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Abstract 

Background Apostichopus japonicus is an economically important species in the global aquaculture industry. Rus-
sian A. japonicus, mainly harvested in the Vladivostok region, exhibits significant phenotypic differentiation, including 
in many economically important traits, compared with Chinese A. japonicus owing to differences in their habitat. 
However, both the genetic basis for the phenotypic divergence and the population genetic structure of Russian and 
Chinese A. japonicus are unknown.

Result In this study, 210 individuals from seven Russian and Chinese A. japonicus populations were sampled for 
whole-genome resequencing. The genetic structure analysis differentiated the Russian and Chinese A. japonicus into 
two groups. Population genetic analyses indicated that the Russian population showed a high degree of allelic link-
age and had undergone stronger positive selection compared with the Chinese populations. Gene ontology terms 
enriched among candidate genes with group selection analysis were mainly involved in immunity, such as inflamma-
tory response, antimicrobial peptides, humoral immunity, and apoptosis. Genome-wide association analysis yielded 
eight single-nucleotide polymorphism loci significantly associated with parapodium number, and these loci are 
located in regions with a high degree of genomic differentiation between the Chinese and Russia populations. These 
SNPs were associated with five genes. Gene expression validation revealed that three of these genes were significantly 
differentially expressed in individuals differing in parapodium number. AJAP08772 and AJAP08773 may directly affect 
parapodium production by promoting endothelial cell proliferation and metabolism, whereas AJAP07248 indirectly 
affects parapodium production by participating in immune responses.

Conclusions This study, we performed population genetic structure and GWAS analysis on Chinese and Russian A. 
japonicus, and found three candidate genes related to the number of parapodium. The results provide an in-depth 
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understanding of the differences in the genetic structure of A. japonicus populations in China and Russia, and provide 
important information for subsequent genetic analysis and breeding of this species.

Keywords Apostichopus japonicus, Resequencing, Genome-wide association analysis, Population structure, 
Population genetics

Background
Apostichopus japonicus (Echinodermata, Holothuroidea) 
is mainly distributed along the North Pacific coast, 
including Russia, Japan, Korea, and the northern coast of 
China. A. japonicus possesses a range of pharmacological 
activities, including anti-inflammatory, antioxidant, and 
antitumor effects, which imparts it with a high medicinal 
value [1]. These effects are attributed to its bioactive com-
pounds such as polysaccharides, proteins, and cytokines, 
as well as antioxidant compounds like vitamin E and C, 
and carotenoids [2, 3]. In recent years, with the increase 
in the value and demand for A. japonicus, there has been 
a trend of significant growth in A. japonicus aquaculture 
production [4]. According to data from the 2021 China 
Fishery Statistical Yearbook, China’s A. japonicus pro-
duction reached 196,564 tons.

The external morphology of A. japonicus varies 
between geographic populations, with Russian individu-
als having a greater number of parapodium and thicker 
walls than Chinese individuals [5]. The parapodium of 
A. japonicus are found on the back and sides, which is 
another critical factor in measuring their market value 
apart from their body colour [5]. The tip of the parapo-
dium of the A. japonicus is rich in nerve plexus cells and 
sensory cells [6], which play an essential role in the life 
activities of the A. japonicus as a sensory organ [7]. In 
addition, it has been shown that histamine signaling mol-
ecules are present in the ciliated cells of the A. japonicus 
parapodium and are involved in signaling in the epider-
mal layer of the parapodium [8].

Sea cucumber farming in China has a long history, 
dating back to the Shang Dynasty,  1300 B.C., and has 
undergone a long period of domestication and exten-
sive selection [9]. However, conventional domestica-
tion methods have a long breeding cycle and several 
generations are usually required to select for favorable 
and stable traits [10]. Using next-generation sequencing 
to analyze the genomic structure of a species can pro-
vide insights into the genetic diversity of the species and 
improve breeding efficiency [11]. Genome-wide associa-
tion studies (GWAS) enables simultaneous detection of 
multiple alleles (suitable for localization of quantitative 
traits) in populations [12], and can be used to identify 
loci or gene associated with important agronomic traits 
[13]. To date, several studies have used GWAS to identify 
SNP locations associated with A. japonicus phenotypes. 

For example, GWAS were applied by Wang et al [14]. to 
identify loci associated with A. japonicus sex determina-
tion, which were found to be distributed on Chr4, Chr9, 
Chr17, and Chr18. This confirmed the possibility of an 
XX/XY system of sex determination in sea cucumbers. 
Using GWAS, Ge et al [15]. identified 10 SNP-associated 
loci related to A. japonicus color variation, located on 
Chr17, Chr21, Chr15, and Chr05, and determined that 
endothelin-converting enzyme-1 may be a key enzyme 
in the occurrence of color variation. Additionally, in our 
previous research, GWAS was used to identify potential 
SNP-associated loci for A. japonicus traits such as the 
number of parapodium and growth traits [14, 16]. Fur-
thermore, GWAS also has been widely used to system-
atically screen loci or genes associated with economically 
important traits in others aquatic animals, such as fish 
[17], shellfish [18], and crustaceans [19].

