In the reproductive phase, the glycogen contents of all five
tissues (gill, mantle, muscle, labial palps, and gonad) of triploid
Hong Kong oysters were significantly higher than those of
diploids, but the protein content of the gonad of diploids was
significantly higher than that of triploids. Correspondingly, the
relative expressions of ChKD and ChCS in the five tissues of
triploids were significantly lower (P < 0.05) than in diploids
(Figures 4C,D). In addition, from the non-reproductive to the
reproductive phase, the glycogen content of the diploid gonad
decreased more and the protein content of the diploid gonad

REFERENCES

Allen, S. K., and Downing, S. L. (1986). Performance of triploid Pacific
oysters, Crassostrea gigas (Thunberg). I. Survival, growth, glycogen content,
and sexual maturation in yearlings. J. Exp. Mar. Biol. Ecol. 102, 197-208.
doi: 10.1016/0022-0981(86)90176-0

Bacca, H., Huvet, A., Fabioux, C., Daniel, J. Y., Delaporte, M., Pouvreau, S.,
et al. (2005). Molecular cloning and seasonal expression of oyster glycogen
phosphorylase and glycogen synthase genes. Compar. Biochem. Physiol. Part
B Biochem. Mol. Biol. 140, 635-646. doi: 10.1016/j.cbpc.2005.01.005

Berthelin, C., Kellner, K., and Mathieu, M. (2000a). Histological characterization
and glucose incorporation into glycogen of the Pacific oyster Crassostrea gigas
storage cells. Mar. Biotechnol. 2, 136-145. doi: 10.1007/s101269900017

Berthelin, C., Kellner, K., and Mathieu, M. (2000b). Storage metabolism in
the Pacific oyster (Crassostrea gigas) in relation to summer mortalities and
reproductive cycle (west coast of France). Compar. Biochem. Physiol. Part B 125,
359-369. doi: 10.1016/S0305-0491(99)00187-X

Callam, B. R, Allen, S. K, and Frank-Lawale, A. (2016). Genetic and
environmental influence on triploid Crassostrea virginica grown in Chesapeake
Bay: growth. Aquaculture 452, 97-106. doi: 10.1016/j.aquaculture.2015.10.027

Celik, M., Tureli, C., Celik, M., Yanar, Y., Erdem, U, and Kucukgulmez,
A. (2004). Fatty acid composition of the blue crab (Callinectes sapidus
Rathbun, 1896) in the north eastern Mediterranean. Food Chem. 88, 271-273.
doi: 10.1016/j.foodchem.2004.01.038

Chen, D.-W., and Zhang, M. (2007). Non-volatile taste active compounds in the
meat of Chinese mitten crab (Eriocheir sinensis). Food Chem. 104, 1200-1205.
doi: 10.1016/j.foodchem.2007.01.042

increased more than those of triploids. Previous studies on
O. edulis and C. gigas confirmed that glycogen was a preferred
energy form for supporting gametogenesis and growth (Pogoda
et al, 2013; Li et al., 2017). The simultaneous glycogen decrease
and protein increase may indicate the conversion of glycogen
into protein during gonad development, as suggested in previous
studies on other oyster species such as C. gigas and O. edulis
(Ruiz et al., 1992; Dridi et al., 2007). Moreover, triploids undergo
less gonad development than diploids, and therefore require less
energy to support gonad development. This may account for the
variations in biochemical composition and relative expressions of
ChKD and ChCS of diploid and triploid Hong Kong oysters.

AUTHOR CONTRIBUTIONS

YQ, ZY, and YZ designed experiments. YQ carried all of the
experiments with the help of HM, XW, SX, JL, and RM. YQ
analyzed the data and wrote the paper. ZY and YZ critically
revised the manuscript and approved the final version to be
published.

FUNDING

This research was supported by the Guangdong Province
Program, China (2014B020202011; 2014A020208083;
A201601A04; 2016B020233005; 2016TQ03N905), Guangdong
Key Laboratory of Applied Marine Biology program
(2017B030314052), the China Agriculture Research System
(No. CARS-49), and the National Science Foundation of China
(No. 31702340; 31572640).

