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Simple Summary: In this study, MethylRAD-Seq of body wall tissue of Apostichopus japonicus at different ages
was analyzed based on methylated RAD-Seq technology, and combined with GO and KEGG analysis, different
genes related to age of A. japonicus were screened out, such as H2AX, Hsp90, Pepn, CDC6, etc. Provides reference
significance for the identification of A. japonicus age.

Abstract: The A. japonicus industry has expanded significantly, but no research has focused on how to
determine the age of A. japonicus during farming. Correctly estimating the age of A. japonicus can provide a
decision-making basis for the breeding process, and data for the protection of A. japonicus aquatic germplasm
resources. DNA methylation levels in the body wall of Apostichopus japonicus at 4 months, 1 year, 2 years, and
3 years old were determined by MethylRAD-Seq, and differentially methylated genes were screened. The
results of the study found that 441 and 966 differentially methylated genes were detected at CCGG and
CCWGG sites, respectively. As-partate aminotransferase, succinate semialdehyde dehydrogenase, isocitrate
dehydrogenase, the histone H2AX, heat shock protein Hsp90, aminopeptidase N, cell division cycle CDC6, Ras
GTPase activating protein (RasGAP), slit guidance ligand slit 1, integrin linked kinase ILK, mechanistic target
of rapamycin kinase Mtor, protein kinase A Pka, and autophagy-related 3 atg3 these genes may play key roles
in the growth and aging process of A. japonicus. This study to provide valuable information on age-related
genes for future research, to use these candidate genes to create an "epigenetic clock".

Keywords: MethylRAD-Seq; A. japonicus; body wall; age identification

1. Introduction

Apostichopus japonicus, which belongs to the family Stichopodidae (class Holothuroidea; phylum
Echinodermata), has significant economic and medicinal value [1]. The Fisheries Administration of
the Ministry of Agriculture and Rural Affairs data show that the total production of A. japonicus in
China increased from 197,000 tonnes in 2020 to 223,000 tonnes in 2021 [2]. The A. japonicus industry
in China has expanded significantly, but no research has focused on how to determine the age of A.
japonicus during farming. Correctly estimating the age of A. japonicus can provide a decision-making
basis for the breeding process, assist in identifying developmental stages and breeding time, evaluate
population resources, analyze population dynamics, and provide data for the protection of A.
japonicus aquatic germplasm resources.

The age and variety of A. japonicus can often be determined by observing the appearance, gonad
development, and bone fragments. Zhang et al. examined the varieties and shapes of bone fragments
in A. japonicus at different ages and discovered that the proportion of bone fragments in the same
tissue of A. japonicus was different at different ages [3]. Wang et al. observed the table shape of A.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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japonicus at different months old and discovered that the number of table holes in the chassis tended
to decrease with age, and the outer margin of the table shape degenerated from uneven to smooth
[4].

In fish, Venney et al. demonstrated that in Oncorhynchus tshawytscha, changes in DNA
methylation were associated with genes, tissues, and age, and showed that decreases in DNA
methylation with age and tissue-specific methylation patterns varied [5]. Anastasiadi et al. amplified
48 CpG sites from four genes in muscle samples of Dicentrarchus labrax for which the age was
accurately determined by targeting the sodium bisulfite sequences. They then applied penalized
regression to predict age and constructed a fish epigenetic clock [6]. Methylation is a significant
epigenetic modification of eukaryotic genomic DNA, and it plays crucial roles in biological processes
such as gene expression, embryonic development, cell differentiation, and gene imprinting [7,8].
High-throughput sequencing has been widely used in studies of aquatic animal development [9],
disease [10], and age [11]. Using an optimized unique set of 26 CpG sites and a Daniorerio age
prediction model based on DNA methylation, Mcgaughey et al. developed a multiplex PCR assay
with a mean median absolute error rate of 3.2 weeks for age prediction [12]. Montesanto et al.
determined an epigenetic clock of Chelonia mydas with a median absolute error of 2.1 years based
on DNA methylation levels at 18 CpG sites [13]. De Paoli-Iseppi et al. used DNA methylation
biomarkers to estimate the age of Ardenna tenuirostris and identified seven CpG sites where the
DNA methylation levels correlated with age. Ages estimated using models constructed based on
these correlations had an average difference of 2.8 years from known ages [14]. Although age
prediction based on DNA methylation levels is a swiftly developing field of epigenetics, no studies
using DNA methylation levels to determine the age of A. japonicus have been reported so far.

To gain a deeper understanding of differences between the DNA methylation levels of A.
japonicus at different ages, we used MethylRAD-Seq to screen and identify differentially methylated
genes, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis to determine the functional relationships between these genes. Our results will provide a
theoretical foundation for biological research and age determination of A. japonicus.
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2. Materials and Methods

2.1. Experimental materials

Healthy 3-year-old (weight: 175.59 + 34.38g) (A), 2-year-old (weight: 42.51 + 19.33g) (B), 1-year-
old (body weight: 5.19 + 6.26g) (C), and 4-month-old (body weight: 1.72 + 1.13g) (D)A. japonicus were
cultivated at a key laboratory in March 2019, March 2020, March 2021, and December 2021 were
collected. It grows in the same place: a 600L aquaculture pond with water that is 14 + 1.5°C and has
a salinity of 30 £ 1 and a pH of 7.0. The experiment will begin in March 2022. Six A. japonicus were
picked randomly from each group, the body wall was removed, and the A. japonicus were snap-frozen
in liquid nitrogen, and kept at -80°C.

