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Glycogen, a critical nutrient in Crassostrea hongkongensis, exhibits essential
biological properties, with its quantitative levels serving as a pivotal parameter for
phenotypic selection and genetic improvement of superior oyster strains. To
investigate the characteristics of glycogen content and identify single nucleotide
polymorphisms (SNPs) associated with this trait in C. hongkongensis, we cloned
the full-length cDNA of key genes involved in glycogen metabolism, determined
glycogen content and gene expression in different tissues and months of the
oyster specimen collection, and developed SNPs in the gene coding region. The
results demonstrated that glycogen synthase (ChGS) and glycogen
phosphorylase (ChGP) are key genes regulating glycogen metabolism in C.
hongkongensis. Both genes were ubiquitously expressed across all six analyzed
tissues: gills, adductor muscle, mantle, labial palps, gonads, and digestive gland.
Notably, mRNA expression levels of ChGS and ChGP in gonad and visceral tissues
exhibited seasonal fluctuations, which showed significant correlation with
glycogen content dynamics. Fifteen SNP markers were identified within the
coding regions of ChGS and ChGP using fragment-length discrepant allele-
specific polymerase chain reaction. The success rate of SNP identification was
37.5% (15/40). Using association analysis, one SNP located in the coding region of
ChGS was found to be associated with glycogen content. These results provide
potential molecular markers that can be used for the selection and breeding of
glycogen traits in C. hongkongensis, and demonstrate the potential influence of
ChGS and ChGP on glycogen content.

Crassostrea hongkongensis, glycogen, single nucleotide polymorphism, association
analysis, glycogen synthase, glycogen phosphorylase
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1 Introduction

Crassostrea hongkongensis, a marine oyster belonging to the
phylum Mollusca, class Lamellibranchia, subclass Pteriomorphia,
order Pterioida, family Ostreidae, and genus Crassostrea, is an
economically important species in southern China. It accounts for
34.45% of China’s total oyster production (Fisheries Administration
Bureau, MARA, and PRC, 2021). Despite its high production
volume, C. hongkongensis struggles to meet the market demand
for high-quality oysters, resulting in reduced economic returns for
producers. This challenge is attributed to factors, such as excessive
aquaculture in the sea and changes in the aquaculture environment,
which have led to a decline in the quality of C. hongkongensis (Xia
et al.,, 2009; Ma et al., 2022).

Glycogen, a branched-chain polysaccharide found in animal
liver and muscles, is an easily stored and readily available glucose
reserve (Greenberg et al., 2006). The presence of glycogen ensures
the normal operation of the body and it plays a vital role in
maintaining energy homeostasis. Glycogen is the primary source
of energy in oysters, influencing gamete development, growth,
reproduction, stress resistance, and flavor (Samain, 2011; Liu
et al,, 2017; Meng et al,, 2019). Many studies have demonstrated
that the variation in glycogen content in oysters is closely related to
their reproductive activity, with levels peaking during non-
reproductive periods (Normand et al., 2008; Mondol et al., 2016).
The glycogen content in the gonado-visceral mass of Crassostrea
gigas begins to accumulate before gamete development, reaching a
maximum value in April, and rapidly decreases with gamete
development and emission (Zhong et al, 2019). In C.
hongkongensis, glycogen levels decrease during the high energy
demands of gamete formation and proliferation (February to
June), reaching their lowest levels during gonad maturation.
Subsequently, glycogen slowly accumulates again, with levels
peaking in December (Roach et al., 2012). Notably, glycogen
levels serve as an indicator of oyster tolerance to environmental
stress. Oysters with high glycogen content exhibit low mortality
rates and increased resistance to adverse environments. Conversely,
low glycogen content weakens oyster resistance, potentially
contributing to large-scale death in summer (Bacca et al., 2005).

Glycogen synthase (GS) and glycogen phosphorylase (GP) are
key enzymes involved in the synthesis and degradation of glycogen,
respectively. GS catalyzes the transfer of glucose molecules from
uridine-5-diphosphate-glucose to the terminal branches of glycogen
molecules, whereas GP cleaves glucose units by breaking the alpha-
1,4 glycosidic bonds in glycogen (Palsamy and Subramanian, 2009;
Zhao et al, 2014). In marine mollusks, the full-length cDNA
sequence of the gene encoding GS (GS) has been reported in
Crassostrea virginica and Sinonovacula constricta (Swift et al,
1988; Chen et al., 2021). Previous studies have also shown a close
link between the expression level of GS in Crassostrea gigas and its
reproductive cycle, influencing variations in glycogen levels (Liu
et al., 2017). The full-length cDNA sequence of the gene encoding
GP (GP) has been cloned into C. gigas and Crassostrea angulata,
and its expression levels have been found to be related to changes in
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glycogen levels (Bacca et al., 2005; Zeng et al., 2015). However, no
study has investigated the genes encoding GS (ChGS) and GP
(ChGP) in C. hongkongensis.