Chen, D. W., Zhang, M., and Shrestha, S. (2007). Compositional characteristics
and nutritional quality of Chinese mitten crab (Eriocheir sinensis). Food Chem.
103, 1343-1349. doi: 10.1016/j.foodchem.2006.10.047

Coetzee, G. J. M., and Hoffman, L. C. (2002). Effects of various dietary n-3 / n-6
fatty acid ratios on the performance and body composition of broilers. S. Afr. J.
Anim. Sci. 32, 175-184. doi: 10.4314/sajas.v32i3.3744

Dare, P. ], and Edwards, D. B. (1975). Seasonal changes in flesh weight
and biochemical composition of mussels (Mytilus edulis L.) in the
Conwy Estuary, North Wales. J. Exp. Mar. Biol. Ecol. 18, 89-97.
doi: 10.1016/0022-0981(75)90066-0

Dégremont, L., Garcia, C., Frank-Lawale, A., and Allen, S. K. (2012). Triploid
oysters in the chesapeake bay: comparison of diploid and triploid Crassostrea
virginica. J. Shellfish Res. 31, 21-31. doi: 10.2983/035.031.0103

Doan, L. P,, Thuy, N. T,, Long, P. Q.,, Quan, P. M., Thuy, T. T. T., Minh,
P. T. H, et al. (2018). Fatty acid, tocopherol, sterol compositions and
antioxidant activity of three garcinia seed oils. Rec. Nat. Prod. 12, 323-331.
doi: 10.25135/rnp.32.17.09.051054

Downing, S. L., and Allen, S. K. (1987). Induced triploidy in the Pacific
oyster, Crassostrea gigas: optimal treatments with cytochalasin B depend on
temperature. Aquaculture 61, 1-15. doi: 10.1016/0044-8486(87)90332-2

Dridi, S., Romdhane, M. S., and Elcafsi, M. H. (2007). Seasonal variation in weight
and biochemical composition of the Pacific oyster, Crassostrea gigas in relation
to the gametogenic cycle and environmental conditions of the Bizert lagoon,
Tunisia. Aquaculture 263, 238-248. doi: 10.1016/j.aquaculture.2006.10.028

Dyerberg, J. (1986). Linolenate-derived polyunsaturated fatty acids
and prevention of atherosclerosis.  Nutr.  Rev. 125-134.
doi: 10.1111/j.1753-4887.1986.tb07603.x

44,

Frontiers in Physiology | www.frontiersin.org

11

November 2018 | Volume 9 | Article 1674


https://doi.org/10.1016/0022-0981(86)90176-0
https://doi.org/10.1016/j.cbpc.2005.01.005
https://doi.org/10.1007/s101269900017
https://doi.org/10.1016/S0305-0491(99)00187-X
https://doi.org/10.1016/j.aquaculture.2015.10.027
https://doi.org/10.1016/j.foodchem.2004.01.038
https://doi.org/10.1016/j.foodchem.2007.01.042
https://doi.org/10.1016/j.foodchem.2006.10.047
https://doi.org/10.4314/sajas.v32i3.3744
https://doi.org/10.1016/0022-0981(75)90066-0
https://doi.org/10.2983/035.031.0103
https://doi.org/10.25135/rnp.32.17.09.051054
https://doi.org/10.1016/0044-8486(87)90332-2
https://doi.org/10.1016/j.aquaculture.2006.10.028
https://doi.org/10.1111/j.1753-4887.1986.tb07603.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Qin et al.

Nutritional Quality Between Ploidy in C. hongkongensis

Fabioux, C., Pouvreau, S., Le Roux, F., and Huvet, A. (2004). The oyster vasa-like
gene: a specific marker of the germline in Crassostrea gigas. Biochem. Biophys.
Res. Commun. 315, 897-904. doi: 10.1016/j.bbrc.2004.01.145

FAO/WHO/UNU. (1985). Energy and Protein Requirements. Report of a Joint
FAO/WHO/UNU expert consultation.