To identify loci or genes associated with parapodium 
numbers of A. japonicus and to facilitate targeted and 
precise genetic selection involving marker-assisted selec-
tion (MAS) and molecular design breeding, a total of 210 
samples from seven populations of A. japonicus in Russia 
and China were whole-genome re-sequenced using the 
Illumina NovaSeq 6000 sequencing platform. Unlike our 
previous research on the number of parapodium in A. 
japonicus, this study introduced a population of Russian 
A. japonicus with a high number of parapodium, increas-
ing the richness of phenotypic variation and aiding in the 
identification of more reliable SNP-associated loci.

Materials and methods
Sample collection and trait measurement
Apostichopus japonicus populations from the Yellow Sea 
and the Bohai Sea regions were selected: PingDao (PD, 
Liaoning Province, Yellow Sea coast, n = 30), XiXiaoMo 
(XXM, Liaoning Province, Yellow Sea coast, n = 30), 
BaShaoDdao (BSD, Liaoning Province, Yellow Sea coast, 
n = 30), ShanDong (SD, Shandong Province, Yellow Sea 
coast, n = 30), HuangLongWei (HLW, Liaoning Province, 
Bohai Sea coast, n = 30), LvShun (LS, Liaoning Province, 
Bohai Sea coast, n = 30), and Russian A. japonicus (Vladi-
vostok, n = 30), with sample collection sites shown in 
Fig. 1.

The A. japonicus were collected from July to December 
2020 and transferred to the Key Laboratory of Northern 
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Seawater Aquaculture of the Ministry of Agriculture 
in rural areas for 3 weeks, during which time the water 
was kept clear and turbidity-free and fed with seaweed 
slurry with Spirulina until sampling was completed. 
Three 1 cm × 1 cm samples of muscle tissue were taken 
from healthy A. japonicus, frozen in liquid nitrogen 

immediately after sampling and stored in 2 ml centrifuge 
tubes at -80 °C.

Healthy A. japonicus with well-developed parapo-
dium (Fig.  2) were selected for this experiment and the 
number of parapodium was counted using the method 
established by Chang et al. [5], and measurements were 

Fig. 1 The sampling location of the A. japonicus: PingDao (PD), XiXiaoMo (XXM), BaShaoDdao (BSD), ShanDong (SD), HuangLongWei (HLW), 
LvShun (LS), and Russian A. japonicus (Vladivostok, n = 30). The pie chart represents the population structure of the sampling location

Fig. 2 A. japonicus parapodium Note: a: back. b: left. c: right
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averaged by repeating the counts three times. The num-
ber of parapodium was tested for normality using the R 
language " Kolmogorov–Smirnov test ", and the density 
of trait distribution for the total sample was plotted using 
the R package ggplot2.

Total DNA extraction and genome resequencing
The TIANGEN amp Marine Animals DNA Kit (TIAN-
GEN, Beijing, China) was used for the extraction of total 
genomic DNA in this experiment. A. japonicus muscle 
was selected instead of the body wall tissue, to avoid the 
influence of complex organic substances in the body wall, 
which might affect the quality of nucleic acids. The purity 
and integrity of the nucleic acids were initially checked 
by 1% agarose gel electrophoresis, and samples with 
clear electrophoretic bands and no or mild degradation 
were qualified. Qualified DNA samples were adjusted to 
100 ng/μl and stored at -20 °C.

Qualified DNA samples were randomly fragmented 
into 350  bp fragments using a Covaris E220 ultrasonic 
DNA fragmentation machine (Shanghai Tusheng Vision 
Technology Co., Ltd., Shanghai, China). The library 
preparation process was completed on a T100 Thermal 
Cycler PCR (BIO-RAD, USA) instrument using KAPA 
HyperHlus reagent (Illumina, USA) after 10 cycles of 
end repair, addition of polyA tails, addition of sequenc-
ing adapters, and purification and amplification. High-
throughput sequencing of samples was performed using 
the Illumina Nova6000 sequencing platform (Illumina, 
California, USA) with a 150 bp paired-end reads (LC-Bio, 
Hangzhou, Zhejiang Province, China).

