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ABSTRACT

B-catenin is a multifunctional protein that participates in a variety of physiological activities, including immune
regulation, sex determination, nervous system development and, cell differentiation. However, the function of -
catenin in freshwater mussel Hyriopsis cumingii remains unclear. Herein, the gene encoding f-catenin from H.
cumingii (Hc-B-catenin) was cloned and characterised. The full-length 5544 bp gene includes an open reading
frame (ORF) of 2463 bp encoding a putative protein of 820 amino acids residues containing 12 armadillo (ARM)
repeats. After injecting H. cumingii with Aeromonas hydrophila or lipopolysaccharides, Hc-f-catenin transcription
was induced in hemocytes and gills, and the greatest responses occurred at 24h after bacterial challenge,
confirming an important role in immune responses. Quantitative real-time PCR analysis showed that Hc-B-ca-
tenin mRNA was distributed in the gill, foot, liver, kidney, mantle, adductor muscle and gonad of male and
female mussels. In gonad, Hc-f-catenin expression was markedly higher in females than males. During the em-
bryonic period, Hc-B-catenin expression was highest at 3 day. In 1-, 2- and 3-year-old mature mussels, Hc--
catenin expression in female gonad tissue was notably higher than in males. In situ hybridisation revealed a
significant hybridisation signal in female gonads, indicating that Hc-B-catenin is a pro-ovarian, anti-testis gene.
Our findings demonstrate that Hc-B-catenin is important in immune regulation and sex determination in fresh-

water mussel.

1. Introduction

Hyriopsis cumingii is the main freshwater pearl mussel species in
China. Pearls produced by H. cumingii are smooth, bright in colour,
round in shape, and have great economic value. China is the largest
producer of pearls in the world, of which more than 80% of freshwater
pearls are produced by H. cumingii [1], making this the most important
pearl aquaculture species.

B-catenin was discovered as an adhesion molecule in 1980, and is a
member of the catenin family. It is also an important transcription
factor of the classical Wnt signalling pathway that regulates various
developmental processes such as limb regeneration [2], nervous system
development, body axis formation [3], and adrenal cortical develop-
ment [4]. Signalling pathways in Wnt cells are mainly divided into
three types, including the well-studied classical Wnt/B-catenin pathway,

which relies on f-catenin to control various developmental processes
such as gender fate determination, differentiation, and survival [5].
In addition to developmental processes, evidence suggests that the
Wnt signalling pathway participates in immunity, particularly in den-
dritic cells (DCs). -catenin is a key downstream mediator of canonical
Wnt signalling in DCs. Although B-catenin is a core modulator of several
intersecting signalling pathways, many immune responses can be acti-
vated by S-catenin independently [6]. -catenin has been found to reg-
ulate stem cell differentiation and proliferation [7,8], affect interferon
(IFN)-B synthesis, and participate in cancer development [9,10].
Changes in the localisation and expression levels of f3-catenin often re-
sult in exacerbation of diseases and disorders associated with cancer
and metastasis [11]. Whole-genome RNA interference (RNAi) screening
revealed a novel role for the Wnt/B-catenin signalling pathway as a
negative regulator of viral-induced innate immune responses [12]. The
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function of f-catenin in immunity was also demonstrated in Chinese
tongue sole [13,14], and recent studies have shown that the Wnt sig-
nalling pathway plays a role in immunity against white spot syndrome
virus (WSSV) in Pacific white shrimp Litopenaeus vannamei [15].

The sex mechanism of molluscs is complex and includes hermaph-
rodites and sexual reversal [16,17]. H. cumingii is dioecious, but there
are significantly differences in the breeding performance of male and
female mussels; adult male mussels produce better breeding pearls than
females [18]. Various sex-related genes have been studies in mammals,
including those encoding Wt1, Sry, Sox9 and Dmrt1 that promote tes-
ticular development [19], and Wnt4, RSpol and Dax1 that are con-
ducive to ovarian development [20]. However, there are few reports on
gender-related genes in H. cumingii, although the fem-1c gene is known
to be involved in female gonad differentiation [21].

Several studies have found that -catenin plays an important role in
mammalian sex determination and differentiation. The activation of §-
catenin in otherwise normal XY mice effectively impedes testicular de-
velopment, including disruption of testosterone synthesis, and down-
regulation of testicular marker genes, ultimately leading to male-to-
female sexual reversal [22]. Although f-catenin is only necessary for
ovarian differentiation and is dispensable for testis development, loss of
[B-catenin in ovaries can cause molecular and morphological defects,
including the formation of testis-specific coelomic vessels, the appear-
ance of androgen-producing adrenal-like cells, and loss of female germ
cells [23]. R-spondin genes encode secreted proteins of the classical §-
catenin pathway. Sex-determining region Y (SRY) genes in human and
mouse interact with S-catenin in the nucleus to inhibit the transcrip-
tional activation of the Rspol/Wnt gene, ultimately promoting male
development [24]. This indicates that Rspol and Wnt4 exert important
effects on ovarian differentiation, hence f-catenin may also affect sex
determination [25].

