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Abstract: Hong Kong oysters (Crassostrea hongkongensis) are an important marine bivalve with nu-
tritional and commercial value. The expanded off-bottom farming scale in recent years makes the
oysters more susceptible to exposure to abiotic stresses, such as salinity stress, an important environ-
mental factor that has been proven to have significant effects on oyster growth and development.
However, the molecular mechanism is still unclear. Cyclin E is an important protein in the process of
cell cycle regulation that is indispensable for propelling G1/S phase transition in a dose-dependent
manner. In order to investigate whether the salinity stress affects cyclin E expression in oysters, the
cDNA sequence of C. hongkongensis cyclin E (Ch-CCNE) was isolated from a gill cDNA library, and the
2.8 kbp length cDNA fragment contained a complete open reading frame (ORF) encoding 440 amino
acid residues. Ch-CCNE mRNA was highly expressed in the gonad and low in the adductor mussel,
mantle, gill, labial palp, and digestive gland. The recombinant CCNE protein was expressed and
purified in a pET32a(+)-CCNE/Escherichia coli BL21(DE3) system via IPTG induction and was used
for generating mice anti-Ch-CCNE antiserums. Western blot analysis showed that the CCNE protein
in the gill was maintained at low expression levels under either hypo- (5 ppt) or hyper- (35 ppt)
salinity, and could be produced at high levels under appropriate salinity during a 10-day exposure
period. The immuno-localization indicated that the Ch-CCNE protein was distributed in the nucleus.
These results suggested that either hypo- or hyper-salinity stress could inhibit the CCNE expression
of Hong Kong oysters and their negative impact on cell division and proliferation.

Keywords: Hong Kong oyster; cyclin E; salinity stress; Western blotting; molecular cloning

Key Contribution: The main finding of this study is that salinity stress, a significant environmental
factor in off-bottom oyster farming, adversely affects CCNE expression. This suggests that both hypo-
and hyper-salinity conditions inhibit CCNE expression, potentially negatively impacting cell division
and proliferation in oysters.

1. Introduction

The Hong Kong oyster Crassostrea hongkongensis is an endemic and commercially
valuable aquaculture species that thrives along the southern coast of China [1], occupying
an important position in the Chinese oyster aquaculture industry [2]. As a typical bivalve
that lives in marine intertidal zones and estuaries, the Hong Kong oyster is known to
have strong adaptations to large fluctuations in environments [3]. The Hong Kong oyster
typically thrives within a salinity range of 5–30 parts per thousand (ppt) and a temperature
range of 10–30 ◦C, with an optimal salinity of about 15–20 ppt [4] and an optical temperature
range of approximately 15–25 ◦C [5]. However, a concerning event has emerged in the
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Maowei Sea, China, in particular. Large-scale mortality events among Hong Kong oysters
have occurred due to prolonged exposure to high salinity stress [6]. The severity of the
situation is evident in the mortality rates, which exceed 60%, affecting 36% and 81% of
oyster stocks in Qinzhou Port and Dafeng River, respectively [6]. This alarming trend has
raised questions about the oysters’ resilience over extended periods of high salinity stress.
Indeed, the effects of long-term salinity stress on Hong Kong oysters have rarely been
studied to date.

Salinity is a critical abiotic-limiting factor that significantly influences the distribution
and survival of benthic sessile organisms, including oysters, due to their lack of ability to
actively regulate the osmotic pressure of the internal medium [7,8]. The adverse effects of
salinization for aquatic species include physiological process impairment, such as osmotic
homeostasis maintenance and community composition changes [9], which may induce
cell growth arrest via proteasome activation and cyclin/cyclin-dependent kinase degra-
dation [10]. However, the specific molecular mechanism of this process in oysters is still
unclear. In recent years, off-bottom farming scale has become a popular Hong Kong oyster
aquaculture type due to improved growth rate and flesh quality, but it may place the oysters
in an unsuitable growth environment at certain times, especially in terms of long-term
salinity stress [11,12]. Therefore, it is necessary to evaluate the effects of salinity stress on
the mitotic activity and cell growth of oysters, thereby enhancing our understanding of
oysters’ molecular responses to environmental stress.

