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Abstract

Background: Protein kinase C (PKC) is a multifunctional serine and PKC can phosphorylate serine residues in the
cytoplasmic domain of tyrosinase, thereby regulating the activity of tyrosinase. Activated PKC is bound to the melano-
some membrane, and unactivated PKC is free in the cytoplasm of melanocytes. In this study, we study the role of PKC
gene in the melanin synthesis pathway and its effect on the color of the nacre of H. cumingii.

Results: In this study, a HcPKC gene in H. cumingii was cloned and its effects on melanin synthesis and nacre color
were studied. HcPKC was expressed in both purple and white mussels, and the level of mRNA expression was higher
in the purple mussels than in white mussels. Strong and specific mMRNA signals were detected in the dorsal epithelial
cells of the mantle pallial layer, indicating that HcPKC may be involved in nacre formation. After SNP association with
inner shell color related traits, according to the principle that 0.25 <PIC < 0.5 is medium polymorphism and PIC <0.25
is low polymorphism, the A+ 332G site on the HcPKC gene was a site of moderate polymorphism, and the other four
sites were low polymorphism sex sites. There was strong linkage disequilibrium among the five loci. A haplotype was
constructed and it was found that the frequency of T1 (AGGAA)in the white population was significantly higher than
that in the purple population (P<0.05).

Conclusion: The study found that HcPKC of H. cumingii can be used as a candidate gene related to inner shell color,
and some of the SNP sites can be used for molecular-assisted breeding in the spinnaker mussel, providing a reference
for cultivating high-quality freshwater pearls.
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Background

Hyriopsis cumingii is a unique freshwater mussel in

China, which can cultivate high-quality pearls [1]. Mus-

sels of this species produce pearls of high quality in terms

of color, luster, and shape [2]. The freshwater pearls pro-
"Mengying Zhang and Xiajun Chen contributed equally to this work. duced bY purple H. cumingii have a very high economic
value [3]. Recently, due to overexploitation, habitat loss,
: : : — and environmental pollution, wild populations have
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relevant studies on the mechanisms involved in the for-
mation of shell nacre color, but it is still in its infancy.
Studies have shown that in addition to environmental
factors, the color of pearls is also affected by the donor
and recipient mussels [4]. Some studies suggest that some
metal ions can also affect the formation of pearl color [5,
6], and other studies show that pearl color is related to
organic pigments, such as porphyrin [7], carotenoids [8],
and melanin [9-11], which produce pearls of different
colors.

Protein kinase C (PKC) is a lipid- and Ca?*-dependent
serine/threonine kinase consisting of a single polypep-
tide chain [12]. Because the structure of each subtype
has a certain conservation and specificity, the functions
of the subtypes are also diverse [13]. PKC widely exists
in animal tissues and cells, is the main mediator of sig-
nal transduction pathway, and also plays a role that can-
not be underestimated in physiological processes such as
cell proliferation and differentiation [14]. In the melanin
metabolism pathway, PKC activates the tyrosinase by
phosphorylation of its two serine residues [15]. Activated
PKC is bound to the melanosome membrane, and unac-
tivated PKC is free in the cytoplasm of melanocytes [16].
The physiological activation of PKC reportedly stimulates
melanin production [17], whereas the inhibition of PKC
activity or depletion of cellular PKC has been shown to
inhibit melanin synthesis [18]. Park et al. [19] paired cul-
tures of primary human melanocytes treated with PKC
inhibitors, found that the PKC inhibitor bisindolylma-
leimide can reduce skin pigmentation, and demonstrated
that the inhibition of PKC-p activity can reduce pigmen-
tation. Jung et al. [20] found that syndecan- 2 overexpres-
sion increased the membrane localization of PKCbII, and
that activated PKCbII associates with the melanosome
through RACKI to regulate melanogenesis.