In order to further investigate the role of Hc-B-catenin in immune
responses and sex formation processes in H. cumingii, we cloned and
characterised the full-length Hc-B-catenin gene in the present work.
Real-time quantitative PCR (qQRT-PCR) was used to measure the relative
expression levels in different tissues of male and female mussels, and
during gonadal development. The results also revealed the dynamic
expression of Hc-B-catenin following injection with the bacterial pa-
thogen Aeromonas hydrophila (AH) or lipopolysaccharide (LPS).
Additionally, the distribution of the Hc-B-catenin protein in male and
female gland cells was observed by in situ hybridisation.

2. Materials and methods
2.1. Experimental animals

Larvae and 1-, 2- 3-year-old H. cumingii individuals were supplied by
a breeding farm in Wuyi (Zhejiang Province, China). All mussels were
transported to the laboratory and cultured in a cage at 26 + 2°C,
regularly fed with Chlorella vulgaris with aerated water for 2 days before
experimentation.

2.2. Tissue sampling and RNA isolation

Various tissues (gonad, gill, liver, spleen, mantle, foot and adductor)
were collected from three untreated individuals for RNA extraction.
Embryonic period samples were collected at 1 day (fertilised eggs), and
3, 5, 7 and 9 days, and stored in RNAstore Reagent (TIANGEN, Beijing,
China). Fresh tissues were immersed in RNAstore at a ratio of 1:10
(tissue: RNAstore). The thickness of either side of the samples should
not be > 0.5 cm. Tissues from juvenile mussels were collected from 3
month to 10 months (nine mussels each month), and all samples were
immediately frozen in liquid nitrogen and stored at —80 °C.

The partial cDNA sequence of Hc-B-catenin was retrieved from our
previous mantle transcriptome database [26]. Total RNA samples were
extracted from various tissues of H. cumingii using TRIzol (Invitrogen,
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Table 1

Primers used in this study.
Primer name Primer sequence (5’—3’) Purpose
B3-1 ATGATGTTTGATGCCTGGGGTG 3’ RACE outer
B3-2 ACAGGCTGGAGACAGAGAGGAC 3’ RACE inner
B5-1 GATGGGCACAAAGCCAGGTTGCGGAT 5’ RACE outer
p5-2 CGTGTGGTTTCGGCATCATTAGTATT 5’ RACE inner
HpF CCAAGGTGGAGACCTGAACT qPCR Hc-B-catenin
HPR CCACTGGGTCATTCCCTGAT qPCR Hc-B-catenin
EFl-aF GGAACTTCCCAGGCAGACTGTGC qPCR
EFl-aR TCAAAACGGGCCGCAGAGAAT qPCR
1BF CCAAGGTGGAGACCTGAACT ISH
IBR TAATACGACTCACTATAGGGCCACT ISH

GGGTCATTCCCTGAT

USA) according to the manufacturer's instructions. RNA quality and
quantity were determined by agarose gel electrophoresis and a Nano-
Drop spectrophotometer (Thermo Scientific, USA). The cDNA was
synthesised using a PrimerScript RT reagent Kit (TaKaRa, Japan).

2.3. Cloning of the full-length Hc-f-catenin cDNA

Purified RNA samples were diluted to 500 ng/ul for first-strand
cDNA synthesis using a 5’/3’ SMARTer RACE ¢cDNA Amplification kit
(Clontech, USA) according to the manufacturer's instructions, with
primers listed in Table 1. Thermal cycling included an initial dena-
turation at 94 °C for 5 min, followed by 35 cycles at 94 °C for 30's, 60 °C
for 30s, 72 °C for 1 min, and a final extension at 72 °C for 10 min. PCR
products were separated by agarose gel electrophoresis, purified using a
Gel Extraction Kit (TTANGEN), inserted into the PGEM-T vector (Pro-
mega, Madison, USA) at 16°C for 16 h, and the resulting constructs
were transformed into competent Escherichia coli DH5a cells. Selected
clones were sequenced by Sangon Biotech (Shanghai, China).

2.4. Sequence analysis and phylogenetic tree construction

The sequence of Hc-S-catenin was confirmed using the BLAST al-
gorithm and the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). The deduced amino acid sequence of Hc-f-catenin was determined
using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). The phy-
sical parameters of the Hc-B-catenin protein were analysed using
ProtParam (https://web.expasy.org/protparam/). Protein secondary
structure was predicted using SMART (https://smart.embl-heidelberg.
de/), and tertiary structure was predicted using SWISS-MODEL
(https://swissmodel.expasy.org/). Multiple sequence alignments of
amino acid and nucleotide sequences were performed using ClustalW2.
The phylogenetic tree was constructed using the Neighbour-Joining
(NJ) method in MEGAS5.0 with 1000 bootstrap replicates were set to
1000.