2.2. Reagent preparation

The synthesized primers and linker dry powder were centrifuged at high speed at room
temperature, suspended, and mixed with water to make a concentration of 100 Storage solution for
UM. Prepare a linker working solution at a concentration of 5 uM and a primer at a concentration of
10 uM before the experiment, and store the above storage and working fluid are stored at —20 ° C for
later use.10% (wt/vol) APS (Sigma-Aldrich, cat. no. A3678) Take 1 g of APS and dissolve in a small
amount of water for bandwidth evaluation to 10 ml. The solution can be stored at -20 ° C for 3-
6Month.1% (wt/vol) agarose gel, weigh 0.4 g agarose, and dissolve in 40 ml 1x TAE buffer (Sigma-
Aldrich, cat. no. T8280), heat until agarose is finished completely, wait for the solution to cool down
to about 60 ° C, add 4 ul SYBR Safe DNA dye, shake well and pour in prior insertionPut it in the glue
tank of a good comb at room temperature and use it after the glue solidifies. The agarose glue must
be used and prepared now.8% (wt/vol) polyacrylamide gel, take 5.4 ml acrylamide (29:1), 4 ml 5x
TBE (Sigma-Aldrich, cat. no. T3913), 280 ul 10% (Wt/vol) APS, 10 ul TEMED, 10.6 ml pure water,
shake and mix, then pour into a pre-clamped rubber plate and insertGood comb, leave it at room
temperature for at least 1 hour before use, 8% polyacrylamide gel must be used now.

2.3. MethylRAD experimental process

(1) The enzyme digestion reaction system was as follows, a control group was set, and the reaction
was performed at 37 ° C for 4 h.

Table 1. Enzyme digestion system

ingredient Volume (ul/single sample; Volume (ul/single sample;
digestion group) control group)
DNA (1-200ng/uL) 1 1
10xcut smart buffer 15 1.5
30xEnzyme 0.5 0.5
activotor
FspEI (5U/ul) 0.8 0
Pure water 11.2 12
Total 15 15

(2) 5 ul of each control group and enzyme digestion group were detected by 1% (wt/vol) agarose
gel electrophoresis, 100 V electrophoresis for 10 - 15 min, The effect of digestion was observed
under ultraviolet light.

(3) The linking reaction system is as follows, and the reaction conditions are: 4 ‘C connection for
6-8 h.

doi:10.20944/preprints202310.1105.v1
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Table 2. Enzyme digestion system and reaction conditions

ingredient Volume (pl/single sample)
enzyme digestion product 10
10x T4 ligase buffer 1
10 m M ATP 1
Adaptor 1 (5uM) 0.8
Adaptor 2 (5uM)1 0.8
T4 DNA ligase (400 U/ul) 2
Pure water 54
Total 20

The PCR reaction system and conditions is as follows.

Table 3. PCR reaction system and conditions

ingredient Volume (ul/single sample)  Reaction conditions

Linked product 7 98°C ,5s;

5xHF buffer 4 60°C ,20s

10 Mm dNTP 0.6 72°C ,10s

Primer 1 (10 uM ) 0.4 20 cycle
Primer 2 (10 uM) 04
Phusion high-fidelity DNA 0.2

polymerase (2 U/ul)

Pure water 74
Total 20

20 ul PCR product and 1 ul 100-bp DNA ladder were examined by electrophoresis with 8%
polyacrylamide gel at 400V Swimming 35 mins

After electrophoresis, SYBR Safe DNA dye was used for 3 min to observe the brightness of the
target band (100 bp).

Cut the desired strip and put it into a 1.5ml centrifuge tube, grind the glue with a grinding rod,
add 30-40pl of pure water, and let it stand at 4°C 6-12 h.

PCR introduces the Barcode sequence and the PCR reaction system is as follows

Table 4. PCR reaction system and conditions

ingredient Volume (ul)  Reaction conditions
Linked product 6 98°C ,5s;
5xHF buffer 4 60°C ,20s
10 Mm dNTP 0.6 72°C ,10s
10 uM Primer3 0.2 6 cycle
10 uM Index Primer 0.2

Phusion high-fidelity DNA polymerase (2 U/ul) 0.2

doi:10.20944/preprints202310.1105.v1
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Pure water 8.8

Total 20

Purify PCR products with QIAquick PCR Purification Kit, elute with 15 pl of pure water, and
then determine with QubitQuantity. In general, the ideal concentration of purified products is
10 - 30 ng/ul.

(10) If multiple libraries have been built, the libraries with different barcode numbers can be mixed

according to the amount of sent measurement data, and finally mixed. The combined library
concentration is more suitable at 5 - 10 ng/pl.

(11) The mixed libraries were sequenced using the Illumina Novaseq PE150 sequencing platform.

2.4.

)

@)

@)
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(6)

Table 5. Adaptors and primers used for MethylRAD library preparation.

Adaptors and Sequence (5 to 3')
primers
Adap-1 sens ACACTCTTTCCCTACACGACGCTCTTCCGATCT
Adap-1 antisense NNNNAGATCGGAAGAGC(AminoC6)
Adap-2 sense GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
Adap-2 antisense NNNNAGATCGGAAGAGC(AminoC6)
Primers
Primerl ACACTCTTTCCCTACACGACGCT
Primer2 GTGACTGGAGTTCAGACGTGTGCT
Primer3 AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCT
Index primer CAAGCAGAAGACGGCATACGAGATXXXXXXGTGA
CTGGAGTTCAGACGTGT

Data analysis process

Check the raw data obtained from sequencing for quality. If there are more than 15% low-quality
bases or sequences with too many N bases in the acquired reads, they must be removed.

