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Apostichopus japonicas is an economically important species with high nutritional value. 
However, our knowledge of its genetic diversity and the genetic changes that occurred 
during its domestication or trait selection is quite limited. In this study, the whole genomes of 
254 A. japonicas samples were resequenced. Analyses of the population genetic structure 
revealed that the genetic diversity of A. japonicas in the north of China is generally high, 
there was no difference in the population structure among the six cultured populations, 
and they were divided into two subpopulations together with AY-1 (new species). The 
results also showed that the genetic diversity of the AY-1 population was relatively low, 
the degree of linkage of alleles was high, and this population had been subjected to more 
positive selection. Based on Tajima’s D, FST analysis, and ROD analysis, the selected 
intervals and genes of the AY-1 population were identified, with some of the candidate 
intervals being related to an economically important trait and breeding target, namely, the 
number of parapodia. Gene Ontology analysis of the candidate genes revealed that the 
two subpopulations differed in their immune function, protein synthesis, decomposition, 
and transport, among others. Using GWAS, we identified 39 candidate genes for four 
economically important traits of A. japonicas, and we verified that those genes contained 
non-synonymous SNPs. Through this verification, BSL78_00022 and BSL78_00023 
were found to be key genes for the number of parapodia in A. japonicas. Of these two 
genes, BSL78_00022 encodes a protein related to cell differentiation and proliferation, so 
it was assumed that three non-synonymous substitutions (Ser-Phe, Glu-Asp, and Ala-
Val) in this gene are related to the changes in the number of parapodia. Meanwhile, the 
pleiotropic gene BSL78_04631, which is related to body weight and body wall weight, 
and promotes protein synthesis and cell growth, has a non-synonymous substitution (IlE-
Val), which is assumed to be the reason for the difference in body weight and body wall 
weight of A. japonicas. These results provide a new perspective for explaining the genetic 

doi: 10.3389/fmars.2022.948882

ORIGINAL RESEARCH
published: 12 July 2022

http://crossmark.crossref.org/dialog/doi=10.3389/fmars.2022.948882&domain=pdf&date_stamp=2022-07-12
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#articles
mailto:dingjun19731119@hotmail.com
mailto:yqchang@dlou.edu.cn
https://doi.org/10.3389/fmars.2022.948882
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.948882/full
https://doi.org/10.3389/fmars.2022.948882
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
http://creativecommons.org/licenses/by/4.0/


Guo et al. Sea Cucumber Population Genetics

2Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 948882

INTRODUCTION

Apostichopus japonicas, belonging to the class Holothuroidea 
within the Echinodermata, is an economically important 
species for aquaculture in China (Xu et  al., 2015). In 2020, 
the output of A. japonicas in China reached 196,500 tons, 
with the coastal areas of Shandong and Liaoning being the 
main areas of production. To improve the yield and quality 
of cultured A. japonicas, genetic breeding of this species has 
been carried out in China since the early 1990s (Han et  al., 
2016). By 2021, six new species of A. japonicas, including 
“Shuiyuan No. 1” and “AY-1,” had been approved by the 
National Appraisal Committee of Aquatic Protospecies and 
Improved Varieties. Before that, A. japonicas farms used wild 
or cultured A. japonicas without selection for breeding as 
the parents to carry out seedling breeding of this species (Ru 
et al., 2019). “AY-1” (GS-01-014-2017) is a new species of A. 
japonicas approved by the National Appraisal Committee of 
Aquatic Protospecies and Improved Varieties in 2018, which 
was cultured via four generations of breeding, with “Shuiyuan 
No. 1” (GS-02-005-2009) as the candidate parent. It features 
long parapodia (fleshy thorns) on the body surface that are 
arranged in six regular rows, with an average number in each 
individual of more than 45. Compared with “Shuiyuan No. 
1,” “AY-1” cultured under the same conditions had an average 
increase in the number of parapodia of 12.8%. At present, 
“AY-1” is widely cultured in Shandong and Liaoning provinces 
(Ding and Chang, 2020).

With the development of high-throughput sequencing 
technology and various omics technologies, basic studies 
on the application of breeding and population genetics of 
A. japonicas have been carried out. For example, Chen et al. 
(Chen et al., 2008) studied the genetic variation of wild and 
hatched A. japonicas populations in northern China using 
microsatellite markers. Their results showed that hatched 
populations typically differed significantly from wild 
populations. In addition, Chang et  al. (Chang et  al., 2009) 
studied the genetic structure of five natural A. japonicas 
populations [i.e., Aomori, Japan (JA and JR), Yosu, South 
Korea (KY), Dalian, China (CD), and Vladivostok, Russia 
(RV)], using 10 microsatellite markers. The results showed 
that the levels of genetic diversity of the five populations were 
similar. Moreover, Zhao et  al. (Zhao et  al., 2020) screened 
metabolic markers of A. japonicas populations in different 
regions of China (Jinzhou, Pikou, Dalian, and Rushan) 
through metabolomic methods. Furthermore, Gao et  al. 