SNP calling
High-quality trimmed reads were compared with consen-
sus sequences obtained by clustering with BWA software 
[20] reads and with the whole genome of the A. japonicus 
(https:// ftp. ncbi. nlm. nih. gov/ genom es/ all/ GCA/ 002/ 754/ 
855/ GCA_ 00275 4855.1_ ASM27 5485v1/) for comparison. 
The reference genome we selected is the one with the long-
est N50 length among the published A. japonicus genomes, 
with a contig N50 of 190 Kb and a scaffold N50 of 486 Kb 
[21]. Single Nucleotide Polymorphism (SNP) were detected 
on GATK software [22], and the quality of variation sites 
was filtered to obtain possible SNP information of the sam-
ple. According to QD < 2.0, MQ < 40.0, FS > 60.0, MQRank-
Sum < -12.5 and ReadPosRankSum < -8.0, the SNPs with 
two-allele polymorphism were retained, and SNPeff [23] 
was used to annotate the mutation sites.

Estimates of heritability for traits in the number 
of parapodium
Heritability estimates for traits in the number of parapo-
dium in the A. japonicus were performed using GCTA 

software (v1.93.2) based on SNP data using the EM-
REML approach [24]. Since SNPs may have a high degree 
of linkage disequilibrium, which may reduce the accuracy 
of estimating genetic parameters for individual animals, 
this study used the Average Euclidean distance (AED) of 
SNP gene frequencies to screen SNPs and selected SNPs 
with 50 K density for heritability estimation.

Population structure and phylogenetic analysis
To identify independent SNPs for phylogenetic tree con-
struction and structural analyses, LD coefficients  (r2) 
were calculated using a sliding window of 100 kb with a 
sliding step of 10 kb, and a subset of 585,778 SNPs were 
extracted from the SNP dataset of all samples using an 
LD threshold of  r2 < 0.05. Population structure analyses 
were performed in Admixture [25] (v1.3.0) with K val-
ues set from 1 to 9. Phylogenetic tree analyses were per-
formed using VCF2Dis (https:// github. com/ BGI- shenz 
hen/ VCF2D is) to construct nj trees.

PCA and LD decay
Data for PCA analysis were similarly analysed using 
independent SNPs (the subset of 585,778 SNPs), 
and PCA analysis was performed using Plink [26] 
(v1.90b6.21) software to analyse values corresponding 
to PC1 to PC10, and PCA plots were drawn using the 
R language ggplot2 package. LD decay was performed 
using data unfiltered by  r2 < 0.05, using PopLDdecay 
[27] software (v3.41) for analysis.

Population selection analysis
Population selection analyses were performed using 
vcftools [28] (v0.1.16) using a 100  kb sliding window 
with 10  kb sliding steps to calculate inter-population 
FST analyses and intra-population nucleotide diversity 
(π). Fixation index (FST) analysis and reduction of diver-
sity (ROD) analysis were used to identify regions of 
high divergence at the genomic level in Russian and 
Chinese A. japonicus. The FST values between the two 
groups were calculated using a 100  kb sliding window 
(sliding step of 10 kb), and the sliding window with the 
top 5% of FST values was selected as a highly divergent 
candidate region. Tajima’s D test within populations 
was performed separately using vcftools using a 100 kb 
non-overlapping sliding window. A perl script was used 
based on ROD = 1−

Pipop1
Pipop2 (Pipop1 and Pipop2 are the 

values of nucleotide diversity (π) of the two popula-
tions) Calculation of inter-population ROD values [29].

Gene ontology analysis
Using the eggNOG-mapper [30] (v5.0), homology anno-
tation was performed based on the genomic protein 

https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/002/754/855/GCA_002754855.1_ASM275485v1/
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/002/754/855/GCA_002754855.1_ASM275485v1/
https://github.com/BGI-shenzhen/VCF2Dis
https://github.com/BGI-shenzhen/VCF2Dis
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sequence files of the A. japonicus to obtain correspond-
ence between genes and GO terms, the OrgDb package 
for GO analysis were constructed using the R package 
AnnotationForge [31], and enrichment analysis was per-
formed using the R package clusterProfile (v4.2.0) [32].

Genome‑wide association analysis and candidate gene 
identification for the number of parapodium
Genome-wide association analysis was performed using 
a mixed linear model (LMM) in the GEMMA [33] 
(0.98.3) software. As the parapodium number trait in 
spiny cucumbers is a high heritability trait, we ignored 
the effect of environmental effects on the phenotype and 
added the phenotypic values of parapodium number 
directly to the GWAS analysis.