Align Enzyme Reads to the reference genome using the bowtie2 (version 2.3.4.1) software
(parameter settings: -M =4, —v =2, —r = 0) to identify reliable methylation sites;

Utilise SNPeff software (version: 4.1) to extract the UTR region based on the annotation
information, followed by Bedtools software to determine the distribution of methylation sites in
various gene elements in the sample [15,16];

Using the DESeq software, calculate the difference p value and difference multiple (Log2FC) of
each site between the groups, combine the sequencing depth of each site in each sample, and
compare the methylation levels between the two groups;

Screen the genes for which the difference between groups is p=0.05 and [log2FCI>1 and
organize their methylation level and annotation data;

GO and KEGG enrichment analysis of differential genes

3. Results

3.1.

MethylRAD-Seq data and identification of A. japonicus DNA methylation sites
We performed MethylRAD-Seq of genomic DNA extracted from the body wall tissue of A.

japonicus at 4 months, 1 year, 2 years, and 3 years old. We used a total of 12 tissue samples (3 samples

doi:10.20944/preprints202310.1105.v1
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from each of the age groups) and obtained a total of 280,422,936 reads; 130,276,536 (46.4%) of them
were high-quality reads. The three samples of 3-year-old A. japonicus yielded 75,848,311 reads;
36,771,351 (48.48%) of them were high-quality reads. The three samples of 2-year-old A. japonicus
yielded 62,579,986 reads; 32,326,130 (51.66%) of them were high-quality reads. The three samples of
1-year-old A. japonicus yielded 65,336,130 reads; 30,392,328 (46.52%) of them were high-quality reads.
The three samples of 4-month-old A. japonicus yielded 76,656,509 reads; 30,786,727 (40.16%) of them
were high-quality reads. See Table 6 for details. Identification and analysis of methylation sites of the
enzyme-produced DNA fragments from the 12 tissue samples showed that the proportion of CCGG-
type methylation sites was substantially higher than that of CCWGG-type methylation sites. The
average numbers of CCGG methylation sites for the 3-, 2-, 1-year, and 4-month-old A. japonicus were
70,357, 80,375, 79,065, and 82,131, respectively. The average numbers of CCWGG methylation sites
for the 3-, 2-, 1-year, and 4-month-old A. japonicus were 7,755, 11,379, 11,524, and 11,833, respectively.

Table 6. Statistical table of data volume change Statistics of sequencing data of MethylRAD library

Sample Raw_Reads Clean_Reads Percent
A 75848311 36771351 48.48%
B 62579986 32326130 51.66%
C 65336130 30392328 46.52%
D 76656509 30786727 40.16%

Note :3-year-old(A), 2-year-old (B), 1-year-old(C), 4-month-old (D)

3.2. Identification of differentially methylated genes

Genes were considered to be differentially methylated between the age groups when the p-value
was <0.05 and the absolute value of log2fold change was >1. In the 3-year vs. 2-year comparison, we
identified 209 (99 up-regulated, 110 down-regulated) and 120 (62 up-regulated, 58 down-regulated)
differentially methylated genes at the CCGG and CCWGG sites, respectively. In the 3-year vs 1 year
comparison, we identified 289 (160 up-regulated, 129 down-regulated) and 178 (96 up-regulated, 82
down-regulated) differentially methylated genes at the CCGG and CCWGG sites, respectively. In the
3-year vs 4 months comparison, we identified 304 (179 up-regulated, 125 down-regulated) and 134
(74 up-regulated, 60 down-regulated) differentially methylated genes at the CCGG and CCWGG
sites, respectively. In the 2-year vs 1 year comparison, we identified 218 (117 up-regulated, 101 down-
regulated) and 180 (91 up-regulated, 89 down-regulated) differentially methylated genes at the
CCGG and CCWGG sites, respectively. In the 2-year vs 4 months comparison, we identified 225 (113
up-regulated, 112 down-regulated) and 196 (107 up-regulated, 89 down-regulated) differentially
methylated genes at the CCGG and CCWGG sites, respectively. In the 1-year vs 4 months
comparison, we identified 196 (86 up-regulated, 110 down-regulated) and 158 (75 up-regulated, 83
down-regulated) differentially methylated genes at the CCGG and CCWGG sites, respectively. The
specific quantity and changes of these comparisons are shown in Figure 1. At the CCGG sites, the
highest number of differentially methylated genes (304) was found in the 3 years vs 4 months
comparison, and the lowest number (196) was found in the 1 year vs 4 months comparison. At the
CCWGG sites, the highest number of differentially methylated genes (196) was found in the 2 year
vs 4 months comparison, and the lowest number (120) was found in the 3 years vs 2 years comparison.

doi:10.20944/preprints202310.1105.v1
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Figure 1. Statistical histogram of differential methylation genes between groups (3-year-old(A), 2-
year-old (B), 1-year-old(C), 4-month-old (D) ).01:3-year-oldVS 1-year-old;02:2-year-oldVS 1-year-
old;03:3-year-old VS 4-month-old;04:2-year-oldVS 4-month-old;05:1-year-oldVS 4-month-old;06:3-
year-oldVS 2-year-old.)

3.3. GO enrichment analysis of differentially methylated genes

The differentially methylated genes identified in each of the comparisons were annotated with
GO terms under the three main categories, biological process (BP), cellular component (CC), and
molecular function (MF). The top ten enriched terms under each of the categories are displayed as
bar charts (Figures 2 and Supplementary Document 1).