(Gao et  al., 2019) carried out transcriptome analysis on the 
body wall of A. japonicas and revealed the differences in 
growth between the largest and smallest individuals in the 
purebred population and hybrid population. However, owing 
to technical constraints, the population genetic structure of 
the main cultured populations of A. japonicas in China is still 
largely unknown. In 2017, the Institute of Oceanography, 
Chinese Academy of Sciences, Ocean University of China, 
Dalian Ocean University, and other institutions in China 
successively completed the whole-genome sequencing of A. 
japonicas, laying a foundation for subsequent studies on the 
population structure and economically important traits of this 
species (Zhang et al., 2017; Li et al., 2018).

Genome-wide association study (GWAS) can mine sites and 
genes related to trait variation by obtaining a large number of 
single-nucleotide polymorphism (SNP) sites across the whole 
genome. Its results have the advantages of high resolution, 
providing a wide source of research materials, capturing abundant 
variation, high accuracy, and is relatively quick to obtain (Tam 
et  al., 2019). To date, GWAS has been widely applied in the 
systematic screening of sites or genes related to economically 
important traits of aquatic animals such as fish, shellfish, and 
crustaceans (Abdelrahman et  al., 2017). For example, Zhou 
et al. (Zhou et al., 2022) obtained genome regions and candidate 
genes related to various growth traits of mandarinfish through 
GWAS. In addition, Yang et  al. (Yang et  al., 2020) identified 
candidate SNPs and genes related to growth traits of Epinephelus 
fuscoguttatus using GWAS. Moreover, Wang et al. (Wang et al., 
2022) identified genes related to carotenoid accumulation 
in scallops by GWAS, and He et al. (He et al., 2022) used this 
approach to reveal single-nucleotide polymorphism sites related 
to the shell shape of Crassostrea Gigas. Lyu et al. (Lyu et al., 2021) 
also identified candidate genes for growth traits in Litopenaeus 
vannamei by GWAS. Finally, Cui et al. (Cui et al., 2015) obtained 
sex-linked markers of Eriocheir sinensis by the same approach. 
However, no study on the trait-associated sites and genes of 
A. japonicas as determined using GWAS have been reported.

To summarize the current study, 254 A. japonicas individuals 
were resequenced based on their genomes, including “AY-1” 
and six major A. japonicas cultured populations in northern 
China. By population structure analysis, LD attenuation 
analysis, population group selection analysis, and genome-
wide association study, we finally revealed the population 
structure and genetic diversity of this species, identified 
areas and candidate genes for artificial selection of “AY-1,” 
and revealed four candidate genes related to economically 
important traits. This study provides important information 
for germplasm conservation and genetic breeding of 
Apostichopus japonicas.

structure characteristics of A. japonicas and analyzing the selection and economically 
important traits in the breeding of new species.

Keywords: Apostichopus japonicas, resequencing, genome-wide association analysis, population structure, 
population genetics

Abbreviations: SNP, Single nucleotide polymorphism; LD, Linkage disequilibrium; 
GWAS, Genome-Wide Association Studies; GO, Gene Ontology; BP, Biological 
processes; qRT-PCR, Quantitative Real-time PCR.
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MATERIALS AND METHODS

Sample Collection and Trait Measurement
From July 2020, The samples were distributed as the new variety 
“AY-1” (J) (n=49), the cultured A. japonicas in Yantai, Shandong 
province (Y) (n=40), Mouping, Shandong Province (SZ) (n=25), 
South Huangcheng Island, Yantai, Shandong Province (SY) 
(n=28), Xixiakou, Weihai, Shandong Province (YS) (n=26), Ant 
Island, Jinzhou District, Dalian, Liaoning Province (M) (n=28) 
and Xinyulong, Pingdao, Dalian, Liaoning Province (X) (n=58), 
Based on our traits of interest, we sampled from a total sample of 
505 sea cucumbers based on a normal distribution, and finally 
obtained 254 sea cucumbers for resequencing (Figure 1).

