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Abstract
Senescence and death occur after the spawn of female cuttle�sh, which results in an immense loss of
reproductive resources. To better understand the physiological mechanisms involving death after
spawning in Sepiella japonica (Japanese spineless cuttle�sh). We used proteomic methods to identify
differentially expressed proteins (DEPs) in the optic glands of S. japonica at three distinct growth stages:
pre-spawning after sexual maturity (group A); spawning (group B) and post-spawning before death
(group C). About 955, 1000, and 1024 DEPs were identi�ed for each comparative group analysis (i.e.
group B vs A, group B vs C, and group C vs A). The gene ontology (GO) analysis showed that the function
of DEPs was correlated with peptidase activity, metal-ion binding and structural molecule activity, and the
majority of DEPs were involved in signal transduction and energy metabolism. It was also identi�ed some
aging-related pathways in the results of KEGG annotation. Based on previous studies of anti-aging
effects in cephalopods, our study provides a new insights about the death of S. japonica after spawning
at the protein level.

1 Introduction
Sepiella japonica (Cephalopoda, Sepiidae), a common species of cuttle�sh, which is largely distributed
across the coastal waters of China, Japan and Indonesia and in many parts of the Paci�c Ocean. It has
become one of the four most famous sea products in china because of its high medicinal, nutritional and
economic value [1]. Since the 1980s, a signi�cant decline of the wild population in S. japonica largely
results from habitat loss associated with over�shing [2]. Therefore, the arti�cial breeding technique has
been widely used in S. japonica. It is worth noting that only 40% hatching rate of female cuttle�sh, and
they will stop eating, aging, or even die after spawning, causing immense loss of reproductive resource.
Actually, most cephalopods are generally short-lived. An organ called the optic gland is inextricably linked
to reproductive regulation in cephalopods [3]. Previous studies have shown that the optic gland
secretions can accelerate the death process of octopus, and the optic gland's removal could prolong the
life span [4]. Nevertheless, the precise reason for this phenomenon to occur remains unknown, and the
mechanism for the death of S. japonica after spawning has yet to be discussed.

Proteomics is a rapidly advancing �eld capable of providing extensive information about the protein
content (i.e. proteome) from in vitro and/or in vivo conditions. Label-free quantitative proteomics is an
important method that has been widely applied in proteomics research in recent years, and it can identify
more proteins than the method of iTRAQ and 2-DE [5–8]. Proteomics research can provide a theoretical
basis for a variety of physiological mechanisms. At present, this method has been widely used in aquatic
biology, but the study on the proteomics analysis of S. japonica is still limited.

Aging is a complex process whose mechanisms are under continuous exploration. Based on the concept
of signaling pathways, the researchers have evaluated a range of molecular pathways and identi�ed
classic aging-related signaling cascades, such as Wnt, insulin /IGF-1, and Notch [9–12]. However, the
relationship between these signaling pathways and the death mechanism after S. japonica spawning
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remains unclearly. In this study, the three growth stages of S. japonica were analyzed by label-free
proteomics for the �rst time to identi�ed the relevant differential proteins and pathways, and explored
their roles. The results provide a theoretical basis for exploring the physiological mechanism of aging and
the death of cuttle�sh after spawning.

2 Materials And Methods

2.1 Study design and sample processing
S. japonica were collected in the East China Sea (23°00′-33°10′N; 117°11′- 131°00′E), and divided into
three groups according to the respective growth stages: group A (pre-spawning after sexual maturity),
group B (spawning), and group C (post-spawning before death). Three optic gland tissues were obtained
from each group. A high-throughput label-free proteomic approach was utilized to determine the protein
content of each sample. The differentially abundant proteins, identi�ed after comparison between the
three groups, were selected when fold-change (FC) ≥ 1.5 and P < 0.05 (up-regulated) or FC ≤ 0.667 and P 
< 0.05 (down-regulated). All the differentially identi�ed proteins were further bioinformatics analyzed.

2.2 Protein extraction
Optic glands were washed twice with pre-chilled PBS. Taking an appropriate volume of AP solution (1 mL
of AP solution per 50 mg tissue), supplemented with protease inhibitors, and homogenize the tissues.
Following, centrifuged at 13000g for 10 min, and the supernatant was loaded in tubes. SDS-PAGE
resolved a total volume of 21 µL per protein sample to determine (i) the molecular weight range of the
total protein and (ii) the differences between the optic gland tissue samples. Protein concentration was
determined at 595 nm with a Bradford kit, using a Microplate Reader (BioTek, Winooski, Vermont, U.S.A).
Supernatants were stored at -80 ℃ for further analysis.