In the 3 years vs 2 years comparison, the differential methylation genes at CCGG sites were
significantly enriched in the BP terms convergence extension and retrograde transport of
gastrulation, endosome to Golgi, and negative regulation of typical Wnt signaling pathways; the CC
terms cell surface, midsole, and trans-Golgi network; and the MF terms thiol-dependent ubiquitin-
specific protease activity, metalloproteinase activity, and protein transporter activity. The differential
methylation genes at CCWGG sites were significantly enriched in the BP terms mitotic cell division,
cholesterol metabolism, and nervous system development; the CC terms nuclear membranes, protein
complexes, and centrosomes; and the MF terms protein dimerization activity, protein
serine/threonine kinase activity, and metal ion binding. The results are shown in Figures 2 and 3A.
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Figure 2. Histogram of differentially methylated gene GO functional classification: CCGG. (A) A VS
B; (B) AVSC; (C) AVSD; (D)BVSC; (E) BVSD; (F) CVSD. (3-year-old(A), 2-year-old (B), 1-year-
0ld(C), 4-month-old (D).)
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Figure 3. Histogram of differentially methylated gene GO functional classification: CCWGG. (A) A
VS B; (B) AVSC; (C) AVSD; (D)BVSC; (E) BVSD; (F) C VS D.(3-year-old(A), 2-year-old (B), 1-
year-old(C), 4-month-old (D).)

In the 3 years vs 1 year comparison, the differentially methylated genes at CCGG sites were
significantly enriched in the BP terms vesicle-mediated transport, extracellular matrix organization,
and protein localization; the CC terms proteasome complex, ubiquitin ligase complex, and trans-
Golgi network; and the MF terms metalloproteinase activity, oxidoreductase activity, and protein
heterodimerization activity. The differential methylation genes at CCWGG sites were significantly
enriched in the BP terms eye development, protein processing, and mitotic cell division; the CC terms
adhesion, trans-Golgi network, and plate-like pods; and the MF terms dynein light intermediate
chain binding, ion channel binding, and transferase activity. The results are shown in Figures 2 and
3B.

In the 3 years vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in the BP terms histone deubiquitination, protein localization, and protein
deubiquitination; the CC terms nuclear chromosomes, chromatin, and nuclear chromatin; and the
MF terms unfolded protein binding, protein dimerization activity, and thiol-dependent ubiquitin-
specific protease activity. The differentially methylated genes at CCWGG sites were significantly
enriched in the BP terms axonogenesis, mitochondrial transport, and cardiac development; the CC
terms early endosomes, cytoplasmic vesicle membranes, and cell surfaces; and the MF terms
ubiquitin-protein transferase activity, cadherin binding, and protein serine/threonine kinase activity.
The results are shown in Figures 2 and 3C.

In the 2 years vs 1 year comparison, the differentially methylated genes at CCGG sites were
significantly enriched in the BP terms protein localization to plasma membrane, nerve cell projection
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development, and redox process; the CC terms chromosomes, growth cones, and axons; and the MF
terms protein serine/threonine kinase activity, microtubule binding, and protein kinase binding. The
differentially methylated genes at CCWGG sites were significantly enriched in the BP terms response
to peptide hormones, forward regulation of stress fiber assembly, and response to glucose; the CC
terms outer mitochondrial membrane, plate-shaped pods, and membranes; and the MF terms
ornithine-nucleotide exchange factor activity, protein serine/threonine kinase activity, and signal
sensor activity. The results are shown in Figures 2 and 3D.

In the 2 years vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in the BP terms negative regulation of typical Wnt signaling pathways, protein
phosphorylation, and innate immune response; the CC terms nuclear chromosomes, secretory
granules, chromosomes, and centromere regions; and the MF terms transcriptional activation
activity, RNA polymerase II, transcriptional regulatory region sequence-specific DNA binding,
transcription regulatory region DNA junction, and zinc ion binding. The differentially methylated
genes at CCWGG sites were significantly enriched in the BP terms post-transcriptional regulation of
gene expression, nuclear transcription mRNA catabolism, senseless-mediated decay, and negative
regulation of the typical Wnt signaling pathway; the CC terms nuclear chromosomes, ruffle
membranes, and endoplasmic reticulum cavity; and the MF terms transmembrane transporter
activity, B-catenin binding, and kinase binding. The results are shown in Figures 2 and 3E.

In the 1 year vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in the BP terms cilia components, transcription, DNA templating, forward
regulation of transcription, and DNA templating; the CC terms mitochondrial outer membrane,
transGolgi network, and cell surface; and the MF terms enzyme binding, zinc ion binding, and GTP
binding. The differentially methylated genes at CCWGG sites were significantly enriched in the BP
terms ciliary components, transcription, DNA templating, forward regulation of transcription, and
DNA templating; the CC terms cilia, endoplasmic reticulum, and cytoskeleton; and the MF terms
calmodulin binding, transcription factor binding, and GTPase activator activity.

These results show that differentially methylated genes were involved in various essential
biological processes, including negative regulation of the typical Wnt signaling pathway, protein
localization, and mitotic cell division, as well as with various cellular components, including trans-
Golgi network, centrosome, nuclear chromosome, mitochondrial outer membrane, cell surface, and
plate viburnum. The differentially methylated genes were also involved in multiple molecular
functions, including thiol-dependent ubiquitin-specific protease activity, metalloprotease activity,
protein dimerization activity, protein serine/threonine kinase activity, and zinc ion binding. The
results are shown in Figures 2 and 3F.

3.4. KEGG enrichment analysis of differentially methylated genes

The differentially methylated genes identified in each of the comparisons were annotated with
KEGG pathways.