In this study, a PKC gene (HcPKC) was identified in H.
cumingii, and its full length was cloned. The expression
level of the HcPKC gene was detected in different tissues.
In situ hybridization was used to detect the distribution
of mRNA expression in the mantle. Single-nucleotide
polymorphism (SNP) mutation sites were detected in H.
cumingii using HcPKC as a candidate gene and correla-
tion analysis was performed with color traits. The molec-
ular markers related to the color traits of the shell nacre
were screened and then H. cumingii were selected. This
selection and breeding process provides basic data for
further research.

Results

Full-length and sequence analysis of HcPKC gene

The full length of the HcPKC (GenBank accession
MW241548) gene was obtained by 3’ and 5’ RACE clon-
ing. The HcPKC gene sequence is 2134 bp in total, of
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which the 5-UTR was 12 bp, the 3/-UTR was 1246 bp,
and the ORF was 876 bp long, encoding a total of 291
amino acidsThe molecular weight of the mature pro-
tein corresponding to the amino acid sequence was
117.04 kDa, and the isoelectric point was calculated as
4.73. S_TKc and S_TK_X domains typical of serine- and
threonine-specific kinase families were found. No signal
peptide was found (Fig. 1).

Quantitative gene expression analysis

The relative expression of the HcPKC gene in purple and
white mussels was detected by qPCR. As shown in Fig. 2,
the expression of HcPKC in purple mussels was higher
than that in white mussels, with an extremely significant
difference in the marginal membrane (P<0.01), and no
significant difference in other tissues. In purple mus-
sels, the highest expression was in the marginal mem-
brane, and it was significantly different from other tissues
(P<0.05). In the white mussel, the highest expression was
in the adductor muscle, but there was no significant dif-
ference between the tissues.

In situ hybridization results

The location of the specific expression of the HcPKC gene
in the mantle tissue was determined by in situ hybridiza-
tion. The results are shown in Fig. 3, The positive hybridi-
zation signal mainly appeared in the dorsal membrane
epithelial cells of the outer fold of the mantle (arrow in
Fig. 3 A), and no obvious signal was seen in other parts.
No positive signal was detected in the negative control

group.

SNP site screening

The samples were amplified with the designed primers,
and a total of five SNP sites were found in the amplified
fragments. Starting from the ATG start codon, each SNP
site is named by the number of bases from the mutation
site to the start codon.

Polymorphism analysis

The HcPKC gene was amplified and sequenced from
70 purple mussels and 70 white mussels to screen for
the SNP loci. The polymorphic genetic parameters of
the five SNP loci of the HcPKC gene obtained after the
sequencing results were analyzed by software (Table 1).
Their observed heterozygosity was in the range of
0.0143-0.0929, the expected heterozygosity was in the
range of 0.0624-0.3254, the polymorphic information
content(PIC) was in the range of 0.060-0.272, and the
effective number of alleles was in the range of 1.0663—
1.4799. A 0.25<PIC<0.5 was considered moderate
polymorphism and PIC<0.25 was considered low poly-
morphism, the A+ 332G site on the HcPKC gene was a
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GAGATGCA TGTC ATGC ATAT AGAT ACTG ATGA GTAT TTCA TTGT ATAT GTTA ATGA TCTACTTACTCA ACAT TATG AXTG AAGACAA TACACATT TTGT CATT ATGCTGTA CTTG TACA

TCAT GCAT ACAA AATA GTTA CAAAATTG TAAC ATGA ATTT TTAG AAAT GCAA AATA AAGC TTAT ATTA TTCT TTCA AAAA AAAA AAAA AAAA AA

Fig. 1 cDNA sequence analysis of the HcPKC gene in H. cumingii. The shaded part is the domain. The start codon, stop codon, and the poly-A tail
are underlined. The shaded part of yellow represents S_TKc domains typical of serine- and threonine-specific kinase families. The green shaded part
represents S_TK_X domains typical of serine- and threonine-specific kinase families

site of moderate polymorphism, and the other four sites
were low polymorphism locus.