2.5. Immune stimulation

For the bacterial challenge experiment, 2-year-old H. cumingii with a
shell length of 7-8 cm were used. 72 healthy mussels were randomly
divided into three groups of 24 mussels each. Challenge groups were
injected with 100l of live A. hydrophila (AH) at a cell density of
10° colony-forming units (CFU) resuspended in phosphate-buffered
saline (PBS), or with lipopolysaccharide (LPS) from E. coli 0111:B4
(1 mg/ml in PBS; Sigma-Aldrich) [27,28]. The control group was
treated with PBS alone, injected into adductor muscle. Tissues (blood,
gill) were collected at 0, 3, 6, 12, 24, 36, 48 and 96 h after injection
(three mussels from each group at each time point). All samples were
immediately frozen in liquid nitrogen and stored at —80 °C until RNA
preparation.
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2.6. Real-time quantitative PCR

For qRT-PCR, the house-keeping gene elongation factor 1 (EF1)-a
served as an internal reference. Primers for Hc-3-catenin were designed
using Primer 5.0 and are listed in Table 1. The cDNA templates for qRT-
PCR were prepared using a PrimeScript RT Reagent Kit with gDNA
Eraser (TaKaRa) according to the manufacturer's instructions. Relative
gene expression levels were determined using TB Green Premix Ex Taq
II (Tli RNaseH Plus; TaKaRa) with a CFX96 system (Bio-Rad). Reactions
(20 pl) contained 10 pl of 2 x TB Green Premix Ex Taq, 6.8 pul of RNase-
free water, 0.8 ul of forward and reverse primer, and 1.6 ul of cDNA.
Thermal cycling included an initial denaturation at 95°C for 3 min,
followed by 40 cycles at 95 °C for 5s and 60 °C for 30s. Expression of
Hc-f-catenin relative to the reference gene was calculated using the
274ACT method.

2.7. In situ hybridisation (ISH)

Three-year-old mature male and female mussels were selected and
gonads were removed. Tissues were fixed in 4% paraformaldehyde with
diethylpyrocarbonate (DEPC) at 4 °C for 2 h, then in 20% sucrose for no
longer than 1 week. Tissues were then frozen and sections were pre-
pared using a microtome at a thickness of 8-10 um. The probe was then
prepared using a DIG RNA Labelling Kit (SP6/T7; Roche, Germany).
The ISH experiment was carried out according to the manufacturer's
instructions. The hybridisation signal was observed under a Leica DM
2500 microscope (Leica, Germany) and photographed.

2.8. Statistical analysis

Differences between tissues were analysed by one-way analysis of
variance (ANOVA) with SPSS 18.0 software, and p < 0.05 was con-
sidered statistically significant. Bar charts were drawn using SigmaPlot
12.5.

3. Results
3.1. Sequence analyses of Hc-f-catenin

The complete cDNA sequence of Hc-f3-catenin (MK078117) is 5544
bp long, including a 1355 bp 5’-untranslated region (UTR), a 1726 bp
3’-UTR, and an open reading frame (ORF) of 2463 bp encoding a pu-
tative protein of 820 amino acid residues. The amino acid sequence of
Hc-f-catenin is predicted to have 12 armadillo (ARM) repeats, spanning
amino acid residues 164-203, 204-246, 247-287, 288-329, 331-372,
373-413, 414-452, 453-496, 501-542, 543-607, 608-648 and
649-689 (Figs. 1 and 2). The predicted molecular weight of the protein
is 89976.17 Da, the calculated isoelectric point (pI) is 5.71, and the
protein does not appear to possess a signal peptide or transmembrane
domains. The predicted secondary structure has an a-helical content of
48.29%, located in the centre of the sequence, a B-fold content of only
1.22%, and irregular random coil structure accounting for 50.49%,
mainly distributed at both termini (Fig. 3). The prediction results of the
tertiary structure are consistent with the secondary structure. Each of
the three a-helical is arranged together to form one supercoil, which is
the ARM domain, and a total of 12 armadillo (ARM) repeats are formed
in the middle region.

3.2. Phylogenetic analysis

Comparison of the amino acid sequences of Hc-f-catenin and
homologs from other species showed that Hc-f-catenin shares 86%
identity with its counterpart in Pinctada martensii, 85% with homologs
in Patinopecten yessoensis and Mytilus coruscus, and 73% and 72% with
human and zebrafish sequences. Phylogenetic analysis revealed ex-
tremely high similarity with the Hyriopsis schlegelii gene/protein, with
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which the first cluster was formed, and Hc-3-catenin then clusters with
other bivalve shellfish sequences. Biomphalaria glabrata and Aplysia
califomica sequences formed a separate cluster., distant from human
and mouse sequences. Thus, there is high sequence conservation be-
tween Hc-B-catenin from a wide range of species, indicating strong
evolutionary and structural conservation, and hence functional simi-
larity (Fig. 4).

3.3. Expression patterns of Hc-f-catenin in different tissues

Hc-B-catenin was expressed in both male and female tissues, but
expression was generally higher in female tissues (Fig. 5). The Hc-§-
catenin gene was strongly expressed in gill, liver, kidney and foot, and
exhibited lower transcription levels in other tissues. In females, relative
expression was highest in gill and lowest in mantle. In males, Hc-§-
catenin was expressed highest in gonad and lowest in adductor. There
were significant differences (p < 0.01) in expression between males
and females, and although levels were slightly lower in the mantle of
females, expression in all other tissues was higher in females than males
(Fig. 5).