Cyclins are a group of proteins that play important roles in cell division and are
periodically synthesized and degraded during the cell cycle [13]. Cyclin was first discovered
in sea urchin embryos in 1983 [14]. Cyclins were named with alphabetical letters following
their discovery date, and the E-type cyclins were originally identified in a yeast G1 cyclin
mutant [15,16]. Cyclin E protein accumulates sharply at the G1/S-phase boundary and is
degraded after S-phase entry [17]. The oscillation in the cyclin E protein level determines
fluctuations in the activity of its catalytic partner Cyclin-dependent kinase 2 (CDK2), as the
Cyclin E/CDK2 complex exerts regulatory functions by phosphorylating target proteins to
promote the G1/S transition [18]. Although cyclin E has been well investigated in mammals
and other model organisms, only a few studies have been carried out on aquatic animals.
Cyclin E mRNA or protein exhibits high expression levels in the gonads of Penaeus monodon
and Hyriopsis cumingii [19,20] and in the early stages of embryonic development in zebrafish
and sea urchin [21,22]. Cyclin E expressions in the gill and tail fin tissues of triploid Far
Eastern Catfish Silurus asotus were higher than those of diploid [23]. Cyclin E contributes
to growth, development, and reproduction. Aquatic animals may adapt to hyper- and
hypo-salinity via cell cycle arrest according to transcriptome profiles. However, the effects
of salinity stress on cyclin E expression and cell mitosis still need further investigation.

The off-bottom culture method introduced oyster aquaculture from tidelands into
offshore areas, where oysters suffer inevitable abiotic stresses, such as long-term hyper-
salinity stress. As a result, it would be necessary to investigate whether salinity stress
hinders oyster growth and development. However, at this point, there is still a lack of
sufficient empirical evidence. In the present study, a cell cycle regulation gene, cyclin
E, was isolated from Hong Kong oysters and its protein expression was analyzed under
different salinity treatments. Our results showed that unsuitable salinity could repress
the CCNE protein expression of Hong Kong oysters and further negatively affect cell
division and proliferation. This study will provide a reference for the healthy culture of
Hong Kong oysters.

2. Materials and Methods
2.1. Experimental Shellfish

Diploid Hong Kong oysters (1.5 years old, average wet weight 110 ± 15 g) used in
this study were purchased from a commercial oyster farm in Longmen Town, Qingzhou
City, Guangxi Province, China. The oysters were bred in plastic tanks with aeration. The
seawater in the tanks was renewed twice a day, followed by feeding with Cholrella pyrenoi-
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dosa and Platymonas subcordiformis mixture. All experiment protocols were approved by the
Institute of Animal Care and Use Committee of Nanning Normal University (Permission
No. NNNU-2022-12).

2.2. cDNA Cloning

Before conducting cDNA cloning, the oysters were bred in seawater in plastic tanks at
a water temperature of 26 ◦C and with a salinity of 15 ppt with aeration for 3 days. The
FASTA format of whole genome shotgun sequences of C. hongkongensis (genome assembly
accession no. GCA_015776775.1) was downloaded from NCBI, and a local nucleotide blast
database was created with BioEdit 7.0 [24]. The CCNE cDNA sequence of C. gigas (accession
No. XM_011434848.3) was used to search for the reference sequences from the local blast
database by BioEdit 7.0 based on the conserved cDNA sequence. The start and stop codons
of CCNE from C. hongkongensis were predicted by BLASTP searches (NCBI), and specific
primers were designed to amplify the ORF of CCNE gene. Total RNA was extracted from
the gill using the RNAiso Plus (TaKaRa, Dalian, China) and treated with RNase-free DNase
I (Fermentas, Waltham, MA, USA) to eliminate contaminated genomic DNA. Total RNA
in the amount of 1.5 µg was used for the synthesis of the first strand cDNAs using the
RevertAid first stand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. The CCNE transcript was amplified by Nested PCR, using
primer CCNE outer F with outer R (Table 1) for the primary amplification and CCNE inner
F with inner R (Table 1) for the secondary amplification. The annealing temperature was
58 ◦C and the elongation time was 3 min. Nested PCR products were electrophoresed on
a 1.0% agarose gel and cloned into pMD19-T simple vector (TaKaRa, Dalian, China) for
sequencing validation.

Table 1. The primers for gene amplification, expression vector construction, and RT-qPCR in
this study.

