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Abstract

In this study, we applied comparative transcriptomics and proteomics techniques to systematically investigate
the dynamic expression patterns of genes and proteins at various stages of early embryonic development of
the gastropod Neptunea arthritica cumingii. Twelve cyclin-dependent kinase (CDKs) genes and five downstream
proteins associated with these CDKs were identified. Through techniques such as qRT-PCR, our data elucidate for
the first time the regulatory functions of CDK family genes and establish CDKs as a pivotal gene cluster in the
early embryonic development of N. cumingii. These findings not only enhance the understanding of molecular
developmental biology in N. cumingii and marine gastropods in general but also provide significant insights

into the mechanisms involved in early embryonic development in N. cumingii. Furthermore, our results provide
theoretical guidance for advancing artificial breeding technology for N. cumingii.
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Background

The gastropod Neptunea arthritica cumingii thrives in
temperate seawaters and is primarily found in the Yellow
and Bohai Seas of China and in the seas around Korea
and Japan. Currently, commercially available N. cumin-
gii are predominantly harvested from natural sources,
but due to both human activities and natural factors,
natural resources of this snail have been declining dras-
tically. According to the Dalian Statistical Yearbook, the
annual yield of N. cumingii has been only about 6000 tons
in recent years, with a market price reaching as high as
¥200 per kilogram [1]. Because of the decreasing produc-
tion and sustained price increase, market demands are
not being met. Therefore, it is imperative to promptly
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advance artificial breeding technology for N. cumingii to
increase its production.

Several studies have indicated that the embryonic
development of N. cumingii is unique. In general, most
gastropods undergo indirect development, transforming
into veliger larvae and subsequently metamorphosing
into juveniles [2]. However, N. cumingii exhibits direct
development, which is characterized by internal fertil-
ization, external hatching, and direct transformation
into juveniles without metamorphosis [3]. The embry-
onic development period of N. cumingii is relatively pro-
longed, taking approximately 80 days from fertilized egg
to juvenile.

During artificial breeding of N. cumingii in the labo-
ratory, researchers have observed frequent stagnation
of embryonic development. Stagnation often leads to
embryo decay and prevents normal hatching, which sig-
nificantly reduces hatching rates and affects seedling
production. Therefore, a comprehensive analysis and
clarification of the genetic and regulatory mechanisms
underlying N. cumingii embryonic development are
needed. Identifying the key genes or gene clusters that
influence N. cumingii embryonic development is essen-
tial for developing effective artificial breeding techniques
and establishing large-scale N. cumingii aquaculture.
However, research focused on identifying the molecular
dynamics of N. cumingii embryonic development and
potential molecular markers for breeding has not yet
been undertaken.

Transcriptomics is a scientific discipline dedicated to
the comprehensive study of the occurrence and relative
abundance of diverse RNA transcripts [4, 5]. Due to its
well-established detection ability and relatively affordable
sequencing costs, it has become the prevailing approach
for investigating gene expression regulation in current
scientific practice [6]. Proteins are crucial biomolecules
that are fundamental to life processes, and proteomics
has emerged as a scientific discipline dedicated to the
comprehensive analysis of protein composition changes,
expression levels, and protein interactions and intercon-
nections at a holistic level [7].

In recent years, transcriptomic and proteomic stud-
ies focused on marine gastropod embryo development
have been published. For instance, Heyland et al. [8] uti-
lized transcriptomic techniques to assess gene expres-
sion patterns, larval stages, and metamorphosis in the
sea hare Aplysia californica during embryonic develop-
ment. Lambert et al. [9] studied the transcriptome of the
embryonic development phase of the mud snail llyanassa
obsoleta and described the gene expression patterns cru-
cial for organ formation in this species. In another study,
Franchini et al. [10] used Illumina high-throughput
sequencing technology to sequence the transcriptome
of the South African abalone Haliotis midae. Their study
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yielded the most comprehensive transcriptomic data for
this species, which provided essential insights for popula-
tion and functional genomics research within the abalone
genus. Song et al. [11] performed de novo sequencing
of the early developmental stages of the whelk Rapana
venosa using Hi-seq 2500 technology and acquired essen-
tial transcriptomic data vital for understanding the early
developmental processes of this species. In a study of
the protein expression profiles during embryonic devel-
opment of the marine gastropod Pomacea canaliculata,
Sun et al. [12] identified of a series of candidate protein
markers intricately involved in diverse physiological pro-
cesses crucial for embryonic development. Using inten-
sity-based absolute quantification to conduct proteomic
analysis of tissues related to shell formation in the limpet
Lottia gigantea, Manm and Edsinger [13] provided reli-
able data essential for subsequent research in cell biology,
genetics, materials science, and related fields. Martinez-
Fernindez et al. [14] performed a comparative proteomic
analysis on two ecological types of the same species of
periwinkle Littorina saxatilis. Using mass spectrom-
etry, they identified differentially expressed proteins
associated with energy metabolism in diverse ecological
environments. However, transcriptomic and proteomic
studies of N. cumingii have not been reported to date.

To identify the molecular mechanisms underlying the
embryonic development of N. cumingii and potential
molecular markers for breeding, we applied comparative
transcriptomic and proteomic techniques. We meticu-
lously analyzed and compared differential expression
of genes and proteins during key early developmental
stages of N. cumingii to pinpoint candidate genes and
proteins intricately linked to its embryonic development.
This study will significantly enhance the understanding
of molecular developmental biology in N. cumingii and
marine mollusks and provide invaluable insights into
the early embryonic development mechanisms of this
species. Moreover, these findings serve as a theoretical
groundwork to guide advancements in artificial breeding
techniques of marine gastropods.

Results
Transcriptome sequencing and quantitation of protein
Twelve RNA sequencing (RNA-seq) libraries (three of
each developmental stage), were constructed and then
sequenced. Approximately 21.26—23.46 million raw reads
were obtained, and about 19.70-21.66 million clean
reads were obtained from each sample after trimming.
The Q20 of clean reads range was 96.55-97.47%, and the
Q30 range was 92.22-93.74%. The GC content range of
the samples was 42.50-48.25%.