Based on the Bonferroni correction method according 
to p =

0.05

NumberofSNPs The screening threshold was calcu-
lated and the significance screening threshold for rele-
vant SNPs was -log10 P > 7.4. For the significant SNP loci 
obtained, the following strategy was used for analysis: 
firstly, the corresponding genes and associated functions 
were found in the spiked genome annotation file based 
on the SNP location information. Secondly, to analyse the 
functions of these candidate genes more accurately, egg-
NOG was used to annotate and find their cognate gene 
functions. Thirdly, these SNPs were analysed for 
upstream and downstream genomic LD blocks. Fourthly 
to explore whether the significant SNP loci were located 
within the selected genomic regions obtained from FST 
and ROD analysis.

qRT‑PCR for gene expression analysis
qRT-PCR was used for gene expression analysis. Prim-
ers were designed by Primer 5.0 (Supplementary table 1) 
and five genes associated with genes related to the para-
podium number trait were selected for qRT-PCR detec-
tion. Cytochrome b (cytb) gene was used as an internal 
reference gene. Sample validation for the number of 
spines selected parapodium tissue with spine numbers of 

33 (few parapodium), 40 (control) and 55 (more parapo-
dium), with three parallel samples per group. Total RNA 
was extracted using the RNeasy kit (Tiangen), and tested 
for purity (A260/280 ratios) and integrity (denaturating 
gel electrophoresis). For qRT-PCR, the RNA was con-
verted to cDNA using the High-Capacity cDNA reverse 
transcription kit (Tiangen). Gene expression levels were 
calculated by the  2−ΔΔCt method. The Student’s t-test was 
used to assess the difference between groups.

Results
High‑throughput sequencing results
210 A. japonicus samples were sequenced using an Illu-
mina high-throughput sequencing platform. An aver-
age of 78,153,766.5 (total 11.72 ×  109) raw reads were 
obtained per sample. After removal of low-quality 
sequences and adaptor sequences, 2180.6 ×  109 valid 
reads were retained with an average valid read rate of 
86.12% (Table  1). The GC content was 37.45%-40.02%, 
the Q20 was 92.05%-97.46%, and the Q30 was 85.42%-
93.39% for an individual sample (Table  1). The mean 
number of SNPs per sample was 8,852,668.30 (Table 1). 
Genotyping of the SNP loci revealed slight differences in 
the proportion of genotypic heterozygosity between pop-
ulations; the highest heterozygosity (0.23) was detected 
in the HLW population and the lowest heterozygosity 
(0.20) was observed in the SD population (Table 1). The 
SNPs were unevenly distributed across the genome, with 
66.78% located between genes, 21.86% in introns, 4.15% 
in exons, and 3.42% and 3.48% upstream and down-
stream of genes, respectively (Supplementary Fig.  1). 
The final total of 6,836,886 high-quality SNP loci met the 
requirements for subsequent analysis by filtering (crite-
ria: minor allele frequency < 0.05, maximal proportion of 
missing data 0.8).

Phenotypic statistics for the number of parapodium and its 
heritability
Statistical analysis of the number of parapodium of the 
seven A. japonicus populations (Table  2) showed that 

Table 1 Whole genome resequencing results of Apostichopus japonicus 

Groups Reads mapping 
rate %

Q20% Q30% GC% Average 
sequencing depth

Number of SNPs The proportion 
of heterozygous 
loci%

BSD 81.29 94.16 88.04 37.45 10.77 9,141,887.40 0.22

PD 86.23 95.75 90.75 37.89 11.98 8,941,680.23 0.21

HLW 89.36 95.49 90.92 39.82 12.44 9,211,083.43 0.23

SD 80.89 94.62 88.95 37.70 11.25 8,808,006.8 0.20

XXM 87.07 96.04 91.16 37.74 13.03 8,730,540.47 0.22

LS 90.28 95.84 91.39 39.55 12.22 9,059,672.47 0.21

RUS 88.40 95.41 90.82 40.02 12.41 9,173,089.17 0.22
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the Russia group had the highest number of parapo-
dium (mean 56.67). The HLW and LS populations had 
relatively low numbers of parapodium (means of 34.63 
and 34.23, respectively). The number of parapodium in 
all seven populations was normally distributed (Table 2) 
and the parapodium number in a total of 210 samples 
was approximately normally distributed (Supplementary 
Fig. 2). Heritability can reflect the proportion of variation 
in a population for a trait that is not explained by envi-
ronment or random chance [34]. The heritability of the 
number of parapodium in A. japonicus, calculated with 
the GCTA software based on the SNP data, was 0.81–
0.91, thus the trait showed high heritability [35] (Table 2). 
Based on this result in the GWAS analysis, we ignored 
the effect of environmental factors on the number of par-
apodium and directly used the phenotypic value for sub-
sequent analysis.