2.3 Analysis of optic gland proteome
A total of 60 µL quanti�ed protein sample was treated with 5 µL 1 M dithiothreitol (DTT) at 37 ℃ for 1 h,
and then mixed with 20 µL 1 M iodoacetamide (IAA) for an additional 1 hr in the dark. Samples were
centrifuged and separated supernatants. A volume of 100 µL UA (8 M urea, 100mM Tris-HCl, pH 8.0) was
added to each supernatant, followed by a new round of centrifugation. After repeating the last procedure
twice, a total of 100 µL 50 mM NH4HCO3 was added to each respective supernatant, followed by another
round of centrifugation. This last procedure was repeated three times before trypsinization. Sequencing-
grade modi�ed trypsin (Promega, Madison, Wisconsin, U.S.A) was added to each protein sample (the
protein ratio to the enzyme is 50:1). and performed at 37 ℃ for 12–16 h. Chromatographic separation of
digested peptides was carried out on Easy-nLC 1200 and Ultimate 3000 systems (Thermo Scienti�c,
Waltham, MA, U.S.A), equipped with trap (C18, 100 µm×20 mm, 3 µm) and capillary column (C18, 150
µm×120 µm, 1.9 µm) con�gurations, separately. Peptide mixtures were loaded on the trap column in
solution A (0.1% formic acid), then separated with the capillary column with a gradient solution B (0.08%
formic acid and 80% acetonitrile), at a �ow rate of 310 nL/min. A gradient was established according to
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the following steps: 3–8% solution B for 8 min, 8–20% for 60 min, 20–30% for 15 min, 90% solution B for
2 min and holding it for an additional 5 min [6]. Separated peptides were analyzed by Q-Exactive HF
Orbitrap mass spectrometer (Thermo Scienti�c, Waltham, MA, U.S.A).

MS data were evaluated by SEQUEST software [13] embedded into Proteome Discover 2.0 (Thermo
Scienti�c, Waltham, MA, U.S.A), using a peptide database (gby_All-Unigene.pep) constructed from the
transcriptome data of S. japonica. Parameters were set as the following: (i) fully tryptic peptides with ≤ 2
missed cleavages were permitted, (ii) �xed modi�cations were related to carbamidomethyl (C), (iii)
variable modi�cations were related to oxidization (M) and acetylation (Protein N-term), (iv) peptide mass
tolerance was 15 ppm, (v) fragment mass tolerance was 20 mmu, (vi) peptide con�dence was high and
(vii) peptide length 4. The �ltering parameter set was that the peptide false discovery (FDR) should less
than or equal to 0.01 [14–16].

2.4 Bioinformatic analysis
Three sample groups were intercompared in this study. Student's t-test was used to identify proteins with
signi�cant differential expression among the different samples/groups. P < 0.05 was considered a
statistically signi�cant difference. For volcano plot design, the log10 (FC) was used as abscissa, and the -
log10 (P-value) was used as ordinate. Gene ontology (GO) analysis was performed for the functional
annotation of differential proteins. Particularly, three ontology categories (cellular component, molecular
function and biological process) were analyzed via the GO database (www.geneontology.org/). The main
biological functions of differential proteins were determined by GO enrichment analysis. Access to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.kegg.jp/kegg/pathway.html) was used to annotate and further perform enrichment pathway
analysis of the differential proteins. Concomitantly, COG analysis of differential proteins was also carried
out. Enrichment pathway analysis of the differential expression protein groups was carried out by
comparing differential proteins with KOG database. Thereafter, putative protein functions were predicted
and classi�ed.

2.5 Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was extracted using TRIzol Reagent (CWBIO, Beijing, China). Single strand cDNA synthesis was
performed with a PrimeScript RT Reagent kit (Takara Bio Inc., Beijing, China). The qRT-PCR was
conducted with SYBR® Premix Ex Taq™  (Takara Bio Inc., Dalian, China), using a CFX Connect™ Real-
Time PCR Detection System (BIO-RAD Bio Inc., Shanghai, China). The following qRT-PCR program was
used: 95℃ for 1 min, followed by 40 cycles of 95℃ for 15 s, and 60℃ for 45 s. Relative expression
levels of the target genes were calculated using the 2−ΔΔCt method. Each experiment included three
biological replicates and three technical replicates.

2.6 Statistical analysis
All data were presented as mean ± standard deviation (SD), and performed with analysis variance
(ANOVA). P < 0.05 was considered a statistically signi�cant difference, while P < 0.01 was considered

http://www.geneontology.org/
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extremely signi�cant. All primer sequences are listed in Supplementary Table 1.

3 Results

3.1 Protein identi�cation and quality analysis
Proteins content of each group sample was separated by SDS-PAGE, in the range of 20 to 220 kDa, and
some differences could be noticed between samples (Fig. 1). A total of 10,963 peptides and 2,147
proteins were identi�ed across all samples (Fig. 2). A percentage of 91.24% of all identi�ed proteins had a
molecular weight within the range of 10 to 110 kDa (Fig. 3a), and 86.21% of these proteins presented a pI
value in the range of 4–9 (Fig. 3b). The sequence coverage of most proteins (1926 of 2147; 89.71%) is
distributed within 35% (Fig. 3c), and 72.85% (1564 of 2147) of the identi�ed proteins were represented by
two or more peptides (Fig. 3d). 