Clean reads from N. cumingii. were assembled using
Trinity (v2.6.6) software to generate reference sequences
for subsequent analyses. The default setting for
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min_kmer_cov was set to 3. Evaluation of completeness
using BUSCO revealed that 87.5% of the unigenes were
single-copy genes, while 9.7% were duplicated genes. A
total of 314,734 transcripts were obtained, with an aver-
age length of 1,057 bp. The N50 and N90 lengths aver-
aged 1,528 bp and 448 bp, respectively. Around 157,119
unigenes were also generated, with an average length of
949 bp and an N50 length of 1,283 bp. Following BLAST
annotation, 100% of the unigenes were annotated across
seven databases, respectively KEGG (https://www.geno
me.jp/kegg/), GO (http://geneontology.org/), NR (https:/
/www.ncbi.nlm.nih.gov/refseq/), NT (https://www.ncbi.n
Im.nih.gov/nuccore/), SwissProt (https://www.uniprot.o
rg/), Pfam (http://pfam.xfam.org/), KOG (http://ekg.ver
sailles.inra.fr/cgi-bin/index.cgi). A total of 65,904 unige-
nes were annotated in at least one database, and 3,968
unigenes could be annotated in all databases. Pearson’s
correlation coefficients for the expected number of frag-
ments per kilobase of transcript sequence per millions
base pairs sequenced (FPKM) distributed among the
three biological replicates of each treatment ranged from
0.735 to 0.753 (LS), 0.595 to 0.699 (PK), 0.625 to 0.781
(FD), 0.633 to 0.705 (ZL) indicating the reproducibility of
our RNA-seq data (Fig. 1A).

Twelve treatment samples were selected for protein
quantification, each labeled as follows: LS (pLS1, pLS2,
pLS3), shell formation stage PK (pPK1, pPK2, pPK3),
shell development stage FD (pFD1, pFD2, pFD3), and
veliger stage ZL (pZL1, pZL2, pZL3). Mass spectrometry
analysis was performed on the twelve protein samples,
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utilizing a foundation of 371,406 identified spectra.
Among these, quantitative analysis was conducted on
4,011 proteins, revealing the presence of 48,502 distinct
peptide segments.

Subsequent to protein sequencing, principal compo-
nent analysis (PCA) was employed using the expression
levels of credible proteins (Fig. 1B). This analysis illus-
trated the relationships among the samples from differ-
ent dimensions. The repeatability within the four sets of
sequenced samples was good, while notable differences
were observed between samples. This data could be uti-
lized for subsequent data analysis.

Comparative transcriptomic and proteomic analysis of
early embryonic developmental stages
After pairwise comparison of the transcriptomic data
from four developmental stages (LS, PK, FD, ZL), a com-
prehensive analysis revealed the following results: in the
LS vs. PK comparison, 5549 DEGs (upregulated: 2841;
downregulated: 2708) were identified; in the LS vs. FD
comparison, 8824 DEGs (up: 3453; down: 5371) were
identified; in the LS vs. ZL comparison, 21,944 DEGs
(up: 10,562; down: 11,382) were identified; in the PK vs.
FD comparison, 7470 DEGs (up: 3593; down: 3877) were
identified; in the PK vs. ZL comparison, 14,063 DEGs
(up: 5810; down: 8253) were identified; and in the FD vs.
ZL comparison, 8929 DEGs (up: 4521; down: 4408) were
identified (Fig. 2A).

Comparison of the proteomic data from the four
developmental stages (LS, PK, FD, ZL) revealed that, as
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Fig. 1 Pearson correlation of RNA-seq. (A) and PCA score of all quantitated proteins (B)
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Fig.2 Analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs). (A) Volcano plot of DEGs. Red spots indicate upregu-
lated DEGs; green spots indicate downregulated DEGs. (B) Volcano plot of DEPs. Red spots indicate upregulated DEPs; green spots indicate downregu-

lated DEPs

embryonic development progressed, there was a consis-
tent downregulation trend in the proteome. In the LS vs.
PK comparison, 77 DEPs were identified (30 upregulated;
47 downregulated). In the LS vs. FD comparison, 482
DEPs were detected (127 up; 355 down), and in the LS
vs. ZL comparison 1652 DEPs (536 up; 1116 down) were
identified. In the PK vs. FD comparison, 132 DEPs were
identified (53 up; 79 down). In the PK vs. ZL comparison,
1298 DEPs (446 up; 852 down) were found, and in the FD
vs. ZL comparison, 690 DEPs (254 up; 436 down) were
identified (Fig. 2B).

GO enrichment analysis
GO enrichment analysis of all identified DEGs was per-
formed to assess gene functions in early embryos across
different developmental stages of N. cumingii, In the LS
vs. PK comparison, DEGs were predominantly enriched
in the nucleus (GO:0005654, GO:0005634) and were
involved in processes related to metabolic breakdown
(GO:0009056) (Fig. 3A). DEPs were primarily associated
with L-phenylalanine metabolic processes (GO:0006559)
and nucleic acid binding (GO:0003676) (Fig. 3B). Addi-
tionally, protein folding processes (GO:0006457)
and functional enrichments related to DNA binding
(GO:0003677) and RNA binding (GO:0003723) were
identified at both transcriptomic and proteomic levels.
The DEGs in the LS vs. FD comparison were primar-
ily enriched in the extracellular matrix (GO:0031012) and
participated in biosynthetic processes (GO:0009058) as
well as peptidase activity (GO:0008233) (Fig. 3C). The
identified DEPs were mainly associated with extracellu-
lar ligand-gated ion channel activity (GO:0005230) and

nucleic acid binding (GO:0003676) (Fig. 3D). Processes
related to lipid metabolism (GO:0006629) were enriched
at both transcriptomic and proteomic levels. Addition-
ally, functional enrichments such as hydrolase activity
(GO:0016798) were detected at both levels.

In the LS vs. ZL comparison, DEGs were enriched in
both the nucleus (GO:0043226, GO:0005694) and cyto-
plasm (GO:0005737, GO:0005783), participating in cel-
lular protein modification processes (GO:0006464),
chromosome segregation (GO:0007059), and activi-
ties related to helicase (GO:0004386) (Fig. 3E). DEPs
were mainly involved in cell matrix adhesion processes
(GO:0007160) and metal ion binding (GO:0046872)
(Fig. 3F). Processes related to DNA metabolism
(G0O:0006259) and functional enrichments such as rRNA
binding (GO:0019843) were detected at both transcrip-
tomic and proteomic levels.

The DEGs in the PK vs. FD comparison were partially
enriched in the endoplasmic reticulum (GO:0005783)
and partially in the cytoplasm (GO:0005829), and they
participate in the cell division process (GO:0051301) and
activities related to DNA-binding transcription factors
(GO:0003700) (Fig. 3G). At the protein level, the DEPs
were primarily involved in negative regulation processes
of biological activities (GO:0048519) and were associ-
ated with activities such as nucleoside-triphosphatase
(GO:0017111) (Fig. 3H). Functional enrichments related
to GTPase activity (GO:0003924) and kinase activity
(GO:0016301) were observed at both transcriptomic and
proteomic levels.