Analysis of population genetic structure and genetic 
differentiation
Admixture population structure analysis showed that 
the structure of the Russia population differed from that 
of the other six populations of A. japonicus at K = 2, 3, 
and 4. We divided the RUS populations into one group 
and the PD, XXM, BSD, SD, HLW, LS populations into 
another group, namely the Russia and China groups, 
based on their geographical characteristics. It was note-
worthy that the HLW and LS populations within the 
China group showed a different group structure from 
the other four China populations at K = 3 or 4. Therefore, 
we further divided the China group into two subgroups, 
China_Group1 and China_Group2 (Fig. 3a).

A principal component analysis (PCA) was conducted 
in which the proportion of the total variance explained by 
PC1 and PC2 was 19.38% and 13.43%, respectively. The 
PCA plots (Fig. 3b) showed that PC1 separated the China 
group from the Russia group, and further analysis of the 
China group revealed that PC1 distinguished the HLW 

and LS populations from the other four Chinese popu-
lations into two subgroups, which was consistent with 
the results of the population structure analysis. Phyloge-
netic tree reconstruction showed that the Russia group 
formed a distinct cluster and the China group showed 
two clustering (Fig.  3c): the HLW and LS populations 
were more closely related and the other four populations 
showed separate clustering of individuals rather than of 
populations.

The physical distance corresponding to a LD coef-
ficient r2 = 1 was used as the LD attenuation distance. 
The LD analysis showed that, among the different sub-
groups, the Russia group had the longest LD decay dis-
tance (~ 1.2  kb), China_Group2 had the second longest 
LD decay distance (~ 0.5  kb), and China_Group1 had 
the shortest LD decay distance (~ 0.25 kb) (Fig. 4a). For 
the sampled populations, the Russia group had the long-
est LD decay distance, the HLW and LS populations in 
China_Group2 had the second longest LD decay dis-
tance, and the XXM population in China_Group1 had 
the shortest LD decay distance (Fig.  4b). These results 
suggested that the allele of Russian A. japonicus group 
exhibited a higher degree of inter-locus linkage and expe-
rienced more strongly positive selection compared with 
the Chinese A. japonicus group.

Nucleotide diversity (π) intuitively reflects the genetic 
diversity of the population. The results of the nucleotide 
diversity analysis for the three subgroups are shown in 
Fig. 4c. The π values for China_Group1 were significantly 
lower than those of the other two subgroups (P < 0.05 in 
Wilcoxon test). Using the corresponding values in the top 
5% window for calculation of π values as the comparison 
node, the π values for China_Group1, China_Group2, 
and the Russia group were 0.00465, 0.00517, and 0.00526, 
respectively.

Tajima’s D analysis was used to examine positive 
selection effects by calculating differences in the num-
ber of segregating loci (θw) and nucleotide diversity (π). 
In this study, Tajima’s D values were calculated using a 
100 kb sliding window (Fig. 4d). The Russia group had 
the smallest Tajima’s D value, China_Group2 had the 
second-largest Tajima’s D value, and China_Group1 had 
the largest Tajima’s D value. In addition, 321, 119, and 
49 genomic regions had a Tajima’s D value less than 0 
in the Russia, China_Group2, and China_Group1 sub-
groups, respectively. In general, a genomic region with 
a Tajima’s D value less than 0 has a large number of low-
frequency allelic loci, indicating that the region is under 
positive selection. The above-mentioned results, there-
fore, suggested that the Russia group included more 
rare alleles with more strongly positive selection than 
the two Chinese subgroups, which was consistent with 
the results of the LD analysis.

Table 2 Statistical results of parapodium number phenotype 
and heritability of A. japonicus 

*P represents the significance of normal distribution

h2 represents the heritability of parapodium number

Groups Parapodium number P h2

BSD 47.90 ± 9.29 0.55 0.90

PD 44.47 ± 5.95 0.94 0.86

HLW 34.63 ± 4.71 0.56 0.83

SD 40.80 ± 4.32 0.73 0.81

XXM 50.50 ± 9.03 0.78 0.90

LS 34.23 ± 5.05 0.65 0.84

RUS 56.67 ± 10.54 0.96 0.91
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Selective characterization of the genome of Chinese 
and Russian Apostichopus japonicus during geographic 
differentiation
We used the FST calculation method proposed by Weir 
and Cockerham in 1984 [36]. The FST value of the top 
5% was 0.061, and 2280 candidate regions were obtained 
using this threshold (Fig. 5a). The candidate regions cov-
ered a total of 1509 genes. The gene ontology (GO) terms 
that were significantly enriched among the candidate 
genes were mainly associated with immunity, and, nota-
bly, seven GO terms were associated with antimicrobial 
peptide or antimicrobial humoral response (Supplemen-
tary Fig. 3).