To explore the relationship between key genes related to
glycogen metabolism and content-related traits in C.
hongkongensis, we determined the glycogen content and
expression levels of ChGS and ChGP in different tissues and
during different specimen collection months. We then conducted
an association analysis to screen for single nucleotide
polymorphisms (SNP) associated with glycogen content, laying
the foundation for breeding high-quality oysters.

2 Materials and methods
2.1 Oyster collection

Adult oysters were collected from the Sandun culture area of
Qinzhou City, Guangxi. Because the nutritional content of adult
oysters is relatively stable compared with that of juvenile oysters, we
selected adult oysters at the second instar stage (shell height = 84.19
+9.66 mm, body weight = 105.42 + 22.42 g). To avoid differences
between groups growing under different environments, the oysters
were attached at the same time and grew and developed in the same
natural environment. From June 2020 to April 2021, the oysters (15
each time) were collected monthly from the same location, and the
chlorophyll-a (Chl-a) content in the sea area was measured using a
data sonde (6600V2; YSI, Yellow Springs, OH, USA). The adductor
muscles, gills, and remaining tissues were separated, frozen in liquid
nitrogen, and stored at -80°C. From each oyster, half of the gills
were used for RNA extraction and half of the adductor muscle was
used for glycogen content detection. Samples collected in April were
used for analyses of different tissues, including the adductor muscle,
gills, mantle, gonads, digestive glands, and labial palps.

The oysters used for SNP identification and association analysis
were collected from two locations in Guangxi, China. Forty-five
individuals were collected from the Dafengjiang Sea (DFJ group) at
the coordinates E108°86'16", N21°67'77". Sixty individuals were
also collected from Sandun (SD group), where individuals were
attached simultaneously, and grew and developed in the same
environment. The adductor muscle, gills, and other tissues were
dissected, frozen in liquid nitrogen, and stored at —80°C for
glycogen content detection and RNA extraction.

2.2 Cloning full-length cDNA of key genes

Total RNA was extracted from the samples using the TRIzol
method. The extracted RNA was measured through
spectrophotometry using a nucleic acid protein concentration meter
(Gene Company Limited, Thermo, China). RNA integrity was
determined via 1% agarose gel electrophoresis, and the RNA was
reverse transcribed into ¢cDNA using a reverse transcription kit
(TransGen Biotech, Beijing, China). Primers were designed for
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intermediate fragment cloning using the CSAD and CDO sequences of
C. gigas as references. The 5 and 3’ templates used for rapid
amplification of ¢cDNA ends (RACE) were synthesized using the
SMART 5" RACE & 3’ RACE Reagents Kit (TaKaRa, Tokyo,
Japan). Adapter sequences were added to the 5" and 3’ end of total
RNA extracted from the oysters (C. hongkongensis), following the
instructions in the reagent kit, and the RNA was then reverse
transcribed into cDNA. The cDNA was used as the template for 5’
and 3’ end amplification using Tks Gflex™ DNA Polymerase
(TaKaRa), with one end of the primer designed as a 3’- or 5'-
specific primer for the cloned intermediate fragment, and the other

10.3389/fmars.2025.1532465

end as the UPM and UPS primer in the SMART 5 RACE & 3’ RACE
Reagents Kit (Table 1). The PCR conditions involved pre-
denaturation at 94°C for 1 min and denaturation at 98°C for 10 s,
followed by annealing and extension. The annealing temperature was
set at 60°C when the average Tm of the forward and reverse primers
was greater than 55°C and at 55°C when the average Tm of the
forward and reverse primers was less than 55°C. The extension time
was set according to the length of the fragment; that is, 1 min/kb. The
product was detected using 1% agarose gel electrophoresis, ligated to
the pEASY clone vector, and transformed into T1 Escherichia coli cells.
After overnight cultivation and PCR detection, the bacterial

TABLE 1 Primers used for full-length cDNA cloning and quantitative polymerase chain reaction.