Genes Primer Name Sequence (5′-3′) Experiment

cyclin E Outer F CCACCCGAAAATCGTTGGCGGG Nested PCR
Outer R TTCATAGAATTGTTCATCAGTATC Nested PCR
Inner F CACCTTATTACGCTACGGTCTGC Nested PCR
Inner R TTCAACTCCATATTTAAAATGCAC Nested PCR
PE F gatccgaattcATGTCGAGAAAAAGTGCACGATTG Expression vector construction
PE R gcttgtcgacTTATTTGAACTCTTCATTTTCCTT Expression vector construction
Rt F CCTCTCGGTCGACAACTATGTC RT-qPCR
Rt R CGAGTCGGGAGACAATGGTTCAC RT-qPCR

β actin Rt F ATATTGCAGCTTTAGTCGTAGAC RT-qPCR
Rt R GGTGAGGATACCTCTCTTGCTC RT-qPCR

2.3. Phylogenetic Analyses

The deduced amino acid sequence of the CCNE gene was obtained using the Ex-
PASy Translate Tool (https://web.expasy.org/translate/, accessed on 1 December 2022).
A homology search was performed using the BLAST tool at NCBI (http://www.ncbi.
nlm.nih.gov/BLAST/, accessed on 1 December 2022). The phylogenetic reconstruction
was performed using MEGA software 7.0 [25] by the neighbor-joining method, and a
bootstrap consensus tree was inferred from 1000 replicates. GenBank accession numbers
of CCNE used for alignment of amino acids and phylogenetic tree construction are as
follows: Crassostrea gigas (XP_011433151.1); Crassostrea virginica (XP_022336414.1); Penaeus
monodon (AGW23550.1); Homo sapiens (AAM54043.1); Danio rerio (CAA58574.1); Xenopus
laevis (CAA78370.1); Gallus gallus (AAA74981.1); Caenorhabditis elegans (AAM78547.1); Mus
musculus (CAA53482.1); Rattus rattus (BAA03116.1); Mizuhopecten yessoensis (OWF54564.1);
Acanthaster planci (XP_022092193.1).

https://web.expasy.org/translate/
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
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2.4. Multiple Sequence Alignment

The deduced amino acid sequences of Ch-CCNE (this study) together with five other
CCNE genes, XP_011433151.1 from Crassostrea gigas, XP_022336414.1 from Crassostrea vir-
ginica, AGW23550.1 from Penaeus monodon, CAA58574.1 from Danio rerio, and AAM54043.1
from Homo sapiens, were aligned to compare their sequence characteristics using the Bioedit
ClustalW Alignment program. The nuclear localization sequence of Ch-CCNE sequence
was predicted using the cNLS Mapper (https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_
Mapper_form.cgi, accessed on 1 December 2022). The secondary structure of CCNE protein
was predicted by employing NetSurfP 2.0 (http://www.cbs.dtu.dk/services/NetSurfP-2.
0/, accessed on 1 December 2022).

2.5. Expression of CCNE mRNA in Different Tissues

Before conducting the mRNA tissue distribution experiment, the oysters were bred
in seawater in plastic tanks at a water temperature of 26 ◦C and a salinity of 15 ppt with
aeration for 3 days. To further explore the tissue distribution of CCNE in C. hongkongensis,
the basal expression levels of the gene in different tissues were quantified using reverse
transcriptase qPCR (RT-qPCR). Tissues, including adductor mussel, mantle, gonad, gill,
labial palp, and digestive gland, were collected separately from 6 C. hongkongensis indi-
viduals. All the samples were snap-frozen in liquid nitrogen and stored at −80 ◦C until
analyses. Total RNA was extracted from tissues using the RNAiso Plus (TaKaRa, Dalian,
China) and treated with RNase-free DNase I (Fermentas, Waltham, MA, USA) to eliminate
contaminated genomic DNA. An amount of 1.5 µg total RNA was used for the synthesis
of the first strand cDNAs using the RevertAid first stand cDNA synthesis kit (Thermo
Scientific, Waltham, MA, USA). The CCNE and housekeeping gene β actin specific primers
used for RT-qPCR analysis are listed in Table 1. The amplification products of CCNE and
β actin were 248 bp and 188 bp in length, respectively. Amplification was conducted on
a qTOWER 2.2 Real-Time PCR (Analytik Jena AG, Jena, Germany) using the PowerUp
SYBR Green Real-time PCR Master Mix kit (Thermo Scientific, Waltham, MA, USA). Each
20 µL reaction contained 10 µL of PowerUp SYBR Green Real-time PCR Master Mix, 2 µL
of cDNA template, 1 µL of each primer (10 µM), and 6 µL of water. Sterilized water was
substituted for the cDNA in negative control samples. The amplification program was
performed as follows: pre-denaturation at 95 ◦C for 2 min followed by 40 cycles at 95 ◦C
for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. Each sample was analyzed in triplicate.

