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Hyriopsis cumingii is a major freshwater pearl mussel in the world. In order to
investigate the functional roles of the growth- and mineralization-related genes
involved in the pearl formation process after the inserting nucleus into the mantle
tissue of H. cumingii, we conducted a transcriptome analysis of data from different
time periods after the pearl-nucleus insertion. We screened a total of 1,898 growth-
related unigenes and 716 mineralization-related unigenes, including 12 growth-
related differential genes and eight mineralization-related differential genes that
showed sustained differential expression throughout the pearl formation. The results
of the gene expression patterns among samples at different time points showed that
the Mcon group and the M05d group clustered together, the M50d group and the
M90d group clustered together, while the M20d group clustered separately. The
overall density distribution of differential gene analysis at different periods after pearl-
nucleus insertion of H. cumingii, cluster analysis, differential gene analysis, differential
gene differential, and co-expression analysis together revealed that growth and
mineralization-related genes have the same expression pattern and jointly regulate
pearl formation. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment revealed that the same functional cluster and
pathway were together present on the enrichment results of both growth- and
mineralization-related genes, suggesting a synergistic effect between growth and
mineralization. We found that genes such as bone morphogenetic proteins (BMPs)
and calmodulin (CALM) are jointly involved in growth and mineralization processes.
The study indicate that growth genes cooperate with mineralization genes to play
biological roles in the early process of pearl formation in H. cumingii.
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1 Introduction

The formation of pearls is a result of the intricate
biomineralization process, and the artificial culture industry of
saltwater and freshwater pearls is now widespread worldwide,
with China accounting for more than 95% of the world’s
freshwater pearl production (Siddique et al., 2024). The
synergistic effect of the growth and mineralization of mantle is
very important in the cultivation of pearls, by affecting the size,
luster, and color of pearls (Blay et al., 2018; Le Luyer et al,, 2019),
but mechanisms are still unclear. Therefore, the research of the
mechanisms involved in the formation of pearls are very necessary.

In artificial pearl cultivation, small pieces of the mantle tissue
from donor mussels are inserted into the mantle of recipient
mussels together with the nucleus of the pearl. After that, the
mantle cells divide and proliferate quickly to form a pearl sac
composed of single-layer columnar cells, and the pearl sac secretes
bio-minerals continuously, thus forming a pearl (McDougall et al.,
2013; Mariom et al., 2019). When a foreign matter enters the mantle
cavity of the mussel, it will cause an immuno-inflammatory
reactions of the mussel, and the mussel’s own immune rejection
in the first week promotes the rapid division and proliferation of its
own mantle cells in order to wrap the foreign matter and wound
healing (Bai et al.,, 2016; Huang et al., 2019; Wu et al., 2022). The
fifth day is the critical period of the pre-existing mantle cell division
and formation. At 20 days, the complete structure of the pearl
capsule has been formed (McDougall et al., 2013), cell division
slows down, and the pearl capsule starts to secrete nacre with the
help of its deposition (Zhang et al., 2018). At 50 days, the pearl layer
starts to be deposited stably. At 90 days, the complete pearl layer has
been formed on the surface of the pearl nucleus (Wang et al., 2022).
Therefore, days 5, 20, 50, and 90 were selected for this study.

Some of the genes and signaling pathways related to growth and
mineralization have been identified in marine pearl mussels in
previous studies. The structural domain of epidermal growth factor
(EGF), a shell matrix proteins (SMPs) key structural domain that
affects the biomineralization of pearl mussels, has been identified in
Crassostrea gigas (Shimizu et al., 2022). Meanwhile, it has been shown
that both insulin-like growth factor IGF1 and its binding proteins,
IGFBP1/5, are able to promote growth of the mantle and shell
formation in C. gigas (Gricourt et al., 2003). Growth factor IGFs
are involved in key regulatory mechanisms of the biomineralization
in Pinctada martensii (Zheng et al., 2023). Bone-forming proteins
(BMPs) were found in marine shellfish to regulate their
biomineralization, as found in P. martensii and C. gigas (Du et al,
2017). Growth critical pathways such as NF-xB signaling pathway
and Notch signaling pathway, which are found in vertebrates, have
also been found to regulate biomineralization in marine shellfish
(Aufret et al., 2020; Shuai et al., 2023). Shell matrix proteins (SMPs)
play an important role in their biomineralization process (Jin et al.,
2019). In the freshwater mussel Hyriopsis cumingii, 26 matrix
proteins have been identified (Bai et al., 2021). It was found that
many important matrix protein genes involved in pearl formation
related to biomineralization, such as hic31 (Liu et al., 2015), which is
involved in the formation of prismatic layer, and hic24 (Liu et al.,
2019), which is involved in the formation of the nacreous layer, are
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expressed at high levels during the period of rapid division of
epithelial cells prior to the formation of the pearl capsule. In
addition, silkmaxin, a matrix protein gene involved in pearl layer
formation, was also highly expressed in the mantle during the first 8-
15 days after nuclear insertion (Jin et al., 2019). However, molecular
studies related to growth and mineralization of marine and
freshwater shellfish are both still very limited, and a large number
of molecular mechanisms have yet to be discovered.