The differentially expressed genes in the PK wvs.
ZL comparison were predominantly enriched in the
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Fig. 3 GO analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) in LS, PK, FD, and ZL (BP: biological process, CC:
cellular component, MF: molecular function). The enriched GO terms of the DEGs (A, C, E, G, I, K). The enriched GO terms of the DEPs (B, D, F, H, J, L)

cytoplasm (GO:0005737, GO:0031012), participating in
processes related to substance transport (GO:0006810,
G0:0048856, GO:0055085), and activities associated
with transmembrane transport proteins (G0O:0022857)
(Fig. 3I). At the protein level, the identified differentially
expressed proteins were mainly involved in cell adhesion
processes (GO:0007160, GO:0007155), and these proteins
were associated with calcium ion binding (GO:0043169)
(Fig. 3]). Cell adhesion processes (GO:0007155) and lipid
metabolism processes (GO:0006629) were enriched at
both transcriptomic and proteomic levels. Additionally,
functional enrichments such as enzyme regulatory activ-
ity (GO:0030234) were detected at both transcriptomic
and proteomic levels.

In the FD vs. ZL comparison, DEGs were found
throughout the entire cell (GO:0043226) and were pre-
dominantly enriched in the chromosome (GO:0005694),
participating in processes related to chromosome orga-
nization (GO:0051276) and activities associated with
helicase (GO:0004386) (Fig. 3K). DEPs were primarily
engaged in peptide cross-linking processes (GO:0018149)

(Fig. 3L). Processes related to DNA metabolism
(GO:0006259) were enriched at both transcriptomic and
proteomic levels.

KEGG enrichment analysis

KEGG analysis revealed that in the LS vs. PK compari-
son, 1464 genes were enriched in 277 pathways. Among
these, the cell cycle pathway (ko04110) exhibited the
highest enrichment, followed by the progesterone-
mediated oocyte maturation pathway (ko04914) and
DNA replication pathway (ko03030). However, these
pathways did not exhibit enrichment at the protein
level (Fig. 4A). At the protein level, 35 DEPs were iden-
tified and were enriched in 18 pathways. Among these,
the lysosome pathway (map04142) displayed the highest
enrichment, followed by the glycosaminoglycan degrada-
tion pathway (map00531) and steroid biosynthesis path-
way (map00100) (Fig. 4B). The KEGG enrichment results
at the protein level were highly consistent with those at
the transcriptomic level. Among the 18 pathways, 15
corresponded with the transcriptomic data. Notably,
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Fig. 4 KEGG analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) in LS, PK, FD, and ZL. The enriched KEGG terms
of the DEGs (A, G, E, G, |, K). The enriched KEGG terms of the DEPs (B, D, F, H, J, L)

the ubiquitin-mediated proteolysis pathway (ko04120,
map04120) exhibited substantial enrichment, with 18
DEGs and 2 DEPs.

In the LS vs. FD comparison, 2963 genes were found to
be enriched in 316 pathways. Among these, the protein
digestion and absorption pathway (ko04974) exhibited
the highest level of enrichment, followed by the extra-
cellular matrix (ECM)-receptor interaction pathway
(ko04512) and the mismatch repair pathway (ko03430)
(Fig. 4C). Additionally, 124 DEPs were found to be
enriched across 36 pathways. The ECM-receptor interac-
tion pathway (map04512) displayed the highest enrich-
ment, which was consistent with the transcriptomic data
(Fig. 4D). The KEGG enrichment results at the protein
level demonstrated a high degree of consistency with
the transcriptomic findings, with 32 of 36 pathways in
concordance with the transcriptomic data. Notably, the
ECM-receptor interaction pathway (ko04512, map04512)
exhibited substantial enrichment, with 22 DEGs and 12
DEPs.

In the LS vs. ZL comparison, 7763 genes were enriched
in 344 pathways. The DNA replication pathway (ko03030)
showed the highest level of enrichment, followed by the
ubiquitin-mediated proteolysis pathway (ko04120). How-
ever, these pathways did not exhibit enrichment at the

protein level (Fig. 4E). At the protein level, 822 DEPs were
identified, and they were enriched across 64 pathways.
The lysosome pathway (map04142) displayed the high-
est enrichment (Fig. 4F). The KEGG enrichment results
at the protein level were highly consistent with the tran-
scriptomic data. Of the 64 pathways, 56 corresponded
with the transcriptomic data. Notably, the nucleotide
excision repair pathway (ko03420, map03420) exhibited
significant enrichment, with 35 DEGs and 6 DEPs.

In the PK vs. FD comparison, 2206 genes were enriched
in 298 pathways. Among these, the apoptosis pathway
(ko04210) exhibited a relatively high level of enrichment.
However, these pathways did not show enrichment at
the protein level (Fig. 4G). At the protein level, 35 DEPs
were enriched across 24 pathways. The ECM-receptor
interaction pathway (map04512) displayed the high-
est enrichment, which aligned with the transcriptomic
data (Fig. 4H). Additionally, 23 of the 35 pathways cor-
responded with the transcriptomic data. Notably, the
ECM-receptor interaction pathway exhibited the highest
enrichment, with seven DEGs and four DEPs.

In the PK vs. ZL comparison, 4619 genes were enriched
in 325 pathways, with pathways such as the apoptosis -
multiple species pathway (ko04215) showing a relatively
high level of enrichment. However, these pathways did
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not exhibit enrichment at the protein level (Fig. 41). At
the protein level, 646 DEPs were identified, and they were
enriched across 67 pathways. The arginine and proline
metabolism pathway (map00330) were also enriched in
the transcriptomic data, and it displayed a notably high
level of enrichment (Fig. 4]). Twenty-three DEGs and 13
DEPs were enriched in this pathway. The KEGG enrich-
ment results at the protein level demonstrated a high
degree of consistency with the transcriptomic data, with
58 out of 67 pathways corresponding with the transcrip-
tomic findings.

In the FD vs. ZL comparison, 3353 genes were enriched
in 321 pathways, with pathways such as the cell cycle
pathway (ko04110) exhibiting a high level of enrich-
ment. Notably, the DNA replication pathway and lyso-
some pathway also showed enrichment at the protein
level (Fig. 4K). A total of 281 DEPs were identified and
found to be enriched across 59 pathways. Among these
pathways, the lysosome pathway (map04142) exhibited
substantial enrichment at both transcriptomic and pro-
teomic levels (Fig. 4L). Fifty-one out of 59 pathways cor-
responded with the transcriptomic findings.

Selection and expression trends of key candidate genes in
early embryonic development of N. cumingii

Pathways associated with embryonic development
were identified through comparative analysis of KEGG
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pathways across four developmental stages. Notably, the
CDK gene family emerged as a consistent set of DEGs.
The LS vs. PK, LS vs. FD, LS vs. ZL, PK vs. FD, PK vs.
ZL, and FD vs. ZL comparisons revealed 12 DEGs within
the CDK family: CDK1, CDK2, CDK5, CDK6, CDKS,
CDK11, CDK13, CDK16, and CDK20, with two vari-
ants each for CDK1, CKD8, and CDK13 (Table 1; Fig. 5).
When subjected to qRT-PCR analysis, the expression
profiles of all 12 target genes displayed a robust corre-
lation with those derived from RNA-seq analysis. This
result illustrates the accuracy and reliability of the RNA-
seq data (Fig. 5).

