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Sea cucumber Apostichopus japonicus lives in the lower 

temperature of the seawater and will enter the state of 

aestivation when the temperature is high. In recent years, 

the continuous high temperatures in summer have brought 

great loss to the production of sea cucumber in north 

China. To study the epigenetic regulating mechanism of A. 

japonicus and guide the temperature-controlled culture, 

the methylation level of A. japonicus genome was 

detected. Breeding imitation A. japonicus under different 

temperature conditions for a period of time, the difference 

of methylation level between the set temperature group and 

the control group was detected and verified. The 

methylation levels of A. japonicus in different temperature 

groups were detected. The methylation sites ranged from 

84,766 to 96,225, and the sequencing depth was between 

42.33 and 153.21. Under the temperature stress, more than 

60% of the differentiated methylated genes in different 

groups were down-regulated, the HBW group had the most 

differentiated methylated genes (1,405), and the SBW 

group had the least differentiated methylated genes (643). 

Gene function classification and enrichment analysis were 

carried out, and a total of 3,512 differential genes were 

found, mostly related to immunity and metabolism. The 

results showed that temperature can change the gene 

methylation level of A. japonicus, affecting its expression 

level, and ultimately changing the metabolic and immune 

processes of A. japonicus. 
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Introduction 

The sea cucumber, Apostichopus japonicus, 

is an echinoderm species with important 

biological characteristics and economic 

value. The production of A. japonicus in 

China in 2018 reached 174,340 tons 

(CFSY, 2018). The survival temperature 

range of A. japonicus is 0~25°C, however 

the optimal temperature for growth is 

10~18°C. When the temperature exceeds 

the acceptable range, A. japonicus can 

physiology decline and even die (Wang et 

al., 2015). In recent years, continuous high 

temperature in summer has brought great 

loss to the sea cucumber agriculture in 

Liaoning, China. Its adaptability to the 

environment is not only related to its genes 

but also to the epigenetic regulation 

mechanism (Jablonka and Lamb, 1995; 

Goldberg et al., 2007). DNA methylation is 

an important form of DNA chemical 

modification and has become a common 

method for epigenetic studies (Bird, 1992; 

Li et al., 1993; Robertson and Wolffe, 

2000; Zemach et al., 2010). There is a 

delicate balance between environment and 

DNA methylation. When environmental 

factors change beyond a certain limit, the 

epigenetic changes of some genes can lead 

to serious metabolism and behavior (Bird, 

2002; Suzuki and Bird, 2008). 

   In recent years, more attention has been 

paid to how temperature affects gene 

methylation levels in aquatic animals. A 

small increase in ocean temperature causes 

periodic changes in DNA methylation and 

gene expression in European perch 

(Anastasiadi et al., 2017). DNA 

methylation levels in Atlantic salmon 

embryos are decreased and the expression 

levels of myogenin are increased at high 

temperatures (Burgerhout et al., 2017). A 

temperature increase of several degrees had 

a significant effect on microRNA 

expression profile in the embryo and larval 

development of Atlantic cod (Bizuayehu et 

al., 2015). As the temperature increased, 

the genome-wide methylation level of 

Yesso scallops decreased, and the degree of 

reduction increased with the increase in 

temperature difference and duration (Jiang 

et al., 2016). These studies suggested that 

temperature could change the genome 

methylation levels in organisms and 

regulate epigenetic behavior. 

   Previous studies on the methylation level 

of A. japonicus showed that the methylation 

level of the body wall tissues was higher 

than that of other tissues when the 

cucumber was in non-aestivation state. The 

methylation level of the whole genome of 

A. japonicus was upregulated in the 

aestivation state(Zhao et al., 2015). To 

explore the mechanism of methylation 

modification in the body wall of A. 

japonicus, the genome-wide DNA 

methylation level of A. japonicus was 

measured in this study. MethylRAD 

method was used to determine the changes 

in DNA methylation levels in the body wall 

tissues of A. japonicus under continuous 

and stable temperature stimulation. 