Hyriopsis cumingii is an important freshwater pearl mussel,
which is widely cultured due to the excellent quality of the pearls
that it produces. In addition, its pearls account for 80% of the
world’s total freshwater pearl production value (Siddique et al,
2024), which is of great research value. In this study, H. cumingii
was used as a research object to screen and analyze the role of genes
related to growth and mineralization during the pearl formation
through the transcriptome data constructed after the pearl-nucleus
insertion of the mantle. It is expected that this study can enrich the
biological theory of pearl formation and provide information for
promoting the sustainable development and technological
innovation of pearl culture.

2 Materials and methods

2.1 Experimental animals and
sample collection

A total of 250 H. cumingii (2-year-old: length, 1242 cm; width,
7+1 cm; height, 2.5+0.8 cm; weight, 225.23+30.77 g) of uniform size
were selected (purchased from Weimin Pearl Farm, Jinhua City,
Zhejiang Province, China), 50 mussels in the control group
(without pearl-nucleus insertion) and 200 mussels in the
experimental group. In the experimental group, pearl-nucleus
insertion was carried out in the posterior part of the mantle of H.
cumingii using a pearl-nucleus and a small piece of mantle tissue
from the donor mussel (2 mm x 2 mm) (Jin et al., 2019). After the
nucleation surgery, the mussels were temporarily housed in the 120-
L circulating water aquarium in the laboratory at a temperature of
26°C, dissolved oxygen of 7-8 mg/L, pH 7.8, and normal light, and
chlorella was fed twice a day. All experimental animals were
cultured under the same conditions (Jin et al., 2019).

Tissue samples of control group and experimental group were
obtained from the site of the pearl-nucleus insertion of the mantle
in H. cumingii at days 5, 20, 50, and 90, and preserved in liquid
nitrogen for subsequent experiments.

2.2 Transcriptome sequencing

The total RNA of the mantle tissue samples was extracted according
to the optimized Trizol reagent RNA extraction process (Rio et al,
2010). The degradation and contamination of the extracted RNA was
determined by gel electrophoresis. The concentration and purity of
RNA were measured by a spectrophotometer (NanoDropND-2000);
the samples with OD values (260/280) of 1.8-2.0 and OD (260/230)
over 2.0 were considered to be qualified. The integrity of RNA was
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measured by Agilent Bioanalyzer 2100. After the samples were qualified,
the RNA was mixed in equal amounts and used for transcriptome
sequencing, which was carried out by Hangzhou Lianchuan
Biotechnology Co., Ltd.

The total RNA was extracted from the mantle samples with
different times mentioned above after pearl-nucleus insertion, the
quality of the samples was checked by the above methods, and the
transcriptome data were constructed by sequencing using Illumina
HiSeq 2000.

2.3 Data mining and processing methods

The transcriptome data were evaluated for quality, and then data
were assembled. The Unigene sequences obtained after filtering out
the low-quality data splicing were compared with the databases such
as Nr, Nt, Pfam, KOG/COG, Swiss-Prot, KEGG, and GO and
annotated with the gene functions to get the target database that we
wanted. Then, the bioinformatics correlation analysis was carried out.

In this paper, transcriptome sequenced data were used as
reference library, unigenes associated with growth and
mineralization were screened according to their annotation
contents, and transcriptomic analysis was performed on the
growth and mineralization related data.