3.2 Identi�cation of differentially expressed proteins (DEPs)
According to the parameters used for DEP selection (FC ≥ 1.5 and P < 0.05), a total of 955 proteins were
identi�ed and quanti�ed after comparing group A versus group B. Respective results indicated that 76
DEPs were up-regulated and 287 DEPs were down-regulated in group B, while 217 and 375 proteins were
respectively accumulated in groups A and B. The comparative results among the three different groups
are shown in Table 1. The distribution of DEPs among the groups is represented in volcano plots
(Figs. 4a, c, e). The hierarchical clustering of all DEPs showed an elevation on protein levels during
distinct growth stages of S. japonica (Figs. 4b, d, f).

Table 1
DEPs identi�ed in group B vs group A, group B vs group C, and group C vs group A.

X vs Y_ compare X_special Y_special X and Y_
common

X_up-
regulated

X_down-
regulated

Group B vs Group
A

375 217 1292 76 287

Group B vs Group
C

175 359 1492 41 449

Group C vs Group
A

503 161 1348 219 117

 

3.3 Gene Ontology (GO) analysis of DEPs
A total of 82.09% (784/955, group B vs A), 84.28% (863/1024, group B vs C) and 83.70% (837/1000,
group C vs A) of respective DEPs were annotated with, at least, one GO term. The GO annotation of DEPs
mainly focused on (i) biological processes, (ii) molecular function, and (iii) cellular components (Figs. 5a,
c, e). Some proteins involved in important biological process, for instance, those identi�ed after
comparing group C versus group B, were enriched and further correlated with gene expression
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(GO:0010467), macromolecule biosynthetic process (GO:0009059), cellular macromolecule biosynthetic
process (GO:0034645), cellular amide metabolic process (GO:0043603), and peptide metabolic process
(GO:0006518) (P < 0.01). Regarding the connection with cellular components, ribosome (GO:0005840),
intracellular ribonucleoprotein complex (GO:0030529), ribonucleoprotein complex (GO:1990904) were
signi�cantly enriched (P < 0.01). In the context of molecular function, structural molecule activity
(GO:0005198) and structural constituent of ribosome (GO:0003735) were also signi�cantly enriched (P < 
0.01) (Fig. 5b and Table 2). The enrichment results of other groups are shown (Figs. 5d, f and Table 2). 
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Table 2
GO enrichment for DEPs (P 0.01)

  GO: ID Description P-value

B vs A GO:0005198 Structural molecule activity 3.18E-03

GO:0005840 Ribosome 5.47E-03

GO:0010467 Gene expression 7.56E-03

GO:0009059 Macromolecule biosynthetic process 7.57E-03

GO:0034645 Cellular macromolecule biosynthetic process 7.57E-03

GO:0030529 Intracellular ribonucleoprotein complex 7.76E-03

GO:1990904 Ribonucleoprotein complex 7.76E-03

GO:0003735 Structural constituent of ribosome 7.76E-03

GO:0043603 Cellular amide metabolic process 8.52E-03

GO:0006518 Peptide metabolic process 9.34E-03

B vs C GO:0030414 Peptidase inhibitor activity 2.71E-05

GO:0061134 Peptidase regulator activity 2.71E-05

GO:0044421 Extracellular region part 4.82E-05

GO:0005578 Proteinaceous extracellular matrix 5.76E-05

GO:0004866 Endopeptidase inhibitor activity 5.76E-05

GO:0061135 Endopeptidase regulator activity 5.76E-05

GO:0016020 Membrane 1.72E-04

GO:0004867 Serine-type endopeptidase inhibitor activity 2.60E-04

GO:0031224 Intrinsic component of membrane 2.61E-04

GO:0016021 Integral component of membrane 4.00E-04

GO:0031012 Extracellular matrix 1.03E-03

GO:0004857 Enzyme inhibitor activity 1.03E-03

GO:0005576 Extracellular region 1.76E-03

GO:0005201 Extracellular matrix structural constituent 2.49E-03

GO:0044425 Membrane part 3.69E-03

GO:0004222 Metalloendopeptidase activity 5.82E-03
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  GO: ID Description P-value