Gatenby, C. M., Orcutt, D. M., Kreeger, D. A., Parker, B. C, Jones, V. A,
and Neves, R. J. (2003). Biochemical composition of three algal species
proposed as food for captive freshwater mussels. J. Appl. Phycol. 15, 1-11.
doi: 10.1023/A:1022929423011

Greiwe, J. S., Hickner, R. C., and Hansen, P. A. (1999). Effects of endurance exercise
training on muscle glycogen accumulation in humans. J. Appl. Physiol. 87,
222-226. doi: 10.1152/jappl.1999.87.1.222

Guévélou, E., Matt, J. L., and Allen, S. K. (2017). Glycogen Concentration in
freeze-dried tissues of eastern oyster (Crassostrea virginica) using near infrared
reflectance spectroscopy to determine the relationship between concentrations
of the tissues excised for histological sampling and the remaining tissues. J.
Shellfish Res. 36, 325-333. doi: 10.2983/035.036.0204

Houcke, J. V., Medina, I., Linssen, J., and Luten, J. (2016). Biochemical and
volatile organic compound profile of European flat oyster (Ostrea edulis)
and Pacific cupped oyster (Crassostrea gigas) cultivated in the Eastern
Scheldt and Lake Grevelingen, the Netherlands. Food Control 68, 200-207.
doi: 10.1016/j.foodcont.2016.03.044

Hugli, T. E., and Moore, S. (1972). Determination of the tryptophan content of
proteins by ion exchange chromatography of alkaline hydrolysates. J. Biol.
Chem. 247, 2828-2834.

Igbal, A., Khalil, I. A., Ateeq, N., and Khan, M. S. (2006). Nutritional
quality of important food legumes. Food Chem. 97, 331-335.
doi: 10.1016/j.foodchem.2005.05.011

Jeung, H.-D., Keshavmurthy, S., Lim, H.-J., Kim, S.-K., and Choi, K.-S.
(2016). Quantification of reproductive effort of the triploid Pacific oyster,
Crassostrea gigas raised in intertidal rack and bag oyster culture system off
the west coast of Korea during spawning season. Aquaculture 464, 374-380.
doi: 10.1016/j.aquaculture.2016.07.010

Kirimura, J., Shimizu, A., Kimizuka, A., Ninomiya, T., and Katsuya, N. (1969).
Contribution of peptides and amino acids to the taste of foods. J. Agric. Food
Chem. 17, 689-695. doi: 10.1021/jf60164a031

Kong, L., Wang, Z., Yu, R, and Wang, R. (2001). Comparison of biochemical
composition and amino acid contents between diploid and triploid Pacific
oyster, Crassostrea gigas, pre and post spawning. Trans. Oceanol. Limnol. 4,
44-49.

Lam, K., and Morton, B. (2003). Mitochondrial DNA and morphological
identification of a new species of Crassostrea (Bivalvia: Ostreidae) cultured for
centuries in the Pearl River Delta, Hong Kong, China. Aquaculture 228, 1-13.
doi: 10.1016/S0044-8486(03)00215-1

Li, B, Song, K., Meng, J., Li, L., and Zhang, G. (2017). Integrated application
of transcriptomics and metabolomics provides insights into glycogen content
regulation in the Pacific oyster Crassostrea gigas. BMC Genomics 18:713.
doi: 10.1186/s12864-017-4069-8

Lv, M., Mei, K, Zhang, H., Xu, D. and Yang, W. (2018). Effects of
electron beam irradiation on the biochemical properties and structure of
myofibrillar protein from Tegillarca granosa meat. Food Chem. 254, 64-69.
doi: 10.1016/j.foodchem.2018.01.165

Manninen, H., Rotola-Pukkila, M., Aisala, H., Hopia, A., and Laaksonen, T. (2018).
Free amino acids and 5’-nucleotides in Finnish forest mushrooms. Food Chem.
247:23. doi: 10.1016/j.foodchem.2017.12.014

Napolitano, G. E., Pollero, R. J., Gayoso, A. M., MacDonald, B. A., and
Thompson, R. J. (1997). Fatty acids as trophic markers of phytoplankton
blooms in the Bahfa Blanca estuary (Buenos Aires, Argentina) and in
Trinity Bay (Newfoundland, Canada). Biochem. Syst. Ecol. 25, 739-755.
doi: 10.1016/S0305-1978(97)00053-7