In the 3 years vs 2 years comparison, the differentially methylated genes at CCGG sites were
significantly enriched in alanine, aspartate, and glutamic acid metabolism, platinum resistance, fluid
shear stress, and atherosclerosis; up-regulated genes were significantly enriched in alanine, aspartate,
and glutamic acid metabolism and endocrine resistance pathways, whereas down-regulated genes
were significantly enriched in AMPK signaling pathway, liver cancer, endocrine resistance. In the
alanine, aspartate, and glutamic acid metabolic pathway, aspartate aminotransferase and o-1-
pyrroline-5-carboxylate dehydrogenase were up-regulated. The differentially methylated genes at
CCWGG sites were significantly enriched in mRNA monitoring, axon guidance, and endocrine
resistance; up-regulated genes were significantly enriched in mRNA monitoring pathway and
endocrine resistance, whereas down-regulated genes were significantly enriched in endocrine
resistance pathways (Figure 3). In the mRNA monitoring pathway, FIP1, SYMPK, and smgl were up-
regulated, and smg6 was down-regulated. In the axon guidance pathway, the Ras GTPase activating
protein gene rasgap and limk were down-regulated, and slit guidance ligand slitl was up-regulated.
The results are shown in Figures 4 and 5A.


https://doi.org/10.20944/preprints202310.1105.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023

A

A-vs-B.CG.Diff: KEGG Enrichment top 20

doi:10.20944/preprints202310.1105.v1

A-vs-C.CG.Diff: KEGG Enrichment top 20

11

ko05418: Fluid shear stress and atherosclerosis . Wo0S200: Palhiveys bn cancer: s
Ko05169: Epstein-Barr virus ifection
k005225 Hepatocellar carcinoma
Ko04932: Non-acoholic fay ver isease (NAFLD) 5
K005200: Pathways in cancer
K00491: Thyroid hormone signaling pathiay { .
Number
Ko04217: Necroplosis . Nurber Ko04714: Thermagenesis |
®w
K004310: Wt signaing patay |
koD4152: AMPK signaling pathway - L v
@ =
K004210: Apoptosis
KoOA1S1: PI3K-Ad signalng pathway- pvalue i
pualue
. o Ko04142 Lysosome ® o
Ko04142: Lysosome o
i o0 rootnan: Pt rocessingnsncopasic et 0.4
0.05 ¥
K004140: Autophagy - anmal - Ko04024: cAMP signiing pathway { [
K003050: roteasome
Ko01524:Platinum drug esistance .
Ko03013: RNA ransport
Ko01522: Endoctine resistance
Koo1522: Endocrine resistance { ®
Ko00250: Aanin, aspartate and gutamate metabolism { 3 A—— )
H T : 3
Enrichment Score Enrichment Score
C A-vs-D.CG.Diff: KEGG Enrichment top 20 D B-vs-C.CG.Diff: KEGG Enrichment top 20
K005200: Pattways in cancer-
K005200; Pathways n cancer |+
Ko0516: Human T-cel eukemia virus 1 nfection Y
K005100: Bacteialinvasion of epthela cls |
Ko05169: Epstein-Barr virus infecion |
K004932: NonvalcohalcfatyIver disease (NAFLD)
Ko04931: Inuln resistance °
Ko05168: Herpes simplex virus 1 infecton {
Ko04915: Thyroid hormone sgnaling pathay
Number Number
004668 TNF sgnaling pathway
. Ko04721: Synapic vesile cycle { . ®
K004217: Necroptosis [ ] e ® «©
[rop— o -
o ko04146: eroxisome { o«
Ko04142: Lysosome
Ko04062: Chemokine signaling pathway pvalue pralue
oz Ko04113: efosis - yeast |
Ko03013: RNA ransport 03
01
02
Ko00830: Retinl metabolism . 00
ko00561: Glycerolipid metabolism . L
—_— -
k000480 Glutathione metabolism { .
Ko041.0:Cell cyce { 5
Ko00350: Tyrosine metabolism { .
K000330: Arginine and proline metabolism { Y
Kov1522: Encocine resisiance | @)
K000250: Alanine, aspartate and gltamate metabolism { .
K000240: Pytmicine metabolism { .
Ko00071: Faty acid degradaion { .
K000230: Purine metabolim {
¥ ) 75 0.0 i 5 3 T
Enrichment Score Enrichment Score
E B-vs-D.CG.Diff: KEGG Enrichment top 20 F C-vs-D.CG.Diff: KEGG Enrichment top 20
K005200: Pathways in cancer k005166 Herpes simplex virus 1 nection
ko016 Herpes simplex virus 1 nfection
s se K004932: Non-alcoholic faty fver disease (NAFLD) -
Ko04218: Cellar senescence
Ko04210: Apopiosis: .
Number
Ko04146: Peroxisome { . Number
° Ko04146: Peroxisome . ®
Ko04113: Meiosis - yeast . (4 P
o
¥003018: RNA degradation { . @
k003018 RNA degradation { . pvalue —_—
03 K003013: RNA transport { . o
Ko03015: mRNA surveilance pathway { .
01
Ko03013: RNA ransport . — ™
K000640: Propanoate meabolism {
Ko01522: Endoctine resistance
Ko00480: Glutathione metabolism {
k000480 Gluathione metabolism { .
K000250: Alanin, aspariate and gutamate metabolis { o Ko00280: Valine, leucine and soleucine degradaion { .