GO:0022900 Electron transport chain 6.76E-03

GO:0004872 Receptor activity 8.70E-03

GO:0060089 Molecular transducer activity 8.70E-03

C vs A GO:0005509 Calcium ion binding 1.41E-05

GO:0043169 Cation binding 8.12E-05

GO:0046872 Metal ion binding 1.05E-04

GO:0005576 Extracellular region 3.18E-04

GO:0031224 Intrinsic component of membrane 8.09E-04

GO:0016021 Integral component of membrane 8.18E-04

GO:0016020 Membrane 2.53E-03

GO:0030414 Peptidase inhibitor activity 2.59E-03

GO:0061134 Peptidase regulator activity 2.59E-03

GO:0004867 Serine-type endopeptidase inhibitor activity 2.62E-03

GO:0004857 Enzyme inhibitor activity 4.18E-03

GO:0004866 Endopeptidase inhibitor activity 4.92E-03

GO:0061135 Endopeptidase regulator activity 4.92E-03

GO:0008061 Chitin binding 5.24E-03

GO:0006030 Chitin metabolic process 9.22E-03

GO:0006040 Amino sugar metabolic process 9.22E-03

GO:0048583 Regulation of response to stimulus 9.22E-03

GO:1901071 Glucosamine-containing compound metabolic process 9.22E-03

GO:0016459 Myosin complex 9.22E-03

GO:0044425 Membrane part 9.50E-03

GO:0043167 Ion binding 9.69E-03

3.4 KEGG analysis of DEPs
KEGG pathway analysis was pursued to identify the signi�cant difference of DEP-related pathways for
each group comparison. After comparing group B versus group A, 43.87% (419/ 955) of the DEPs were
mapped into 200 pathways according to the KEGG database. For group B vs group C, and group C vs
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group A, 43.95% (450/1024) and 42.50% (425/1000) DEPs were mapped into 189 and 214 pathways,
respectively. The results of KEGG annotation of all selected DEPs are presented (Figs. 6a, c, e). 

The DEPs originated from the comparison between groups B and A were signi�cantly enriched in seven
particular pathways (P < 0.05): ribosome (P = 0.0039), cardiac muscle contraction (P = 0.0128),
Parkinson's disease (P = 0.0128), spliceosome (P = 0.0143), legionellosis (P = 0.0240), apoptosis-�y (P = 
0.0307), as well as antigen processing and presentation (P = 0.0307). The signi�cant pathways enriched
in the comparison between groups B and C (P < 0.05) were the following: selenocompound metabolism
(P = 0.0016), propanoate metabolism (P = 0.0075), ECM-receptor interaction (P = 0.0099), alanine,
aspartate and glutamate metabolism (P = 0.0293), as well as arginine and proline metabolism (P = 
0.0424). Finally, the DEPs identi�ed on the comparison between groups C and A were signi�cantly
enriched in six pathways (P < 0.05): glyoxylate and dicarboxylate metabolism (P = 0.0066), ECM-receptor
interaction (P = 0.0111), mitophagy-animal (P = 0.0125), synthesis and degradation of ketone bodies (P = 
0.0137), pyruvate metabolism (P = 0.0245), as well as antigen processing and presentation (P = 0.0325)
(Figs. 6b, d, f and Table 3).
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Table 3
KEGG enrichment for DEPs (P 0.05)

  ko: ID Description P-value

B vs A ko03010 Ribosome 3.88E-03

ko04260 Cardiac muscle contraction 1.28E-02

ko05012 Parkinson's disease 1.28E-02

ko03040 Spliceosome 1.43E-02

ko05134 Legionellosis 2.40E-02

ko04214 Apoptosis - �y 3.07E-02

ko04612 Antigen processing and presentation 3.07E-02

B vs C ko00450 Selenocompound metabolism 1.64E-03

ko00640 Propanoate metabolism 7.51E-03

ko04512 ECM-receptor interaction 9.95E-03

ko00250 Alanine, aspartate and glutamate metabolism 2.93E-02

ko00330 Arginine and proline metabolism 4.24E-02

C vs A ko00630 Glyoxylate and dicarboxylate metabolism 6.63E-03

ko04512 ECM-receptor interaction 1.11E-02

ko04137 Mitophagy - animal 1.25E-02

ko00072 Synthesis and degradation of ketone bodies 1.37E-02

ko00620 Pyruvate metabolism 2.45E-02

ko04612 Antigen processing and presentation 3.25E-02

3.5 COG analysis of DEPs
The cluster of orthologous groups (COGs) of proteins was produced based on the database for
homologous classi�cation of proteins, which included two sections: (i) the COG database for prokaryotes
and (ii) the KOG database for eukaryotes. The putative functions of the DEPs were predicted and
classi�ed according to the KOG database. A total of 797 DEPs, which originated from the comparison
between groups A and B, were assigned to the KOG classi�cation. Among 25 KOG categories, three
particular ones contained more than 100 DEPs: (i) posttranslational modi�cation, protein turnover,
chaperones; (ii) signal transduction mechanisms; and (iii) general function prediction only. Four other
categories possessed more than 50 but less than 100 DEPs: (i) translation, ribosome structure and
biogenesis; (ii) intracellular tra�cking, secretion, and vesicular transport; (iii) energy production and
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conversion; and (iv) cytoskeleton (Fig. 7a). The comparative result of group B vs group C and group C vs
group A comparisons are presented in Fig. 7b and c, respectively. 