2.6. Protein Expression and Purification

The complete ORF of ChCCNE cDNA was PCR amplified from pMD-19T simple-
ChCCNE vector using the specific primers CCNE PE F and CCNE PE R (Table 1). The PCR
products were digested via EcoR I and Sal I overnight, followed by overhang ligation with
the same sites of prokaryotic expression vector pET32a(+) (Invitrogen, Carlsbad, CA, USA).
The recombinant plasmid pET32a(+)-ChCCNE was sequenced and then transformed into
E. coli BL21 (DE3) competent cells. Once the OD600 value of the bacterial cultures reached
about 0.4, isopropyl-β-D-thiogalactopyranoside (IPTG) was added at a final concentration
of 1.0 mM. The expression of recombinant protein was induced for 4 h at 37 ◦C with shaking
at 200 rpm. Then the cells were centrifuged at 6000× g for 10 min and sonicated on ice. The
rChCCNE protein was found mainly distributed in the inclusion bodies. The recombinant
protein with an N-terminal His(6) tag was purified by nickel-chelating agarose gel (Ni2+-
NTA) affinity chromatography (Ni-NTA agarose) (QIAGEN, Valencia, CA, USA) under
8 M urea denature conditions. The samples were analyzed using 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

2.7. Polyclonal Antibody Generation

For generating the polyclonal antibody, 100 µg of purified rChCCNE mixed with
Freund’s complete adjuvant (Sigma, St. Louis, MO, USA) was injected intraperitoneally
into a BALB/c mouse. After 2 weeks, the mouse was boosted with 100 µg of antigen in

https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://www.cbs.dtu.dk/services/NetSurfP-2.0/
http://www.cbs.dtu.dk/services/NetSurfP-2.0/
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Freud incomplete adjuvant by the same route. After three additional boosters, the titers
of antiserums were determined by indirect enzyme-linked immunosorbent assay (ELISA).
Blood samples from 6 immunized mice were collected, and the serum was stored at −20 ◦C.
Mice were housed in an animal room according to guidelines of the Laboratory Animal
Care. To assess immune titer, the rChCCNE protein antigen was diluted to 2 µg/mL in
carbonate buffer and incubated on the wells of ELISA plate at 4 ◦C overnight. Blocking
buffer (PBS with 5% milk) in the amount of 200 µL was added into each well, and the plate
was incubated at room temperature (RT) for 2 h. Antiserum samples measuring 100 µL
(1:2000, 1:4000, 1:8000, 1:16,000, 1:32,000, and 1:64,000, diluted in blocking buffer) and the
control (pre-immune serum 1:1000, diluted in blocking buffer; blank blocking buffer) were
added to the wells and kept at RT for 60 min. HRP-labeled goat anti-mouse IgG in the
amount of 100 µL (1:5000, diluted in blocking buffer) was added into each well and kept at
37 ◦C for 45 min. TMB substrate in the amount of 100 µL was added into each well and
kept in the dark at RT for 10 min. Optical density at 450 nm (OD450) was measured on the
microplate reader.

2.8. Western Blotting

To avoid rapid and massive deaths of the oysters caused by sudden changes in salinity
under high temperature, the oysters were acclimated in seawater in plastic tanks at a
water temperature of 20 ◦C and a salinity of 15 ppt with aeration for 3 days. To evaluate
the expression of CCNE in the gills of C. hongkongensis under different salinity, 80 C.
hongkongensis individuals were randomly assigned to 4 groups, i.e., to 5 ppt, 15 ppt, 25 ppt,
and 35 ppt groups; then the seawater temperature in the tanks was raised to 26 ◦C within
24 h. The gills were sampled at 0, 2, 4, 6, 8, and 10 days post salinity treatment, respectively,
and snap-frozen in liquid nitrogen and stored at −80 ◦C until being subjected to Western
blot analysis. The gill lysates were separated on 12% SDS-PAGE gel and transferred to
nitrocellulose membrane, then blocked in 5% milk in PBST for 1 h at room temperature. The
membrane was probed with anti-CCNE polyclonal mouse antiserums (1:1000 dilutions)
overnight at 4 ◦C, and mouse anti-α-tubulin (Beyotime Institute of Biotechnology, Haimen,
China, AF2827, 1:1000 dilutions) was used as a control screen to normalize protein loading.
HRP-conjugated goat anti-mouse IgG (H + L) (Beyotime Institute of Biotechnology, Haimen,
China, A0216, 1:1000 dilutions) was used as the secondary antibody for DAB (Solarbio,
Beijing, China) visualization. The intensity of the immunostaining (DAB) was measured
with ImageJ v. 154 Software. Briefly, images were changed to 8-bit gray-scale type, and the
cumulative gray-scale values for an entire lane were measured. Then the gray-scale values
for each particular band were recorded respectively. CCNE protein concentrations were
normalized to α-tubulin.