Enrichment Score

Enrichment Score

Figure 4. KEGG top20 bubble chart of differentially methylated genes at CCGG sites. (A) A VS B; (B)
AVSC; (C) A VSD; (D) B VS C; (E) BVSD; (F) C VS D.(3-year-old(A), 2-year-old (B), 1-year-old(C),
4-month-old (D).)


https://doi.org/10.20944/preprints202310.1105.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED

A-vs-B.CWG.Diff: KEGG Enrichment top 20

| Posted: 18 October 2023

doi:10.20944/preprints202310.1105.v1

A-vs-C.CWG.Diff: KEGG Enrichment top 20

B

12

-
Number
® 10 Number
. ¥004360: Axon guidance { .
® w ®
@ o«
o o
o
pvalue
pvalue
—_
-
o01522 Endocine resisance | @)
Enrichment Score: Enrichment Score
C A-vs-D.CWG.Diff: KEGG Enrichment top 20 D B-vs-C.CWG.Diff: KEGG Enrichment top 20
—
Number Number
[ k004920: Adipocyt ®
@« o«
.- — .
k004360: Axon guidance | pvalue pvalue
| R .
-
o 0 5 L
Enrichment Score Enrichment Score
E B-vs-D.CWG.Diff: KEGG Enrichment top 20 F C-vs-D.CWG.Diff: KEGG Enrichment top 20
ko05200: Pathways in cancer k005205: Proteoglycans in cancer {
—
I— Number Number
. ¥004140: Autophagy - animal- e
K004140: Autophagy - animal { ® ®«
o o«
K004138: Autophagy - yeast | K004138: Autophagy - yeast
pualue pualue
=
l 020 o062 Chemokine sgnaingpatay I os
| [ ——— .
S— Ko01522: Endocine resisance | @)

i
Enrichment Score

Enrichment Score

Figure 5. KEGG top20 bubble chart of differentially methylated genes at CCWGG sites. (A) A VS B;
(B) A VS C; (C) A VS D; (D) B VS G; (E) B VS D; (F) C VS D.(3-year-old(A), 2-year-old (B), 1-year-
0ld(C), 4-month-old (D).)

In the 3 years vs 1 year comparison, the differentially methylated genes at CCGG sites were
significantly enriched in proteasome, lysosome, and inositol phosphate metabolism; up-regulated
genes were significantly enriched in lysosome, thermogenesis, and endocrine resistance, whereas
down-regulated genes were significantly enriched in inositol phosphate metabolism and endocrine
resistance. In the lysosomal pathway, histone, SGSH, and GNPT were up-regulated, and MPR and
AP .4 were down-regulated. In the inositol phosphate metabolism pathway, phosphatidylinositol 4,5-
diphosphate 3-kinase catalyzes the down-regulation of subunit 3 isoform and inositol-3-phosphate
synthase 1-A. The differentially methylated genes at CCWGG sites were significantly enriched in
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axon guidance, mRNA monitoring, and Alzheimer’s disease; up-regulated genes were significantly
enriched in mRNA monitoring pathways and endocrine resistance, whereas down-regulated genes
were significantly enriched in Alzheimer’s disease, endocytosis, and endocrine resistance. In the
mRNA monitoring pathway, FIP1, SYMPK, and smgl were up-regulated. In the axon guidance
pathway, rasgap and integrin-linked kinase ILK were down-regulated, and slit1 and slit2 were up-
regulated. In the Alzheimer’s disease pathway, ncstn, aphl-1, and cxv were down-regulated. In the
Endocrine resistance pathway, ILK is down-regulated. The results are shown in Figures 4 and 5B.

In the 3 years vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in tyrosine metabolism, necrotizing apoptosis, and alanine, aspartic acid, and
glutamic acid metabolism; up-regulated genes were significantly enriched in necrotizing apoptosis,
alanine, aspartic acid, and glutamic acid metabolism, and human T-cell leukemia virus 1 infection,
whereas down-regulated genes were significantly enriched in glutathione metabolism, non-alcoholic
fatty liver disease, purine metabolism. In the alanine, aspartic acid, and glutamic acid metabolism
pathway, the genes encoding aspartate aminotransferase, succinate-semialdehyde dehydrogenase,
and amide phosphate ribosyltransferase were up-regulated. In the necrotizing apoptosis pathway,
ANT, PYGL, heat shock protein HSP90, DRP1, and ESCRT-III were up-regulated, and the histone
H2AX was down-regulated. In the glutathione metabolic pathway, the aminopeptidase N (pepn) and
the isocitrate dehydrogenase genes were down-regulated. The differentially methylated genes at
CCWGG sites were significantly enriched in thermogenesis, axon guidance, and Huntington’s
disease. The most enriched pathway was the secretory resistance pathway with a total of 62
differentially methylated genes; among them, up-regulated genes were significantly enriched in
endocrine resistance pathways, whereas down-regulated genes were significantly enriched in
endocrine resistance pathways. In the endocrine resistance pathway, the protein kinase gene Pka was
down-regulated. In the axonal guidance pathway, RGS3 and ROBO1 were down-regulated and slit1
was up-regulated. The results are shown in Figures 4 and 5C.