3.4. Transcriptional regulation of Hc-f-catenin in response to stimulation by
A. hydrophila stimulation or LPS

In order to investigate Hc-B-catenin expression following immune
stimulation, mussels were divided into three groups (two challenge
groups and a blank control group). After injection with live A. hydro-
phila (AH), Hc-B-catenin expression in both gill and hemocytes was in-
itially increased, then gradually down-regulated (Fig. 6). The highest
expression level in the gill occurred at 6h post-stimulation, and ex-
pression then decreased by 12 h. Expression reached a second peak at
24 h post-stimulation, but was low 96 h. In hemocytes, expression of
Hc-f-catenin obviously increased at 24 h and 48 h (Fig. 6). Similarly, at
3 h after treatment with LPS, Hc-B-catenin transcript levels were mark-
edly decreased, but were then gradually up-regulated and reached a
peak at 24 h. Expression in gill decreased continuously and remained
lower at 96 h than the PBS control group. Hc--catenin transcript levels
in hemocytes were up-regulated at 36 h, then declined were lowest after
48h (Fig. 6).

3.5. Expression of Hc-B-catenin at different developmental stages

To investigate the involvement of Hc-3-catenin in sex determination
and differentiation, we selected embryos up to 8 months old and
measured the relative expression of Hc-f-catenin in gonad tissue by qRT-
PCR. At all stages, expression of Hc-f-catenin sharply declined after an
initial rise (Fig. 7). The results revealed very high expression after 3
days, and lower expression thereafter. There was no obvious difference
between months, and expression remained relatively stable level
(Fig. 7). However, expression of Hc-fB-catenin in 1-, 2- and 3-year-old
animals was significantly different in females and males; Hc-S-catenin
expression was markedly higher in females in all three age groups
(Fig. 8).

3.6. In situ localisation of Hc-B-catenin in gonad tissue from 3-year-old
male and female mussels

The results of in situ hybridisation showed revealed a significant
hybridisation signal in female gonads, but no expression signal in male
gonads (Fig. 9).

4. Discussion
The present results provide evidence for an immunoregulatory role

of Hc-B-catenin in the triangle sail mussel H. cumingii. We cloned and
characterised the full-length Hc-f-catenin gene, which includes a 2463
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1 gtggttgagtcatgtgcatgaccaactgggagegactgttatagtatgtaccaaattatgectactttaagtgtaaaattgtatgaaagtaagaaaatgaa

101 aatgaaaacgaagacaggcatacacttgaacaaatttgtttcgtttattttatattttatttgggatgtatttaacgaatatcacaatattegetettge

201 aagagagtccgtgcetgecagacttcagtaacccataggagectcatcaacatttatgaacaatcatttacggtgttatatgttgacagactgaaacaaat

301 tccatttcattcccatgactaatgtatcttttactecttttttettgtgttgategaaatcaatatcaatagtcaaagtagagttcgaacaagtatcgaa

401 gatgataataatagctgactcattatgttageggcagagtggattagtcaattagttcatcaaacaggtgeatgatcectegtgegeatgetcactaaaac

501 atacacgacgccatcttggaatttgaatttgagaaaattttcttttegaaggtgtacaacaaactaaaagaacttgetetgeacggeaaagtgacacttt

601 taaagctgcttatggttcgagggagecatacctttectgggatgagetgtattettgtacaagettectttetgtetgaatagtgagtttetttgtggat

701 ggttccatttcttggaaggtgtactgcagttctgtcataatgtgtatctgecaggegatatgtatttecattetgtetegtecaggetagattgaacactgt

801 taacttgacctacgcttagacccaaagtataaacaggatctgtacgacaagtctgttagtcatatgtgeatgtattaactaacacctgggaaggaaagga

901 agatgtatgttatgttaataacatcccgtgcatgaggaaagettttattecttgtgatgttaatgtaaatcetecactcagetttacaacaatcagacaggt

1001 cgttetttacattcctttgagattcacctgagettacctgttatatgtgttgetagtecatettgggeageacttggeacaggacttcaattgtagtttgt

1101 aggttgtcatacctgccaacttgatgetacattaaatatacgagtgactaatacacaacagtaatagtactaaataacgtetgeattggattcagatttg

1201 tgtcggtactagagttcttttggaatateggttgttgatacattatgececeegattettgtagecatgtgacggaaatatacaactaagegattacgtac

1301 caaaataaaatccccaaaaacatcagagccageaagtctgacaaaaccaacagcetATGAGTGCCTACCAGATGAATAGTAGTGGTCCTACCAGAGCAATG
MSAYQMNSSGPTRAM

1401 GCCTCTGGGGAAGGTTCCAGCTATATGGACATTTCTAACATGCCAATGGACAAACAACAGCAGACCATGATGTGGCAACAGAACCAGTACATGGGTGATT
AASGEGSSYMDTISNMPMDIKQQQTMMWAQQNQYMGD