We used the data analysis and visualization bioinformatics
cloud platform (https://www.bioinformatics.com.cn) to plot the
scatterplot of differential gene expression density distribution
(Tang et al, 2023) and used the pheatmap package in R version
4.1.1 (https://www.r-project.org/) to perform heatmapping of
growth, and mineralization-related gene expression data were
heatmapped and the clustering of samples in the heatmap was
observed. Differential gene analysis was performed after
normalizing the data using the edgeR package (Robinson et al.,
2010), setting the false discovery rate FDR < 0.05, log,FoldChange
>1.5 or <-1.5 as differential genes. The obtained differential data
were subjected to GO and KEGG enrichment analysis using the
clusterProfiler package (Yu et al., 2012; Wu et al.,, 2021) and using
the bioinformatics cloud platform for visualization. Differential and
co-expression visualization of differential genes of different
comparative groups was performed using TBtools (v2.085) (Chen
et al.,, 2023) to analyze the shared and unique genes.

2.4 qRT-PCR of growth- and
mineralization-related partial genes

To verify the reliability of the differential gene analysis results, we
verified seven differential genes related to growth and mineralization.
The genes are insulin-like growth factor 1 (IGF1), insulin-like growth
factor 2 binding protein (IGF2BP), bone morphogenetic protein and
activin membrane-bound inhibitor (BAMBI), bone morphogenetic
protein 2/4 (BMP2_4), bone morphogenetic protein 5 (BMP5), bone
morphogenetic protein 9/10 (BMP9_10), bone morphogenetic protein
receptor type-2 (BMPR2), calmodulin (CALM), and calcium/
calmodulin-dependent protein kinase II (CAMK2). We used Primer
5 to design specific primers for these genes (Table 1), in which EF1oc
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was the internal reference (Livak and Schmittgen, 2001; Schmittgen
and Livak, 2008). The amplification was performed in triplicate on a
Bio-Rad CFX96 (Bio-Rad, Hercules, CA, USA) using TB Green ®
Premix Ex Taq ™ (TaKaRa, Tokyo, Japan). Cycling parameters were
95°C for 5 min, then 36 cycles of 95°C for 5 s and 57°C for 20 s.
There were three biological replicates for each sample.

274CT yalue, and data were

Quantitative data were calculated by
shown mean + se. IBM SPSS Statistics 27 was used for single-factor
ANOVA analysis. The between-group comparisons were analyzed
using Duncan’s multiple comparisons, and p <0.05 was considered
statistically significant. GraphPad Prism 8 was used for

histogram plotting.

3 Results and analysis

3.1 Screening and analysis of growth and
mineralization transcriptome data after
pearl-nucleus insertion

The transcriptome data of the mantle of H. cumingii was filtered
and spliced to obtain 257,457 Unigenes, and a total of 223,345
Unigenes were annotated by comparing with the databases of Nr,

TABLE 1 Primers of partial genes associated with growth
and mineralization.

Primer Primer sequences (5'-3’) Usage
name
EFlo-F AGGGTCCTTCAAGTATGCC

Internal
EF1a-R CCAGTTTCCACTCTGCCTA reference gene
IGFI-RT-F AGAGTTACTGTGCCTTGCC

qRT-PCR
IGFI-RT-R ACTTTGTGCTTCCCATCC
IGF2BP-RT-F GGCACAATGGAAGGCTCAG

qRT-PCR
IGF2BP-RT-R CCGACTGGCTGGCATAGAA
BAMBI-RT-F CGCAAATGGACCAGAGGAAA

qRT-PCR
BAMBI-RT-R GCAATTGGAACCGCAATCACA
BMP2_4-RT-F GCGGATCATCACAACACAACAA

qRT-PCR
BMP2_4-RT-R  ACCGACAACCACACCCTTCA
BMP5-RT-F ACGCCGACGTCATTAGGAGTT

qRT-PCR
BMP5-RT-R TGTTGGCCGTGTTAGTGGATC
BMP9_10-RT-F  GAGCGAGATCGGAACACTTA

qRT-PCR
BMP9_10-RT-R  TATTTATCCAGCGACGCACA
BMPR2-RT-F GTTTGAATCCCCACCCTCTGT

qRT-PCR
BMPR2-RT-R TAGCAACCCCAACTTCCACTG
CALM-RT-F CTTGACAAAGAGCATGCCCAC

qRT-PCR
CALM-RT-R TCACTCCTTCATCGCAAACACA
CAMK2-RT-F TAGCAAAGCGAAAGGAGCAGC

qRT-PCR
CAMK2-RT-R GGGATAACCCACCAGAAGGATG
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Nt, Pfam, Swissprot, KO, GO, and KOG. We constructed a database
of 1,898 growth-related Unigenes and 716 mineralization-related
Unigenes based on the annotation information, pathway
information, and keywords related to growth (including growth,
cell division, and cell proliferation) and mineralization (including
bone, bone morphogenetic protein, and mineralization).