Association analysis between the SNP loci of the HcPKC
gene and inner shell color traits

The genotypes of the SNPs found on the HcPKC gene
were correlated with the inner shell color traits (L, a, b,
and dE) of 140 mussels (Table 2). The results showed
that among the five SNPs in the HcPKC gene, there was
no significant difference between the genotypes of the
three loci A+87 T, G+145 T, and A+ 328G, and the

parameters of the four inner shell color traits. The geno-
types of the G+ 217 T locus had significant differences in
b and dE parameters (P<0.05) and the genotypes of the
A +332G loci had significant differences in L, b and a, dE
parameters (P<0.05).

Linkage disequilibrium and haplotype analysis of the SNP
loci in the HcPKC gene

Linkage disequilibrium analysis was performed on
the five SNP loci (Table 3), and it was found that there
was a strong linkage disequilibrium between all the
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Fig. 2 Relative expression level of HCPKC. The relative expression
level of PKC in various tissues of purple (A) and white (B) mussels.
Comparison of PKC expression in white and purple mussels (C). H:
hepatopancreas, G: gill, AM: adductor muscle, F: foot. PM: marginal
membrane, MC: central membrane. Data from the gPCR experiments
are expressed as the means 4 SD (n=6). Bars with different letters
indicate significant differences (p < 0.05). ** represents a highly
significant difference at P<0.01

loci (D’>0.75, r*>0.33). After haplotype construction
(Table 4), it was found that T1 appeared more frequently
in the white population than in the purple cultivar.

Discussion

In this study, a HcPKC gene was fully cloned in H. cum-
ingii and investigated for the first time. The tissue quan-
tification results showed that the expression level of
HcPKC in the marginal membrane of purple mussels was
significantly higher than that of other tissues (p<0.05).
Relevant studies have shown that the outer fold of the
mantle is directly involved in the formation of shell nacre
[21, 22]. Protein kinase C not only plays a role in the pro-
cess of melanin synthesis, but also plays a role in other
physiological activities, such as nerve and immunity [23],
the specific location of HcPKC expression in the mantle
tissue was determined by in situ hybridization, and a pos-
itive hybridization signal mainly appeared in the mantle.
The results from the dorsal membrane epithelial cells at
the outer fold suggest that HcPKC may be involved in the
formation of the nacre in H. cumingii [24]. Further com-
parative analysis found a higher expression of HcPKC in
the tissues of purple mussels than in those of white mus-
sels, and there was a very significant difference in the
marginal membrane (p<0.01). Luo et al. [25] found simi-
lar results in the phenotypic difference of the HcCUBDC
gene in white and purple H. cumingii, this indicates that
the HcPKC gene may have a positive effect on the forma-
tion of purple nacre.

Studies have shown that the color of shells is heritable
[26], and the inner shell color is a breeding target that can
improve breeding efficiency [27]. The addition of small
pieces of mantle with different inner shell colors will have
a significant impact on the color of the pearls produced
[28, 29]. Compared with traditional breeding methods,
molecular marker-assisted breeding as an emerging
breeding method can greatly improve breeding efficiency
[30] and has been studied in a variety of aquatic animals
[31-33]. In this experiment, primers were designed using
the known full-length cDNA sequence of PKC in the H.
cumingii. After primer amplification and sequencing, five
SNP sites were found in the exons of the HcPKC gene,
which was significantly higher than the 1SNP/1000 bp
in the previous study [34]. This indicates that there are
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Fig. 3 In situ hybridization analysis of HCPKC in the mantle (A)
magnification of A, Cis background. IF, inner fold; MF, middle fold; OF, outer fold
.

, the arrow indicates the position of the hybridization signal. B is a higher

Table 1 The polymorphic parameters of five SNP sites in the HcPKC gene

Observed heterozygosity Expected heterozygosity Polymorphic information Effective
content number of