Primers Primer sequences (5'-3’) Usages
221 ChGS-F1 ATCGCCTGGGAAGTAGCA Fragment cloning
627 ChGS-R1 TCCGAAACTCACCAATAAACC Fragment cloning

605 ChGS-F2 CTCTAGTAGCCTGGTTTATTGGT Fragment cloning
1265 ChGS-R2 AGTTGTTGGTCTTGGTGGG Fragment cloning
1094 ChGS-F3 GAATCACTGGCAAGACTAAA Fragment cloning
1930 ChGS-R3 GCAGCAAGGTCAGGGTAT Fragment cloning
4 ChGP-F1 GAGAAGGAAGCAGACAGCCAAAGAA Fragment cloning

2572 ChGP-R1 CTATCCATTGAGTCTAGGCCCTCGT

416 ChGP-F2 TGAGGAGTTGGAGGAGATTGAGGAG

2796 ChGP-R2 AGAGCTGAGTATGTCCAATGGCCTG

Fragment cloning
Fragment cloning

Fragment cloning

95 ChGS-5-R1 CGTTATAGGGACCCAGCAGAC 5" RACE
177 ChGS-5-R2 GCGTCCCTCATGGTCTGTAGT 5" RACE
1647 ChGS-3-F1 ACAGCGTATCATTCAGAGAAATC 3" RACE
1721 ChGS-3-F2 ACAGAAAAGCCCGCCAGATCGCA 3’ RACE
66 ChGP-5-R1 TTGCTTTCGCTTCTCGTGGTCAGTT 5" RACE
203 ChGP-5-R2 TGTGGGCAAGAGAGAGGTAGTAGTC 5" RACE
394 ChGP-5-R3 CTCCTCAATGTCAAGGCCAATCTGA 5" RACE
2601 ChGP-3-F1 CTTCAATTCGCCCTATAGTGAGTCG 3" RACE
2459 ChGP-3-F2 GTCCTCAACATTGCATCTTCGGGTA 3" RACE
2268 ChGP-3-F3 TGCGGTTGGTACTCGATCAGCTGTA 3’ RACE

MI13F TGTAAAACGACGGCCAGT universal primer
MI13R CAGGAAACAGCTATGACC universal primer
UPM CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT RACE

UPS CTAATACGACTCACTATAGGGC RACE

1149 qPCR-GS-F1 CAAGCTAACAGTGAGGCGACAG RT-qPCR

1265 qPCR-GS-R1 GATCTGAGTCTGTACGTGGTGC RT-qPCR

1370 qPCR-GP-F1 ATCGTAGAGGAGGATGGAGAGAA RT-qPCR

1502 qPCR-GP-R1 GTTTTGGAAGCGCTCGGGATACAT RT-qPCR
LActinF CTGTGCTACGTTGCCCTGGACTT RT-gPCR
LActinR TGGGCACCTGAATCGCTCGTT RT-qPCR

RACE, rapid amplification of cDNA ends; RT-qPCR, reverse transcription quantitative polymerase chain reaction.
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suspension was sent to Shanghai Shenggong Biotechnology Co., Ltd.
(Shanghai, China) for sequencing.

2.3 Gene sequence and evolutionary
analysis

The ORF Finder online tool (https://www.ncbinlm.nih.gov)
was used to predict the open reading frame (ORF) and amino
acid sequences based on the full-length ¢cDNA sequences. The
molecular weight, isoelectric point, hydrophobicity, signal peptide,
and structural domain of the proteins were predicted using online
software programs, such as Expasy (https://web.expasy.org),
SignalP (http://www.cbs.dtu.dk/services/SignalP/), and the
National Center for Biotechnology Information (NCBI) tools.
After sequence alignment and homology searches using the NCBI
BLAST tool, multiple comparisons of homologous sequences were
performed using DNAMAN 7.0 software. The neighbor-joining
method in MEGA 5.1 software was used to build the evolutionary
tree, with the bootstrap value set to 1,000.