The results of Unigenes expression visualization of the above
databases (Figure 1A) showed that the expression of growth- and
mineralization-related genes was concentrated within 2,000, some
genes had more than 2,000 expressions, and there were some
differences in the expression of the samples in different periods,
which showed dynamic changes. In addition, differential gene
expression analysis of growth- and mineralization-related genes
showed similar trends in overall density. After pearl-nucleus
insertion, the highly expressed genes in the other groups
increased significantly compared with the control group.

3.2 Clustering analysis of genes related to
mantle growth and mineralization during
pearl formation

As shown in Figure 1B, Mcon group and M5d group clustered
together, M50d group and M90d group clustered together, and
M20d group clustered separately for genes related to growth and
mineralization of the mantle, indicating that the expression patterns
of genes related to mantle growth and mineralization were the same
during the same time period. Differential expression analysis of
mantle growth and mineralization gene groups during pearl
formation was performed.

Differential expression analysis of growth and mineralization gene
groups of the mantle after pearl-nucleus insertion for different
experimental days in H. cumingii is shown in Figure 1C. The
number trend of differential genes screened in the mantle growth
and mineralization gene groups was of similarity. The M05d/Mcon
group was screened for the lowest number of differential genes, and
the ratio of up- and downregulation of growth and mineralization
genes was close to 1:1. The M20d/M05d group had the most
differential genes and had more downregulated than upregulated
genes. Among growth-related genes, 148 differential genes were
found in the M05d/Mcon comparison group. Compared with the
Mcon group, 78 genes were upregulated and 70 genes were
downregulated in the MO05d group. There were 265 differential
genes in the M20d/M05d comparison group. Compared with M05d,
107 genes were upregulated and 158 genes were downregulated in the
M20d group. There were 207 differential genes in the M50d/M20d
comparison group. Compared with M20d, 125 genes were
upregulated and 82 genes were downregulated in the M50d group.
There were 190 differential genes in the M90d/M50d comparison
group. Compared with M50d, 92 genes were upregulated and 98 genes
were downregulated in M90d. Among mineralization-related genes,
87 differential genes were found in the M05d/Mcon comparison
group. Compared with the Mcon group, 46 genes were upregulated
and 41 genes were downregulated in the M05d group. A total of 162
differential genes were found in the M20d/M05d comparison group.
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Compared with M05d, 78 genes were upregulated and 84 genes were
downregulated in M20d. There were 132 differential genes in the
M50d/M20d comparison group. Compared with M20d, 81 genes were
upregulated and 51 genes were downregulated in the M50d group.
There were 126 differential genes in the M90d/M50d comparison
group. Compared with M50d, 57 genes were upregulated and 69 genes
were downregulated in M90d group.

3.3 Differential gene GO enrichment
analysis of mantle growth and
mineralization genes during

pearl formation

The GO enrichment results of the comparison groups at different
time periods after nucleus insertion (Figure 2) indicate that the
biological processes (including cell division, serine family amino
acid metabolic process, cell motility, growth cell proliferation, and
chromosome segregation), the cellular component (including motile
cilium), and the molecular function (including growth factor activity)
remained highly enriched in growth-related genes throughout the
pearl formation process. The biological processes (including calcium
ion transport and ossification), the cellular component (including
proteinaceous extracellular matrix), and the molecular function
(including motor activity) remained highly enriched in
mineralization-related genes throughout the pearl formation
process. Interestingly, we found the presence of growth-related GO
terms among the GO terms enriched in mineralization-related
differential genes at different times after pearl-nucleus insertion,
suggesting their involvement in the biomineralization and growth
processes (the detailed enrichment GO term is shown in
Supplementary Table S1).