alleles

Suit Ho He PIC Ne

A+487T 0.0214 0.0624 0.060 1.0663

G+145T 0.0500 0.1513 0.139 1.1776

G+217T 0.0143 0.0953 0.090 1.1050

A+328G 0.0786 0.1432 0.149 1.1942

A+332G 0.0929 0.3254 0.272 14799
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Table 2 Association of the five SNP sites of HcPKC polymorphisms with nacre color
Locus Genotype No ML Ma Mb MdE
A+87T AA 134 54.1740.70" 33840224 036+056" 475140727
AT 3 549245704 381+1.644 -1.734+3624 46.16+6.194
1T 3 59.14+436" 26241494 49642194 4173 +4421
G4145T GG 125 544440744 33640234 0394058 472040764
GT 7 509242714 45240854 02542954 5097 £2.904
T 8 5498 +244" 27340894 22442160 46,69+ 247"
G+217T GG 132 542140704 34240234 03940578 474640734
GT 2 412146741 31342354 69043428 60.8946.28°
T 6 60.52+3.034 2494090 62042224 4060+3.254
A+328G AA 122 54444074 33140234 030+£058" 47194076
AG 1 525742574 455+0.76" 0.72+£207" 49304264 "
GG 7 544442704 26141034 27142384 471742734
A4332G AA 105 55.1440.78° 30740248 0.10+£063"8 46444081 "
AG 13 56.27 +£2.34°8 357407148 27941684 451942424
GG 22 49071711 47240654 24741308 530441778

Notes: Different superscript letters in a column of the same two loci indicate significant difference at P<0.05

Table 3 Linkage disequilibrium analysis of the five SNP sites of
the HcPKC gene

A+87T G+145T G+217T A+328G A+332G

A+87T - 1.000 1.000 1.000 1.000
G+145T 0371 - 1.000 0.952 1.000
G+4217T 0631 0.588 - 1.000 1.000
A+328G 0339 0.827 0.537 - 1.000
A+4332G  0.130 0.350 0.206 0.384 -

Notes: The figure above the diagonal represents D the figure below the diagonal
represent r 2

Table 4 Haplotype analysis of the five SNP sites of the HcPKC gene

spinnaker mussels and the HcPKC gene showed that the
genotypes of the G+4217 T locus had significant differ-
ences in b and dE parameters (P<0.05), A+332G. The
genotypes of the loci were significantly different in L, b
and a, dE parameters (P<0.05). It is speculated that this
gene may play a certain role in the formation of nacre
color in the H. cumingii [36, 37]. Due to the limitation
of the number of samples, this experiment can explain
the problem to a certain extent, and subsequent experi-
ments need to further expand the sample size to verify
the results of this study.

To further investigate whether the polymorphism of

Haplotype Sequence Purple strain(frequency) White strain(frequency) X2(P value)
T AGGAA 99.00(0.707) 113.00(0.807) 5.379(0.020)
12 AGGAG 22.00(0.157) 13.00(0.093) 2.681(0.101)
T3 ATGGG 7.00(0.050) 2.00(0.014) 2.879(0.089)

relatively abundant single nucleotide polymorphisms in
the HcPKC gene. According to the polymorphism analy-
sis, it was found that in the HcPKC gene, the A+ 332G
site is a moderate polymorphism site, and the other four
sites are low polymorphism sites, but no high polymor-
phism was found in this gene. This is because SNP mark-
ers are DNA sequence polymorphisms caused by single
nucleotide variation, and it is difficult to show higher
polymorphisms such as in Simple Sequence Repeat (SSR)
markers [35]. Preliminary analysis of the SNP correla-
tion between the purple and white inner shell color of the

the HcPKC gene is associated with nacre color traits, we
analyzed linkage disequilibrium [38] and haplotype anal-
ysis [39]. The results showed that among the haplotypes
constructed by the HcPKC gene, therefore, the dominant
type can be selected according to demand to speed up
breeding efficiency and provide a reference for the rapid
selection of the target shell color [40].
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Fig. 4 Purple (left) and white (right) H.cumingii mussels used in the experiment

Table 5 Primers used in the study

primers (5’-3")sequence of primers purpose

HcPKC-F GCTTGTTTCCAGACTGACGA Partial fragment amplifification of HcPKC
HcPKC-R CGTCAGTCTGGAAACAAGCAA Partial fragment amplifification of HcPKC
HcPKC-3' CCATCCATTCCTTGTAAACCTG 3'RACE