2.9. Immunofluorescence Staining

Hong Kong oysters were bred in seawater in plastic tanks at a water temperature
of 26 ◦C and a salinity of 15 ppt with aeration for 10 days for acclimation, and their gills
were subjected to immunofluorescence staining analysis. Paraffin-embedded gill sections
were dewaxed in three changes of xylene, followed by three changes of pure ethanol for
deparaffinize and rehydrate. After immersion in a citric acid antigen repair solution at a
pH of 6.0, 3% BSA solution was added onto slices to block non-specific binding at room
temperature for 30 min. The blocking solution was gently shaken off, and the slices were
incubated with CCNE antiserum (1:500 dilutions in PBS) overnight at 4 ◦C. Cy3-labeled
goat anti-mouse IgG antibody (Servicebio GB21301, 1:300 dilution in PBS) was dripped onto
the tissue and incubated at room temperature for 50 min in dark. Then, the DAPI solution
was dripped onto the slices, which were subsequently incubated at room temperature for
10 min in dark. The slices were washed three times with PBS (pH 7.4) in a decoloring shaker
for 5 min each time. After each slice was slightly air dried, it was then covered with a
coverslip after the addition of a drop of anti-fade mounting medium. Microscopy detection
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and image collection were conducted with ortho-fluorescent microscopy (NIKON ECLIPSE
C1, Nikon, Tokyo, Japan) and an imaging system (NIKON DS-U3, Nikon, Tokyo, Japan).

2.10. Statistical Analysis

Statistical analysis was performed using Graphpad Prism 5 (GraphPad Software Inc.;
San Diego, CA, USA) and the relative abundance of mRNA for target genes was calculated
using the 2−∆∆Ct method [26] with the β actin as the reference. Data are presented as
mean ± standard error of the mean (SEM). The Student’s t-test was used to assess statistical
differences of expression levels between groups. For multiple group comparison, one-way
ANOVA followed by Tukey’s test was used for statistical analysis. Differences were
considered to be of statistical significance when p < 0.05.

3. Results
3.1. Sequence and Phylogenetic Analyses

A CCNE cDNA sequence was isolated from a gill cDNA library from C. hongkongensis.
The cDNA (Genbank accession No. OR905614) is 2808 bp in length, including a 5′-UTR
of 139 bp, a 3′-UTR of 1346 bp, and an ORF of 1323 bp encoding a 440 amino acid protein
with a calculated molecular mass of 50.85 kDa and a theoretical pI of 5.25. The CCNEs
of 13 species with full-length amino acid sequences available in GenBank was used to
construct the phylogenetic tree (Figure 1) via the neighbor-joining method. C. hongkon-
gensis was clustered into one clade with molluscs, and then grouped with Acanthaster
planci (echinodermata) and Penaeus monodon (arthropods). The other branch comprises
Danio rerio (fishes), Xenopus laevis (amphibians), Gallus gallus (birds), and mammals, while
Caenorhabditis elegans (nematoda) formed a side branch in the phylogenetic tree.
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Figure 1. Phylogenetic analysis of cyclin E using MEGA 7 with the neighbor-joining method and
1000 replications of bootstrap. Cyclin E of C. hongkongensis is highlighted with a box.

3.2. Multiple Sequence Alignment

Multiple sequence alignment revealed that the deduced amino acid sequence of the
Ch-CCNE was highly conserved and shared homology with amino acid sequences of the
species from the genera Crassostrea, Penaeus, Danio, and Homo (Figure 2). In detail, an
NLS ‘IKRKRK’ was identified at the amino acid residue positions 65–70 in the CCNE of
Hong Kong oysters. And two cyclin boxes, i.e., N-terminal and C-terminal cyclin boxes
were discovered in Ch-CCNE protein sequence through homologous sequence alignment.
In addition, a total of ten conserved α-helices were predicted in CCNEs of the species from
Crassostrea. Only one α-helix domain was located between the NLS and the N-terminal
cyclin box. Four and five α-helices were found in the N-terminal cyclin box and C-terminal
cyclin box, respectively. Additionally, there were seven unique amino acids in the CCNE of
Hong Kong oysters in comparison with those in Crassostrea gigas and Crassostrea virginica.
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3.3. mRNA Tissue Distribution