3.4 KEGG enrichment analysis of
differential genes during pearl formation

As shown in Figure 3, growth- and mineralization-related genes
showed a dynamic trend in pathway enrichment in the different days
comparison groups, and there were a significant number of pathways
that continued to be highly enriched throughout the pearl formation,
including Ubiquitin-mediated proteolysis, NF-kappa B signaling
pathway, PI3K-Akt signaling pathway, MAPK signaling pathway,
apoptosis, oocyte meiosis, cell cycle, NOD-like receptor signaling
pathway, neurotrophin signaling pathway, calcium signaling
pathway, phosphatidylinositol signaling system, gastric acid secretion,
and circadian entrainment. (The detailed pathway information is
shown in the Supplementary Table S2). The information of these
pathways was further categorized into five groups, namely, Genetic
Information Processing, Environmental Information Processing,
Cellular Processes, and Organismal Systems and Metabolism. The
number of genes annotated in the apoptosis pathway was the highest
among the growth-related genes, and the number of genes annotated in
the calcium signaling pathway was the highest among the
mineralization-related genes.
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FIGURE 1

(A) Trend analysis of differential gene expression density distribution. (left) growth-related genes, (right) mineralization-related genes; horizontal
coordinates are samples of different days, Mcon group (control group), MO5d group (day 5 after pearl-nucleus insertion), M20 d group (day 20 after
pearl-nucleus insertion), M50d group (day 50 after pearl-nucleus insertion), and M90d group (day 90 after pearl-nucleus insertion). (B) Clustering
analysis of mantle growth and mineralization-related genes. (left) clustering heatmap of growth-related genes, (right) clustering heatmap of
mineralization-related genes. Red color represents highly expressed genes, and blue color represents lowly expressed genes. (C) Differential gene
expression analysis of mantle growth and mineralization during pearl formation. The horizontal coordinate is the number of differential genes;

orange is upregulated genes, and blue is downregulated genes.
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FIGURE 2

Differential gene GO enrichment analysis of growth and mineralization genes during pearl formation. Horizontal coordinate is the ratio of enriched
genes; the vertical coordinate is the enriched GO term; from green to red represents the p-adjust value from large to small, i.e., —~log;o(p-adjust
value) from small to large; the triangular, circular, and square dots in the figure represent BP, CC, and MF, respectively; and the size of dots
represents the number of enriched genes. (A) Growth-related genes of the MO5d group compared to the Mcon group, (B) growth-related genes of
the M20d group compared to the M05d group, (C) growth-related genes of the M50d group compared to the M20d group, (D) growth-related
genes of the M90d group compared to the M50d group; (E) mineralization-related genes of the M05d group compared to the Mcon group; (F)
mineralization-related genes of the M20d group compared to the MO5d group; (G) mineralization-related genes of the M50d group compared to
the M20d group; (H) mineralization-related genes of the M90d group compared to the M50d group. Au, autophagy; CB, calmodulin binding; CD,
cytokinesis; CIT, calcium transport; CITT, calcium transmembrane transport; CM, cell motility; CP, cell proliferation; CS, chromosome segregation;
DR, DNA orientation RNA polymerase activity; DRPA, RNA polymerase activity; EM, extracellular matrix; GFA, growth factor activity; Gr, growth; IR,
immune response; LBP, lipopolysaccharide biosynthesis process; MC, myosin complex; MoC, motile cilia; MeA, metalloendopeptidase activity; MoA,
motility activity; Os, ossification; PA, phosphotransferase activity, alcohol group as receptor; PEM, protein extracellular matrix; RB, receptor binding;
SEA, serine-type endopeptidase activity; SFAA, serine family amino acid metabolism; TC, troponin complex; TFB, transcription factor binding; TRPS,
transmembrane receptor protein serine/threonine kinase signaling pathway; AHCPT, ATP hydrolysis-coupled proton translocation; PTVA, proton
translocating V ATPase, VO structural domain; DC, dynamin complex; RF, replication fork; RHA, RNA helicase activity; PS, protein serine/threonine
kinase activity; HA, hydrolytic enzyme activity acting on acid anhydride; CEA, cysteine-type endopeptidase activity.
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FIGURE 3

KEGG enrichment analysis of mantle growth and mineralization differential genes during pearl formation. The horizontal coordinate is the number of
genes, the vertical coordinate is the pathway, and different colors represent the categories of pathways. (A) Growth-related genes of the MO5d
group compared with the Mcon group, (B) growth-related genes of the M20d group compared with the M05d group, (C) growth-related genes of
the M50d group compared with the M20d group, (D) growth-related genes of the M90d group compared with the M50d group; (E) mineralization-
related genes of the M05d group compared with the Mcon group, (F) mineralization-related genes of the M20d group compared with the M05d
group, (G) mineralization-related genes of the M50d group compared with the M20d group, (H) mineralization-related genes of the M90d group

compared with the M50d group.