Using CDKs family genes selected from the transcrip-
tome, corresponding analyses were conducted on pro-
teomic data from four developmental stages (LS, PK,
ED, ZL). Differentially expressed proteins closely asso-
ciated with CDKs family-regulated signaling pathways
were identified, including Mediator of RNA polymerase
II transcription subunit 4-like, microtubule-associated
protein futsch-like isoform X2, tumor protein p53-induc-
ible protein 3, P25-alpha, and Serine/threonine-protein
kinase PLK1-like.

Effect of flavopiridol treatment on early embryonic
development of N. cumingii

To further validate the pivotal role of CDK family mem-
bers in the early embryonic development of N. cumingii,

Table 1 Primers used for mRNA-seq verification. Tm: primer-specific annealing temperature

Category Description Unigene ID Primer sequences (5'—3’) Tm(C)
Reference gene 18 STRNA F: TCTTGATTCGGTGGGTGGTG 60

R: CCCGGACATCTAAGGGCATC
mRNA Cyclin-dependent kinase 20 Cluster-26337.54349 F: GACGGAGGCCCAGGTCAAATCGTACA 61

Cyclin-dependent kinase 13-like
Cyclin-dependent kinase 6-like
Cyclin-dependent kinase 11B-like isoform X2
Cyclin-dependent kinase 2-like
Cyclin-dependent kinase 8-like isoform X8
Cyclin-dependent kinase 13-like
Cyclin-dependent kinase 16-like isoform X1
Cyclin-dependent kinase 1-like
Cyclin-dependent kinase-like 5 isoform X1
Cyclin-dependent kinase 1

Cyclin-dependent kinase 8-like isoform X4

Cluster-26337.77830

Cluster-26337.84189

Cluster-26337.70194

Cluster-26337.90933

R: AGCAGCCCACAGGTCGACTCCTTCAT

F: CAACAACAGGGGTCAGATCAAGCTGGG 61
R: GGTGCTGTCTCTTGGGCTTGAAGGCA

Cluster-26337.23585 F: TACAAGGCTCGGGACCTGCGTAACCA 61
R: GAGGCCAGGTCATGCTCGATGTACTC
Cluster-26337.71332 F: CCGTATAAGAGAACGCCCCCGTAGAG 61
R: GTGTTCTTCTCATGGTGCACAGGCG
Cluster-26337.55501 F: CCAGAACCTCCTCATCGACTCCAAGAT 61
R: GGGGTGCCCAAAGTTCTGAAGATTCGG
Cluster-26337.26275 F: CGGGTTTTCCTGTCCCATACAGACCG 61
R: GAGGCTTGAGTGGGGAGTTGAAGAGAC
Cluster-26337.85551 F: CGGCCTGCACTACTGCCACCAGAAAA 61

R: GCAAACTCCTCCTTGGCCCGGAAGAT

F: ACATCATGGACCAGCAGTCCCCCAAAC 61
R: TGTTGGGTGACGGCAGAGGAAGAGGA

F: GGCCGCCACAGGAGAACAAATCAGCTT 61
R: GTTCTGAGGCTTGAGATCCCGATGCAG

F: GGACCACAATGAGAGAGCTGACCATGC 61
R: CCCAGTTGTGCCGTTGCTGATGTTTCG

Cluster-26337.69678 F: TTGACTCCTCCAGAAGACGACA 61
R: TGGCTTGAGATCACGGTGC
Cluster-26337.5567 F: TATCATCAAGTTCCACCGTTCA 61

R: AGAGGCGAGCAAAACCCA
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Fig.5 Analysis of gene expression of the CDK family genes involved in early embryonic development of N. cumingii.. Different letters represent significant

difference between different groups

we treated embryos with the CDK inhibitor flavopiridol.
We found that the development of embryos not treated
with flavopiridol progressed normally to the veliger stage.
In contrast, embryos treated with flavopiridol exhibited
slowed development arrest at the trochophore stage, and
eventual natural death following developmental arrest
(Fig. 6).

Discussion

In this study, we applied comparative transcriptomic and
proteomic analyses to identify the molecular mecha-
nisms involved in N. cumingii embryonic development
and explore potential molecular markers for selective
breeding. We evaluated differential gene and protein
expression during the crucial early developmental stages
of N. cumingii, identified key CDK family genes associ-
ated with early embryonic development, and elucidated
the related cellular signaling pathways. This research
is the first to explore the molecular intricacies of early
embryonic development in N. cumingii from a dynamic
molecular expression perspective, and our results offer
insights into promising molecular markers for breeding
purposes.

According to the transcriptomic sequencing results,
the DEGs identified in the LS vs. PK and FD vs. ZL com-
parisons exhibited an upregulation trend. In contrast,
the DEGs in the other four comparisons showed a down-
regulation trend. However, in the comparative proteomic
analysis, the relative expression of DEPs displayed a con-
sistent downregulation trend. This result is inconsistent
with the patterns of differential gene expression during
the embryonic development process of R. venosa. This
difference might be due to the different development
pattern of the two species, as R. venosa undergoes indi-
rect development whereas N. cumingii undergoes direct
development. Thus, the relative expression levels of genes
begin to significantly increase at the onset of metamor-
phosis in R. venosa, and the expression levels of DEGs
continue to increase as development progresses [15].
Hence, we hypothesize that distinctive species-specific
differences exist in gene expression patterns during the
embryonic development of gastropods. In silk moths
(Bombyx mori), more genes participate in late embryonic
development compared to the early embryonic stage [16],
which aligns with our study results and provides sup-
porting evidence for the hypothesis that gene expression
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Fig.6 Comparison of embryonic development between normal conditions and upon injection of CDK inhibitors. (A) The early embryonic development
of N. cumingii 10 days post fertilization. (LS). (B) The early embryonic development of N. cumingii 35 days post fertilization. (PK). (C) The early embryonic
development of N. cumingii 50 days post fertilization. (FD). (D) The early embryonic development of N. cumingii 65 days post fertilization. (ZL). (E) The early
embryonic development of N. cumingii 10 days post fertilization and injection of CDK inhibitors. (LS). (F) The early embryonic development of N. cumingii
35 days post fertilization and injection of CDK inhibitors. (LS). (G) The early embryonic development of N. cumingii 50 days post fertilization and injection
of COK inhibitors. (LS). (H) The early embryonic development of N. cumingii 65 days post fertilization and injection of CDK inhibitors, and the embryo stop

developing and begin to die in this stage. (LS)

gradually increases as embryonic development pro-
gresses [17].