2.4 Analysis of glycogen content

The adductor muscle, gills, mantle, gonads, digestive gland, and
labial palps were used for glycogen content analyses in different
tissues, and the adductor muscle was used for analysis at different
time points. Glycogen content was detected using a glycogen enzyme-
linked immunosorbent assay (ELISA) kit (Shanghai Meilian
Biotechnology Co., Ltd., Shanghai, China). The assay used blank,
standard, and sample wells. Briefly, 50 UL of standard solution was
added to each standard well, followed by the addition of 40 pL of
sample diluent and 10 pL of sample solution to each sample well. The
plate was incubated at 37 °C for 30 min and then washed five times.
Subsequently, 50 UL of horseradish-peroxidase-conjugated ELISA
reagent was added to each well, followed by the addition of 100 UL of
acidic chromogenic agent for color development in the dark at 37 °C
for 10 min. The absorbance was measured at 450 nm using an ELISA
reader (Spectra Max Id5, USA), and the nutrient content of the
samples was calculated using a standard curve. After normality and
variance homogeneity tests, analysis of variance (ANOVA) and
multiple comparisons were performed using SPSS 22.0 (IBM,
Armonk, NY, USA) to evaluate differences in glycogen content
between different tissues and time points.

2.5 Gene expression analysis in different
tissues and at different time points

Total RNA was extracted from gills collected in different months
and from various tissue samples from April using the TRIzol method.
A 5,000-ng sample of total RNA was reverse transcribed into cDNA
using the TransScript® One-Step gDNA Removal and ¢cDNA
Synthesis SuperMix kit (TransGen Biotech Co., Ltd.) and the
cDNA was diluted to 100 ng/uL for use as a qPCR template.
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We used PerfectStart® Green qPCR SuperMix (TransGen Biotech
Co., Ltd; SYBR Green as the fluorescent dye) to detect the mRNA
expression levels of the key genes. The RT-qPCR reaction conditions
were as follows: predenaturation at 95°C for 30 s, followed by 40 cycles
of denaturation at 95°C for 15 s and annealing at 60°C for 30 s. 3-
Actin served as a reference gene. The primers used for RT-qPCR are
listed in Table 1. RT-qPCR was performed using a fluorescence
quantitative PCR instrument (CFX96; Bio-Rad, Hercules, CA, USA).
Each experimental group included three biological replicates and three
technical replicates. The relative expression level of the target gene was

calculated using the 2" AACT

method, with results presented as the
mean * standard deviation. SPSS 22.0 software was used to test the
normality and variance homogeneity of the gene expression data for
different time periods and different tissues. For data meeting the
normality and homogeneity of variance criteria, one-way ANOVA,
with Tukey’s post-hoc analysis, was used for multiple comparisons. For
data that did not meet the homogeneity of variance criteria,
logarithmic conversion was first performed and then one-way

ANOVA was performed.

2.6 SNP identification

The full-length ¢cDNAs of ChGS and ChGP were used as
templates, and primers for amplifying the ORF region of the
genes (Supplementary Table 1) were designed using Oligo 7. Ten
oysters with significant differences in glycogen content were
selected to clone the same gene fragment, and the PCR products
were sent to Shanghai Shenggong Biotechnology Co., Ltd. for
sequencing. DNAMAN was used for sequence comparisons to
identify candidate SNPs, which were then validated using
fragment length discrepant allele-specific PCR (FLDAS-PCR) and
polyacrylamide gel electrophoresis. First, two upstream primers of
difterent lengths were designed using Oligo 7, with each having a 3’
end that paired with one of the two SNP allele bases. To enhance
specificity, mismatches were also introduced at the 3rd or 4th base
from the 3’ end of these two allele-specific primers. We then added
base sequences of different lengths at the 5’ end, with a universal
primer sequence downstream. The amplified DNA fragments were
100-200 bp long and were visualized using 12% polyacrylamide gel
electrophoresis at 180 v for 120 min.

2.7 Population genotyping

Genotyping was performed using FLDAS-PCR and
polyacrylamide gel electrophoresis. Due to the different lengths of
the upstream primers, homozygotes showed a single band and
heterozygotes showed two bands with an 8 bp size difference.

2.8 Association analysis

Using SPSS 22.0, descriptive statistics were calculated for the
glycogen content of the two populations used for association
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analysis, and association analysis was performed between the
glycogen content and SNP genotype data using a mixed linear
model (MLM) in GAPIT3 (Zhang et al., 2010). The equation used
for the MLM model was as follows:

Y = XB+ Zu+ e

where Y is the glycogen content, Bis the coefficient vector of the
fixed effect, u is the vector representing the coefficients of the
random effect, X is the matrix of fixed effects, Z is the matrix of
random additive genetic effects, and e is the residual effect.