In the 2 years vs 1 year comparison, the differentially methylated genes at CCGG sites were
significantly enriched in meiosis-yeast, fatty acid degradation, and cell cycle-yeast; up-regulated
genes were significantly enriched in Epstein-Barr virus infection, peroxisome, and endocrine
resistance, whereas down-regulated genes were significantly enriched in meiosis-yeast, cell cycle,
and endocrine resistance. In the meiosis-yeast pathway, GLC7, IN1, and cell division control CDC6
were down-regulated. The differentially methylated genes at CCWGG sites were significantly
enriched in mitochondrial autophagy-yeast, glucagon signaling pathway, and adipocytokine
signaling pathway. The most enriched pathway was the endocrine resistance pathway with a total of
92 differentially methylated genes; among them, up-regulated genes were significantly enriched in
the glucagon signaling pathway, axon guidance, and cancer pathways, whereas down-regulated
genes were significantly enriched in endocrine resistance and cancer pathways. In the axon guidance
pathway, limk and ptchl were up-regulated. In the endocrine resistance pathway, the mechanistic
target of rapamycin kinase gene mtor and ILK was down-regulated was down-regulated. In the
glucagon signaling pathway, sik2, cpt1, and phk were up-regulated, and gys was down-regulated. The
results are shown in Figures 4 and 5D.

In the 2 years vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in alanine, aspartate, and glutamic acid metabolism, glutathione metabolism,
and meiosis-yeast; up-regulated genes were significantly enriched in alanine, and endocrine
resistance, whereas down-regulated genes were significantly enriched in glutathione metabolism,
meiosis-yeast, and ribonucleic acid transport. In alanine, aspartate, and glutamic acid metabolic
pathways, the genes encoding aspartame synthase and hypothetical protein BSL78_23121 were
down-regulated, and the genes encoding isoaspartic acid peptidase/L-asparaginase-like, succinate-
semialdehyde dehydrogenase, and 4-aminobutyrate aminotransferase were up-regulated. Pepn and the
isocitrate dehydrogenase gene were down-regulated in the glutathione metabolic pathway. GLC?,
IN1, and CDC6 were down-regulated in the meiosis-yeast pathway. The differentially methylated
genes at CCWGG sites were significantly enriched in mRNA monitoring pathways, autophagy-yeast,
and hedgehog signaling pathways. The most enriched pathway was the endocrine resistance
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pathway with a total of 96 differentially methylated genes; among them, up-regulated genes were
significantly enriched in RNA degradation, axon guidance, and Ras signaling pathways, whereas
down-regulated genes were significantly enriched in autophagy-yeast, autophagy-animal, and
mRNA monitoring pathways. In the mRNA monitoring pathway, CPSF6/7 and SYMPK were down-
regulated, and smgl and smg6 were up-regulated. In the axonal guidance pathway, Ras GTPase
activating protein rasgap, limk, and ptchl were up-regulated. In the autophagy-yeast pathway, Pka,
and the autophagy-related genes atg2, and atg3 were down-regulated, and elf2a was up-regulated.
In the Ras signaling pathway, rasgap, rlip76, and ralbpl were up-regulated. In the autophagy-animal
pathway, atg2, Pka, atg3, and e1f2a were down-regulated. The results are shown in Figures 4 and 5E.

In the 1 year vs 4 months comparison, the differentially methylated genes at CCGG sites were
significantly enriched in glutathione metabolism, propionic acid metabolism, and valine, leucine, and
isoleucine degradation; up-regulated genes were significantly enriched in propionic acid metabolism
and endocrine resistance, whereas down-regulated genes were significantly enriched in glutathione
metabolism, apoptosis, and herpes simplex virus 1 infection. In the glutathione metabolism pathway,
pepn and the gene encoding 6-phosphogluconate dehydrogenase were down-regulated. In the
propionic acid metabolic pathway, the genes encoding malonyl-CoA decarboxylase, 4-
aminobutyrate aminotransferase, and acetyl-CoA synthetase were up-regulated. The differentially
methylated genes at CCWGG sites were significantly enriched in the Ras signaling pathway,
autophagy-animal, and autophagy-yeast. The most enriched pathway was the endocrine resistance
pathway with a total of 67 differentially methylated genes; among them, up-regulated genes were
significantly enriched in cancer pathways and endocrine resistance, whereas down-regulated genes
were significantly enriched in autoph-agy-yeast, chemokine signaling pathway, and autophagy-
animal pathway. In the cancer pathway, aml1, amll-eto, aml-evil, dapk, and ecm were up-regulated,
and ral were down-regulated. In the autophagy-yeast pathway, atg2 was down-regulated, and elf2«
was up-regulated. In the Ras signaling pathway, tiam1, and ral were down-regulated, and rasgap and
plce were up-regulated. In the autophagy-animal pathway, atg2, and elf2a were down-regulated, and
dapk was up-regulated. In the chemokine signaling pathway, Pka was down-regulated. The results
are shown in Figures 4 and 5F.

4. Discussion

In this study, we used the MethylRAD-Seq method to identify differentially methylated genes
of A. japonicus at four ages. By pairwise comparison and GO and KEGG functional enrichment
analyses, differentially methylated genes and their regulatory trends in A. japonicus at the four ages
were identified. See Supplementary 1 for details. The results provide information that can be used to
determine the age of A. japonicus. We found that there were significantly more CCGG-type than
CCWGG-type methylation sites. The DNA methylation of A. japonicus at different ages occurred
mainly in gene regions. These results suggest that DNA methylation associated with the age of A.
japonicus may play a role in regulating gene expression.