3.6 Quantitative validation by qRT-PCR
To further verify the results for protein expression, �fteen representative genes related to aging-related
pathways, namely CALM2, RhoA, PPP3C, CAMK2, PLCB, Rap1A, GNB1, ATPeV1E, ATPeV1EG, GRB2,
KRAS, MAP2K1, AKT, GSK3B and CTSD were quanti�ed using qRT-PCR. The results indicated that the
mRNA expression levels of most genes showed a consistent alteration tendency with the corresponding
proteins; however, RhoA and ATPeV1G showed disparity between mRNA expression and protein
abundance (Fig. 8, and Supplementary Table 2). 

4 Discussion
Aging is an intricate phenomenon characterized by the gradual deterioration of cell functions associated
with accumulation of damaged macromolecules, particularly proteins [17]. This is the �rst report about
proteomic analysis of S. japonica spawning at three different growth stages: pre-spawning, spawning
and post-spawning, and preliminary explained the physiological mechanism of S. japonica after
spawning.

4.1 Correlation between GO terms and protein function
In this study, at pre-spawning (group B vs A), the main enrichment items of GO were “structural molecular
activity”, “ribosome”, and “gene expression”, which indicated that the activities of some gene ribosomes
and proteins were increased during this period (mainly manifested as the enrichment of structural
molecular activity). In spawning (group B vs C), the main enriched GO terms were “peptidase inhibitor
activity”, “peptidase regular activity”, and “extracellular region part”. Peptidase is mainly involved in the
catalytic activity of molecular functions, indicating that peptidase activity increases from oviposition to
death, and some extracellular regions also change to a certain extent.

After spawning (group A vs C), the homeostasis of S. japonica gradually becomes unstable. The main
enriched GO terms were “calcium ion binding”, “cation binding”, and “metal ion binding” during this stage.
Correspondingly, a representative number of DEPs were annotated in “transport activity” and
“membrane”. Calcium ions act as second messengers in signal transduction pathways. Large numbers of
DEPs are enriched in the GO terms (i.e. group C vs A), indicating that major metabolic pathways changes
potentially have occurred after spawning. Similarly, COG protein function analysis showed that lots of
DEPs were involved in “signal transduction mechanism”, as well as “posttranslational modi�cation,
protein turnover, chaperones”, suggesting that calcium ions played an important role in the aging process
of S. japonica. Many DEPs were related to “energy production and conversation”, and “intracellular
tra�cking, secretion, and vesicular transport”. These results are consistent with those based on GO
annotations. Furthermore, the number of DEPs in “translation, ribosome structure and biogenesis” (group



Page 12/29

C vs A) was much lower than that observed in other groups. These results indicate that the activity of
protein synthesis decreased signi�cantly after spawning.

4.2 Analysis of major pathways at different spawning
stages of S. japonica
KEGG analysis of DEPs was performed to further explain GO results and understand the differences on
metabolic pathways at different growth stages of S. japonica. The results of KEGG annotation indicated
that the number of DEPs in “carbon metabolism” pathways increased in each group, followed by
“ribosome” and “oxidative phosphorylation” pathways. Additionally, the pathway of “phagosome” and
“protein processing in endoplasmic reticulum” also had lots of DEPs between pre-spawning (group B vs
A) and post-spawning (group C vs A).

4.2.1 Major pathways detected after KEGG annotation
Carbon metabolism (including one-carbon metabolism) exists in all organisms. One-carbon metabolism
is critical for maintaining genomic stability by nucleotide metabolism, and the changes of its
functionality are characteristic features of tumor cells [18]. Serine metabolism is a part of the carbon
metabolism, which contributes to cellular biosynthesis and many signaling pathways, and crucial for cell
proliferation and growth [19]. In our study, some serine-like proteins were signi�cantly up-regulated at
post-spawning, suggesting that the presence of tumorigenesis and other potential diseases.

The ribosome is a place for protein synthesis. Previous studies have shown that there were abundant
ribosomes in the process of yolk formation in molluscs, which can provide a place and condition for
oocytes to grow rapidly and synthesize lots of proteins. In this study, the “ribosome” pathway enriched
the most DEPs in pre-spawning (group B vs A), indicating that the oocytes of S. japonica were active in
vigorous protein synthesis and other life activities. It was also con�rmed by the high activity of “protein
processing in endoplasmic reticulum” pathways at this stage.