The ROD value of the top 5% was 0.068, and 3241 
candidate regions were obtained using this threshold 

(Fig.  5b). A total of 1978 genes were covered by the 
candidate intervals. The significantly enriched GO 
terms among the candidate genes were mainly asso-
ciated with inflammatory response (acute inflamma-
tory response and cellular response to light stimulus) 
and cellular response to exogenous substances (cellu-
lar response to staurosporine, cell chemotaxis, cellu-
lar response to ammonium ion, and cellular response 
to light stimulus) (Supplementary Fig.  4). To increase 
the confidence of the differential intervals in the 
Chinese and Russian groups, we intersected the can-
didate intervals from FST and ROD values (Supple-
mentary Fig. 5) to obtain 562 regions that covered 449 
genes. The GO terms significantly enriched among 
the candidate genes were mainly associated with 

Fig. 3 Population genetic structure analysis of A. japonicas Note: a: Population structure of A. japonicus, each column represents an individual, and 
the individual is matched with the phylogenetic tree branches in Figure c in turn, the red block represents the Russia subgroup, the green block 
represents the China_Group1(PD, XXM, BSD, SD) subgroup, and the blue block represents the China_Group2 (HLW, LS) subgroup. b: PCA figure. c: 
Phylogenetic tree
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autophagosome and histone methyltransferase trans-
porter (Supplementary Fig. 6).

In this study, phenotypic differentiation in the num-
ber of parapodium was observed in the Russian and 
Chinese A. japonicus (Fig.  6c). The number of para-
podium in the Russian group was significantly higher 
(mean 56.67) than that in the Chinese group (mean 
41.83) (P < 0.05). To investigate the reasons for the dif-
ference in number of parapodium between the Russian 

and Chinese A. japonicus, we correlated the results 
of the GWAS analysis with those of the FST and ROD 
analyses (Fig.  7). Seven significantly associated SNP 
loci on Scaffold199, Scaffold254, and Scaffold255 were 
located within the selected FST interval (Fig. 7d–f ), of 
which five were also located within the selected ROD 
interval (Fig.  7h, i). These results provide a genetic 
basis for the positive selection of the number of para-
podium in Russian A. japonicus.

Fig. 4 Genetic differentiation among A. japonicus subpopulations Note: a Linkage disequilibrium for three subgroups. b Linkage disequilibrium 
for seven sampling groups. c Nucleotide diversity analysis using 100 kb sliding windows and Wilcoxon test for significance testing. d Nucleotide 
polymorphisms (Pi) in three subpopulations. The red block represents the Russia subgroup, the green block represents the China_Group1 subgroup, 
and the blue block represents the China_Group2 subgroup

Fig. 5 Population selection analysis of Chinese and Russian A. japonicas. a Based on the FST analysis of the inter-population divergence test, the 
threshold line is the value corresponding to the top 95% of FST. b ROD analysis based on inter-group divergence test, the threshold line is the value 
corresponding to the top 95% of ROD
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Genome‑wide association analysis of number 
of parapodium in Apostichopus japonicus
The parapodium – a hollow, conical, fleshy, spine-like tis-
sue on the back of A. japonicus – is an important struc-
ture for respiration and exchange of information with the 

external environment. A linear mixed model was used 
for GWAS analysis, and eight SNP loci significantly asso-
ciated with the number of parapodium were screened 
using a Bonferroni-corrected threshold  (log10 P > 7.4; 
Fig. 6a). Five SNP loci were located in gene regions and 

Fig. 7 Parapodium number-associated SNP loci located in the selection interval

Fig. 6 Genome-wide association analysis of parapodium number. a Manhattan chart display of GWAS results, Only the most significant 100 SNP loci 
located in Scaffold are shown in the figure. b QQ plot of GWAS results. c Comparative analysis of parapodium number between two subgroups using a 
t-test (d, e) Two LD blocks related to parapodium number. f Results of qRT-PCR validation of genes (** means P < 0.01 in t-test. * means P < 0.05 in t-test)
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three loci between genes, and these SNP loci were asso-
ciated with a total of five genes in the genome (Table 3). 
The lower observed and expected values of the quantile–
quantile plot conformed but the highest observed val-
ues deviated, indicating that the association model was 
reasonable and yielded reliable results (Fig.  6b). In the 
upstream and downstream linkage analysis of the SNPs, 
LD blocks were detected at Scaffold254 555  kb–560  kb 
and Scaffold255 0.05  kb–6.97  kb, which were located 
at AJAP08772 and AJAP08773, respectively (Fig.  6d, e). 
Gene homology annotations indicated that the gene 
AJAP08772 homolog SEMA5A encodes a protein with 
a Sema domain. The gene AJAP08773 encodes the glu-
cose dehydrogenase C-terminus protein. In addition, 
three SNP-associated genes homologous to the anno-
tated genes CPSF6, MMEL1, and ARG2, located on 
Scaffold115 and Scaffold199, encode a protein enabling 
exon–exon junction complex binding activity, membrane 
metallo-endopeptidase-like 1, and arginase, respectively. 
The quantitative real-time PCR validation of these five 
genes revealed that three genes were significantly differ-
entially expressed (P < 0.05); AJAP08772 and AJAP08773 
were significantly up-regulated in A. japonicus with a 
high number of parapodium (> 55) compared with indi-
viduals with a low number of parapodium (< 33), whereas 
the opposite was observed for AJAP07248 (Fig. 6f ).