According to gene annotation, candidate 

genes related to temperature stress were 

obtained and gene expression levels were 

measured. The relationship among 

temperature stress, genome-wide 

methylation and gene expression was 

studied to understand the effect of 

temperature stress on epigenetic inheritance 

of A. japonicus. This study combined 

epigenetic and functional genes to provide 

a reference for the epigenetic study of A. 

japonicus, and provide a theoretical basis 

for the protection of sea cucumber culture 

under high temperature. 
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Materials and methods 

Experimental materials and rearing 

conditions 

In this study, two-year-old adults of A. 

japonicus (100±15 g) were cultivated at the 

Key Laboratory of Mariculture and Stock 

Enhancement in the North China Sea. A. 

japonicus specimens were placed in a 

constant temperature tank 

(5m×0.3m×0.3m) with slow circulating 

water (14°C), and the temperature was 

changed by 1°C daily until the experimental 

temperature. Replenishing oxygen into the 

water (DO=5 mg L-1), with seaweed mud 

feeding, and maintained a clean water 

environment. After the A. japonicus was 

cultured at experimental temperature for a 

period of time, 3 A. japonicus specimens 

were randomly selected and body wall 

tissue samples were collected. Inducing A. 

japonicus completely into an aestivation 

state is a slow process and the SBW group's 

breeding time was extended appropriately 

(Table 1).  

 

 

Table 1: The breeding conditions of different groups of Apostichopus japonicus. 

Group Condition 

LBW 

NBW 

HBW 

XBW 

SBW 

temperature 10°C, held 10 days 

temperature 16°C, held 10 days 

temperature 21°C, held 10 days 

temperature 26°C, held 10 days 

temperature 26°C, held 20 days 
 

Genome-wide DNA methylation assay 

Genomic DNA was isolated from the body 

wall of A. japonicus by hexadecyl 

trimethylammonium bromide (Amresco, 

USA) and identified by agarose gel 

electrophoresis. Libraries were constructed 

using Methyl RAD technology (Li et al., 

2018a; Yang et al., 2020), and high-

throughput sequencing was performed on 

Illumina SE sequencing (50 bp) platform. 

DNA mass was calculated according to 

Phred quality score to obtain valid data. The 

calculation formula is as follows: 

p10sanger log10Q −=  

End-pair sequencing data performed on 

PEAR (Zhang et al., 2014), the filter 

deleted low-quality reads (more than 15% 

of bases with a quality value below 30) and 

sequences with too many N-bases 

(sequences containing less than 8% N) to 

obtain more accurate measurement results. 

The Methyl RAD sequencing data (Enzyme 

Reads) of each sample was obtained by 

filtering and deleting the tags that did not 

contain the expected digestion site. The 

methyl RAD data was analyzed using a 

reference based method (Li et al., 2018a), 

and high quality reads were aligned to the 

reference genome of A. japonicus (Li et al., 

2008) using the SOAP method (version 

2.21, with parameters set to -m4 - v2 - r0). 

The selected reference genome was: 

https://ftp.ncbi.nlm.nih.gov/genomes/all/G

CA/002/754/855/GCA_002754855.1_AS

M275485v1/GCA_002754855.1_ASM275

485v1_genomic.gff.gz. The cleavage sites 

of FspEI were (N)14CCGG(N)14 and 

(N)13CCHGG(N)13, and the length of the 

fragment was 32 bp and 31 bp, respectively. 

The degenerate base H represented the 

bases A, C, and T. When H is base C, the 

site is identified as CCGG, and FspEI is 

identified as CCGG and CCWGG, where 
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degenerate base W represents bases A and 

T. According to the consistency of equal-

length sequence amplification efficiency, 

the sequencing depth of methylated labels 

can reflect the methylation level of the site, 

and the methylation sites with sequencing 

depth above 3 were counted (Korthauer et 

al., 2019).  

 

Genome-wide DNA methylation analysis 

According to the consistency of equal-

length sequence amplification efficiency, 

the sequencing depth of the methylated tag 

can reflect the methylation level of the site 

(CCGG/CCWGG). The quantitative value 

of methylation level of the locus in each 

sample was calculated in RPM (reads per 

million). The 2,000 kb segments of the 

upstream and downstream of TSS, and the 

gene body were selected to analyze the 

distribution trend of sequencing reads in the 

above segments and calculate Pearson's 

correlation coefficient between different 

samples.  