KEGG analysis revealed pathways linked to N. cumingii
embryonic development, including the cell cycle path-
way, progesterone-mediated oocyte maturation pathway,
DNA replication pathway, p53 signaling pathway, and
AMP-activated protein kinase (AMPK) signaling path-
way. Genes enriched in these pathways are primarily
related to transcription factors, DNA replication, DNA
polymerase, RNA polymerase, and related processes,
which implies that DNA replication, gene expression,
and the regulation of target genes by transcription fac-
tors play crucial roles in the embryonic development of
N. cumingii. It is noteworthy that previous studies listed
transforming growth factor beta as a factor influencing
the growth and development of mollusks [18]. However,
we did not detect differential expression of this factor
in the early embryonic transcriptome of N. cumingii.
Instead, we identified differential expression of multiple
CDKs. Therefore, we hypothesize that in N. cumingii
embryos, CDKs, rather than transforming growth fac-
tor beta, may play a crucial role as a key cluster driving
embryonic development.

CDKs are threonine-directed serine/threonine-specific
protein kinases, and their activity relies on the regulatory
subunits cyclins. Based on the sequence of the kinase
domains, CDKs belong to the CMGC class of kinases,
along with mitogen-activated protein kinases, glycogen
synthase kinase 3P, dual-specificity tyrosine-regulated
kinases family members, and CDXK-like kinases19-20.
They drive the eukaryotic cell cycle by binding with
cyclins. Control of the eukaryotic cell cycle is achieved

through the regulation of protein phosphorylation. CDKs
serve as the initiation point for this phosphorylation reg-
ulation, and changes in activities of CDKs lead to exten-
sive protein phosphorylation, which alters the activation
state of substrates [21].

In this study, we identified nine differentially expressed
CDKs: CDK1, CDK2, CDK5, CDK6, CDK8, CDKl1l,
CDK13, CDK16, and CDK20. Among these, CDK1 and
CDK2 have been shown to play essential roles in promot-
ing DNA replication, regulating the cell cycle, and repair-
ing DNA damage. These kinases are intricately involved
in vital cellular processes crucial for cell survival. Spe-
cifically, in the normal cell cycle, cyclin E forms a com-
plex with CDK2, facilitating the transition from the G1
to the S phase [22, 23]. In N. cumingii early embryos,
CDK1 and CDK2 expression levels peaked during the LS
stage, decrease during the PK stage, increased in the FD
stage, and subsequently decreased again in the ZL stage.
This pattern could be associated with the developmental
traits of early N. cumingii embryos. Following the cleav-
age stage, N. cumingii embryos progressively transition
into juveniles. During the LS stage, there is a rapid peak
in DNA replication. Santamaria et al. [24] showed that
mouse embryos lacking CDK1 are unable to progress
beyond the morula and blastocyst stages. Hartley et al.
[25] demonstrated that in clawed frog (Xenopus) embry-
onic development, Cyclin E/CDK2 is directly linked to an
intrinsic maternal timer that drives the early embryonic
cell cycle until the mid-blastula transition. These findings
suggest that CDK1 and CDK2 are indispensable during
early embryonic development and that these proteins
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may exhibit similar expression patterns in both inverte-
brate and vertebrate embryo development.

CDKS8 has been found to play a crucial role in regulat-
ing the transcription process. Galbraith et al. [26] con-
ducted microarray experiments on cell lines with stable
expression of short hairpin RNAs targeting CDKS8 and
found that CDK8 primarily serves as a positive regula-
tor of transcription within this network. Westerling et al.
[27] used mouse embryonic stem cell lines and sequenc-
ing based on fused cDNA and inserted a gene trap into
the intron of CDK8. Genotyping of the hybrid offspring
illustrated the indispensable role of CDKS8 in normal
mammalian development. In addition to CDK8, Aldridge
[28] demonstrated that the absence of CDK11 in a mouse
model resulted in early embryonic lethality, emphasizing
the important role of CDK11 in normal development.

Chen et al. [29-31] provided evidence that the over-
expression of CDK13 and an Ela mini-gene reporter
construct in HEK293T cells led to dose-dependent alter-
ations in the splicing pattern of Ela transcripts. They
established that CDK13/CDC2L5 interacts with L-type
cell cycle proteins and modulates alternative splicing.
Alternative splicing serves as a fundamental mechanism
that enhances the diversity of the cellular proteome, con-
sequently influencing various cellular processes such
as cell growth, differentiation, and apoptosis. In our
research, we observed dynamic changes in the expres-
sion levels of CDK8, CDK11, and CDK13 during the
embryonic development of N. cumingii. Specifically, their
expression peaked during the LS stage, which is a critical
period marked by cell proliferation and preparation for
differentiation. Subsequently, as the embryos progressed
to the PK stage, the expression levels of CDK8, CDK11,
and CDK13 decreased. During the FD stage, when
organ formation and significant cellular differentiation
occurred, the expression levels of these genes increased.
Upon the completion of organogenesis and the transition
to the ZL stage, the expression levels of CDK8, CDK11,
and CDK13 declined once more. Based on these obser-
vations, we hypothesize that CDKS8, CDK11, and CDK13
play pivotal roles as developmental promoters in the early
embryos of N. cumingii.

CDKS5 plays a vital role in the development, function-
ing, and disorders of the central nervous system. It is
involved in processes such as normal neuronal migration
and axon extension. Previous studies have demonstrated
a strong temporal correlation between CDK5 activation
in the developing rat brain, p53 activation, and axon for-
mation [32-36]. Zhang et al. [37, 38] reported that in
primary neuronal cultures from the rat hippocampus,
the absence of CDK5 activity inhibited dendritic growth
induced by brain-derived neurotrophic factor. In the cur-
rent study, we detected the presence of p53 in N. cumin-
gii embryonic development, which suggested its potential
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for activating CDK5. Throughout the embryonic devel-
opment of N. cumingii, CDK5 showed the highest expres-
sion levels during the LS stage, followed by the FD stage.
Notably, the formation of the head in N. cumingii occurs
during the LS stage, suggesting a possible link between
CDKS5 and the development of the neuronal system in N.
cumingii.

CDK®6 plays an important role as a cell cycle regula-
tory factor. Apart from its conventional function in cell
cycle regulation, Hu et al. [39] described the prolifera-
tive impact of CDK6 on adipocyte precursors in a CDK6
mouse model. Their findings also highlighted the indis-
pensable role of CDK6 kinase activity in stem cell pro-
liferation and survival. Biggs et al. [40, 41] reported that
the regulatory role of CDKs in adipocyte precursors is
contingent on the activity of one of its downstream fac-
tors, RUNX1. Previous studies demonstrated the criti-
cal role of RUNX1 in hematopoietic stem cell formation
within the major vascular system of mouse embryos.
Notably, RUNX1 is present in early N. cumingii embryos,
implying a potential connection between CDK6 and the
development of the circulatory system in N. cumingii.
Furthermore, it is likely that CDK®6 is involved in the dif-
ferentiation of N. cumingii embryonic cells and the for-
mation of adipose tissue.