All the samples were of the second age. The sea cucumber used 
in the experiment was harvested in July 2020 and transferred to 
the Key Laboratory of Marine Aquaculture of the Ministry of 
Agriculture and Rural Affairs for cultivation. All A.japonicas are 
reared in the same environment. The healthy non-destructive 
body surface of A.japonicas was selected from each population, 
and small pieces of the body wall and longitudinal muscle tissue 
were cut. After being frozen by liquid nitrogen, the samples 
were divided into centrifugal tubes and stored in a fresh freezer 
at -80°C. When measuring the number of parapodia, repeat 
counting three times and take the average value. Before weight 
measurement, dry the water on the surface of A.japonicas and let 
stand for 2-5min repeat weighing three times and take the average 
value. Similarly, the body wall weight was the average value after 
the visceral tissue was removed and repeatedly weighed three 
times. The body wall production rate was calculated by dividing 
the body wall weight by body weight.

DNA Extraction and Sequencing
Due to the particularity of Marine organisms’ tissues, it is 
necessary to remove proteins, fats, and other organic compound 
impurities. In this experiment, The total genome DNA was 

extracted by the SDS method. TIANGEN amp Marine Animals 
DNA Kit (TIANGEN, Beijing, China) was used to extract 
the muscle tissue of A.japonicas. The purity and integrity of 
nucleic acid were preliminarily detected by 1% agarose gel 
electrophoresis. The main band of qualified DNA samples 
was clear without degradation or slight degradation. The mass 
concentration of the tested DNA samples was adjusted to about 
100ng/ul and stored.

The qualified samples were randomly broken into 350bp 
fragments by Bioruptor Pico ultrasonic fragmentation instrument, 
and then the genomic DNA library construction kit was used for 
library preparation. The library’s construction includes the process 
of DNA fragment end complementing, 3’ end adding ‘A’, DNA 
end linking adaptor, and PCR amplification. Quality control was 
carried out for the constructed libraries, and high-throughput 
sequencing was performed on the Illumina HiSeq2500 sequencing 
platform for qualified libraries.

Sequence Alignment and 
Mutation Detection
Clean Reads are obtained by filtering Raw Reads of the original 
off-machine data. We adopt BWA (v0.7.12) software will clean 
reads and A.japonicas reference gene (https://ftp.ncbi.nlm.
nih.gov/genomes/all/GCA/002/754/855/Gca_002754855.1_
asm275485v1/). The initial comparison results were in Sam 
format, and then SamTools (1.9) was used to convert the results 
into BAM format and sort them. Suppose the result of a sample 
contains multiple libraries. In that case, the BAM results of 
multiple libraries are combined with SamTools. Then Picard is 
used to mark and remove repeated sequences, and then basic 
data information statistics and map comparison statistics 
are performed.

GATK (V3.8) was used for population SNPs detection of 
samples, and the obtained results were filtered to obtain credible 
SNPs, and the population SNPs results were saved in VCF 

FIGURE 1 |   Geographical distribution of 254 Apostichopus japonicas.
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format. ANNOVAR (V0.35) annotated SNPs based on the given 
chromosome, origin site, termination site, reference nucleotide, 
and mutant nucleotide. According to the genome annotation 
results, these SNPs were divided into exon, intron, intergene, 
upstream and downstream, and splicing sites. SNPs located in 
coding exons are further divided into synonymous SNPs (which 
do not cause amino acid changes) and non-synonymous SNPs 
(which cause amino acid changes).

Population Structure and  
Phylogenetic Analysis
To determine that SNPs used for phylogenetic tree construction 
and structural analysis were independent, we extracted a 
subset of 607,714 SNPs from the SNP dataset of all samples 
using LD thresholds (r2<0.05). The population structure 
analysis was carried out in Admixture (V1.3.0) with K value 
set from 1 to 9, and the minimum CV error value appeared at 
K = 2. Phylogenetic tree (NJ tree) analysis was constructed by 
VCF2Dis (V1.45).

PCA and LD Decay
The data analyzed by PCA and LD decay also used independent 
SNPs filtered by LD threshold(r2<0.05), and Plink (V1.90b6.21) 
software was used for PCA analysis, and the analysis was 
specified to PC10. PopLDdecay software (V3.41) was used to 
analyze LDdecay.

Group Selection Analysis
In population selection analysis, VCFtools (V0.1.16) was used 
to calculate inter-population FST analysis and intra-population 
nucleotide diversity (Pi) with a sliding window of 100KB and a 
sliding step of 10KB. Tajima’s D test in the population was performed 
by VCFtools using 100KB and 10KB non-overlapping sliding 
Windows, respectively. Use Perl scripts to calculate inter-group 
ROD values based on the formula ROD=1-(Pi pop1)/(Pi pop2).