The sum of all methylation sites in a 

gene was used to represent the methylation 

level of the gene. Based on the sequencing 

depth information of each site in each 

sample, genes with inter-group differences 

of p≤0.05 and absolute value of log2 FC 

greater than 1 were calculated and screened 

out, and the differential genes were 

clustered to draw a heat map.  

The number of genes in the Gene 

Ontology (http://geneontology.org/docs/ 

ontology-documentation/) (Ashburner et 

al., 2000) entry was counted and the 

significant differences were calculated, 

which were divided into three categories: 

molecular function, cellular component and 

biological function. The GO entries with 

the corresponding gene number greater 

than 2 in the three classifications were 

screened, and the 10 entries were sorted by 

the P value (-log10) corresponding to each 

entry. Combined with the KEGG 

annotation results 

(http://www.genome.jp/kegg/), Pathway 

analysis was conducted on the genes with 

differentially expressed sites, and the 

significance of gene enrichment in each 

Pathway entry was calculated.  

 

Validation of methylated sequencing 

Four methylation sites, numbered douj-1, 

douj-2, douj-3, douj-4, were randomly 

selected from the Methyl RAD sequencing 

results, and common PCR primers and 

pyrophosphate amplification primers were 

designed in primer5. Samples for Methyl 

RAD sequencing were placed in a bisulfite 

amplification kit, and the methylated 

sequencing results were verified by PCR 

amplification of biotin-labeled products.  

To validate the results of differentially 

methylated genes determined by Methyl 

RAD sequencing, we used real-time 

fluorescence quantification to validate the 

expression of immunofunction-related 

SMG1 and NLRP3. Total RNA was isolated 

from the collected samples using Trizol 

reagent (Li et al., 2009), and RNA was 

reverse-transcribed into cDNA using 

Takara reagent (Luo et al., 2007). Specific 

primers were designed for commercial 

synthesis in Primer5 based on CDS method, 

Cytb gene expression quantity for 

reference, and the candidate gene 

expression levels were calculated by using 

2ΔΔCt method.  
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Statistical analysis methods 

Based on the sequencing depth information 

of each site in each sample, P-value of the 

differences and difference multiple (Log2 

FC) of methylation sites between groups 

were calculated. Enrichment analysis of 

genes differential methylation sites was 

performed with by combining A. japonicus 

genome annotation information 

(https://ftp.ncbi.nlm.nih. 

gov/genomes/all/GCA/002/754/855/GCA_

002754855.1_ASM275485v1/GCA_0027

54855.1_ASM275485v1_genomic.gff.gz). 

The number of genes included in each GO 

entry was counted, and the significance of 

the p value of difference of gene 

Enrichment in the GO entry and KEGG 

Pathway entry was calculated by 

hypergeometric distribution test. A small P 

value indicated that the gene Enrichment 

occurred in the GO entry, and the 

Enrichment score was calculated as 

follows: 

NM /

m/n
score Enrichment =  

N: Number of genes with GO annotation in 

all genes; n: Number of genes with GO 

annotation in differentially expressed genes 

in N; M: Number of genes annotated as a 

specific GO term in all genes; m: Number 

of differentially expressed genes annotated 

with a specific GO term.  

The correlation between the results of 

pyrosequencing and methylated sequencing 

was detected by regression analysis. Real-

time fluorescence quantitative results were 

analyzed by one-way ANOVA and 

independent sample t-test for significant 

difference (p<0.05).  

 

Results 

Genome-wide methylation level analysis 

In the whole genome methylation sites, 

1.8×106 CCGG methylation sites and 

0.8×106 CCWGG methylation sites were 

detected (Appendix Table 1, Table 2). The 

number of methylation sites was 84,766 ~ 

96,225, and the sequencing depth was 

42.33 ~ 153.21. The standard deviation of 

the number of methylation sites ranged 

from 222.56 to 5,126.18. LBW group had 

the most methylation sites (79,426), while 

HBW group had the least (8,126). HBW 

group showed the greatest change in sum of 

the two methylation sites, 16,688 less than 

that in NBW group. The total variation of 

the two methylated sequencing depths was 

the greatest in XBW group, which 

increased by 51.8% compared with NBW 

group. Standard deviation of the 

sequencing depth of methylation sites 

ranged from 3.91 to 88.86. The average 

sequencing depth of CCGG methylation 

sites in XBW group was the highest 

(153.21), while the average sequencing 

depth in LBW group was the lowest 

(42.33).  
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Table 2: Statistics of methylation site coverage depth in the whole genome of Apostichopus japonicus. 