Discussion
Analysis of the genetic structure and genetic 
differentiation of Russian and Chinese Apostichopus 
japonicus populations
The study found that individuals of the same species from 
different habitats exhibit trait divergence due to long-term 

adaptation to local environments, resulting in differences 
in their genetic backgrounds [37–39]. We believe that 
the population structure of the Chinese and Russian A. 
japonicus populations differed considerably, probably as 
a result of long-term adaptation to the local environment 
in terms of latitude, water temperature, light, and bait [40, 
41]. Further analysis of the Chinese populations found 
that the HLW and LS populations showed a different 
population structure from the other four Chinese popula-
tions. A. japonicus’s reproductive behaviour is broadcast 
spawning, and ocean currents can affect aggregation and 
spawning [42]. The Bohai Sea is an inland sea [43], with 
a large number of freshwater rivers feeding into it, result-
ing in a lower salt content and density than the Yellow 
Sea [44]. Due to these reasons, we speculated that it was 
because the HLW and LS populations were located in the 
Bohai Sea, whereas the other populations were located in 
the Yellow Sea, and that different breeding environments 
caused genetic differentiation. In addition, the HLW and 
LS populations are of close geographic proximity and are 
prone to gene exchange. The results of the PCA and phy-
logenetic analysis were strongly consistent with the results 
of the admixture analysis.

Linkage disequilibrium analysis showed that the Rus-
sian population had a greater LD decay distance than the 
Chinese populations. A long LD decay distance indicates a 
high degree of genomic linkage and low genetic diversity, 
which may be subject to positive selection [45]. Tajima’s 
D test revealed a higher number of regions with values 
less than 0 for the Russia group than for the Chinese sub-
groups. Typically, genomic regions with Tajima’s D values 
less than 0 deviate from neutral selection, harbor reduced 
genetic diversity, and are subject to positive selection [46, 

Table 3 SNP loci and candidate genes associated with the parapodium number traits of A. japonicus 

Scaffold Position(bp) ‑logP SNP MAF Gene Gene symbol Annotation

Scaffold115 109,061 7.70 A/T 0.07 AJAP04724; AJAP04725 CPSF6; MMEL1 exon-exon junction complex binding; Membrane metallo-
endopeptidase-like 1

Scaffold199 507,705 8.32 G/A 0.22 AJAP07248 ARG2 Arginase

Scaffold199 507,706 8.44 T/A 0.22 AJAP07248 ARG2 Arginase

Scaffold254 557,682 8.08 G/A 0.24 AJAP08772 SEMA5A Sema domain, seven thrombospondin repeats (Type 1 
and type 1-like), transmembrane domain (TM) and short 
cytoplasmic domain, (Semaphorin)

Scaffold255 1422 8.85 T/C 0.16 AJAP08772; AJAP08773 SEMA5A; –- Sema domain, seven thrombospondin repeats (Type 1 
and type 1-like), transmembrane domain (TM) and short 
cytoplasmic domain, (Semaphorin); Glucose dehydroge-
nase C-terminus

Scaffold255 3001 8.58 C/T 0.13 AJAP08772; AJAP08773 SEMA5A; –- Sema domain, seven thrombospondin repeats (Type 1 
and type 1-like), transmembrane domain (TM) and short 
cytoplasmic domain, (Semaphorin); Glucose dehydroge-
nase C-terminus

Scaffold255 5172 10.28 T/G 0.14 AJAP08773 –- Glucose dehydrogenase C-terminus

Scaffold255 5182 10.29 G/A 0.15 AJAP08773 –- Glucose dehydrogenase C-terminus
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47]. Thus, these results suggested that the alleles of Rus-
sian A. japonicus has been subject to stronger positive 
selection. We hypothesize that this is because the Russian 
population has experienced a higher degree of natural 
selection to adapt to a high-latitude cold-water environ-
ment [48] and that its high-latitude location hinders the 
exchange of genes with low-latitude A. japonicus, result-
ing in easier retention of selected genes.