1501 CTGGCATCCATTCTGGGGCTACAACACAGGCTCCCTCAATTAGTAGCAAGCATGGTGCAGAGGATATTGACAATGCTGGGGATAACATGGACACCTCACG

S GIHSGATTAQAPSTITITSSKHGAEDTIDNAGDNMDTSR

1601 GATGATGTTTGATGCCTGGGGTGACCAGGGAATGGGTCAGGGATTCACACAGGAACAGGTTGATGATATAAACCAGCAGTTGAACCAGACTCGGTCACAA
MMFDAWGDQGMGQGFTQQEQVDDTIN QQLNAQTRSAQ

1701 CGAGTGCGTGCAGCCATGTTCCCTGAGACCCTGGATGAGGGGATGCAGATCCCATCAACCCAGATCCACCCTGACCAACCAACTGCAGTTCAAAGACTGG
R VRAAMFPETLDEG GMQQIPSTQTIHPDQPTAVQRIL

1801 CTGAACCATCACAGATGCTGAAATTTGCCGTTGTGAATCTCATAAACTACCAGGATGATGCTGATCTTGCCACACGAGCCATCCCAGAATTAACCAAGCT

A EP S QML KF AV V N L I N R A e I T

1901 TCTAAATGATGAGGATCAAGTTGTAGTCAGTCAGGCAGCCATGATGGTTCACCAGCTCTCCAAGAAAGAGGCTAGTCGTCACGCAATAATGAATTCTCCC
LNDEDQVYYVSQAAMMYHQLSIEKIKEASRUHATIMNSF?P

2001 CAGATGGTAGCAGCACTTGTACGTGCAATGAGTAATACTAATGATGCCGAAACCACACGATGTGCTGCAGGCACTCTGCACAACTTGTCTCATCACAGGC
QM VA A Y R A M SN T NS D AN E T TR CARAT GV CACHIENIRL NS HIRR

2101 AGGGATTGCTGGCAATATTCAAATCGGGAGGAATCCCAGCTCTTGTTAAACTTTTGAGCTCTCCCATCGAGTCCGTGCTGTTCTATGCTATCACAACCCT

QNG L AT R K S I G G T D A LV K L T SEES MR N L E SR VAR SRR Y A FA SR IR TR TS

2201 GCACAATCTGCTTTTGCATCAGGATGGTTCCAAGATGGCGGTGCGCCTGGCAGGTGGGCTGCAGAAAATGGTAGCCTTGCTCCAGAGAAACAATGTCAAA
HIENIVLARESNE HAFQIRDIFGIES I RN ARV R AL AN G G TR Q RNV AN DL QP RIENENIV K

2301 TTTCTGGCAATCACCACCGACTGTCTGCAGATATTGGCATATGGAAACCAAGAGAGCAAACTGATCATCCTAGCCAGTGGAGGTCCAGGAGAACTTGTCA
AR R D RO QNI TIATRY G NN S N L L R AR S MGG R G RN INR Y

2401 GAATCATGCGATCGTACACATATGAGAAACTTTTGTGGACAACTTCCAGAGTTCTCAAAGTTCTTTCTGTCTGTCCTAGCAGTAAACCAAGCATTGTGGA

RIFIEENSERI S IRVIRTARVENE I KT PRV AR TORTARS BRIV KARVARISIRY CREEARSHISHEKNIR SR IS VAR

2501 AGCAGGTGGTATGCAGGCCCTAGCCATGCACCTGGGTCATCAGAGCCAGAGACTGGTCCAGAACTGTCTGTGGACACTCAGGAACCTCTCAGATGCTGCC
AGGMAQALAMHLGHA Q@S QRLVQNCLWTLRNLSTDAA

2601 ACTAAAGTTGAAAGCATGGAAGGTCTCCTGCAAATGTTAGTTCAGCTTCTGGCCTCCAATGACATAAATGTCGTGACCTGTGCTGCAGGCATTTTATCGA
IV S M R G R L QM T Y QL A S AN D R TN YRV AR TS C AR AN G TRRTINES

2701 ACCTGACATGCAATAACCTGCGTAACAAGGTGGTGGTGTGTCAGGTGGGTGGAATTGAGGCACTGGTCCGCACCATCCTACAGGCTGGAGACAGAGAGGA

NERESRTUNC NURENARL R N RV Y R C R QAR N G G TR E A T RV R T T I QAEANR G IRD IR R AR EARD)