Group 
CCGG CCWGG 

Number of sites Average depth Number of sites Average depth 

 

LBW 

79,635 78.96 17,910 42.33 

79,192 91.35 13,415 56.08 

79,451 80.17 19,071 40.6 
     

 

NBW 

81,061 118.05 14,210 69.89 

82,391 112.48 18,495 57.38 

74,347 110.51 9,481 87.34 
     

 

HBW 

74,155 123.99 8,142 106.51 

67,248 73.86 7,876 63.51 

64,140 172.14 8,361 143.38 
     

 

XBW 

75,087 153.21 8,318 132.23 

79,739 99.76 13,412 56.58 

76,953 125.04 9,191 99.18 
     

 

SBW 

80,521 105.12 14,550 60.2 

71,992 257.38 8,173 226.32 

77,101 114.23 9,229 88.59 

 

Appendix Table 1: Sample amount of sequencing data. 

Sample Raw Reads Enzyme Reads Mapping Reads Ratio 

LBW1-2 32,306,882 15,900,973 7,574,751 47.64% 

LBW2-1 30,533,555 18,228,013 8,530,556 46.80% 

LBW3-2 31,955,155 16,077,012 7,659,085 47.64% 

NBW1-1 39,114,724 23,574,130 11,236,298 47.66% 

NBW2-1 44,370,059 23,076,176 11,052,152 47.89% 

NBW5-1 30,724,660 21,975,098 9,254,191 42.11% 

HBW2-1 29,986,798 22,495,509 10,549,720 46.90% 

HBW4-1 20,374,243 13,191,801 5,614,029 42.56% 

HBW5-3 44,386,822 30,557,718 12,094,984 39.58% 

SBW1-2 35,919,667 21,458,748 9,894,192 46.11% 

SBW5-2 57,168,554 45,250,783 20,953,847 46.31% 

SBW6-1 30,917,465 21,422,990 10,145,992 47.36% 

XBW2-1 38,299,550 28,336,382 13,115,439 46.28% 

XBW4-1 29,442,927 19,570,546 9,185,054 46.93% 

XBW6-1 32,069,913 23,925,079 11,045,898 46.17% 

(1) Sample: sample name;  

(2) Raw reads: sequencing data; 

(3) Enzyme reads: Reads containing the expected restriction sites after raw reads; 

(4) Mapping reads: Enzyme Reads with unique alignment positions on the reference sequence; 

(5) Ratio: the ratio of mapping reads to enzyme reads. 

 

The distribution of methylation sites in 

different regions of genes 

According to the distribution of 

methylation sites on different functional 

components of A. japonicus, the 

methylation amount in the intergenic 

region, intron and exon regions and the 

2,000 bp region upstream of the 

transcription start site decreased 

successively, while no methylation sites 
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were detected in the utr5 and utr3 primers. 

Methylation sites of different functional 

elements in HBW group decreased by 

9.51% on average compared with NBW 

group, while CCWGG sites in HBW, 

XBW, and SBW groups decreased by 

41.41%, 23.30%, and 26.32% on average 

compared with NBW group (Fig. 1).  

We calculated the distribution of 

methylation sites in the gene bodies. The 

results showed that gene bodies' 

methylation level was higher than the 

background level of the genome, the 

methylation levels peak before the 

transcription start site (TSS). The level of 

TSS methylation is lower than that at the 

transcription termination sites (TTS). 

Under different temperature stress, the peak 

value of HBW group was the largest before 

TSS, and there was an additional peak value 

in CCWGG locus of HBW group before 

TTS (Fig. 2). 