HcPKC-5' GTCAGTCTGGAAACAAGCAAAC 5'RACE

HcPKC-RT-F AGTGAACGTGATGCAGAGGA gPCR

HCcPKC-RT-R GGTGTCAACACTGGCTTCTC gPCR

HcPKC-Y-F AGTGAACGTGATGCAGAGGA In situ hybridization

HcPKC-Y-R TAATACGACTCACTATAGGGGGTGTCAACACTGGCTTCTC In situ hybridization

EF1ao-F GGAACTTCCCAGGCAGACTGTGC gPCR internal control

EF1a-R TCAAAACGGGCCGCAGAGAAT gPCR internal control

Conclusions

In this study, a HcPKC gene was fully cloned in H. cum-
ingii and investigated for the first time. Validation of the
effect of HcPKC gene on shell nacre by fluorescence quan-
tification, in situ hybridization experiments, and discov-
ery of single-nucleotide polymorphisms (SNPs) associated
with inner shell color-related traits that HcPKC of H. cum-
ingii can be used as a candidate gene related to inner shell
color, and some of the SNP sites can be used for molec-
ular-assisted breeding in the spinnaker mussel, providing
a reference for cultivating high-quality freshwater pearls.

Methods

Ethical approval statement

H. cumingii were treated according to animal care and
use guidelines for scientific purposes established by the
Institutional Animal Care and Use Committee of Shang-
hai Ocean University, Shanghai, China.

Experimental materials

Two-year-old healthy H. cumingii mussels (average
shell length of 10 cm) with purple and white inner-shell
colors were obtained from Weimin Aquaculture Base,
Jinhua City, Zhejiang Province, China (Fig. 4). Before

the experiment, the mussels were placed in a laboratory
water tank for oxygenation for about a week, and then
fresh mantle samples were stored at — 80 °C for later use.

Experimental method

Total RNA extraction and cloning of the full-length HcPKC
The TRIzol method was used to extract total RNA from
healthy mantle tissue samples. The SMARTer RACE
5/3' kit was used to synthesize RACE-Ready cDNA
as a gene cloning template. Specific primers (Table 5)
were designed based on the HcPKC (HcPKC-F and
HcPKC-R) expressed sequence tags (ESTs) of H. cum-
ingii which were obtained from the H. cumingii mantle
transcriptome library [41]. The PKC gene fragment was
obtained from a mantle transcriptome library of H. cum-
ingii (Table 5), and the specific primers were designed
by Primer 5.0 to perform PCR amplification and verify
the sequence. According to the SMARTer RACE 5'/3
kit instructions, 5-RACE and 3’-RACE specific prim-
ers were designed, RACE cloning was performed, and
the DNA was sequenced by Sangon (Shanghai, China) to
obtain the full-length PKC gene.
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Gene sequence analysis

ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/)
was used to predict the ORF (open reading frame) of
the HcPKC gene sequence and the encoded amino acid
sequence [42]. Smart Blast was used to predict amino
acid sequence homology analysis [43]. The amino acid
inclusion domains were analyzed by Simple Modular
Architecture Research Tool SMART (http://smart.embl-
heidelberg.de/). The Protparam online tool (https://www.
expasy.org/) was used to obtain information on physical
parameters such as amino acid sequence composition,
molecular weight, isoelectric point, etc. [44]. ClustalX
software was used for multiple sequence alignment anal-
ysis [45] and MEGA 5.2 (Arizona State University, USA)
was used to construct a phylogenetic tree [46].

Tissue-specific expression analysis of the HCPKC gene
Hepatopancreas, gill, adductor muscle, foot, marginal
membrane, central membrane samples were taken from
six healthy H. cumingii individuals and were used for
RNA extraction. The RNA was then reverse-transcribed
to cDNA by using SYBR®Premix Ex Taq II (TliRNaseH
Plus, TaKaRa). Bio-Rad-CFX-96 (Bio-Rad, USA) was
used for fluorescence quantitative PCR. The PCR reac-
tion mixture was as follows: SYBR®Premix Ex Taq II
(TliRNaseH Plus), 10 pL; upstream and downstream
primers, 0.8 pL; ddH,O, 6.8 pL and cDNA template 1.6
pL. Each reaction was performed in three replicates. The
reaction parameters were: pre-denaturation at 95 °C for
30 s; followed by 40 cycles of 95 °C for 5 s; 56 °C for 35 s;
and 72 °C for 30 s. Referring to the previous research
results of our laboratory, EFla was used as an internal
reference gene [47] (Table 5).