CDK16 plays a pivotal role in a wide range of cellular
processes that primarily govern the cell cycle. Cwiek et
al. [42, 43] described the role of CDK16 in regulating the
G1 phase, and Yanagi et al. [44] elucidated the function
of CDK16 in inhibiting the S, M, and G2/M phases. Of
particular significance, CDK16 governs cell prolifera-
tion across various contexts, including cancer cells, neu-
rite growth, neuronal cells, wound healing processes,
and myoblast formation [45]. In N. cumingii embryonic
development, CDK16 expression was highest during the
PK stage, followed by the LS stage. During the PK stage,
certain organs and muscles begin to form, and muscle
development continues into the FD and ZL stages. As a
result, CDK16 is also expressed in the FD and ZL stages,
indicating its role in muscle cell formation during the
embryonic development of N. cumingii.

CDK20 has recently been recognized as a key regula-
tor of the cell cycle checkpoint. It controls cell growth
and proliferation and is implicated in the development
of numerous malignant tumors [46]. CDK20 activates
CDK2 in human cells, and the decrease in CDK2 activity
within the anti-mitotic signaling pathway results in cell
cycle arrest [47]. Consequently, inhibiting CDK20 could
potentially enhance the overall effect of CDK2 activa-
tion [48, 49]. Liu et al. [47] showed that CDK20 exhib-
its CDK-activating kinase activity, thereby influencing
the proliferation of HeLa cells. Their study revealed that
depletion of CDK20 induces G1 phase cell cycle arrest,
reduces pCDK?2 levels, inhibits CDK2 kinase activity, and
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consequently hampers cell growth. In N. cumingii embry-
onic development, expression of CDK20 was highest dur-
ing the FD stage, followed by the LS stage. During the
ED stage, various organs in N. cumingii gradually mature
and undergo rapid proliferation after cellular differentia-
tion. Conversely, expression of CDK2 was highest during
the LS stage. These results suggest that CDK20 primarily
promotes cell proliferation during the FD stage and acts
as a complementary factor by activating CDK2 during
the LS stage.

In tumor cells, flavopiridol at concentrations between
200 and 300 nM can cause cell cycle arrest at both the G1
and G2 phases, thereby inhibiting the activities of CDKI,
CDK2, CDK4, CDK®6, and other proteins and causing cell
death after cell cycle arrest [50]. To further validate the
hypothesis that CDKs are crucial genes in the embryonic
development of N. cumingii, we used flavopiridol as an
inhibitor and observed its effects on embryonic devel-
opment. As expected, N. cumingii embryos treated with
flavopiridol displayed decelerated development, which
stopped at the LS stage and eventually resulted in death.
These observations are consistent with the research con-
ducted by Zocchi et al. [51], who utilized flavopiridol to
treat osteosarcoma cell lines both in vitro and in vivo.

Integrating the data from our previous transcriptomic-
proteomic analysis with the results of flavopiridol treat-
ment led us to propose the following hypothesis (Fig. 7):
the primary functions of CDK1 and CDK2, coupled with
the supportive roles of CDK8 and CDK11, drive a peak
in DNA replication during the LS stage of N. cumingii
embryos. Simultaneously, CDK13 and CDK16 induce
apoptosis, facilitating the gradual absorption of nutri-
ents within the egg capsule by the viable eggs. Guided
by the influence of CDK5 and CDKS6, these viable eggs
continue their development, forming the head and tran-
sitioning into the PK stage. Thus, the LS stage is a period
marked by profound developmental changes in early N.
cumingii embryos. Consequently, the expression levels of
these eight CDKs are at their peak during the LS stage
and rapidly decrease upon entering the PK stage. In the
PK stage, N. cumingii embryos develop the shell layer,
eyes, and other organs. CDK16 likely plays a role in pro-
moting cell proliferation and muscle formation during
this stage, leading to its highest expression levels during
the development process. As the organism matures into
the juvenile stage and progresses into the FD stage, the
expression levels of CDK16 gradually decrease. During
the FD stage, the shell of N. cumingii strengthens con-
tinuously, and the juvenile’s color gradually changes from
white to yellow-brown. All organs reach maturity during
this period. The expression of CDK20 is highest in the FD
stage, and expression levels of the other CDKs (except
CDK16) are also upregulated. CDK20 likely activates
CDK?2 in the FD stage, allowing it to perform its inherent
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function. CDK20 collaborates with other CDKs to facili-
tate the continued development of N. cumingii embryos
as they transition into the ZL stage. During the ZL stage,
N. cumingii hatches and gains the ability to live indepen-
dently. At this point, CDKs have fulfilled their role in
promoting embryonic development and are subsequently
downregulated (Fig. 7).

After injecting CDK inhibitors into embryos during
the LS stage, the activities of CDK1, CDK2, and CDK6
were suppressed, which prevented downstream genes of
CDKs from exerting their regulatory effects. This block-
ade led to cell cycle arrest at the G1 and G2 phases, caus-
ing related cells to gradually cease development (Fig. 7).
However, other CDKs were unaffected and continued to
perform their respective functions. Therefore, N. cum-
ingii embryos treated with CDK inhibitors exhibited
slowed development during the LS stage. The inhibition
of specific cells by CDK inhibitors hampered develop-
ment and led to cell death. Consequently, other cells
were unable to undergo typical differentiation and even-
tually died. As a result, early embryonic development in
N. cumingii ceased during the LS stage. Therefore, we
posit that CDKs constitute a pivotal gene cluster essen-
tial for promoting the early embryonic development of N.
cumingii.

Conclusions

In this study, we utilized transcriptome sequencing, pro-
teomic analysis, and integrated transcriptome-proteome
analysis techniques to obtain the temporal expression
profiles of genes and proteins during the early devel-
opment of N. cumingii. We elucidated the molecular
expression patterns underlying the early development
of N. cumingii, providing a comprehensive understand-
ing of the molecular mechanisms governing embryonic
development at the level of dynamic molecular expres-
sion. Furthermore, we identified and validated CDKs as
a critical gene cluster regulating early embryonic devel-
opment in N. cumingii. This study represents the first
elucidation of the developmental regulatory functions of
the CDK gene family in marine mollusks. Our findings
provide valuable theoretical guidance for advancing arti-
ficial cultivation techniques for N. cumingii. Moreover,
we identified essential molecular markers for facilitating
molecular-assisted breeding of N. cumingii. This study
enriches the molecular biology data pertaining to the
early embryonic development not only within the Buc-
cinidae family but also across marine mollusks. These
results offer novel insights and perspectives for in-depth
exploration of the molecular mechanisms governing
organ differentiation and formation in gastropods.
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Fig. 7 The regulatory of cyclin-dependent kinase (CDK) family genes in early embryonic development of N. cumingii. (A) The regulatory of CDK family

genes in early embryonic development of N. cumingii in normal conditions. (B) Changes in CDK family genes in early embryonic development of N.
cumingii after injection of flavopiridol

Materials and methods
Animals

Two hundred N. cumingii specimens were collected in
Zhangzidao, Dalian, Liaoning Province (39°1'42.2"N,
122°43'48.5"E). The shells of the captured N. cumingii

measured between 100 and 130 mm in height, and
their body weight ranged from 100 to 128 g. All speci-
mens were intact and undamaged. They were subse-
quently transferred to the Key Laboratory of Mariculture,
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Ministry of Agriculture and Rural Affairs, Dalian Ocean
University for temporary captivity.