 

 

 
Figure 1: Distribution of methylation sites on different functional elements. Numbers of the two methylation sites, 

CCGG (A) and CCWGG (B), were counted (sequencing depth was greater than 3); horizontal axis 

represents different functional elements of the genome, and vertical axis represents the number of sites 

(K). The results showed that methylation sites were mainly concentrated in the intergenic segment, exon, 

and intron regions. 

 
Figure 2: Distribution of methylation sites in different segments of the whole genome. The two characteristic sites, 

CCGG and CCWGG, were counted. The abscissa corresponds to the position information of the 

methylation site, and the ordinate corresponds to the relative level of methylation (RPM). For gene regions 

(1 and 4), each column indicates relative position of the locus on the gene. For the regions upstream and 

downstream of TSS (2 and 5), TTS (3 and 6), each column represents absolute position of the upstream and 

downstream. According to the content shown in the figure, there is a methylation peak at the positions of 

initiation and termination of gene transcription. 
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Comparison of different gene methylation 

levels between different groups 

According to the comparison with NBW 

group, the methylation sites are divided into 

up-regulation sites and down-regulation 

sites. The methylation levels of A. 

japonicus genes changed to alter degrees 

under temperature stress, and the number of 

genes down-regulated by methylation level 

was higher than that of genes up-regulated. 

This indicated that the change in 

environmental temperature might promote 

the expression of A. japonicus genes. In the 

whole genome, 1,358 CCGG methylation 

differentially expressed genes and 1,554 

CCWGG methylation differentially 

expressed genes were found. HBW group 

had the highest number of CCGG locus 

differentially expressed genes (830), while 

SBW group had the lowest number of 

CCWGG locus differentially expressed 

genes (291). 

Compared with NBW group, HBW group 

had the highest number of differentiated 

methylated genes (1,405), among which 

66.62% of the differentiated methylated 

genes were down-regulated. SBW group 

had the least number of differentially 

methylated genes (643), among which 

63.25% decreased methylation (Fig. 3).  

  

 

 
Figure 3: Cluster heat map of differential methylation genes in different temperature groups and NBW 

group. The differential genes of the CCGG locus and CCWGG locus in the different 

temperature groups were analyzed separately. The abscissa indicates the sample name, the 

ordinate indicates differential methylation gene, and the color indicates methylation level 

(blue→red, low methylation levels→high methylation levels). Depicted from left to right are 

the differential methylation genes of LBW group (1 and 5), HBW group (2 and 6), XBW group 

(3 and 7) and SBW group (4 and 8). The left 3 columns represent differential methylation genes 

in NBW group, and the 3 columns on the right represent differential methylation genes in 

different temperature groups. As shown in the figure, HBW group had the largest number of 

differential genes and most of them were down-regulated. 
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GO functional classification and 

enrichment analysis of whole genome 

differential methylation genes 

GO functional classification and 

enrichment analysis were performed on 

differential methylation genes between 

different temperature groups and the NBW 

group. Functional analysis of the 

differential methylation genes showed that 

they were enriched in three categories: 

molecular function, cellular components, 

and biological functions. The differential 

methylation genes at CCGG sites were 

significantly enriched in terms related to 

nuclear-transcribed mRNA catabolic 

process (GO: 0000184), protein 

dimerization activity (GO: 0046983), and 

protein ubiquitination (GO: 0016567) 

(p<0.05). The differential methylation 

genes at CCWGG sites were extremely 

significantly enriched in terms related to 

protein ubiquitination (GO: 0016567), 

cytoplasmic vesicle membrane (GO: 

0030659), and negative regulation of the 

extrinsic apoptotic signaling pathway (GO: 

2001237) (p<0.01). 

Different genes were detected in 

translation, golgi apparatus and nucleic acid 

binding pathways in LBW, XBW and SBW 

groups, while the enriched genes in HBW 

group were different from those in the other 

groups. The differential methylation genes 

enrichment was highly significant, in terms 

related to nuclear-transcribed mRNA 

catabolic process (GO: 0000184) and gene 

expression (GO: 0010467) (p<0.01) in 

LBW group; protein dimerization activity 

(GO: 0046983) and negative regulation of 

extrinsic apoptotic signaling pathway (GO: 

2001237) (p<0.01) in HBW group; protein 

dimerization activity (GO: 0046983) and 

cytoplasmic vesicle membrane (GO: 

0030659) (p<0.01) in XBW group; and 

protein ubiquitination (GO: 0016567) and 

protein complex (GO: 0043234) (p<0.01) 

in SBW group (Fig. 4).  