2801 CATCACTGAACCTGCTGTATGTGCCTTGAGACATCTAACCAGCCGTCACCTGGAGGCTGAAATGGCCCAGAATGCTGTGCGTCTACACTATGGGTTGCCT

Fig. 1. Nucleotide and deduced amino acid sequences of Hc-3-catenin from Hyriopsis cumingii. Lowercase letters indicate 3’- and 5’-untranslated regions. Uppercase
letters indicate the coding region (upper = nucleotides, lower = amino acids). * = stop codon. Putative polyadenylation signals (AATAA) are underlined. Shaded
regions indicate armadillo (ARM) domains.
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INENESESARYNCRANOEREHNEETNS R H L E ARENNGAT O NEANV R I RGN
2901 GTTCTAGTCAAGCTTCTCCATCCCCCGAGCCGCTGGCCACTTATCAAGGCTGTCGTTGGACTGATCCGCAACCTGGCTTTGTGCCCATCTAATCATGCGC
YOE ¥ ORGE SEVHTR PRSI RONGPTETE KA VEVEG L RN VETATE  GERSTNG HEA
3001 CCCTGAGGGAACATGGAGCACTACCCCGAATTGTACAGCTCATGATCAGAGCACACCAGGATACACAGAGGAGAGCCTCAATCACCTCCAATGGACAGGG
PELR EH GUAILE P R TV QUECNIT RCACH QDT Q RUORUALS WIIT S N G QG
3101 CTCGGGCTATGTAGATGGTGTTAGAATGGAGGAGATTGTGGAGGGAACAGTAGGGGCACTCCACATTCTTGCTCGTGAGACCCACAACAGAGCCGTAATA
SUIGIEYERYE DINGIE VISR ENE DT VEE G T Ve GIA B HENIS SPATIR B RN ERATY
3201 CGTGACCTCAACTGCATACCACTCTTTGTCCAGTTGCTGTACTCTCCAATTGAGAACATTCAGCGTGTTGCAGCAGGAGTTTTGTGTGAACTGGCAGCTG
RODENC IR Vg L Y ST BT RN T QR YA G VG R CALA
3301 ATAAGGAGGGGGCTGAGCGAATAGAACAGGAGGGGGCCACTGCTCCACTCACAGAACTTTTACACTCCAGAAACGAGGGAGTTGCTACATATGCTGCAGC
DEKE GIAE RITE Q EN6 AUTVACRSL T BOLEIH S RONIEIGIVIA T Y A A A
3401 AGTGTTATTCCGCATGTCTGAAGATAAGCCCCAGGACTACAAGAAGAGATTGTCTGTGGAACTGACCAGCTCCCTCTTCAGAGGGGATCAAAACATGGCT
FOLERESRSNNSSE D K P Q D YK KRLSVELTS S SLPFRGDA QNMA
3501 TGGTCAGATCCTCCTGGATTTGACGATGTTGGTGGTTTTCCTGACGATGGATATCGTGACCAGATGTATCAGGCACATGACAGTCAGAGTCAGCATGACA
¥WSDPPGFDDVYGGFPDDGYRDAQMYQAHDS S QSAQHD
3601 TGAGTCGCAGTGGATATGACCCTCAGGTTCCTGTCGACTCCATGCAAGGCCTTGACATTGGCAGTCACCATGGCAGCCACTACGGACCAATGGACAACAT
MSRSGYDPQVPVDSMQGLDTIGSHHGSHYGPMDNM
3701 GCCTGATTTTGGACACCAAGGTGGAGACCTGAACTTTGAGAATCTGGAGTCCAGTCTCCCACATGGTCAGGAGACGGGTAATCAGGGAATGACCCAGTGG
PDFGHQGGDILNTFENLESSLPHG QETGNRQGMT® QW
3801 TTTGATACAGATCTGTAAatactgcacacttgaatggatcactacaaactttcttggaatgagaagacttttgtatataacatttcagtttttataacat
FDTODIL *
3901 gataatttgttttgcactgcectgggaactatttcttttcecccagaaacaggeatggaaaactagaatacagttacatgattgaatttcaggaagetaag
4001 ctgttaatatttttgtaattttaacttttagaatcacatcttttataaagaaaatactttttttatttgttgacagtttgtatcagttgaagtcttgtge
4101 tggtagcactgtcctgatgecatcattgaattggattgttgagtectttcagaaaatagggageaagtttcatcataaagttttecatttcattacctaaac
4201 aatacttgtttgtttttatcttcagtaataaaattttttgtatgtcttggaaagctataataataatcttgttgaatcacctgtttggtatggtcaagac
4301 agcttacccagactgcagatgttattgaagcacattttttgeccaatcctaaatcagatcatctcaageattggetgecaaacaaacattttgatagttac
4401 agttatcgtaagaaatagtgttcattttacatttcatgcaagtttaactacctaacctggaaccaacatttattgaacgtttcaagtcatcagaagtcat
4501 ttctttctttcatccatatacatttatagattgttgttetgttcagttgttgatgagaattetectgtaaggatggacttttgaatgaactttgtgtgea
4601 ctgcagttttctgaccaaataaatggtcttttgaacatattcccaattttgecatccaaaattagtcttggaagttaaatattaatgaacagatcttggea
4701 tgtttatttgatttattcattcatttactcaaagtattaatatgtagcagtgcattcageccaaacagttattgtagatttcagacccatgtaagattgt
4801 tttcaattttggaatgaacttgtcttttaaaaacgatttttgtagaaacttctttgtecatcttggaaatgtgttgagaattaacagtcacaaagcaaga
4901 cacttgtaaacagctgaatactgcatctctaattttctttcataaattaaaatttatcattgtcetgtttaaatatacttaacactaaccaggtagacatg
5001 ccttcatgtttttggtgtcattgtagttcttactattgetetttgetaattatttcaatattgactgtgtgtggatettggecacagtecacactgtgee
5101 tagaatttactataaatgaaacaaaatggagaaataaccttttaataaaggttgtattgaattcagttaaattgtctttgttgtatatacacttgaacag
5201 atatttcaggaccaaatccatctacacctgtcttctgeaatttgettaaatttagaaacatacacgtttgegtetgtcaaaatatgeagactttttacac
5301 attgtaaatatagtaatagtcttgatatctcactgtaatgtagtcttttagtggtcacacagtttgecacattttagtagattttttttttatagetatt
5401 tactcattatcttttaccatacagtaatagtgaaaatttgtatgtatttagccatggecacattggttttatgtaggaattatttctecattttcataca