SNP markers showing significant differences between different
genotypes were considered to be associated with glycogen content.
SNPs related to glycogen content in the DF] population were further
genotyped in the SD population, and association analysis was
conducted to further validate the repeatability of the obtained SNPs.

3 Results

3.1 Characteristics of full-length cDNA of
ChGS and ChGP

The total length of the ChGS cDNA was 2,591 bp (GenBank
accession number: OP792981), with a 101 bp 5’ untranslated region
(UTR), a 399 bp 3" UTR, and a 2,091 bp ORF encoding 696 amino
acids (Supplementary Figure 1). The relative molecular weight of
the identified protein was 79.94 kDa, with an isoelectric point of
6.44. Notably, ChGS was predicted to contain a conserved GS
domain (amino acids 40-677; Supplementary Figure 2). Similarly,
the total length of the ChGP cDNA was 3,378 bp (GenBank
accession number: OP792982), including a 5" UTR of 73 bp, a 3’
UTR of 737 bp, and an ORF of 2,568 bp encoding 855 amino acids
(Supplementary Figure 3). The relative molecular weight of the
identified protein was 98.46 kDa, with an isoelectric point of 6.90.
The predicted conserved domain in the ChGP was a phosphorylase
domain (amino acids 115-697; Supplementary Figure 4).

3.2 Homology and phylogenetic analysis of
ChGS and ChGP

Alignment of the amino acid sequences of C. hongkongensis
ChGS and ChGP with those from C. gigas, C. virginica, and C.
angulata revealed high amino acid conservation (Figure 1).
Furthermore, the phylogenetic tree showed that ChGS and ChGP
in C. hongkongensis were closely related to those of other
invertebrates, such as C. gigas and C. angulata (Figure 2).

3.3 Glycogen content and key gene
expression in different tissues

C. hongkongensis exhibited the highest glycogen content in the
gonads (1,714.48 ug/g) and mantle (1,682.69 Ug/g), which had
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significantly higher levels than those of the other tissues (P < 0.05;
Figure 3A). Of note, ChGS expression levels were highest in the
gonads (P < 0.05), whereas ChGP expression levels were highest in
the adductor muscle (P < 0.05; Figures 3B, C).

3.4 Glycogen content and key gene
expression at different time points

The mass concentration of Chl-a in the Sandun culture area
showed obvious seasonal fluctuation, with lower concentrations in
December to February in winter. The lowest concentration was 1.4
mg/m’ in December. The concentration increased from April to
June, and was highest in June, reaching 4 mg/m’ (Figure 4A). The
glycogen content of C. hongkongensis was observed to decrease
from February to March, reaching its lowest level of 1,508.1 pg/g in
March. It then steadily increased from 1,508.11 ug/g in
April, peaking at 1,812.03 ug/g in September (Figure 4A).
The ChGS expression level remained low from January to
June, before increasing gradually, reaching its peak in September
and then declining (P < 0.05; Figure 4B). In contrast, the
expression level of ChGP was high from January to April,
followed by a significant decrease until June. However, ChGP
expression then increased slowly, reaching a second peak in
September (Figure 4C).

3.5 Characteristics of glycogen content in
populations included in the association
analysis

The glycogen content of the DFJ population ranged from
1,494.86 to 1,824.33 pug/g (Figure 5A), with an average of 1,611.86
+ 100.76 pg/g, and a coefficient of variation (CV) of 6.06%. The
glycogen content of SD population ranged from 1514.87-1845.20
ug/g (Figure 5B), with an average of 1,678.11 + 102.27 ug/g, and a
CV of 6.09%. There was significant variation in glycogen content
within both the DFJ and SD populations, and both followed a
normal distribution (P > 0.05), making them suitable for
conducting association analyses.