Culture conditions

The 200 parent snails were randomly divided into four
groups, each consisting of 50 snails, and temporarily
housed in four 300 L tanks. The water in the tanks was
refreshed by half every day, and the tank bottoms were
cleaned every other day. N. cumingii were provided with
bay scallops Argopecten irradians as their feed. The shells
of Argopecten irradians measure between 65 and 85 mm
in height, while their body weight varies from 40 to 50 g.
Spawning water temperature was kept at 11-18 °C, and
dissolved oxygen levels, salinity, and pH were maintained
at 9.5-10.7 mg/L, 31-35%o, and 8.1, respectively. After
the parent snails laid eggs, the egg capsules were carefully
removed from the tank walls and transferred to the same
hatching tanks. Natural hatching conditions were main-
tained with water temperature 16-22 °C, dissolved oxy-
gen 9.2-10.4 mg/L, salinity 31-35%o, and pH 8.0-8.1. The
half of the water was changed daily and no cleaning of the
tank bottoms. Periodic samples were collected from the
egg capsules laid on the same day to observe the embry-
onic development process of N. cumingii under the ste-
reomicroscope of Leica (LEICA M205 FA).

Evaluation of CDK functions in embryonic development

To investigate the role of CDKs in the embryonic devel-
opment of N. cumingii, snail embryos were treated with
a CDK inhibitor. Flavopiridol, a novel flavone derivative,
competes directly with ATP substrates and inhibits vari-
ous CDKs, including CDK1, CDK2, CDK4, CDK7, and
CDKO. It acts as a broad-spectrum CDK inhibitor and
has been demonstrated to directly suppress kinase activ-
ity in immunoprecipitated CDKs extracted from expo-
nentially growing cells, displaying an IC50 value ranging
from 100 to 400 nM [52]. Therefore, flavopiridol was
selected for this study as the CDK inhibitor for treating
early embryos of N. cumingii.

Sixty embryos at the identical developmental stage
(Egg-swallowing stage) were chosen for both the injec-
tion group and the blank control group, with 30 embryos
allocated to each of the injection group and the blank
control group. Considering the thickness of N. cumingii
egg capsules, flavopiridol was directly injected into the
capsules at a concentration of 5 mg/kg. After injection,
the eggs from both the injection group and the blank
control group were placed separately into two new tanks.
The embryos were incubated under the condition like the
natural hatching conditions.

RNA-seq sample preparation and library construction
Embryos were carefully selected at four distinct devel-
opmental stages: the Egg-swallowing stage (referred to
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as LS), Protoconch forming stage (referred to as PK),
Shell development stage (referred to as FD), and Juvenile
stage (referred to as ZL). At each stage, ten embryos were
meticulously collected, and the experiment was orga-
nized into six replicate groups. For every developmental
stage, three sets of samples were meticulously prepared
for both RNA-seq and proteomic analyses. Specifically,
three sets were utilized for constructing mRNA librar-
ies (LS1, LS2, LS3; PK1, PK2, PK3; FD1, FD2, FD3; ZL1,
Z12, Z13). Additionally, another three sets of samples
were designated for protein TMT labeling detection
(pLS1, pLS2, pLS3; pPK1, pPK2, pPK3; pFD1, pFD2,
pED3; pZL1, pZL2, pZL3). All samples were meticulously
stored at -80 °C to maintain their integrity and viability
for subsequent analyses.

RNA sequencing and protein TMT labeling of peptides
The preparation and sequencing of the transcriptome
library were conducted by NovoGene Bioinformatics
Technology Co., Ltd. Total RNA was extracted using the
TRIzol method (Ambion, USA) as per the instructions
provided by the commissioning party. The RNA con-
centration of the extracted samples was assessed using
Agilent 5400 (Agilent Technologies, California, USA)
and Nanodrop. Furthermore, the integrity and purity
of the RNA were evaluated using a 1% agarose gel elec-
trophoresis method and Agilent 5400, respectively, in
accordance with the guidelines provided by the commis-
sioning party. The 12 individual samples from the same
treatment group were pooled for library preparation
and sequencing. Initially, mRNA with PolyA tails was
enriched using Oligo(dT) magnetic beads. The enriched
mRNA was fragmented using Fragmentation Buffer, and
the resulting mRNA fragments were utilized as templates
for the synthesis of the first cDNA strand using random
oligonucleotide primers. Subsequently, the RNA strand
was degraded using RNaseH, and the second cDNA
strand was synthesized in the presence of ANTPs using
DNA polymerase 1. The purified double-stranded cDNA
underwent end repair, A-tailing, and sequencing adapter
ligation. AMPure XP beads were employed to select
cDNA fragments of approximately 370—420 bp in size
for PCR amplification and purification, thereby establish-
ing the library.Upon completion of library construction,
an initial quantification was performed using a Qubit 2.0
Fluorometer. The library was diluted to a concentration
of 1.5 ng/pL and assessed for insert size using an Agilent
2100 bioanalyzer. Following successful validation of the
insert size, qRT-PCR was conducted to accurately quan-
tify the effective library concentration, ensuring library
quality.

The samples were cryogenically ground into pow-
der, swiftly transferred to pre-chilled centrifuge tubes
in liquid nitrogen, and an appropriate volume of PASP
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protein lysis buffer was added. The mixture was vigor-
ously shaken and thoroughly lysed through 5 min of
ultrasonication in an ice-water bath. After centrifugation
at 4 °C and 12,000¢ for 15 min, the supernatant was col-
lected and reacted with 10mM DTT at 56 °C for 1 h. Fol-
lowing this, an ample amount of IAM was added, and the
reaction was shielded from light and allowed to proceed
for 1 h at room temperature. Subsequently, the mixture
was precipitated at -20 °C for a minimum of 2 h using
4-fold volume of pre-chilled acetone at -20 °C. The pre-
cipitate was then collected by centrifugation at 4 °C and
12,000g for 15 min. This process was repeated thrice, and
the precipitate was air-dried. The protein precipitate was
dissolved in protein solubilization solution [53-55].