 

 

 
Figure 4: Comparison of ontology of differential methylation genes between different temperature groups and NBW 

group. Gene pathways of the differential genes of different groups of CCGG sites and CCWGG sites were 

counted separately. Horizontal axis represents the pathways and vertical axis indicates the gene numbers 

(-log10, P-value). From left to right differential methylation genes in LBW (1 and 5), HBW (2 and 6), 

XBW (3 and 7) and SBW groups (4 and 8) are shown. GO enrichment analysis classified the pathways of 

differential methylation genes into three categories: molecular function (blue), cellular components 

(green) and biological functions (red). GO items with corresponding gene numbers greater than 2 in the 

three categories were screened, and sorted according to -log10 (P-value) corresponding to each item, 

according to size from large to small. 
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Enrichment analysis of KEGG pathway of 

differentially methylated genes between 

groups 

The KEGG pathway analysis was 

performed on differential methylation 

genes between different temperature groups 

and the NBW group. There were at least 9 

to 20 terms with significant enrichment at 

CCGG sites in different temperature groups 

(p<0.05), while the enrichments in drug 

metabolism enzymes (ko: 00983), 

Leishmaniasis (ko: 05140), insulin 

resistance (ko: 04931) and ether lipid 

metabolism (ko: 00565) were highly 

significant (p<0.01). Most genes were 

enriched in the term of endocrine resistance 

(ko: 01522), with 65, including TM7SF3 

(transmembrane 7 superfamily member 3), 

ELL-associated factor, and E3 ubiquitin 

protein ligase. There were 20 terms with 

significant enrichment at CCWGG sites 

(p<0.05), while enrichments in drug 

metabolism enzymes (ko: 00983), human 

cytomegalovirus infection (ko: 05163), 

insulin signaling term (ko: 04910), and 

synaptic vesicle cycle (ko: 04721) were 

highly significant (p<0.01). Most genes 

were enriched in the human 

cytomegalovirus infection term (ko: 

05163), with 8 in total, including protein 

kinase C and inositol 1,4,5-trisphosphate 

receptor (Fig. 5).  

 

 
Figure 5: Comparison of KEGG enrichment of methylation genes between different temperature groups 

and NBW group. The differential methylation genes at CCGG sites and CCWGG sites 

were enriched separately. Horizontal axis represents the enrichment score and vertical 

axis indicates the pathways. From left to right differential methylation genes in LBW (1 

and 5), HBW (2 and 6), XBW (3 and 7), and SBW groups (4 and 8) are shown. The larger 

the bubble, the more differential genes were contained within it, and the bubble color 

changes from red to blue to green to yellow as the enrichment P-value increases. KEGG 

enrichment analysis screened the top 20 path entries with the number of corresponding 

genes greater than 2 according to log10 (P-value) corresponding to each entry, sorted 

from large to small. 
 

Verification of methylation levels by 

pyrosequencing 

Since CCGG sites had smaller individual 

differences than CCWGG sites, 4 CCGG 

sites were randomly selected for 

pyrosequencing to verify methylated 

sequencing results (Table 3). According to 

the regression analysis results, the two 

sequencing results were consistent 

(Y=0.4042 x+92.618, r=0.9023), which 

proved the reliability of Methyl RAD seq 

sequencing results.  
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Table 3: Comparison of pyrosequencing results with Methyl RAD seq results. 

Sample douj-1 douj-2 douj-3 douj-4 

Methyl RAD Seq results 0.85 20.95 14.31 8.13 

Pyrosequencing results 92.12 100.00 99.66 96.57 

 

Verification of gene transcription level 

In order to verify the relationship between 

the methylation level and gene expression 

of A. japonicus, SMG1 and NLRP3 genes 

were selected for transcription testing, and 

the methylation level was compared with 

the transcription level. The results showed 

that the overall gene transcription level was 

negatively correlated with methylation 

level, indicating that temperature stress 

could change gene methylation level and 

thus regulate gene expression (Fig. 6). 