The expression levels of Ch-CCNE mRNA in different tissues were determined using
RT-qPCR and normalized to the internal housekeeping gene, β actin. According to the
RT-qPCR results (Figure 3), Ch-CCNE was widely distributed in the six different tissues
examined. Ch-CCNE was predominantly expressed in the gonad and showed a significant
difference with the gene expression in the adductor muscle, mantle, gill, labial palp, and
digestive gland, and the expression of Ch-CCNE in the adductor muscle, mantle, gill, and
labial palp was of a lower level.
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Figure 3. Tissue distribution of cyclin E in C. hongkongensis. The levels of cyclin E mRNA were
determined using qPCR and normalized to the internal housekeeping gene β actin. The results are
expressed as mean ± SEM (n = 6). Columns with different letters have significant differences from
each other (p < 0.05, one-way ANOVA followed by Tukey’s test).

3.4. Protein Expression and Purification

The Ch-CCNE ORF sequence was amplified from the plasmid of the pMD-19T simple
recombinant vector using PCR and then sub-cloned into the prokaryotic expression plasmid
vector of pET32a(+) via EcoR I and Sal I synchronous enzyme digestion and DNA ligation.
The rChCCNE protein was successfully induced using IPTG at a dosage of 1.0 mM in E. coli
BL21 (DE3), and the expressed protein mainly existed in the form of an inclusion body. The
6× His tagged fusion protein was purified on Ni-NTA resin under denaturing conditions
and showed a relative molecular mass of about 68 kDa in SDS-PAGE analysis (Figure 4).
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3.5. Polyclonal Antibody Generation

Antiserums were collected from six immunized mice after the fifth immunization,
and their titers were determined with ELISA. A positive/negative value higher than 2.0
and an OD450 value over 0.2 were determined to constitute the comprehensive positive
standard for ELISA. As shown in Figure 5, the antiserums of these six immunized mice
exhibited similar OD450 absorption curves. The OD450 values decreased from 2.67 ± 0.11
to 0.70 ± 0.09 as the antiserum dilution ratio increased from 1:2000 to 1:64,000, and the
1:64,000 diluted antiserums of all six immunized BALB/c mice also showed positive values.
The 1:1000 diluted pre-immune serum (negative serum) and blocking buffer (blank) were
set as the negative control.
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3.6. Protein Expression Level Detection

According to the results of Western blotting (Figure 6A,B), the expression levels of
the CCNE protein were very low at the initial salinity administration. In the 5 ppt salinity
treatment group, CCNE was significantly upregulated on day 2 but showed significant
downregulation on day 4, then was significantly upregulated and reached similar ex-
pression levels on days 6, 8, and 10. In the 15 ppt salinity treatment group, CCNE was
upregulated slightly at the first 6 days and significantly upregulated at days 8 and 10. In
response to 25 ppt salinity administration, CCNE was slightly upregulated from day 2 to
day 6 but did not show significant differences, and a short-term downregulation was found
on day 8, which was then followed by marked up-regulation at day 10. CCNE was quite
low for the first 6 administration days at 35 ppt, and was then significantly upregulated on
days 8 and 10 in the 35 ppt salinity treatment. The highest CCNE protein levels in each
group were found on day 6, 8, and 10 under different salinity treatments, respectively, and
both hypo- and hyper-salinity stresses were unfavorable to CCNE expression in Hong
Kong oysters. The CCNE of Hong Kong oysters was found to be about 50 kDa, using the
method of referring to the protein marker and containing it in two isoforms.



Fishes 2024, 9, 102 10 of 14Fishes 2024, 9, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 6. Western blot analysis of cyclin E protein expression in the gill under different salinity 
treatments. (A) Western blotting was performed on the gill lysates under the salinities of 5, 15, 25, 
and 35 ppt for 0, 2, 4, 6, 8, and 10 days, respectively, using anti-cyclin E polyclonal mouse 
antiserums and α-tubulin mouse monoclonal antibody (Beyotime AF2827), respectively. The 
nitrocellulose membrane was visualized using DAB staining. (B) Graph shows relative expression 
levels of cyclin E protein. Band intensities were quantitatively analyzed by ImageJ and normalized 
to α-tubulin. The results are expressed as mean ± SEM (n = 3). Columns with different letters are 
significantly different from each other (p < 0.05, one-way ANOVA followed by Tukey’s test). 