Gene Ontology Analysis
Eggnog-mapper (V5.0) was used to carry out homology 
annotation according to the genome protein sequence file of 
A.japonicas to obtain the corresponding relationship between 
genes and GO term. R package AnnotationForge was used 
to construct the background file of GO analysis. R package 
clusterProfile (V4.2.0) was used for enrichment analysis.

GWAS Analysis and Candidate  
Gene Identification
Genome-wide association analysis was conducted by GEMMA 
(0.98.3), and generalized linear model (GLM) and mixed linear 
model (LMM) were used to analyze four economic traits, 
including the number of feet, body weight, body wall weight, 
and body wall production rate, respectively. Meanwhile, To 
avoid the influence of subgroup differentiation on GWAS 
results, When GEMMA was used for GLM association model 
analysis, we added the relatedness matrix as a covariable. The 

significance screening threshold of relevant SNPs was set 
as  -log10P > 6, and the following strategies were adopted to 
analyze SNPs: Firstly,  based on the screening of significantly 
correlated SNPs (-log10P > 6), the SNPs associated with both 
models were selected for further analysis; Secondly, LD block 
analysis was performed on the upstream and downstream of 
the genome of these SNPs, focusing on non-synonymous SNPs. 
Third, search for genes corresponding to non-synonymous 
SNPs and find out their functions; Fourth, to more accurately 
analyze the functions of these candidate genes, eggNOG 
annotation was used, and the homologous gene functions were 
searched.

qRT-PCR for Gene Expression Analysis
qRT-PCR was used for gene expression analysis. The primers 
were designed by Primer 5.0 (Primer sequences are shown in 
Supplementary Table 1), and two genes related to the number of 
parapodia and one gene related to growth traits were selected for 
qRT-PCR detection. For the verification of the number of parapodia, 
the number of parapodia was 25 (less parapodia), 30 (control), and 
46 (more parapodia), with three parallel samples in each group. 
The body wall tissues with the weight of 50g (large weight), 100g 
(control), and 170g (lightweight) were selected for growth traits, 
with three parallel samples in each group. Total RNA was extracted 
by the Tiangen kit and verified by qRT-PCR. The gene expression 
level was calculated by the comparative -ΔΔt method.

RESULTS

Phenotypic Statistics and 
Sequencing Results
To study the population structure of “AY-1” and the A. 
japonicas populations in representative regions of northern 
China, we collected seven A. japonicas populations in the main 
production areas of Shandong and Liaoning. In the GWAS, the 
traits that we focused on were growth traits (body weight, body 
wall weight, and body wall production rate) and the number of 
parapodia. The distribution of each trait of the total sample is 
shown in Supplementary Figure 1. Under the condition that 
the characters conform to the normal distribution roughly, the 
parapodium number was 23-49, the body weight was 14-238 g, 
the body wall weight was 9.8-149 g, and the body wall production 
rate was 0.33%-0.95%. With consideration of the GWAS 
requirements, 25 to 60 sea cucumbers per population were 
selected for whole-genome resequencing. The high-throughput 
sequencing was performed through the sequencing platform 
Illumina HiSeq2500, and the reads between the sequencing 
data and the unique position of the reference genome were 
92.57%-93.80%, and the average sequencing depth was 10.58x 
(see Supplementary Table 2). SNPs were unevenly distributed 
across the genome, with 53.74% in intergenic regions, 25.51% 
in introns, 3.51% in exons, and the rest scattered in other 
regions (see Supplementary Table 3). Indels had a distribution 
similar to SNPs, with 53.30% in intergenic regions, 24.55% in 
introns, only 0.89% in exons, and the rest scattered in other 
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regions (see Supplementary Table 4). Finally, 11,736,971 high-
quality SNP sites were obtained by filtering (with MAF <0.05 
and max-missing 0.8 as the standard), which could meet the 
requirements of subsequent analysis.

Population Structure and  
Domestication Analysis
To avoid the effect of long LD fragments on the population 
structure, single SNP sites filtered by a linkage disequilibrium 
threshold (LD r2 < 0.05) were used for the population structure 
analysis, phylogenetic tree construction, and PCA of A. japonicas. 
The admixture population structure analysis showed that 
the seven A. japonicas populations could be divided into two 
subpopulations according to the minimum CV error value (when 
k=2), namely, the AY-1 subpopulation and the CN subpopulation 
(Figure 2B). When k=3 or 4, the AY-1 subpopulation also showed 
a population structure different from that of other A. japonicas 
populations.

The phylogenetic tree divided all individuals into two main 
groups of populations (Figure  2A), which was consistent with 
the results of the population structure analysis, in which most 
AY-1 A. japonicas clustered individually, while other A. japonicas 
populations clustered in a mixed way, showing clusters of 
individuals rather than populations.