3.5 Analysis of co-expression patterns of
differential genes in different groups during

pearl formation

The differential genes in four groups were analyzed for
differential and co-expression (Figure 4A). Comparison with the
process of pearl-nucleus insertion revealed that among the growth-
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FIGURE 4

(A) Expression pattern analysis of differentially differentiated genes for mantle growth and mineralization during pearl formation. (left) Venn diagram
of growth-related differential genes between samples with different days of mantle after insertion, (right) Venn diagram of mineralization-related
differential genes between samples with different days of mantle after insertion. (B) Relative expression levels of genes related to growth and

mineralization. Different letters indicate significant differences (p<0.05). (a

)-(i) respectively represent the relative expression level of IGF1, IGF2BP,

BAMBI, BMP2_4, BMP5, BMP9_10, BMPR2, CALM and CAMKZ2. The horizontal coordinate is the different time after nucleation

were 23 independent differential genes in the M05d/Mcon
comparison group. There were 52 independent differential genes
in the M20d/M05d comparison group, and it is still the largest
number of unique differential genes. There were 27 independent
differential genes in the M50d/M20d comparison group and 39
independent differential genes in the M90d/M50d comparison
group. Among all the differential genes, the co-expressed
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differential genes were 12 growth-related genes and eight
mineralization-related genes, and the specific pathways are shown
in Supplementary Table S3.

Through co-expression analysis, we found that there were some
genes in the mantle during pearl formation that were related to both
growth and mineralization, and their names and pathway

information involved in them are listed in Table 2.
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3.6 Expression validation of mineralization-
and growth-related partial genes

Based on differential genes expression data, we used qRT-PCR
to verify nine differential genes associated with growth and
mineralization (Figure 4B). The results showed that the
expression of nine genes in different periods of nucleation in the
mantle was consistent with differential gene data analysis. Among
all the genes validated, the relative expression level of the 20d
showed the most significant difference compared to the other
groups. The relative expression levels of different genes showed
dynamic changes at different intercalation periods.

4 Discussion

Pearl formation involves a series of complex biological processes,
among which the functions played by growth- and mineralization-
related genes are crucial. In this study, we investigated the roles of
growth- and mineralization-related genes in different developmental
stages of H. cumingii after pearl-nucleus insertion. Among them, Wang
et al. have completed the observation experiments on HE sections of
the pearl sac at different periods of nucleus insertion (Wang et al,
2022). It is consistent with the analysis results in this article, providing
us with a more comprehensive and in-depth understanding.

The results of differential gene analysis density distribution showed
the similarity of the overall distribution of growth- and mineralization-
related differential genes. The results of clustering heat map analysis
showed that the growth- and mineralization-related genes both
clustered together in the M5d group and Mcon group after insertion
of nuclei, the M50d group and the M90d group after insertion of nuclei,
and the M20d group clustered alone after insertion of nuclei. During
the first 2 weeks of pearl sac formation epithelial cells proliferate and
differentiate rapidly, with elevated levels of expression of growth-related
genes such as epidermal growth factor, and high expression of
mineralization-associated matrix protein genes such as Nacrein and
Pif during this time (Mariom et al,, 2019). In this study, the results of
differential gene analysis showed that the number of growth- and
mineralization-related differential genes also had a consistent trend in
different periods after pearl-nucleus insertion. In addition, the
differential expression of growth- and mineralization-related genes at
the 20th day after nucleation insertion was the largest among these five
different time points of nuclei insertion, suggesting that the 20th day
after nuclei insertion is a critical period for pearl formation. Studies
have shown that in the pre-nucleation period, the mantle shows
immune rejection and rapid cell proliferation, and after 20 days, the
mantle cells form a pearl sac and begin to secrete nacre for
biomineralization (Li et al, 2022; Wang et al, 2022; Shen et al,
2023). The number of differential genes in the growth and
mineralization of the M50d group compared with the M20d group
was less compared to the M20d group compared with the M5d group,
but the numbers of their upregulated genes were all increasing and
were the most numerous among the four comparative groups. Previous
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TABLE 2 Differential genes associated with both growth and
mineralization after nucleation.