The nucleotide diversity (π) analysis of the three pop-
ulations revealed that China_Group1 had the lowest 
genetic diversity and the Russia group had higher genetic 
diversity. In general, populations with high genetic diver-
sity are usually subject to low levels of positive selection 
[49–51]. However, the genome of the Russia group, which 
had relatively high genetic diversity in this study, was 
subject to higher levels of selection and linkage, prob-
ably because the populations did not experience rigorous 
and systematic artificial selection, resulting in a genome 
with some linkage regions present but with less impact 
on overall genetic polymorphism.

Selective characterization of the genome of Chinese 
and Russian A. japonicus during geographic differentiation
Functional enrichment analysis of candidate genes iden-
tified through population selection analysis revealed 
significant enrichment of pathways related to antimicro-
bial peptide, humoral immunity, and apoptosis in genes 
within candidate intervals determined through FST analy-
sis. Seven of these pathways were associated with antimi-
crobial peptide or antimicrobial humoral response, which 
play a crucial role in immunity by disrupting bacterial 
membranes [52, 53] and activating the NFκB pathway 
to recruit antimicrobial peptides and pro-inflammatory 
cytokines to initiate defense mechanisms [54]. In addi-
tion, ROD analysis identified candidate genes with sig-
nificantly increased likelihood of being associated with 
immunity, such as inflammatory response, in the GO 
terms, suggesting potential differences in immune func-
tion between Russian and Chinese groups of A. japonicus.

By combining the significantly different intervals of the 
China and Russia groups with the results of the GWAS 
analysis, we identified seven significantly associated SNP 
loci on Scaffold199, Scaffold254, and Scaffold255 located 
within the selected interval determined by the FST analy-
sis, and five of these loci were also located within the 
selected interval obtained from the ROD analysis. These 
findings provide a genetic explanation for the positive 
selection of parapodium number in Russian A. japonicus.

Genome‑wide association analysis of number 
of parapodium in Chinese and Russian A. japonicus
In this study, eight SNP loci significantly associated 
with the number of parapodium were determined by 

the linear mixed model with Bonferroni correction. In 
the LD block analysis, LD blocks were identified at Scaf-
fold254 555 kb–560 kb and Scaffold255 0.05 kb–6.97 kb, 
and the crucial genes AJAP08772 and AJAP08773 were 
identified in these two blocks associated with the number 
of parapodium in A. japonicus. SEMA5A, a homolog of 
AJAP08772, has been shown to stimulate endothelial cell 
proliferation and migration, while also inhibiting apop-
tosis [55]. The gene AJAP08773 encodes the protein glu-
cose dehydrogenase C-terminus, which is involved in cell 
metabolism [56]. Gene expression analysis showed that 
the levels of AJAP08772 and AJAP08773 are significantly 
higher in individuals of the species A. japonicus with 
a larger number of parapodia. This suggests that these 
genes may play a role in enhancing the growth of para-
podia in A. japonicus by increasing cell metabolism and 
proliferation rates.

In addition, we observed that the expression of 
AJAP07248 was significantly higher in the A. japoni-
cus individuals that developed fewer parapodium. Gene 
homology annotation indicates AJAP07248 encodes argin-
ase. Studies have shown that Nitric oxide (NO) regulation 
is the first step in the host defense mechanism of A. japoni-
cus [57], that NO is a beneficial strategy for host cells to kill 
invasive pathogens [58]. Inhibition of arginase production 
leads to an increase in A. japonicus NO production and a 
enhance in the A. japonicus’s immune response to patho-
genic microorganisms [59]. These results suggest that the 
number of parapodium in A. japonicus may be associated 
with immune-related functions, possibly through the reg-
ulation of arginase synthesis. Further research is needed to 
better understand the relationship between parapodium 
and immune function in this species.

Conclusion
A total of 210 individuals of Apostichopus japonicus 
from China and Russia were subjected to high-through-
put genome resequencing. The Chinese populations 
were divided into two subgroups that were primarily 
associated with geographic distribution. Genetic diver-
sity analysis revealed a high degree of linkage between 
loci in the Russian population, which may have under-
gone stronger positive selection. Population selection 
analyses yielded genomic intervals between the Rus-
sia and China groups. Functional analysis of candidate 
genes within these intervals indicated differences in 
antimicrobial peptides, humoral immunity, apoptosis, 
and inflammatory responses. Three candidate genes 
significantly associated with parapodium number were 
identified by GWAS analysis. We hypothesized that 
AJAP08772 and AJAP08773 directly affect parapodium 
production by promoting endothelial cell proliferation 
and metabolism, whereas AJAP07248 indirectly affects 
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parapodium production by participating in immune 
responses. The present study provides insight into the 
differences in genetic structure of Chinese and Russian 
populations of A. japonicus, and provides important 
information for subsequent genetic analysis and breed-
ing of this species.
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