In the PCA analysis, PC1 to PC10 were analyzed, and the 
proportions of variation explained by PC1, PC2, and PC3 were 
11.7%, 10.9%, and 10.5%, respectively (Figure 2C). The PCA chart 
showed that the AY-1 subpopulation was clearly separated from the 
CN subpopulation, but it had a large internal degree of dispersion, 
and there were still a small number of individuals overlapping with 

the CN subpopulation, which was consistent with the phylogenetic 
tree and results of population structure analysis.

By calculating the nucleotide diversity (π) within the two 
subpopulations, we further characterized their genetic diversity 
and differences. The statistical results of the nucleotide diversity 
analysis of the two subpopulations are shown in Figure  2D. 
The nucleotide diversity of the A. japonicas subpopulation in 
northern China was significantly higher than that of the AY-1 
subpopulation. With the windows whose π values corresponded 
to the top 5% of thresholds as the comparison node, the 
nucleotide diversity of the AY-1 subpopulation was 7.92 x 
10-3, and the nucleotide diversity of the CN subpopulation was 
8.09 x 10-3. This result was consistent with expectations, namely, 
the genetic diversity of artificially selected populations is lower 
than that of natural populations.

LD attenuation is often associated with genetic diversity 
and the history of domestication, so we further examined the 
linkage disequilibrium attenuation values of the two A. japonicas 
subpopulations. The results of this statistical analysis are 
shown in Figure 2E. The maximum value of the LD coefficient 
(r2) of the AY-1 subpopulation was 0.39 and that of the CN 
subpopulation was 0.36. The corresponding physical distance 
when the LD coefficient (r2) was reduced to 0.1 was taken as the 
LD attenuation distance of the subpopulations. The attenuation 
distance of the AY-1 subpopulation was 823 bp and that of the 
CN subpopulation was 598 bp. The LD attenuation rate of the 
AY-1 A. japonicas subpopulation was relatively low, indicating 
that the linkage between markers in this subpopulation was 
higher and its genetic diversity was lower. This conclusion is 
in line with the LD attenuation characteristics of domesticated 

B

C D E

A

FIGURE 2 | Population structure analysis of Apostichopus japonicas. (A) phylogenetic tree, The blue branch represents the CN subgroup, and the red branch 
represents the AY-1 subgroup. (B) Population structure of Apostichopus japonicas, Each column represents an individual, and the individual is matched with 
the phylogenetic tree branches in Figure A in turn. The color in the structure plot indicates the component state in each sample. (C) PCA figure. (D) Nucleotide 
polymorphisms (Pi) in two subpopulations. (E) Linkage disequilibrium for two subgroups. *** means p<0.001 in significance test
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populations, and consistent with the conclusion of the above 
nucleotide diversity (π) analysis.

Analysis of Population Selection
To examine the internal positive selection effect of the two 
A. japonicas subpopulations, we used Tajima’s D test (Tajima, 
1989) to analyze the differences in the number of nucleotide 
segregating sites (θw) and nucleotide diversity (π) within the 
two subpopulations. The results of Tajima’s D test are shown in 
Figure  3A (calculated using a 100 kb non-overlapping sliding 
window). In most of the same genomically regions, Tajima’s 
D value of the AY-1 subpopulation was lower than that of the 
CN subpopulation, and there were a large number of regions 
with Tajima’s D values of less than 0. The AY-1 subpopulation 
had 164 windows with Tajima’s D value less than 0, while the 
CN subpopulation had only 22. This indicated that the AY-1 
subpopulation had lower genetic diversity and more rare alleles, 
and had been subjected to more positive selection. A 10 kb non-
overlapping sliding window was used to calculate Tajima’s D 
value of the AY-1 subpopulation, the top 5% of windows with the 
small to large Tajima’s D value (Tajima’s D < -0.167) were selected, 

and a total of 3871 candidate regions were obtained. These 
regions covered a total of 1842 genes in the genome annotation 
file. The Gene Ontology analysis showed that candidate genes 
were mainly enriched in biological process (BP) and the main 
functions involved were immune response (e.g., regulation of 
wound healing, regulation of response to effectiveness, positive 
regulation of wound healing, and others), morphological 
development (e.g., fin morphogenesis, embryonic Pectoral 
fin Morphogenesis, fin development, and others), and Signal 
transduction (positive regulation of Wnt signaling pathway). 
(Supplementary Figure 2).