The process of oxidative phosphorylation occurs mainly in mitochondria, generating ATP. Studies have
shown that mitochondria play an important role in oocyte maturation and early embryonic development
[20]. In this study, the “oxidative phosphorylation” pathway enriched more DEPs in all three stages of S.
japonica. Interestingly, it is enriched with fewer DEPs in pre-spawning, presumably a large number of
ribosomes release energy during protein synthesis to provide energy for cell metabolism at this stage,
resulting in a smaller number of mitochondria. In post-spawning, many differential proteins in the
“oxidative phosphorylation” pathway were signi�cantly upregulated, and in the “phagosome” pathway.
Phagosome is a key organelles in macrophages, involving tissue remodeling, eliminating apoptotic cells,
and controlling intracellular pathogen proliferation [21, 22], which is crucial to the homeostasis of the
organism. The continuous increase in phagocytes and oxidative phosphorylation activities re�ected that
the homeostasis of S. japonica might be disrupted after spawning, such as tumor cell proliferation and
pathogen invasion.
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4.2.2 Signi�cant enriched pathways detected upon the
comparison among S. japonica groups
KEGG enrichment analysis was performed to screen key pathways during the aging process. The results
of this analysis indicated that the enriched pathways were distinct for each group. In pre-spawning (group
B vs C), the most signi�cant enrichment pathway was “ribosome”, which contained the largest number of
DEPs. Notably, the “Parkinson's disease” and “Apoptosis-�y” pathway were also signi�cantly enriched.
Parkinson's disease is a long-term degenerative disorder of the central nervous system (CNS) in humans.
We noticed that DEPs from “Parkinson's disease” pathway was concentrated in the mitochondria, and all
of them were down-regulated. Some DEPs were able to inhibit ATP production, indicating that it may
reduce the oxidative phosphorylation and lead to oxidative stress, impairing mitochondrial function or
initiate apoptosis.

In spawning (group B vs C), the “selenocompound metabolism”, “propanoate metabolism” and “ECM-
receptor interaction” pathway was the most signi�cant. Selenocompounds could interfere with the redox
homeostasis and signaling of cancer cells by altering key regulatory elements of energy metabolism and
cell cycle checkpoints, producing anticancer effects and in�uence differentiation, proliferation,
senescence, and death pathways [23–25]. Propanoate metabolism is an alternate metabolic pathway
that starts with propanoate processing to propanoyl coenzyme A (propanoyl-CoA), then further converted
into succinyl-CoA, and �nal participates in the tricarboxylic acid cycle (TCA). Extracellular matrix (ECM) is
a complex three-dimensional network of extracellular macromolecules, such as enzymes, glycoproteins,
and collagen [26]. It can interact with cells to regulate diverse functions, including proliferation, migration
and differentiation [27]. In our study, DEPs involved in both “selenocompound metabolism” and
“propanoate metabolism” pathways were up-regulated, indicating that the activity of the TCA cycle of S.
japonica was enhanced during spawning and produced a large amount of ATP. However, excessive ATP
may produce reactive oxygen species (ROS). In order to prevent intracellular ROS-induced damage, the
expression of selenium compounds was simultaneously increased to balance cell senescence and
apoptosis. Besides, most of the DEPs in the “ECM-receptor interaction” pathway were signi�cantly down-
regulated, suggesting that the S. japonica cells' activity increased during this period.

In post-spawning (group C vs A), the “glyoxylate and dicarboxylate metabolism” and “mitophagy-animal”
pathways were more signi�cantly enriched. The former pathway can affect the TCA cycle, pyruvate and
purine metabolism, while the latter pathway related to mitochondrial autophagy (mitophagy). Mitophagy
plays an important role in maintaining cell health. Under normal conditions, mitophagy can selectively
clear damaged mitochondria and regulate mitochondrial content [28]. As mitochondrial autophagy
changes indicate that the number of damaged mitochondria might increase, resulting in ATP depletion.
Moreover, altered mitochondrial metabolism also characterizes age-associated neurodegeneration [29]. A
reduction in mitochondrial activity may characterize both pathological and physiological aging [30]. Our
results showed that the “mitophagy-animal” pathway exists only in the post-spawning period, suggesting
that S. japonica are aging at this time.
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4.3 Some DEPs presenting in aging-related pathways
Several aging-related pathways were identi�ed via KEGG analysis, such as cGMP/PKG, Wnt, MAPK,
PI3K/Akt and mTOR signaling pathways. The expression levels of some DEPs were affected the function
of related pathways.

Calcium (Ca2+) acts as an important second messenger that binds its primary intracellular receptor
calmodulin (CaM) to trigger a variety of downstream processes and pathways [31]. CaM is a small, highly
conserved, dumbbell-shaped protein expressed by all eukaryotic cells, and encoded by three distinct
genes (CALM1, CALM2, CALM3) in humans [32]. Ca2+/calmodulin-dependent protein kinase (CaMK)II is a
multifunctional kinase that activated upon the binding of Ca2+ and calmodulin complex, involving in vital
cellular processes [33]. In this study, the abundance of CALM (Calmodulin and related proteins)2
decreased signi�cantly at different growth stages. It is speculated that the concentration of Ca2+

decrease, which may lead to the imbalance of various biological processes. Studies have shown that
hypoxia could lead to an increase in CaMKII content [34]. The abundance of CaMK2 decreased
signi�cantly in group B and increased signi�cantly in group C, suggesting that hypoxia symptoms may
occur after S. japonica spawning, resulting in the loss of appetite and vitality.