Ojea, J., Pazos, A. ]., Martinez, D., Novoa, S., Sanchez, J. L., and Abad, M. (2004).
Seasonal variation in weight and biochemical composition of the tissues of
Ruditapes decussatus in relation to the gametogenic cycle. Aquaculture 238,
451-468. doi: 10.1016/j.aquaculture.2004.05.022

Orban, E., Lena, G. D., Nevigato, T., Casini, I., Marzetti, A., and Caproni, R. (2002).
Seasonal changes in meat content, condition index and chemical composition
of mussels (Mytilus galloprovincialis) cultured in two different Italian sites. Food
Chem. 77, 57-65. doi: 10.1016/S0308-8146(01)00322-3

Park, J. W., Testin, R. F, Park, H. ], Vergano, P. J., and Weller, C. L.
(1994). Fatty acid concentration effect on tensile strength, elongation, and
water vapor permeability of laminated edible films. J. Food Sci. 59, 916-919.
doi: 10.1111/.1365-2621.1994.tb08157.x

Pogoda, B., Buck, B. H., Saborowski,
Biochemical and elemental

W. (2013).
offshore-cultivated

R, and Hagen,

composition of the
oysters Ostrea edulis and Crassostrea gigas. Aquaculture 400-401, 53-60.
doi: 10.1016/j.aquaculture.2013.02.031

Qin, Y., Xiao, S., Ma, H., Mo, R., Zhou, Z., Wu, X,, et al. (2018). Effects of
salinity and temperature on the timing of germinal vesicle breakdown and
polar body release in diploid and triploid Hong Kong oysters, Crassostrea
hongkongensis, in relation to tetraploid induction. Aquac. Res. 49, 3647-3657.
doi: 10.1111/are.13833

Qin, Y., Zhang, Y., Zhou, Y., Wu, X,, Peng, M., and Yu, Z. (2017). Comparative
studies on triploidy induction using CB and 6-DMAP in Crassostrea
hongkongensis. ]. Fish. China 41, 250-257. doi: 10.11964/jfc.20151110167

Racotta, I. S., Palacios, E., Ibarra, A. M., Ramirez, J. L., Arcos, F., and Arjona,
0. (2008). Comparative biochemical composition of ploidy groups of the
lion-paw scallop (Nodipecten subnodosus Sowerby) supports the physiological
hypothesis for the lack of advantage in triploid mollusc’s growth in food-
rich environments. Mar. Biol. 153, 1245-1256. doi: 10.1007/s00227-007-
0897-4

Ren, J., Marsden, 1., Ross, A., and Schiel, D. (2003). Seasonal variation in
the reproductive activity and biochemical composition of the Pacific oyster
(Crassostrea gigas) from the Marlborough Sounds, New Zealand. N. Z. J. Mar.
Freshw. Res. 37, 171-182. doi: 10.1080/00288330.2003.9517155

Ruiz, C., Martinez, D., Mosquera, G., Abad, M., and Sénchez, J. L. (1992). Seasonal
variations in condition, reproductive activity and biochemical composition of
the flat oyster, Ostrea edulis, from San Cibran (Galicia, Spain). Mar. Biol. 112,
67-74. doi: 10.1007/BF00349729

Shpigel, M., and Spencer, B. (1996). Performance of diploid and triploid Manila
clams (Tapes philippinarum, Adams and Reeve) at various levels of tidal
exposure in the UK and in water from fish ponds at Eilat, Israel. Aquaculture
141, 159-171. doi: 10.1016/0044-8486(95)01236-2

Simopoulos, A. P. (2008). The importance of the omega-6/omega-3 fatty acid
ratio in cardiovascular disease and other chronic diseases. Exp. Biol. Med. 233,
674-688. doi: 10.3181/0711-MR-311

Skonberg, D. I, and Perkins, B. L. (2002). Nutrient composition of green
crab (Carcinus maenus) leg meat and claw meat. Food Chem. 77, 401-404.
doi: 10.1016/S0308-8146(01)00364-8

Soudant, P., Ryckeghem, K. V., Marty, Y., Moal, J., Samain, J. F., and Sorgeloos,
P. (1999). Comparison of the lipid class and fatty acid composition between a
reproductive cycle in nature and a standard hatchery conditioning of the Pacific
Opyster Crassostrea gigas. Compar. Biochem. Physiol. Part B Biochem. Mol. Biol.
123, 209-222. doi: 10.1016/S0305-0491(99)00063-2

Spindler, M., Stadler, R., and Tanner, H. (1985). Amino acid analysis of feedstuffs:
determination of methionine and cystine after oxidation with performic acid
and hydrolysis. J. Agric. Food Chem. 32, 24-26.