Fixation statistic (FST) (Nei and Chesser, 1983) can be used 
to estimate the difference between the average amount of 
polymorphism in two subpopulations and the average amount 
of polymorphism in the whole subpopulation; the change in 
its value reflects the differentiation level of the population. To 
identify the regions where the domesticated population (“AY-1” 
subpopulation) was quite different from the natural population 
(subpopulations in northern China), we selected the regions with 
FST thresholds in the top 5% as candidate intervals (100 kb sliding 
window, sliding step size of 10 kb), and a total of 982 candidate 
intervals were screened (Figure  3B). These selected intervals 

B

C

D E

A

HF G I

FIGURE 3 | Group selection analysis. (A) Tajima’s D analysis, 1000kb non-overlapping sliding window. (B) Based on the FST analysis of the inter-population 
divergence test, the threshold line is the value corresponding to the top 95% of FST. (C) ROD analysis based on inter-group divergence test. (D) Tajima’s D, FST, and 
ROD analyzed the intersection of selected genes. (E) Statistical analysis of quantitative characters of two subpopulations. (F−I) parapodium number GWAS analysis 
of local Manhattan map. The Scaffold starting with “MRZV” was replaced for the convenience of showing. The replacement method is Scaffold MRZV01000001.1-
MRZV01003278.1 corresponding to Scaffold 1-Scaffold 3394 (Supplementary Table 12).
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covered a total of 3182 genes in the genome annotation file. The 
results of Gene Ontology analysis of candidate genes showed 
that these genes were mainly enriched in biological process (BP) 
terms, such as regulation of inflammatory response; regulation 
of wound healing; negative regulation of inflammatory response; 
negative regulation of defense response; muscle cell cellular 
homeostasis; and inflammatory response (Supplementary 
Figure 3). Generally, the FST value was greater than 0.05 indicating 
that there was moderate or higher genetic differentiation among 
populations. In this study, 16 intervals with FST values greater 
than 0.05 were obtained, of which 7 intervals covered a total of 10 
genes, such as BSL78_21603, BSL78_22159, and BSL78_27475. 
These genes are related to GTPase activity, GTP binding, ATP 
binding, DNA binding, and ATP-dependent microtubule motor 
activity, among others (Supplementary Table 5).

The reduction of diversity (ROD) index can measure the 
loss of polymorphism in a domesticated population relative 
to the corresponding wild population based on the difference 
in nucleic acid polymorphism π between these populations. 
Therefore, we adopted this index to evaluate the loss of nucleic 
acid polymorphisms in “AY-1” relative to the A. japonicas 
subpopulations in northern China (Figure  3C). After the π 
values of the two subpopulations were calculated using a 100 
kb sliding window (with a sliding step size of 10 kb), the ROD 
value between the subpopulations was deduced, and the regions 
with ROD threshold values in the top 5% were selected as 
candidate intervals (ROD > 0.103), and a total of 1321 candidate 
intervals were obtained by screening. These selected intervals 
covered a total of 2600 genes in the genome annotation file. 
The results of Gene Ontology analysis showed that Candidate 
genes were mainly enriched in biological processes (BP) such 
as Proteasomal protein catabolic process, purine nucleoside 
catabolic process, and regulation of transcription by RNA 
polymerase III, etc. (Supplementary Figure 4). To improve the 
reliability of the selected regions and candidate genes of “AY-1” 
A. japonicas, we further selected Tajima’s D, FST, ROD selected 
regions, and the overlapping genes obtained above, and finally 
obtained 255 regions and 129 genes (Figure 3D), which should 
be valuable for further study.

Through the phenotypic data analysis, it was found that the 
two subpopulations had a significant difference in the number 
of parapodia (Figure  3E). To explore whether the selected 
regions of “AY-1” were associated with this trait, we matched 
the parapodium number-associated sites obtained from the 
GWAS with the regions with FST and ROD thresholds in the 
top 5%. We found that 41 sites were located within the above-
mentioned regions, of which 36 were located in the matching 
regions with FST thresholds within the top 5% (31 sites were 
located in Scaffold MRZV01000001.1: 710,001 bp-810,000 
bp and the other 5 sites were in Scaffolds MRZV01000075.1, 
MRZV01000474.1, and MRZV01000269.1) (Figures 3F–I). The 
distribution of the other five loci matching the selected region of 
the ROD analysis was as follows, three SNP loci were located in 
Scaffold MRZV01000163.1, and the other two loci were located 
in Scaffold MRZV01000306.1 and Scaffold MRZV01000888.1, 
respectively (Supplementary Table 6).