Sharma et al. (1987) studied the regulatory effect of hydrocortisone on the aspartate
aminotransferase isoenzymes in rat liver and discovered that the aspartate aminotransferase content
of liver increased with the age of the rats after the rats reached a certain age. [17] The up-regulation
of the aspartate aminotransferase gene in A. japonicus may be related to the transamination in
mitochondria that allows A. japonicus to grow and remain stable. Cathepsin b-like proteases promote
aging by translocating from lysosomes to the cytoplasm and nucleus, causing oxidative stress in the
cell, and contributing to the degradation of anti-aging factors [18,19]. Age-related increases in
cathepsin b-like proteases may contribute to the aging of A. japonicus. Sun et al. discovered that the
positive reactions of y-aminobutyric acid and neurofilament protein were stronger in the retina of
old cats than they were in young cats, and the number of positive immune response cells increased
significantly [20]. The degradation of y-aminobutyric acid leads to the formation of succinic
semialdehyde as a relatively unstable intermediate [21]. The up-regulation of the succinate-
semialdehyde dehydrogenase gene in A. japonicus may be caused by the accumulation of -
aminobutyric acid with age, resulting in the accumulation of its degradation products. Al-Zghoul et
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al. studied heat stress in broiler chickens and discovered that the expression of Hsp90 and Hsp60 was
associated with the acquisition of long-term enhanced heat tolerance [22]. Bansal et al. found that
decreased intracellular Hsp90 concentrations increased mammalian cell mortality at elevated
temperatures [23]. Boehm et al. showed that basal Hsp90 protein levels decreased with age in equine
articular chondrocytes, but when Hsp90 mRNA expression was measured in equine articular
chondrocytes from post-pubertal animals, a brief and significant increase in expression was observed
with the same sample size after puberty [24]. The up-regulation trend of Hsp90 in A. japonicus may
be attributable to oxidative stress and disparity in sample size. Johanna et al. discovered that the
DNA damage and repair marker y-H2AX concentration decreased with age [25]. The down-
regulation trend of H2AX in A. japonicus may be because of DNA damage causing gene dysregulation
during aging. Miska et al. discovered that between days 9 and 20 of incubation, Pepn was highly
expressed in Gallus gallus; however, its expression peaked on day 15 and decreased substantially from
days 17 to 20, which is consistent with our findings in A. japonicus [26]. Yadav et al. discovered that
NAD- and mitochondrial NADP-isocitrate dehydrogenase activity increased in male rats until
adulthood and then decreased, whereas brain NADP-isocitrate dehydrogenase activity decreased
progressively with age [27]. This result is consistent with the finding that, in A. japonicus, isocitrate
dehydrogenase is most active in synthesis during development, providing 2-oxoglutarate that is then
converted to glutamate, and supplying a large amount of this amino acid and thereby maintaining
the energy required to be active in adulthood and decreasing thereafter[27]. Markopoulos et al.
discovered that the levels of proteins with cell cycle effects, such as Cdc6, were drastically decreased
This pattern was also observed in A. japonicus [28]. The activity of the lipogenic enzyme 6-
phosphogluconate dehydrogenase decreased with age in adipose tissue [29], which is consistent with
our findings in A. japonicus.

RasGAP proteins, which are members of the Ras family, regulate glutamate receptor synaptic
targets to maintain synaptic plasticity [30]. Ras GTPase is essential for the proliferation, function, and
development of many cell types [31]35. Srivastav et al. discovered that the expression of RasGAP-
positive cells in mice decreased with age [32]. RasGAP typically increased in A. japonicus during
adolescence and then decreased, which may be related to the decline in cell proliferation during
maturity. Ethell, Morita, and Yoshida's et al. showed that multiple axon guidance molecules
modulate dendritic morphology and spine growth [33-35]. Slit] may be involved in the growth of A.
japonicus spine, implying that slitl may be associated with A. japonicus age on the other hand. El-Hoss
et al. discovered that mouse osteoblasts cultured from primary osteoblasts deficient in ILK had
elevated levels of cytoplasmic aNAC and increased mineralization [36]. The number of pores in bone
slices of A. japonicus decreased with age, and ILK may be implicated in this process. Mtor (target of
rapamycin) signaling influences longevity and senescence [37]. Senescence is highly regulated by the
activity of TOR, an evolutionarily conserved protein kinase that regulates growth, proliferation, and
cellular metabolism in response to nutrients, growth factors, and stress (Erdogan et al., 2016) [38].
With age, skeletal muscle mass naturally and gradually decreases [39]. Mtor may inhibit the
development of skeletal muscle in A. japonicus by participating in the endocrine resistance pathway,
thereby altering the number of bone fragments with cavities. The aging process is dependent on the
effect of PKA down-regulation on the BKCa channels in the middle cerebral artery, which may
compromise the structure and function of PKA [40]. Down-regulation of PKA in A. japonicus may
result in senescence. In their study, Liu et al. found that BMP9 expression was elevated in the
hepatocytes of the liver for aged mice, whereas ATG3 and ATG7 expression was reduced [41]. The
trend of atg3 down-regulation in A. japonicus may be related to the inhibition of autophagic flux by
BMPO.

5. Conclusions

In this study, we used MethylRAD-Seq to analyze the DNA methylation of body wall tissue of
A. japonicus at different ages. Aspartate aminotransferase, succinate-semialdehyde dehydrogenase,
isocitrate dehydrogenase, H2AX, Hsp90, Pepn, CDC6, Rasgap, slitl, ILK, Mtor, Pka, and atg3 were
screened out as differentially methylated genes associated with age and aging. Therefore, we
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hypothesized that the DNA methylation levels and genetic patterns of A. japonicus changed during
the development process. Future methylation analyses of gonads, respiratory trees, longitudinal
muscles, and other tissues of A. japonicus will be conducted to provide a theoretical basis for the age
judgment of A. japonicus.

Supplementary Materials: Supplementary 1 Related Differential Methylation Gene Annotation Information.
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