3.6 SNPs in the coding regions of key
genes

Using gene fragment cloning, Sanger sequencing, and
multisequence alignment, 40 candidate SNPs were identified in
ChGS and ChGP. Forty sets of primers were designed, and 15 SNPs
were validated, all of which were successfully genotyped in the
experimental population (Figure 6). The number of SNPs for each
gene is shown in Supplementary Table 2, and information on the 15
validated SNPs is provided in Table 2.
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FIGURE 1

Multiple sequence alignments of ChGS (A) and ChGP (B). Black: domains with high similarity; blue: domains with low similarity;
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Phylogenetic analysis of ChGS (A) and ChGP (B). The number next to the internal branch represents the value based on 1,000 repeated calculations,
and 0.2 represents the genetic distance.
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Glycogen content and gene expression in different tissues. Different letters indicate significant differences (P < 0.05). (A) Glycogen content in
different tissues of C. hongkongensis; (B) ChGS expression in different tissues; (C) ChGP expression in different tissues. Different letters indicate
significant differences (P < 0.05).
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FIGURE 6
SNP genotyping results. Single nucleotide polymorphism (SNP) genotyping results based on FLDAS-PCR of the three different genotypes are shown.
Two bands indicate heterozygosity, and one band indicates homozygosity

3.7 SNPs associated with glycogen content

In the DFJ population of C. hongkongensis, a synonymous SNP
(ChGP-1998) located within the coding region of ChGP was
detected and found to be significantly correlated with glycogen
content (P < 0.05; Table 3). Individuals with the TT or TC
genotypes exhibited higher glycogen content than those with the
CC genotype (P < 0.05). These findings suggest that SNP ChGP-
1998 may influence glycogen content in the DFJ population.
However, this association was not replicated in the SD population
(P > 0.05).

4 Discussion

4.1 Glycogen and key gene expression
levels in C. hongkongensis

In the present study, we found that the glycogen content was
relatively high in the gonads and mantle tissues of C. hongkongensis
(P <0.05). Li et al. (2009) found that a high glycogen content in the
mantle of C. gigas is closely related to oyster reproduction in South
Australia. Research indicates that glycogen storage cells in C. gigas
are predominantly distributed in the mantle, gonads, and labial
palps, where they act as the primary nutritional reserve during

Frontiers in Marine Science 08

gametogenesis (Berthelin et al., 2000a). These findings are
consistent with the variations in glycogen content observed across
different tissues in C. hongkongensis, including the gonads, labial
palps, mantle, gills, and digestive gland, in this study. We further
investigated the expression levels of ChGS and ChGP, in six tissues
during the proliferative stage. We found that ChGS was highly
expressed in the gonads (P < 0.05), whereas ChGP was highly
expressed in the adductor muscle (P < 0.05). The high expression
level of ChGS, a key gene involved in glycogen synthesis, in gonads,
correlated with elevated glycogen content, suggested its important
role in promoting glycogen synthesis during reproduction in C.
hongkongensis (Zeng et al., 2013; Pang et al., 2021; Wang et al,,
2023). Conversely, the high expression level of ChGP, a key gene
responsible for glycogen breakdown via glucose-1-phosphate
release, in the adductor muscle likely reflects the presence of an
active glycogen breakdown pool in this tissue (Martinez et al., 2000;
Zeng et al., 2015). This breakdown likely provides ATP for
muscle contraction.

4.2 Factors affecting glycogen content and
gene expression in C. hongkongensis
The Chl-a concentration in the ocean is often used to estimate

phytoplankton biomass. Higher Chl-a concentrations indicate an
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TABLE 2

Information on the 15 validated SNPs.

Mutation type Primers Primer sequences (5'-3’)

1 ChGS-241 A/C ChGS 241-S1 TGGGTCCCTATAACGAGACA
ChGS 241-S2 ATATTATATGGGTCCCTATAACGAAGCC
ChGS 241-pub TCCAAGCAGCAGATCCAATGTC

2 ChGS-575 CIT ChGS 575-s1 GACCCACTTTCACGAGTTGT
ChGS 575-52 ATAATTAAGACCCACTTTCACGAGGGGC
ChGS 575-pub CAGTAGCGGTGATAGATCTGACGG

3 ChGS-604 G/T ChGS 604-s1 TACAGTCCACCTTCCTGATA
ChGS 604-52 ATAATTAATACAGTCCACCTTCCTAGTC
ChGS 604-pub GGAGAAAGCAAGCATAGGAATC

4 ChGS-862 T/C ChGS 862-s1 GGAAGCCAGATGTGATTTTC
ChGS 862-52 ATAATTAAGGAAGCCAGATGTGATGGTT
ChGS 862-pub AGCCGAGAAAAAGTACAGCGTCTT

5 ChGS-916 T/G ChGS 916-s1 TCTCTTTGTAGATGGCACGC
ChGS 916-52 ATAATTAATCTCTTTGTAGATGGCGTGA
ChGS 916-pub TCCACTGCTCTCACGTGTTTAC