Candidate Genes Associated With the 
Number of A. Japonicas Parapodia
The parapodia on the back of A. japonicas are hollow, cone-
shaped, fleshy, thorn-like tissues, which function in breathing 
and exchanging information with the outside world. The number 
of parapodia has always been one of the most economically 
important traits of A. japonicas. In this study, the generalized 
linear model (GLM) and the linear mixed model (LMM) 
were used to perform a genome-wide association analysis on 
the number of parapodia. By using the threshold -log10P > 6, 
a total of 73 SNPs that were significantly associated with the 
number of parapodia were identified in the GLM association 
model (Figure  4A; Supplementary Table  6), QQ-plot shows 
that the fitting model is reasonable (Supplementary Figure 5). 
Using the same threshold, 16 significant loci were identified by 
the LMM model (Supplementary Table  7). Through mutual 
validation of the results of the two association models, we 
focused on the SNPs obtained in Scaffolds MRZV01000001.1, 
MRZV01000029.1, MRZV01000070.1, and MRZV01001092.1. 
These SNPs were associated with eight genes in the A. japonicas 
genome (Figure  4A; Table  1). Notably, the 31 SNPs located 
at MRZV01000001.1 were in genomic regions with selection 
signals (Figure 3F).

Linkage analysis of the upstream and downstream regions of the 
genome was performed with the above SNPs, and two LD blocks 
were identified in Scaffolds MRZV01000001.1 (711.7-723.7 kb) 
and MRZV01000070.1 (529-530 kb) (Figures 4B, C), of which the 
haplotype block located in Scaffold MRZV01000070.1 529-530 kb 
was located in the spacer region between the BSL78_03155 gene 
and the BSL78_03156 gene. Two related signal genes, namely, 
BSL78_00022 and BSL78_00023, were found in the haplotype 
block located at Scaffold MRZV01000070.1 711.7-723.7 kb. There 
were three non-synonymous significantly associated SNPs (-log10P 
> 6) in the BSL78_00022 gene as follows: SNP1 (G/A) located at 
Scaffold MRZV01000001.1 716,989 bp, which caused the amino 
acid to change from serine to phenylalanine; SNP2 (T/G) located 
at Scaffold MRZV01000001.1 714,882 bp, which caused the 
amino acid to change from glutamic acid to aspartic acid; and 
SNP3 (A/G) located at Scaffold MRZV01000001.1 713,704 bp, 
which caused the amino acid to change from alanine to valine 
(Figure 4D). The A. japonicas genome annotation file indicated 
that the BSL78_00022 gene encodes an enhancer-binding 
protein, and the eggNOG homology annotation indicated that 
its homologous gene is CTCF. CTCF is expressed in various 
structures of other species, and its function is mainly related 
to gene expression regulation and transcriptional regulation 
(Phillips and Corces, 2009). The qRT-PCR results showed that 
the expression levels of BSL78_00022 and BSL78_00023 were 
significantly higher in A. japonicas with multiple parapodia than 
in those with few parapodia (Figure 4E).

Candidate Genes Related to Growth Traits 
of A. Japonicas
The growth traits of A. japonicas are essential research topics in 
aquaculture breeding, and body weight, body wall weight, and 
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body wall production rate are important indicators to measure 
its growth. Pearson’s correlation analysis showed that the body 
weight and body wall weight of A. japonicas were significantly 
positively correlated, but they were not correlated with the body 
wall production rate (Supplementary Figure 6).

Genome-wide association study on three traits was performed 
in this study with a generalized linear model (GLM) and linear 
mixed model (LMM), using a threshold of -log10P > 6. Overall, 
51 significantly associated SNPs were identified for body weight 
(Figure 5A; Supplementary Table 8) and 45 for body wall weight 
in the GLM association model (Figure  5B; Supplementary 
Table  10), QQ-plot shows that the fitting model is reasonable 
(Supplementary Figures 7, 8). Using the same threshold, a total 
of 17 significant loci were identified in the LMM model related 
to body weight and 19 significant loci related to body wall weight 
(Supplementary Tables 9, 11). After mutual verification of the 
association results, we focused on the genes corresponding to 
the SNPs associated with both models. A total of 21 associated 
genes were identified for body weight (Table 1), and a total of 
16 were identified for body wall weight (Table 1). In addition, 
by comparison, we found six SNPs in Scaffold MRZV01000113.1 
that were pleiotropically associated with body weight and body 
wall weight (Figure 5B), which provided a genetic explanation 
for the positive correlation between body wall weight and 
bodyweight of A. japonicas. These SNPs corresponded to the 
BSL78_04631 gene in the genome annotation file. Further 
analysis of the BSL78_04631 gene showed that there was a non-
synonymous SNP (-log10P > 6) significantly correlated with body 
weight and body wall weight in this gene, which was located at 

A/G of Scaffold MRZV01000113.1 278,613 bp, causing the amino 
acid to change from isoleucine to valine (Figure 5C). The qRT-
PCR results showed that the expression level of BSL78_04631 
in A.  japonicas with large body weight and body wall was 
significantly higher than that in those with small body weight 
and body wall (Figure 5D).