5501 cgtttattagaataaagattacagtttttataaaaaaaaaaaaa

Fig. 1. (continued)
bp ORF encoding a predicted protein of 820 amino acids. Like 3-catenin repeat motifs [29]. The ARM motif is a tandem repeat of ~40 amino

in most other species, Hc-f-catenin has three conserved structural re- acid residues that was first discovered in Drosophila melanogaster when
gions; N- and C-terminal regions, and a central region with 12 ARM studying signalling in vivo [30]. Members of the ARM-containing repeat

A A y 4 A A y Fig. 2. SMART prediction of the conserved domains of
- <§> %} é} %> <§> (:i> 4}_ é} é} (§> <§> i Hc-B-catenin, including the central 12 ARM motifs.
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Fig. 3. Hc-B-catenin tertiary structure prediction.
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Fig. 4. Phylogenetic tree of Hc-B-catenin amino acid sequences from different
species. The tree was constructed by MEGAS.0 using the neighbour-joining (NJ)
method with 1000 bootstrap repeats.
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Fig. 5. Relative expression of Hc-B-catenin in different tissues of male and fe-
male H. cumingii. The results are based on three biological repeats and ex-
pressed as means = standard error (SE). Significant differences are indicated
by asterisks (*p < 0.05, **p < 0.01).

protein family are involved in cell proliferation, cell differentiation, cell
adhesion, intercellular signal transduction, cytoskeletal regulation and
tumorigenesis [31]. B-catenin is a key factor in the Wnt/f-catenin sig-
nalling pathway, and plays an important role in nervous system
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Fig. 8. Relative expression of Hc-fB-catenin in gonads at different developmental

stages.

-
-
Fig. 9. In situ hybridisation of Hc-B-catenin in gonads. The upper images were
obtained using antisense probes (10 X ; female on the left, male on the right).

Lower images are from negative controls without probes (10 X ; female on the
left, male on the right).

development, embryonic development, mammalian sex determination
and differentiation [32].

Vertebrates not only have innate immunity, but also have acquired
immunity, while invertebrates only have innate immunity and rely on
innate immunity against invasion by pathogenic microorganisms [33].
As invertebrate, H. cumingii lacks a specific acquired immune system,
hence the innate immune system acts as the first line of defence against
pathogens [34]. Due to the open circulatory system of H. Cumingii, the
gill is in direct contact with the environment, and hemolymph re-
presents the extracellular fluid of the entire organism [34]. The gill is
an important immune-related tissue because it provides a defence
barrier that filters suspended matter, immune-related genes are usually
highly expressed in this tissue [35]. Hemocytes in molluscs serve as the
main protective tissue against external pathogens [36].

Immune-related research on S-catenin in shellfish is scarce. Herein,
we found that Hc-3-catenin may play an important immunomodulatory
role. After injection with live A. hydrophila, Hc--catenin expression was
generally up-regulated in both gill and hemocytes, but was decreased at
certain time points. After treatment with LPS, Hc-B-catenin transcript
levels differed significantly from the control group, suggesting that Hc-
[B-catenin expression is affected by stress following challenge with LPS

Fish and Shellfish Inmunology 91 (2019) 99-107

or bacterial pathogens. The results indicate that Hc-B-catenin partici-
pates in the immune responses of H. cumingii, and may play an im-
portant role in host resistance in shellfish. For example, infection with
Staphylococcus aureus, Vibrio anguillarum or white-spot syndrome virus
(WSSV) stimulated expression of S-catenin in the gill of the shrimp
Marsupenaeus japonicus [37]. B-catenin is a positive regulator in the
immunity of shrimp to bacteria and viruses. In Litopenaeus vannamei, f3-
catenin expression levels were increased by V. parahaemolyticus chal-
lenge [38], suggesting that f-catenin was involved in innate immune
response of shrimp to bacterial and viral infection. Shrimp AMPs such
as PENs and ALFs play an important role in anti-bacterial and anti-viral.
Over-expression of fB-catenin up-regulates promoter activity of AMP
genes, suggesting that f-catenin could play a role in regulating the
production of AMPs. However, surprisingly, WSSV infection reduced -
catenin levels in Litopenaeus vannamei [13]. By posttranslational mod-
ification, WSSV infection could inactive -catenin. It may be the target
of virus modulation. After WSSV infection, S-catenin transfered into the
nucleus, indicating that f-catenin may play a negative role in the re-
plicative cycle of WSSV. The immune system could be modulated by
inhibiting the proliferation of the virus to protect the shrimp from
WSSV infection. Similarly, in Chinese tongue sole, 3-catenin and rspo2l
expression in the gill was significantly down-regulated following V.
harveyi challenge [14]. B-catenin is a downstream gene of R-spondin
family. It is involved in the Wnt/B-catenin in the R-spondin family
proteins (Rspos). These apparent contradictory immune responses may
be related to differences between species or pathogens. Overall, the
results indicated that f-catenin participates in innate immune responses
to bacterial and viral infections.