6 ChGS-1948 T/IC ChGS 1948-s1 CTGAGGGTGAGGAAGGTGCG
ChGS 1948-52 ATAATATACTGAGGGTGAGGAAGGGTCA
ChGS1948-pub GACTGGAGAAACCTTGGAGTGT

7 ChGP-81 T/IC ChGP 81-S1 TTGCTCCCGTGGAAAAGGTT
ChGP 81-S2 ATAATGAATTGCTCCCGTGGAAAAGGTC
ChGP 81-pub TCCAACGCCCCACCAAATAATC

8 ChGP-1035 A/G ChGP1035-52 ATAATGAAACTCGGGGATAGCCATGGAC
ChGP1035-pub TGGCAAAGAGCTCCGTCTGAAG
ChGP1074-S1 CCCACGGGAGTCCCTCACTG

9 ChGP-1509 G/A ChGP1509-S1 ATTTTCTCTGCGATAATGGCC
ChGP1509-S2 ATAATGAAATTTTCTCTGCGATAAGGTCT
ChGP1509-pub CAGCGTTACACTCAGAAATCAT

(Continued)
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TABLE 2 Continued

Mutation type Primers Primer sequences (5'-3’)

10 ChGP-1530 CIT ChGP1530-S1 CTGTGACCCATTCCTCCACG
ChGP1530-52 ATAATGAACTGTGACCCATTCCTCACCA
ChGP1530-pub CAGCGTTACACTCAGAAATCAT

11 ChGP-1785 TIC ChGP1785-S1 CAAAGGCCTGGTTTGGGGCA
ChGP1785-52 ATAATGAACAAAGGCCTGGTTTGGTTCG
ChGP1785-pub CAACATCAAGGTCAACACGTCC

12 ChGP-1985 G/IA ChGP1985-S1 GGCCGAGAAGATCATTCCGGCG
ChGP1985-52 ATAATGAAGGCCGAGAAGATCATTCCTTCA
ChGP1985-pub CCATCTCCTCTCTCATCTCTACGT

13 ChGP-1998 cIT ChGP1998-S1 CTGCCGTCGAGATCTGTGCG
ChGP1998-S2 ATAATGAACTGCCGTCGAGATCTGGTCA
ChGP1998-pub CAGTGTAGCCAAGGTCGTCAAC

14 ChGP-2013 GIA ChGP2013-S1 CAGAAGCCTCGGTTCCTTCC
ChGP2013-52 ATAATGAACAGAAGCCTCGGTTCCGGCT
ChGP2013-pub CAGTGTAGCCAAGGTCGTCAAC

15 ChGP-2034 GIA ChGP2034-S1 CATGAACTTCATGTTTCCGGTC

SNP, single nucleotide polymorphism.

ChGP2034-S2

ATAATGAACATGAACTTCATGTTTCATGTT

ChGP2034-pub

AGGTCGTCAACAATGATCCAAT
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TABLE 3 SNPs associated with glycogen content.

Population SNPs Genotype Content (ug/g) P-value
DFJ ChGP-1998 cc 1630.83 0.005

TC 1679.20

T 1689.23

abundance of phytoplankton, which usually means more food  proliferation. During this time, the ChGS expression level
resources available to filter-feeding organisms (Pérez-Morales  remained relatively low, whereas the ChGP expression level was
et al, 2023; Nong et al., 2024). We found that the Chl-a  relatively high from January to April. Notably, after gamete release
concentration peaked in June, which may be due to the longest  in June, the expression levels of both ChGS and ChGP were very low
daylight hours and higher light intensity in June. Sufficient light  in the gonadal-visceral mass. From June to September, we observed
provides ideal conditions for algae to carry out photosynthesis, an increase in ChGS and ChGP expression levels, suggesting an
promoting their growth and reproduction. Moreover, the water  acceleration of glycogen metabolism and storage, culminating in the
temperature in June is relatively moderate, which is conducive to  peak glycogen content in oysters in September. These findings
the growth of phytoplankton (Foy et al., 1976). In our study, when  support the notion that the mRNA levels of ChGS and ChGP in
the Chl-a concentration increased rapidly from March to June, the gonadal-visceral mass are seasonally regulated and correlate
there was generally a corresponding increase in glycogen levels,  with glycogen content (Li et al., 2000; Bacca et al., 2005).