3.7. Protein Localization 
The immunolocalization of CCNE in the gill of C. hongkongensis was detected using 

an anti-rCCNE antibody (Figure 7). The immunostaining was widely distributed in gill 
filaments, especially in the cylindrical epithelium cells. The fluorescence signal was higher 
in the cylindrical cells near the frontal cilia area than in the cylindrical cells near the lateral 
cilia area. The CCNE protein was observed in the nucleus. 

 
Figure 7. The immunolocalization of cyclin E in the gill. Cyclin E was detected using the 
immunofluorescence method. (A) DAPI staining (blue) showed nuclei; (B) immunostaining (red) 
showed cyclin E protein. (C) Overlay image of DAPI and immunofluorescence double staining. 
Scale bar represents 100 µm. GF: gill filaments; CE: cylindrical epithelium cell. 

Figure 6. Western blot analysis of cyclin E protein expression in the gill under different salinity
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35 ppt for 0, 2, 4, 6, 8, and 10 days, respectively, using anti-cyclin E polyclonal mouse antiserums and
α-tubulin mouse monoclonal antibody (Beyotime AF2827), respectively. The nitrocellulose membrane
was visualized using DAB staining. (B) Graph shows relative expression levels of cyclin E protein.
Band intensities were quantitatively analyzed by ImageJ and normalized to α-tubulin. The results
are expressed as mean ± SEM (n = 3). Columns with different letters are significantly different from
each other (p < 0.05, one-way ANOVA followed by Tukey’s test).

3.7. Protein Localization

The immunolocalization of CCNE in the gill of C. hongkongensis was detected using
an anti-rCCNE antibody (Figure 7). The immunostaining was widely distributed in gill
filaments, especially in the cylindrical epithelium cells. The fluorescence signal was higher
in the cylindrical cells near the frontal cilia area than in the cylindrical cells near the lateral
cilia area. The CCNE protein was observed in the nucleus.
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orescence method. (A) DAPI staining (blue) showed nuclei; (B) immunostaining (red) showed cyclin
E protein. (C) Overlay image of DAPI and immunofluorescence double staining. Scale bar represents
100 µm. GF: gill filaments; CE: cylindrical epithelium cell.
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4. Discussion

The goal of this study was to evaluate the effects of salinity stress on the mitotic
activity of Hong Kong oysters by detecting CCNE protein expression levels under different
salinity treatments. We isolated the CCNE sequence from a gill cDNA library and then
detected the gene expression in different tissues. The recombinant CCNE protein was
purified from a pET32a(+)-CCNE/Escherichia coli BL21(DE3) system and immunized mice
were used for generating antiserums. We further examined the CCNE protein expression
pattern in response to four salinity treatments (i.e., 5 ppt, 15 ppt, 25 ppt, and 35 ppt). The
CCNE protein expression in the oyster gills was maintained at a low expression level under
hypo- (5 ppt) and hyper- (35 ppt) salinity stresses during the 10-day exposure period. We
proposed that the reason both hypo- and hyper-salinity seawater could repress the mitotic
activity of Hong Kong oysters may be due to the lack of CCNE protein participation.

According to the results of the phylogenetic tree in the present study, the CCNE protein
from Hong Kong oysters showed closer kinship with the CCNEs from C. gigas, C. virginica,
and other invertebrates, implying that Ch-CCNE exhibits relatively high conservation as a
cell cycle regulation-related protein. The NLS ‘IKRKRK’, which showed a high correlation
with the NLS of CCNE in humans [27], was also identified at the amino acid residue
positions 65–70 in the CCNE of Hong Kong oysters. There were also two cyclin boxes in
human CCNE protein, i.e., the N-terminal and C-terminal cyclin boxes, which consisted
of five α-helices, respectively [28]. Intensive α-helix domains were also predicted in the
cyclin boxes of Ch-CCNE by NetSurfP-2.0. Such a complex structure of CCNE cyclin boxes
contributes to the binding with CDK2 and may easily lead to misfolding and further result
in an inclusion body when induced in a prokaryotic expression system.