During the experiment, we found that Hc-3-catenin was also related
to gender determination. Expression of f-catenin in gonads has been
studied in vertebrates, and it remains unclear whether it is linked to sex
determination and differentiation, although it is believed to participate
in female gonadal differentiation [25]. At present, some studies on the
role of B-catenin in gonad determination and differentiation suggest that
the developmental direction of mammalian undifferentiated gonads is
determined by the competition between the female signalling pathway
mediated by signalling molecules such as R-spondinl, Wnt4, f3-catenin
and the male signalling pathway mediated by signalling molecules such
as Sry and Sox9. The gonads eventually develop towards the competi-
tive dominant side [39]. In addition, two secreted ligands, Wnt4 and R-
spondinl, can activate the $-catenin canonical signalling pathway [40].
In mice, during ovarian development, Rspol is essential for the acti-
vation of the canonical S-catenin signalling pathway [22]. In our present
study, the qQRT-PCR results showed that Hc-f-catenin was expressed in
both male and female tissues, albeit differentially, with significantly
higher levels in female gonads. Furthermore, in 1-, 2- and 3-year-old
mature mussels, Hc-B-catenin expression was markedly higher in female
gonads than in males, indicating that it may be involved in female
gonad development. Expression was much elevated after 3 days, but
then decreased and remained low, indicating an involvement in em-
bryonic development. Thus, we speculate that Hc-3-catenin is a pre-
ovarian anti-testis gene, consistent with some previous reports. In C.
farreri gonadal development, f3-catenin expression is high and sexually
dimorphic, with maximum expression during the mature stage of the
reproductive cycle, and higher levels in ovary is compared with testis
[41]. In mice, B-catenin is a key anti-testis molecule. Activation of S-
catenin in somatic cells of XY gonads disrupts the formation of the testis
cord and down-regulates the expression of testis marker genes; it ef-
fectively blocks testis development and eventually leads to male-to-fe-
male sex reversal, indicating that -catenin may be a key pro-ovarian
and anti-testis signalling molecule [22]. Expression of the f-catenin
gene increases during the development of gametes in mature female
Pacific oysters, and peak levels are reached in mature females, whereas
levels remain low in males [42]. It suggests that S-catenin is a potential
regulator in the ovary. In Marsupenaeus japonicus, f-catenin is widely
expressed in various tissues, with highest levels in testes and ovaries
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[37]. In Cynoglossus semilaevis, -catenin is transcribed in the gonads,
but levels in ovaries are significantly higher than in testes. In addition,
CS-B-catenin]l mRNA levels are clearly up-regulated at 160 days, and
continue to increase up to 2 years of age [43], indicating that -catenin
is involved in ovary growth. The differences in relative expression le-
vels between male and female tissues observed in the present study are
consistent with these previous findings. Our results showed that ex-
pression levels were higher in females in all tissues except for the
mantle.

Our current in situ hybridisation results revealed a significant hy-
bridisation signal in the cell membranes of female oocytes, while the
male follicle wall displayed a weaker hybridisation signal, consistent
with the qRT-PCR results, suggesting that the Hc-f-catenin was asso-
ciated with female gonad differentiation and with oogenesis. In Chinese
tongue sole, ISH experiments mainly detected CS-S-catenin] mRNA in
oocytes [43], and in Nile tilapia, the ISH signal of -catenin was greatest
in the oogonia and oocytes of the ovary [44]. Together, these results
suggest that f-catenin is a pro-ovarian, anti-testis gene. We therefore
deduce that Hc-fB-catenin influences gender determination and differ-
entiation during the formation of female gonads.

5. Conclusion

Herein, we cloned the full-length ¢cDNA Hc-3-catenin from H. cu-
mingii. The predicted amino acid sequence contains 12 ARM repeats,
similar to orthologs in other species. Hc-f-catenin was up-regulated in
hemocytes and gills following pathogen/LPS exposure, the most
strongest response occurred at 24 h (gills and hemocytes) after AH or
LPS challenge, indicating an immunoregulatory role. qRT-PCR and ISH
results linked Hc-B-catenin to female gonad determination and differ-
entiation. Our results suggested that Hc-f-catenin play an important role
in immune responses and sex determination.
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