which may be because oysters are able to ingest more food, leading

to increased energy intake, which promotes glycogen synthesis and

storage. However, the Chl-a concentration was relatively stable in 4.3 Coding region SNPs and their

February, when the glycogen content was at its highest level. We  identification efﬁciency

speculated that there was a certain correlation between the

abundance of food and the glycogen content of oysters. However, SNPs are the most common type of DNA variation, constituting
this relationship is influenced by many factors, such as reproductive  approximately 90% of DNA sequence variations and contributing to
activity, water temperature, salinity, and dissolved oxygen  the rich genetic diversity of organisms (Collins et al., 1998). Genetic
concentration (Zhang et al., 2006; Liu et al., 2020). Many studies  diversity is beneficial for environmental adaptability and the selective
have confirmed that changes in the glycogen levels of bivalves are  breeding of species. Most SNPs reside in non-coding regions of the
closely related to their reproductive activities (Ren et al.,, 2003; Ojea genome and they play important roles in population genetics and
et al,, 2004). Berthelin et al. (2000b) found that the ability of  evolutionary research (Fiume et al.,, 2004; Oru¢ and Dursun, 2011). In
glycogen storage cells to accumulate glycogen from glucose is  contrast, SNPs located within coding regions have high genetic
high, but significantly reduced during gametogenesis. Our study  stability (Tang et al, 2012; Tong et al, 2023). In this study, we
revealed that the glycogen content of C. hongkongensis in the  employed FLDAS-PCR and polyacrylamide gel electrophoresis to
Sandun aquaculture area was relatively low between March and  detect 40 SNPs within the coding regions of ChGS and ChGP in C.
June. This may be because the breeding period of C. hongkongensis ~ hongkongensis and identify 15 SNP markers. The success rate of 37.5%
is from February to June, during which the glycogen reserves of C. ~ (15/40) was comparable to the 33.3% success rate (14/42) reported by
hongkongensis are fully utilized (Wang et al., 2024). Both  She et al. (2015) using high-resolution melting technology for SNP
Crassostrea ariakensis and Crassostrea sikamea were found to be  identification in C. gigas. These findings suggested that FLDAS-PCR
in gametogenesis in March and spawning in May (Jiang et al., 2023).  offers a relatively high success rate for SNP identification. However,
Qin et al. (2021) found that oysters begin to generate gametes in ~ FLDAS-PCR has low throughput, making it less suitable for large-
February, and gonads develop rapidly in April, with a large number ~ scale SNP detection and identification.

of germ cells generated and matured. This process requires a lot of

energy support, resulting in the rapid decomposition and utilization

of glycogen and a significant reduction in glycogen content. Thisis 4.4 Correlation between SNPs and

consistent with the fluctuations in glycogen content observed inour ~ glycogen content

study, which suggests a correlation between seasonal variations in

glycogen content and the annual reproductive cycle in C. In the present study, we identified one SNP within the coding
hongkongensis (Liu et al., 2020; Li et al., 2024). To further  region of ChGS in the DF]J population of C. hongkongensis that was
investigate this relationship, we studied monthly and seasonal  significantly associated with glycogen content. Notably, this SNP is
differences in the expression levels of the key glycogen  synonymous and does not alter the encoded amino acid sequence.
metabolism genes, ChGS and ChGP. The largest difference in  Although synonymous mutations typically do not affect protein
expression levels between these genes was observed in June and  structure, they can influence phenotypes by altering mRNA
September. The period from January to June represents a phase of  secondary structure stability, translation efficiency, or protein
high energy demand associated with gamete formation and  folding (Cartegni et al., 2002).
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Of note, this association was not replicated in the SD
population, potentially because of genetic variations between the
populations. As reported by Jiang et al. (2020), differences in genetic
background can reduce the association of SNPs with traits of
interest across populations.

5 Conclusions

In this study, we successfully cloned the full-length ¢cDNAs of
ChGS and ChGP, which are key genes involved in glycogen metabolism
in C. hongkongensis. Our findings revealed that the expression levels of
ChGS and ChGP were seasonally regulated and correlated with
glycogen content. Furthermore, using Sanger sequencing and
multiple sequence alignment, 40 candidate SNPs were identified in
the coding regions of ChGS and ChGP. Following validation using
FLDAS-PCR, 15 SNPs were successfully genotyped. Of note, one SNP
in the ChGS coding region of the DFJ population of C. hongkongensis
showed a significant association with glycogen content (P < 0.05).
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