CCNE is expressed at supra-physiological levels in many human tumors, which make
it a potential anti-tumor target [29]. Similarly to the aquatic animals P. monodon and H.
cumingii [19,20], high CCNE mRNA transcript levels have also been examined in the gonads
of Hong Kong oysters. Such high levels of CCNE mRNA in gonads may be preserved
via sex hormones [30]. CCNE is expressed at the highest level in stage III during ovarian
development and induced yolk protein vitellogenin expression [31], but is not involved in
the initiation of oocyte maturation [32]. In addition, cyclin E degradation results in reduced
sperm motility duration in the frozen-thawed spermatozoa of sea bass [33], suggesting that
cyclin E may play important roles in stem cell maintenance and gamete survival. It has
been reported that unsuitable salinity delayed ovary maturation in aquatic animals [34,35],
and that cyclin E controlled female germline stem cell maintenance independent of its role
in proliferation [36]. Therefore, it would be necessary to investigate the roles and regulation
mechanisms of cyclin E during gonadal development in future studies.

Environmental stresses, such as hypo-osmotic stress [37], hyperosmotic stress [38],
and air and cold exposure [39], have been reported to induce cell cycle arrest in clams and
oysters. It has been proposed that several iono-transporting proteins, such as Na+/K+-
ATPase and Ca2+/Mg2+-ATPase, are involved in the regulation of osmotic pressure in
cuttlefish (Sepia pharaonis) [40]. Mitotic cell decline lessens to conserve energy in the channel
to meet the energetic demands of iono-osmoregulation [41]. In recent studies, cyclin E
expression was downregulated via the upregulation of p53/p21 genes and the activation
of the p53 signaling pathway [42,43], and the activation of p53/p21 could be stimulated by
cell stress [44]. miR-16 has been identified as a key effector of the p53 pathway in response
to genotoxic stress and is reported to target several cell cycle regulators, including cyclin E,
Chk1, cyclin D1, and Cdk6 in mammals [45]. In the present study, the cyclin E protein of
Hong Kong oysters was at low expression levels under hypo- and hyper-salinity conditions,
which may have been due to the upregulation of p53/p21 genes and some microRNA
elements. The accumulation of plasma growth-related hormones may contribute to the
upregulation of cyclin E protein in salinity administrations [46,47], especially in the 15 ppt
and 25 ppt salinity treatment groups. Cyclin E protein in Hong Kong oysters is expressed
as two isoforms, which may be derived by alternate RNA splicing [48] or post-translational
modifications, such as phosphorylation [49]. Cyclin E is strongly concentrated in the
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nucleus of Xenopus [27], which is consistent with the cyclin E sub-cellular location in Hong
Kong oysters. In the present study, cyclin E was repressed under hypo- or hyper-salinity
stress and could be induced at a high expression level under appropriate salinity treatment.
In sum, it is possible that salinity stress may adversely influence cyclin E expression and
cell cycle processing through the activation of the p53/p21 axis to meet the energy needs of
osmo-regulation.

Salinity fluctuations are able to change vital physiological and biochemical parameters
in bivalves and other aquatic animals. Differentiating proteins in the gills of C. gigas have
mainly been attributed to cellular components [50], but RNA/DNA ratio is significantly
reduced during salinity stress [51], implying the inhibition of the growth of aquatic animals
under salinity stress. Lower hemocyanin in plasma occurs in oysters exposed to high
salinity stress [52], which may weaken the resilience of oysters to environmental stress. In
addition, salinity stress may trigger host microflora imbalance and immune dysregulation
in pathogen infected oysters [53]. The off-bottom farming exposes oysters to complex
environments, and the potential impacts of salinity stress on oyster resources should be
given more attention to support the long-term sustainability of oyster farming.

5. Conclusions

In this study, the CCNE cDNA sequence was cloned from a gill cDNA library of Hong
Kong oysters for the first time. The CCNE cDNA encoded a 440 amino acid protein, which
showed high homology with the CCNEs from other invertebrates. The CCNE mRNA
was distributed in all tissues examined and particularly highly expressed in the gonad.
The recombinant CCNE protein was purified from the prokaryotic expression system and
exhibited good immunogenicity in inducing high-titer antibodies in mice. The antiserum
against CCNE protein was successfully generated, and we found that the CCNE protein
could be repressed by hypo- or hyper-salinity stress. We also found that the CCNE protein
was distributed in the nucleus and highly expressed in cylindrical cells near the frontal
cilia area of the gill. This study contributes to a better understanding of the molecular
mechanisms underlying oyster responses to salinity stresses.
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