Gene Name Full Name Pathway
Calcium signaling pathway;
cAMP signaling pathway;
Phospholipase D signaling
pathway;
ADCY1 adenylate cyclase 1 Growth hormone synthesis,
secretion and action;
Longevity regulating pathway;
Insulin secretion;
Rapl1 signaling pathway.
BMP and activin TGF-beta signaling pathway;
BAMBI membrane- Wnat signaling pathway.
bound inhibitor
TGF-beta signaling pathway;
Cytokine-cytokine receptor
interaction;
BMP2 4 bone lmorphogenettc Hlppg signaling pathway; '
protein 2/4 Signaling pathways regulating
pluripotency of stem cells;
Fluid shear stress
and atherosclerosis.
TGF-beta signaling pathway;
BMPS bone lmorphogenetlc ‘Cytokm'e—cytokme receptor
protein 5 interaction;
Hippo signaling pathway.
BMP9_ 10 bone @orphogenetzc Cytokme'—cytoklr']e
protein 9/10 receptor interaction.
TGF-beta signaling pathway;
Cytokine-cytoki t
bone morphogenetic . yto 1n'e cytokine receptor
. interaction;
BMPR2 protein receptor . . .
tpe-2 Hippo signaling pathway;
P Signaling pathways regulating
pluripotency of stem cells.
Ras signaling pathway;
Rapl signaling pathway;
Calci ignali thway;
CALM calmodulin 3 clufil signating patinway
cAMP signaling pathway;
Long-term potentiation;
Insulin signaling pathway.
Calci ignali thway;
calcium/calmodulin- N c1umA 51gn-a 11§ pattiay;
. cAMP signaling pathway;
dependent protein o
CAMK2 . Wnat signaling pathway;
kinase (CaM ErbB signaling pathwa
way;
kinase) 11 X g g P Y
Insulin secretion.
MAPK signaling pathway;
Ras signaling pathway;
CDC42 cell dllwszon control Rapl mgnal{ng pathway;
protein 42 Focal adhesion;
Adherens junction;
Tight junction.
CcYcC cytochrome ¢
Longevity regulating pathway—
E4.6.1.1 adenylate cyclase multiple species;
Metabolic pathways.
extracellular signal-
ERK1_2

regulated kinase 1/2

(Continued)
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TABLE 2 Continued

Gene Name Full Name Pathway
growth Cytokine-cytokine
GDFS8_11 differentiation factor receptor interaction.
8/11
MAPK signaling pathway;
ErbB signaling pathway;
growth factor Ras signaling pathway;
GRB2 receptor-binding Phospholipase D signaling
protein 2 pathway;
PI3K-Akt signaling pathway;
Osteoclast differentiation.
PI3K-Akt signaling pathway;
ECM-receptor interaction;
LAMAI_2 laminin, alpha 1/2
- aminin, alpha 1/ Focal adhesion;
Cytoskeleton in muscle cells.
Tight junction;
Regulation of actin
MYH myosin heavy chain cytoskeleton;
Motor proteins;
Cytoskeleton in muscle cells.
MYO1I8 myosin XVIII Motor proteins.
Cell cycle;
protein phosphatase PI3K-Akt signaling pathway;
PPP2C 2 (formerly 24), TGF-beta signaling pathway;
catalytic subunit Hippo signaling pathway;
Tight junction.
Cell cycle;
protein phosphatase PI3K-Akt signaling pathway;
PPP2RI1 2 (formerly 2A), TGF-beta signaling pathway;
regulatory subunit A | Hippo signaling pathway;
Tight junction.
phosphatidylinositol- | Inositol phosphate metabolism;
3,4,5-trisphosphate 3- = mTOR signaling pathway;
phosphatase and PI3K-Akt signaling pathway;
PTEN s .
dual-specificity Focal adhesion.
protein
phosphatase PTEN
MAPK signaling pathway;
Ras signali thway;
Ras-related C3 RZS flfn:,:i pa at:a};
i way;
RAC2 botulinum toxin Pl ol i 7

Wnt signaling pathway;
Focal adhesion;
Adherens junction.

substrate 2

studies have shown that the inflammatory response in pearl sac
formation is reduced in this period, cellular stress is weakened, and
cellular proliferative capacity and biomineralization are stabilized (Li
et al,, 2022). The results of the above analysis revealed the similarity in
the expression patterns of growth- and mineralization-related genes,
providing evidence for their synergistic regulation of pearl formation.