However, the transcription level of SMG1 

in XBW group and NLRP3 in HBW group 

was positively correlated with methylation 

level. 

The gene regulates methylation levels 

according to temperature stress. Some 

genes changed in different temperature 

groups, while most genes changed 

methylation levels under a single 

temperature stress. The methylation level of 

NOD-like receptor protein 3 (NLRP3) 

increased in different temperature groups, 

while the methylation level of 

serine/threonine protein kinase gene 

(SMG1) and Ankycorbin decreased. The 

methylation level of succinate-

semialdehyde dehydrogenase (SSAD) 

decreased under high-temperature stress, 

but there was no significant change in low-

temperature environment.  

 
Figure 6: Comparison of methylation levels and expression levels of SMG1 and NLRP3 in different 

temperature groups. The methylation levels and transcriptional expression levels of SMG1 (A) 

and NLRP3 (B) genes were compared separately, with the horizontal axis representing 

different temperature groups and the vertical axis representing the relative levels of gene 

methylation (light) and expression (dark). As shown in the figure, there was a negative 

correlation between gene expression levels and methylation levels as a whole. 
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Discussion 

CCGG was the main methylation pattern, 

which was consistent with the results of 

other eukaryotic genomes (Nai et al., 2021; 

Villagómez-Aranda et al., 2021). 

Continuous temperature stress had an effect 

on the methylation level of the whole 

genome of A. japonicus. Under different 

temperature conditions, the methylation 

level and methylation level of the whole 

genome of A. japonicus had different gene 

pathways. The methylated genes of HBW 

group showed the greatest difference, 

indicating the methylation level of the 

whole genome would be adjusted 

differently in response to different degrees 

of high-temperature stimulation. Previous 

studies have shown that under short-term 

high-temperature stress, the number of 

differentially methylated genes in A. 

japonicus increases with the extension of 

high-temperature stress time (Shen et al., 

2007). Under different high-temperature 

stimulation, in imitation of A. japonicus 

genome-wide methylation site first 

decreases after increasing, differences in 

gene number showed a trend of decrease, 

and cut in the number of gene methylation 

level than raising gene, suggesting that A. 

japonicus in water temperature rise, gene 

expression can be suppressed, and the gene 

expression by promoting into hibernation 

state part, specific regulatory mechanisms 

need to be researched (Wang et al., 2013). 

   The differential methylation sites in A. 

japonicus genes were not evenly distributed 

and the methylation level of gene bodies 

was higher than that of the genome 

background. This pattern is similar to that 

observed in Ciona intestinalis and 

Crassostrea gigas. Similar to the results of 

PRMT6 and ATP genes, the methylation 

level of TSS gene was higher than that of 

other sites (Bouchard et al., 2018). Like 

humans and Crassostrea gigas (Bonel et 

al., 2013; Wang et al., 2014), the TSS 

methylation level of the sea cucumber gene 

is higher, so it’s speculated that sea 

cucumber can regulate its own expression 

by changing the methylation level (Gavery 

and Roberts, 2010; Deaton and Bird, 2011; 

Song et al., 2017; Xu et al., 2018). 

   The NLRP3 gene plays a key role in the 

formation of NLRP3 inflammation. It can 

sense stimuli and transduce signals and 

plays an important role in immune-related 

physiological processes (Franchi et al., 

2006; Schroder et al., 2010). The NLRP3 

methylation level is decreased, probably to 

reduce the number of NLRP3 inflammatory 

bodies and maintain a relatively healthy 

physiological state (Zhou et al., 2011; Fan 

et al., 2018; Yang et al., 2019). SMG1, a 

serine/threonine protein kinase, is a key 

factor in nonsense-mediated decay 

(Henderson-Smith et al., 2013). The SMG1 

showed high methylation levels in 

temperature stress, probably because the 

immunity of A. japonicus was reduced in  

adverse environment (Wang et al., 2008; 

Chen et al., 2014; Zhu et al., 2016), cell 

activity was reduced, and apoptosis or even 

necrosis occurred (Byrum et al., 2006; Li et 

al., 2018b). SSAD is one of the common 

neurotransmitters and functions normally 

with the central nervous system in 

mammals. The methylation level of A. 

japonicus SSAD under high-temperature 

stress is down-regulated, and it is 

speculated that this change is related to 

signal regulation during adaptation to high 

temperature (Maneesh et al., 2003; Perchat 
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et al., 2018). Ankyrin repeat proteins 

mediate specific protein-protein 

interactions and play an important role in 

maintaining the integrity of the 

cytoskeleton, regulating signaling 

pathways and inflammatory responses 

(Mosavi et al., 2004; LaBella et al., 2019). 