Stanley, J. G., Allen, S. K., and Hidu, H. (1981). Polyploidy induced in the
American oyster, Crassostrea virginica, with cytochalasin B. Aquaculture 23,
1-10. doi: 10.1016/0044-8486(81)90002-8

Su, X, Li, T., and Ding, M. (1998). Studies on the nutritive contents of the mussel
Mytilus edulis and Mytilus coruscus. Chin. J. Mar. Drugs 2, 30-32.

Towle, H. C. (1995). Metabolic regulation of gene transcription in mammals. J.
Biol. Chem. 270, 23235-23238. doi: 10.1074/jbc.270.40.23235

Utting, S. D., and Child, A. R. (1994). Genetic manipulation of the Manila clam
(Tapes philippinarum) using cytochalasin B to induce triploidy. Aquaculture
120, 271-282. doi: 10.1016/0044-8486(94)90084-1

Vali, S., Carlsen, R., Pessah, I, and Gorin, F. (2000). Role of the sarcoplasmic
reticulum in regulating the activity-dependent expression of the glycogen
phosphorylase gene in contractile skeletal muscle cells. J. Cell. Physiol. 185,
184-199. doi: 10.1002/1097-4652(200011)185:2<184::AID-JCP3>3.0.CO;2-T

Wang, F., Xiao, S., Zhang, Y., Zhang, Y., Liu, Y., Yan, Y, et al. (2015).
ChAKkt1 involvement in orchestrating the immune and heat shock responses in
Crassostrea hongkongensis: molecular cloning and functional characterization.
Fish Shellfish Immunol. 47, 1015-1023. doi: 10.1016/j.£51.2015.11.009

Wang, Z. P., Guo, X., Allen, S. K., and Wang, R. C. (2002). Heterozygosity and
body size in triploid Pacific oysters, Crassostrea gigas Thunberg, produced

Frontiers in Physiology | www.frontiersin.org

12

November 2018 | Volume 9 | Article 1674


https://doi.org/10.1016/j.bbrc.2004.01.145
https://doi.org/10.1023/A:1022929423011
https://doi.org/10.1152/jappl.1999.87.1.222
https://doi.org/10.2983/035.036.0204
https://doi.org/10.1016/j.foodcont.2016.03.044
https://doi.org/10.1016/j.foodchem.2005.05.011
https://doi.org/10.1016/j.aquaculture.2016.07.010
https://doi.org/10.1021/jf60164a031
https://doi.org/10.1016/S0044-8486(03)00215-1
https://doi.org/10.1186/s12864-017-4069-8
https://doi.org/10.1016/j.foodchem.2018.01.165
https://doi.org/10.1016/j.foodchem.2017.12.014
https://doi.org/10.1016/S0305-1978(97)00053-7
https://doi.org/10.1016/j.aquaculture.2004.05.022
https://doi.org/10.1016/S0308-8146(01)00322-3
https://doi.org/10.1111/j.1365-2621.1994.tb08157.x
https://doi.org/10.1016/j.aquaculture.2013.02.031
https://doi.org/10.1111/are.13833
https://doi.org/10.11964/jfc.20151110167
https://doi.org/10.1007/s00227-007-0897-4
https://doi.org/10.1080/00288330.2003.9517155
https://doi.org/10.1007/BF00349729
https://doi.org/10.1016/0044-8486(95)01236-2
https://doi.org/10.3181/0711-MR-311
https://doi.org/10.1016/S0308-8146(01)00364-8
https://doi.org/10.1016/S0305-0491(99)00063-2
https://doi.org/10.1016/0044-8486(81)90002-8
https://doi.org/10.1074/jbc.270.40.23235
https://doi.org/10.1016/0044-8486(94)90084-1
https://doi.org/10.1002/1097-4652(200011)185:2<184::AID-JCP3>3.0.CO;2-T
https://doi.org/10.1016/j.fsi.2015.11.009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Qin et al.