In situ hybridization

Specific primers were designed and the T7 promoter
sequence TAATACGACTCACTATAGGG (Table 5) was
added at the 5’ end. The target fragment was obtained
after PCR amplification and product purification, and
in vitro transcription was performed using a Complete
Gold in vitro transcription kit. The fresh mantle tissue
of the mussel was placed in 4% paraformaldehyde to fix
and dehydrate for 4 h (in a 4 °C refrigerator), then placed
in 25% sucrose solution at 4 °C overnight. The tissue was
cut into ~ 10 pm sections. They were marked and stored
on glass slides at— 80 °C for later use. Follow-up in situ
hybridization experiments were performed later.

Extraction of genomic DNA
For SNP experiments, 70 white mussels and 70 purple
mussels were selected randomly. The genomic DNA of
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Table 6 The primers of SNP in the HcPKC gene of H. cumingii

primers (5’-3")sequence of primers

F1 CTTTATTGACAATGGCAGAGCA
R1 AGTTCTGCTAAACCCCTCCAT

F2 TAACCATGATGATTTGTCTTCCTCT
R2 TTCCAGCAAACAGGACTGATTAT

the experimental samples was extracted using a TIAN-
amp Marine Animals DNA Kit and coagulated with 1%
agarose. The quality of DNA was detected by gel electro-
phoresis and a NanoDrop 2000C spectrophotometer, and
the samples were placed in a — 20 °C refrigerator for later
use.

Data measurement

Using a Lovibond-RT200 surface colorimeter to measure
the inner shell color of purple and white experimental
mussels, and according to the uniform color space deter-
mined by the International Commission on Illumina-
tion (CIE), L* represents the brightness. L*>0 indicated
that the color was bright, L*<0, darker color; a*>0, red-
der color, a*<0, greener color; b*>0, yellowish color, and
b*<0, bluer color [48]. The anterior, middle, and posterior
margins of the right shell of 140 mussels were measured,
and the difference in the color parameter was calculated
as follows: dE=(L’+a?+b?% L=Lx-L0, a=ax-a0,
b=>5x-b0. Lx, ax, and bx are the color parameter values of
different shells. L0, a0, and b0 are the color parameters of
standard white inner shell mussels and ML, Ma, Mb, and
MJE represent the average value of L, a, b, and dE.

Screening of SNP loci in the HcPKC gene of H. cumingii

The HcPKC gene was compared with the PKC gene in
the genome of the H. cumingii to determine the exon
and intron regions. Primers specific to exonic regions
were designed (Table 6). The DNA samples of 10 white
mussels and 10 purple mussels were selected randomly
for sequence amplification, and the amplified products
were sent to MAP BIOTECH (Shanghai) for sequencing.
Sequence 5.4.6 was used to obtain the SNP site from the
compared sequencing results.

Data analysis

Genetic parameters such as observed heterozygosity,
expected heterozygosity, and polymorphism content
were analyzed using Popgene software [49]. The chi-
square test was performed using SPSS software to analyze
the correlation between the genotypes of different SNPs
in the HcPKC gene fragment and the inner shell color
of the mussels [50]. Analysis of linkage disequilibrium
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and haplotype construction with SHEsis online software
(http://analysis.bio-x.cn/) [51, 52].

Statistical analysis

Data are shown as the mean+SD and was analysed
using SPSS 17.0 software. Differences were recognized
as significant when p <0.05 and highly significant when
p<0.01.

Abbreviations
PKC: Protein kinase C; SNP: Single-nucleotide polymorphisms; H. cumingii:
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