When the environment changes, the down-

regulation of the methylation level of 

Ankyrin repeat proteins in A. japonicus 

may contribute to the stress response and 

maintain the stability of the body (Wang et 

al., 2011; Bogdanović and Lister, 2017).  

GO functional classification and 

enrichment analysis of differentially 

expressed genes showed that the level of 

gene methylation in the zinc ion binding 

pathway has the greatest effect on 

molecular function, as it may alter the 

damage caused by damaged cells and drugs 

in the body. The degree of binding 

(Bornens, 2012), which directly affects the 

drug management process and the possible 

survival probability after injury of the sea 

cucumber, affects the level of gene 

methylation in the centrosome pathway that 

plays an important role in the cell 

component. It can affect the cell division 

process and genomic stability (Radivojac et 

al., 2010), which indicates that a 

temperature rise within a certain range can 

promote cell proliferation in A. japonicus, 

and has a positive effect on the growth of 

the individual. The genes in the 

ubiquitination pathway are involved in the 

regulation of transcription and the cell cycle 

(Parker and Armbrust, 2005), as the gene 

expression process of A. japonicus is 

inhibited during aestivation; this may be the 

reason why they shrink during summer. 

KEGG pathway enrichment analysis 

showed that the methylation genes were 

enriched in different pathways in groups 

cultured at different temperatures. In the 

LBW group, the methylation levels of 

genes associated with transcription, such as 

ELL-associated factor and E3 ubiquitin-

protein ligase were increased, probably 

because of changes in gene transcription 

level at low temperatures in A. japonicus 

regulated gene expression and adjusted 

energy distribution in the body (Thyssen et 

al., 2011). In the HBW group, the 

methylation levels of genes associated with 

cell cycle regulation, such as tuberin, E3 

ubiquitin-protein ligase (UBR5) were 

increased, probably because the increased 

temperature could inhibit cell cycle 

progression (Wang and Wahl, 2014). In the 

XBW group, the methylation levels of 

genes associated with insulin signal 

transduction, such as stress-activated 

protein kinase (JNK) and serine/threonine-

protein kinase A-Raf, were increased, 

probably because changes in the insulin 

level at high-temperature alter water-

carbohydrate metabolism in the sea 

cucumber (Park and Kwak, 2014). In the 

SBW group, the methylation levels of 

genes associated with endocrines, such as 

peroxisomal bifunctional enzyme and 

septin-5 were decreased, probably because 

high-temperature could change protein 

secretion and affect hormone levels in the 

sea cucumber (Sun et al., 2011; Abdi et al., 

2018). The differential methylation genes 

in different temperature groups were 

enriched in different functional pathways, 

which indicated that A. japonicus could 

undergo different physiological changes to 
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adapt to the environment as the temperature 

changes.  

Four gene loci were randomly selected and 

the methylation results were verified by 

pyrophosphate to obtain r=0.9023. The 

expression levels of SMG1 and NLRP3 

genes showed that there was a negative 

correlation between gene methylation level 

and expression level. The methylation 

levels and expression levels of the SMG1 

gene in XBW group and the NLRP3 in 

HBW group showed a positive correlation, 

indicating that gene expression was not 

completely regulated by gene methylation 

levels, consistent with the previous research 

results (Zhou et al., 2011; Berner et al., 

2017; Vafadar-Isfahani et al., 2017). 

Probably due to reduced immune tolerance 

in A. japonicus at high temperatures, the 

body was placed in the process of immune 

regulation, and the immune metabolites 

were temporarily increased (An et al., 

2009; Lv et al., 2017; Vafadar-Isfahani et 

al., 2017; Ding et al., 2018).  
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