The GO and KEGG enrichment analyses were further performed,
and the results showed that numerous biological functions and
biological pathways were significantly enriched at all stages after
the pearl-nucleus insertion in the mantle, indicating the biological
complexity of the pearl formation process. Among them, cell division,
growth, cell proliferation, and chromosome segregation were highly
enriched in growth-related differential genes; proteinaceous
extracellular matrix and calcium ion transport were highly enriched
in mineralization-related differential genes. In addition, we found that
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some of the growth-related GO terms were also present in the GO
enrichment of mineralization-related genes. These results indicate
that growth- and mineralization-related genes play important roles in
the pearl formation process of H. cumingii and further confirm that
growth- and mineralization-related genes synergistically regulate the
pearl formation. MAPK signaling pathway, PI3K-Akt signaling
pathway, NF-kappa B signaling pathway, cell cycle, oocyte meiosis,
and apoptosis are widely enriched in growth-related genes. These
pathways are involved in cell division, proliferation, migration,
damage repair, and apoptosis (Chen et al, 2001; Cobrinik, 2005;
Yang et al., 2003; Engelman et al., 2016; Haccard and Jessus, 2006;
Oeckinghaus et al., 2011; Savitskaya and Onishchenko, 2015).
Calcium signaling pathway, terpenoid backbone biosynthesis,
ECM-receptor interaction, and other pathways are widely enriched
in mineralization-related genes and enriched in mineralization-
related genes, and these pathways are involved in biological
functions such as storage of calcium ion, calcium ions stimulate
contraction, and synthesis of different backbones and adhesion, and
are involved in cell-cell interactions, formation of extracellular
matrix, calcium-associated proteins, and skeleton (Berridge et al.,
2003; Bosman and Stamenkovic, 2003; Martin, 2003). In higher
organisms, MAPK and PI3K-Akt signaling pathways promote cell
proliferation and apoptosis (Ornitz and Itoh, 2015; Zhao et al., 2021),
in addition to bone formation, which is associated with
biomineralization (Sun et al, 2020; Nagai et al., 2023). Previous
studies have found that the NF-kB signaling pathway was found to be
able to influence the formation and deposition of CaCOj; in Pinctada
fucata through the regulation of matrix proteins such as Nacrein,
which is involved in the regeneration of shells (Shuai et al., 2023) and
in the formation of pearls (Sun et al., 2015). The MAPK pathway and
PI3K/AKT pathway are activated by insulin-like peptides in P. fucata
martensii to regulate the cell cycle and cell activity (Zhang and He,
2020). In H. cumingii, IGFs have been found to be involved in the
PI3K/AKT pathway to regulate the downstream gene Cyclin D2,
which is involved in the growth of the mantle cells (Feng et al., 2022;
Li et al,, 2022). Meanwhile, this study found that MAPK and PI3K-
Akt signaling pathways were both enriched in growth and
mineralization, suggesting that they play important roles in the
post-nucleation growth and mineralization of the mussel.
Differential and co-expression analyses of differential genes showed
that both growth- and mineralization-related genes had the highest
number of unique differential genes at 20 days after insertion of
nuclei, which play a key role in co-regulating pearl formation. The
above analyses indicated that growth- and mineralization-related
genes acted synergistically in regulating pearl formation.

5 Conclusion

In conclusion, we investigated the expression patterns of growth
and mineralization genes and their biological functions in different
periods after the pearl-nucleus insertion in the mantle tissue of H.
cumingii by transcriptome analysis, and the overall density
distribution of differential gene expression analysis, clustering
analysis, differential gene analysis, and differential gene
differential and co-expression analysis.
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Our study reveals the key role and importance of synergistic
regulation of genes related to growth and mineralization in pearl
formation and further provides more biological basis for the
development of artificial pearl cultivation and breeding.
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