It is worth noting that hunger and hypoxia also inhibit the mitochondrial function [35]. The sodiumpump
(Na+/K+ ATP-ase) coordinates active transport of Na+ ions out of the cell and K+ ions into the cell, fueled
by the hydrolysis of a molecule of ATP, which plays an important role in cell homeostasis and energy
supply [36]. Na+/K+ ATPase consists of two subunits (α and β). The α subunit possesses the ATPase
activity as well as Na+ and K+ binding sites [37]. The mitochondrial ADP/ATP carrier proteins is the major
representative of the inner membrane carrier proteins of mitochondria that catalyses the one to one
exchange of cytosolic ADP against matrix ATP across the inner mitochondrial membrane [38]. In this
study, the ATP1A (Na+/K+-ATPase, α subunit) and SLC25A4S (mitochondrial ADP/ATP carrier protein)
were not detected in group B and Group C. It was speculated that cuttle�sh consumed a large amount of
energy when spawning, while the absence of Na+/K+ATP-ase and ADP/ATP carrier protein made the
energy supply insu�cient and affected the homeostasis of the body. Moreover, as the eggs develop,
females S. japonica often stop eating, which reduce the absorption of nutrients like glucose, amino acids
and Na+, weaken the enzyme activity and accelerate the aging process.

Heat shock protein (HSP) belongs to an important family of endogenous protective proteins that rapidly
respond to a wide variety of stress stimuli [39]. The molecular chaperone HSP70 can interact with
ribosomes and plays a signi�cant role in the whole cellular homeostasis [40–41]. Ubiquitin is a small
protein that marks the proteins to degradation. Proteins can be ubiquitinated through the synergy of
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3) [42]. In
this study, the ubiquitin ligase SkP1 component was not detected in group A, but continued to increase in
group B and C, while the expression of HSP70 was only detected in group A. It is speculated that the
ubiquitin labeled “useless” proteins were failed to promptly degrade due to the absence of HSP70, and
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non-functional proteins were further enriched, resulting in maladjustment of protein metabolism. Besides,
the molecular chaperone HSP70 can also help matrix proteins cross over the mitochondrial inner
membrane with an ATP-dependent manner [43–44], then fold and assemble into protein complexes.
HSP90 has similar functions under resting conditions. However, in groups B and C, the expression of
HSP70 and HSP90 were not detected, indicating that the continued loss of HSP during spawning and
post-spawning accelerated the destruction of protein homeostasis, leading to the loss of mitochondrial
matrix proteins and mitochondrial dysfunction. This may also be one of the causes of aging or death at
the post-spawning stage of S. japonica.

Ras proteins are the founding members of a large superfamily of small GTPases, divided into at least �ve
distinct branches: Ras, Rho, Rab, Arf, and Ran [45]. RhoA is a small GTPase protein of the Rho family,
which is mainly used to regulate cell division and cytoskeleton [46]. KRAS and Rap-1A are members of
the Ras family. KARS is an early participant in many signal transduction pathways that can not only
control cell proliferation, but also act as an oncogene [47]. Rap-1A can interact with c-Raf [48–49], and
Raf kinases can be activated by interacting with Ras-GTPases, and then participate in MAPK cascade
[50]. AKT is a serine/threonine protein kinases, which involved in cell proliferation, migration and
apoptosis [51]. MAP2K1 is located upstream of MAPK and plays a role in activating MAPK enzymatic
activity [52]. In this study, RhoA was signi�cantly down-regulated in group C, while Rap-1A, KRAS, MAP2K
and AKT were signi�cantly up-regulated. It was speculated that the cell cycle of S. japonica was affected
at the spawning stage, causing the abnormal cell proliferation and tumor formation at post-spawning.

Furthermore, other proteins (such as PLCB, SEC13, CTSD, etc.) also showed signi�cant changes between
groups. Among them, CTSD has an antibacterial activity [53]. In our study, the expression of CTSD was
signi�cantly down-regulated in group B, while with no signi�cant differences between group A and group
C. It was speculated that it might be a protective mechanism for the cuttle�sh to response to various
stimuli after spawning. However, the reasons for the signi�cant decrease of CTSD levels during spawning
still need further research. In fact, most of the proteins shown in our study were not involved in the
signaling cascade of aging, but may affect other pathways as well, indicating that the aging process of S.
japonica after spawning was a complex process that deserved more investigations.

4.4 Linkage among aging-related pathways
The function of most of the proteins discussed previously has been veri�ed in aging-related pathways.
The decrease of ATPase would affect proteins downstream on the cGMP-PKG pathway. In this context,
the key protein PKG can active Raf-1 and indirectly affects mitochondrial function. The PI3K-AKT
signaling pathway map shows that AKT is activated by HSP90, and phosphorylation of other proteins in
the pathway can be activated or inhibited by AKT, which is well known to impact cell cycle progression
and survival. The map of MAPK signaling pathway showed that the up-regulation of Rap-1A could lead to
excessive cell proliferation, while the absence of HAPA1S would no longer inhibit the function of JNK,
which leads to apoptosis. The Wnt signaling pathway map shows that SKP1 indirectly acts on
proteolysis, while CAMK2 and Ras-related GTPase act on DNA and cytoskeletal changes, respectively.
Finally, the map of mTOR signaling pathway indicates that V-ATPase has a role in the lysosome, while
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Ras-related GTPase also participates in the pathway and potentially affects the cytoskeletal organization.
Of note, some links between these pathways were also noticed. For instance, AKT appeared downstream
of cGMP-PKG pathway. At the same time, it plays a crucial role in the PI3K signaling. PKG, the key protein
of cGMP-PKG pathway, can phosphorylate Raf-1 and, therefore, associate with MAPK signaling. The
phosphorylation product NLK, downstream of the MAPK signaling pathway, can act indirectly on the Wnt
pathway. Furthermore, both Ras-related GTPase from the MAPK pathway and AKT from PI3K pathway
are also widely involved in mTOR signaling.