For the ensuing steps, the protein sample was treated
with DB protein solubilization solution, trypsin, and
TEAB buffer. The mixture was incubated at 37 °C for
4 h for enzymatic digestion, followed by the addition of
trypsin and CaCl, for overnight digestion. The pH was
lowered to less than 3 using formic acid, and after thor-
ough mixing, centrifugation was performed at room
temperature and 12,000g for 5 min. The supernatant was
then slowly passed through a C18 desalting column. Sub-
sequent washes were performed using washing solution
(0.1% formic acid, 3% acetonitrile) thrice, followed by
elution with an appropriate volume of elution solution
(0.1% formic acid, 70% acetonitrile). The filtrate was col-
lected and freeze-dried.

The resultant material was re-dissolved in 0.1 M TEAB
buffer and treated with TMT labeling reagent dissolved
in acetonitrile. The mixture was gently agitated at room
temperature for 2 h, followed by termination of the reac-
tion with 8% ammonia solution. Equal volumes of labeled
samples were combined, desalted, and subsequently
freeze-dried [56].

Data processing and differential expression analysis

All RNA clean data were submitted to the National
Center for Biotechnology Information (NCBI) Short
Read Archive (SRA) Sequence Database (Acces-
sion No. PRJNA1025855). Q20 (percent bases with a
“Phred value>20"), Q30 (percent bases with a “Phred
value>30"), and GC-content were analyzed. The mass
spectrometry proteomics data of N. cumingii. have
been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the
iProX partner repository with the dataset identifier
PXD046073.

After obtaining clean reads, the Trinity software
(v2.4.0) was employed to perform transcript assembly.
Clean reads from each sample were mapped to a refer-
ence genome (Ref), and subsequently, reads with align-
ment quality scores below 10, unpaired alignments, and
reads aligning to multiple genomic regions were filtered
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out. The RSEM software (v1.2.15) [57] was then utilized
to calculate gene expression levels.

To assess the integrity of the assembled transcripts,
the BUSCO (Benchmarking Universal Single-Copy
Orthologs) software was employed [58]. This evalua-
tion included a comprehensive assessment of transcript
completeness using tools such as tblastn, augustus, and
hmmer.

Gene functions were annotated based on seven data-
bases: Nr, Nt, Pfam, COG, Swiss-Prot, KEGG, and GO.
The annotation process utilized specific tools for each
database: Diamond (v0.8.22) [59] for Nr, COG, and Swiss-
Prot; NCBI blast2.2.28+ (v2.2.28+) [60] for Nt; Hmmscan
(HMMER3) [61] for Pfam; Blast2GO (b2g4dpipe_v2.5)
[62] for GO; and KAAS (r140224) [63] for KEGG. Tran-
scription factors were identified using the animalTFDB
2.0 software. Differential expression analysis of genes in
various comparison groups was performed using DESeq2
(1.6.3) [64]. The threshold for significant differential
expression was set at Padj<0.05 and |log2(foldchange)|
> 1. Additionally, GO functional enrichment analysis and
KEGG pathway enrichment analysis of the differentially
expressed genes were carried out using GOseq (1.10.0)
[65] and KOBAS (v2.0.12) [66] software, respectively.

The Bradford protein quantification assay was con-
ducted following these steps: BSA standard protein
solution was prepared according to the manual, with a
concentration gradient ranging from 0 to 0.5 pg/uL. Dif-
ferent concentrations of BSA standard protein solutions
and varying dilutions of the test sample solutions were
added to a 96-well plate, with a final volume adjusted to
20 pL. Each gradient was repeated three times. Next, 180
uL of G250 staining solution was rapidly added, and the
plate was left at room temperature for 5 min, followed by
measuring the absorbance at 595 nm.

A standard curve was generated using the absorbance
values of the standard protein solution, and this curve
was used to calculate the protein concentration of the test
samples. Furthermore, 20 pg of protein from each test
sample was subjected to 12% SDS-PAGE gel electropho-
resis. Concentration gel electrophoresis was performed
at 80 V for 20 min, followed by separation gel electro-
phoresis at 120 V for 90 min. After electrophoresis, the
gel was stained with Coomassie Brilliant Blue R-250 until
the protein bands became clearly visible, and then the gel
was destained to achieve clear bands.

Using the Proteome Discoverer 2.2 software (PD2.2,
Thermo), spectra from each run were searched against
the protein database. Search parameters included a
precursor ion mass tolerance of 10 ppm and a frag-
ment ion mass tolerance of 0.02 Da. Fixed modification
involved cysteine alkylation, while variable modifications
encompassed methionine oxidation and TMT labeling.
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N-terminal modifications included acetylation and TMT
labeling, with allowance for up to 2 missed cleavage sites.

For result refinement, PD2.2 software employed addi-
tional filters: Peptide-spectrum matches (PSMs) with
a confidence level exceeding 99% were deemed reli-
able, and proteins with at least one unique peptide seg-
ment were considered credible. Only reliable PSMs and
proteins were retained, and a false discovery rate (FDR)
validation was conducted to exclude peptides and pro-
teins exceeding an FDR of 1%. Statistical analysis of pro-
tein quantification employed a T-test. Proteins showing
significant expression differences between experimen-
tal and control groups were categorized as follows: For
upregulated proteins, those with a P-value<0.05 and a
fold change (FC)2=1.5 were selected; for downregulated
proteins, those with a P-value<0.05 and a FC<0.67 were
chosen.

The interproscan software was employed for GO and
IPR functional annotation, utilizing databases such as
Pfam, PRINTS, ProDom, SMART, ProSite, and PAN-
THER. Additionally, COG and KEGG analyses were
conducted to determine the functional protein families
and pathways for the identified proteins [67]. Specifically
focusing on DPE, a volcano plot analysis was performed,
along with cluster heatmap analysis. Furthermore,
enrichment analyses were carried out for GO, IPR, and
KEGG pathways [68].

Quantitative real-time reverse transcription-polymerase
chain reaction (qRT-PCR) validation

The annotation of Differentially Expressed Genes (DEGs)
was validated using quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR), where 12 selected DEGs
were examined. The first-strand cDNA of the DEGs was
synthesized using the Fastking gDNA Dispelling RT
SuperMix kit from TIANGEN (China). Primers were
designed using the online primer design tool available at
http://biotools.nubic.northwestern.edu/OligoCalc.html
(Table 1), with 18s rRNA as the reference gene. For each
sample, three technical replicates were set up, and qRT-
PCR was conducted on the Light Cycler 96 system.

The total reaction volume was 20 pL, consisting of 2 uL
c¢DNA, 10 pL 2xFastStart Essential DNA Green Master
(Germany), 6.4 pL. DEPC-treated water, and 0.8 pL each
of upstream and downstream primers (10 mM). The
cycling program was as follows: an initial denaturation at
95 °C for 600 s, followed by 45 cycles of denaturation at
95 °C for 10 s and annealing/extension at 60 °C for 60 s.
After amplification, a PCR melt curve analysis was per-
formed to confirm the presence of a single PCR product.
The relative expression levels of each candidate DEG
were determined using the 2784Ct method [69].
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