Nutritional Quality Between Ploidy in C. hongkongensis

from meiosis II inhibition and tetraploids. Aquaculture 204, 337-348.
doi: 10.1016/S0044-8486(01)00845-6

Zeng, Z., Jianbin, N. I, and Caihuan, K. E. (2015). Glycogen content relative to
expression of glycogen phosphorylase(GPH) and hexokinase(HK) during the
reproductive cycle in the Fujian Oyster, Crassostrea angulata. Acta Oceanol. Sin.
34, 66-76. doi: 10.1007/s13131-015-0639-2

Zeng, Z., Ni, J., and Ke, C. (2013). Expression of glycogen synthase (GYS)
and glycogen synthase kinase 3beta (GSK3beta) of the Fujian oyster,
Crassostrea angulata, in relation to glycogen content in gonad development.
Compar. Biochem. Physiol. Part B Biochem. Mol. Biol. 166, 203-214.
doi: 10.1016/j.cbpb.2013.09.003

Zhang, L., Lin, Q. Feng, Y. Fan, X, Zou, F, Yuan, D. Y, et al
(2015).  Transcriptomic identification and expression of starch
and sucrose metabolism genes in the seeds of Chinese Chestnut
(Castanea mollissima). ]. Agric. Food Chem. 63, 929-942. doi: 10.1021/
i£505247d

Zhang, Y., Li, J., Qin, Y., Zhou, Y., Zhang, Y., and Yu, Z. (2017). A comparative
study of the survival, growth and gonad development of the diploid and triploid
Hong Kong oyster, Crassostrea hongkongensis (Lam & Morton 2003). Aquac.
Res. 48, 2453-2462. doi: 10.1111/are.13081

Zhou, Y., Mao, F, He, Z, Li, J, Zhang, Y. Xiang, Z. (2018). The
molecular mechanism underlying pro-apoptotic role of hemocytes specific
transcriptional factor Lhx9 in Crassostrea hongkongensis. Front. Physiol. 9:612.
doi: 10.3389/fphys.2018.00612

Zwaan, A. D., and Zandee, D. 1. (1972). Body distribution and seasonal changes
in the glycogen content of the common sea mussel Mytilus edulis. Compar.
Biochem. Physiol. Part A Physiol. 43, 53-58. doi: 10.1016/0300-9629(72)90468-9

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Qin, Zhang, Ma, Wu, Xiao, Li, Mo and Yu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org

13

November 2018 | Volume 9 | Article 1674


https://doi.org/10.1016/S0044-8486(01)00845-6
https://doi.org/10.1007/s13131-015-0639-2
https://doi.org/10.1016/j.cbpb.2013.09.003
https://doi.org/10.1021/jf505247d
https://doi.org/10.1111/are.13081
https://doi.org/10.3389/fphys.2018.00612
https://doi.org/10.1016/0300-9629(72)90468-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Comparison of the Biochemical Composition and Nutritional Quality Between Diploid and Triploid Hong Kong Oysters, Crassostrea hongkongensis
	Introduction
	Materials and Methods
	Sample Collection and Ploidy Determination
	Glycogen and Protein Content Analyses
	Amino Acid and Fatty Acid Content Assays
	Real-Time Quantitative PCR Analysis of Genes
	Statistical Analysis

	Results
	Glycogen Content and ChGS and ChGP mRNA Expressions
	Protein Content
	Amino Acid and Fatty Acid Content

	DISCUSSION
	The Glycogen Content Variation Pattern Is Correlated With ChGS and ChGP mRNA Expression Patterns
	Crude Protein and Amino Acid Contents
	Fatty Acid Content
	The Tricarboxylic Acid Cycle Related to Variations in Biochemical Composition

	Author Contributions
	Funding
	References