5 Conclusion
In this study, many classic aging-related pathway proteins have been identi�ed using label-free
proteomics methods. Bioinformatics analysis showed that energy metabolism, stress response and cell
proliferation changed signi�cantly in different spawning stages. Compared with the stage of pre-
spawning, the energy metabolism of S. japonica decreased after spawning. This may due to cell cycle
disorders and decreased ATP content. In fact, the process of spawning consumes a lot of energy, and
insu�cient energy supply in the post-spawning stage, reducing the activity and feeding behavior of S
.japonica. Besides, dysregulation of the cell cycle is often accompanied by an imbalance in homeostasis,
leading to reduced stress response to the environment. In a way, cuttle�sh are more susceptible to
pathogens after spawning, but further experiments are needed.

The rapid aging and death of S. japonica after spawning is a complex process that involves many
internal factors, related to energy metabolism, cell cycle regulation, immunity, protein homeostasis and
environmental conditions. This study provides explanations for the phenomenon at the proteomics level
and provides a theoretical basis for further scienti�c research.
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Figures

Figure 1

Analysis of protein quality of S. japonica at different stage. The total content of proteins isolated from S.
japonica optic gland (groups A, C and D) were analyzed by SDS-PAGE.
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Figure 2

Protein identi�cation. Peptides and proteins identi�ed from all samples after proteome database search.
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Figure 3

Pro�ling of proteins identi�ed in the optic gland of S. japonica. Distribution of the molecular weight (a), pI
(b), sequence coverage (c) and peptide counts (d).
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Figure 4

Differentially expressed proteins (DEPs) detected among different groups of S. japonica. Volcano plot of
group B vs group A (a), group B vs group C (c) and group C vs group A (e). The up- and down-regulated
proteins are marked in red and green, respectively. Heatmap of group B vs group A (b), group B vs group C
(d) and group C vs group A (f). Red and green colors represent high and low protein abundance,
respectively.



Page 25/29

Figure 5

Gene ontology (GO) analysis of differentially expressed proteins (DEPs). Distribution of GO annotation of
the DEPs identi�ed in group B vs group A (a), group B vs group C (c) and group C vs group A (e). Red and
green bars represents up- and down-regulated proteins, respectively. Blue bar represents unique proteins
detected in a single group. GO enrichment of differentially expressed proteins in group B vs group A (b),
group B vs group C (d) and group C vs group A (f). The size of spots represents the number of proteins in
each GO term. Different colors represent distinct P-values.
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Figure 6

KEGG analysis of DEPs. Results of KEGG annotation in group B vs group A (a), group B vs group C (c)
and group C vs group A (e). Up- and down-regulated proteins (red and green, respectively) as well as
unique (blue) proteins are indicated in the pathways. KEGG enrichment of differentially expressed
proteins is shown for comparisons between group B vs group A (b), group B vs group C (d) and group C
vs group A (f). The color of spots indicates the signi�cance level related to differences between each
group.
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Figure 7

COG analysis of DEPs detected among different groups of S. japonica. DEPs detected in group B vs
group A (a), group B vs group C (b) and group C vs group A (c), were categorized according to the
information storage, cellular, signaling, and metabolism process.
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Figure 8

Relative mRNA level of genes encoding proteins involved in aging-related pathways. CALM: calmodulin;
RhoA: Ras homolog gene family, member A; PPP3C: serine/threonine–protein phosphatase, catalytic
subunit; CAMK2: calmodulin–dependent protein kinase ; PLCB: phospholipase C, beta; Rap1A: Ras–
related protein 1A; GNB1: guanine nucleotide-binding protein, subunit beta–1; ATPeV1E: V–type H+–
transporting ATPase subunit E; ATPeV1G: V–type H+–transporting ATPase subunit G; GRB2: growth
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factor receptor–binding protein 2; KRAS: GTPase KRas; MAP2K1: mitogen–activated protein kinase
kinase 1; AKT: RAC serine/threonine–protein kinase; GSK3B: glycogen synthase kinase 3 beta; CTSD:
cathepsin D. “*” and “**” indicate signi�cant differences at P<0.05 and P<0.01, respectively. Data are
presented as mean±S.D. from three independent biological replicates.