In the association analysis of the body wall production rate 
of A. japonicas, a total of 13 significantly associated SNPs were 
identified by using the threshold -log10P > 6 in the GLM association 
model (Figure  5E, Supplementary Table  12), QQ-plot shows 
that the fitting model is reasonable (Supplementary Figure 9). 
Using the same threshold, 10 significant loci were identified by the 
LMM model (Supplementary Table 13). The association results 
were mutually verified, and the two models were associated 
with two genes in the genome annotation file (Table  1). The 
LD linkage analysis was performed upstream and downstream 
of the significantly associated SNPs, and it was identified that 
there was one LD block in Scaffold MRZV01000033.1 771-773 
kb (Figure 5F), which was completely located within the region 
of the BSL78_01694 gene.

DISCUSSION

Genetic Structure Analysis of the  
Cultured Apostichopus Japonicas in 
Northern China
Although the Apostichopus japonicas genome was published as 
early as 2017 (Zhang et al., 2017), no in-depth population-based 
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FIGURE 4 | GWAS analysis of the number of parapodium. (A) GWAS analysis of the number of parapodium, Only the scaffolds of the 200 SNPs with the maximum 
-log10P values are shown (GLM model results). (B) A LD block on Scaffold 1 related to the number of parapodium. (C) A LD block on Scaffold 70 related to the 
number of parapodium. (D) Structure of gene BSL78_00022. (E) qRT-PCR results of gene BSL78_00022 and gene BSL78_00022. The Scaffold starting with 
“MRZV” was replaced for the convenience of showing. The replacement method is Scaffold MRZV01000001.1-MRZV01003278.1 corresponding to Scaffold 
1-Scaffold 3394 (Supplementary Table 12). ** means p<0.01 in significance test. * means p<0.05 in significance test.
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studies of population-wide selection and economically important 
traits have been reported on this species. In this study, whole-
genome resequencing analysis was conducted on a total of 254 A. 
japonicas individuals collected from seven cultured populations 
including a new species of A. japonicas, “AY-1,” which was used 
as the major research object, by the genetic resources of the 
major A. japonicas breeding areas in China. From the population 
structure analysis based on high-density SNP markers, we found 
that there was no difference in the population structure of A. 
japonicas cultured populations in different regions of northern 
China, while most individuals in the AY-1 population showed 
a different population structure from the CN population. This 
was associated with the AY-1 population being subjected to 
intentional artificial selection and having Russian A. japonicas 

ancestry, which was also confirmed by the phylogenetic tree and 
PCA results.

Genetic Diversity Analysis of the  
Cultured Apostichopus Japonicas in 
Northern China
In the comparative analysis of the two populations, we found 
that the genetic diversity (π) of the AY-1 population was lower 
than that of the CN population, which is in line with the genetic 
characteristics of domesticated populations, namely, the lower 
genetic diversity of populations subjected to artificial selection 
and domestication (Sonnante et al., 1994; Reif et al., 2005; Flint-
Garcia, 2013; Smýkal et al., 2018). The linkage disequilibrium 

TABLE 1 | Candidate genes of 4 traits.

Traits Scaffold Position(bp) SNPs number Gene Annotation

Parapodium number MRZV01000001.1 711712-716998 16 BSL78_00022 Enhancer-binding protein
Parapodium number MRZV01000001.1 719102-727071 15 BSL78_00023 Uncharacterized protein
Parapodium number MRZV01000001.1 722766-727071 5 BSL78_00024 putative zinc finger protein
Parapodium number MRZV01000029.1 333934-333944 2 BSL78_01487 putative sushi, von Willebrand factor type A
Parapodium number MRZV01000070.1 529336-529636 6 BSL78_03155 putative coiled-coil domain-containing protein, partial
Parapodium number MRZV01000070.1 529336-529637 6 BSL78_03156 putative short transient receptor potential channel 4  

isoform X1
Parapodium number MRZV01001092.1 10864-10894 5 BSL78_22428 putative dual-specificity protein phosphatase 3, partial
Parapodium number MRZV01001092.1 10864-10894 6 BSL78_22429 Uncharacterized protein
weight&bodywall weight MRZV01000113.1 277943-368824 6 BSL78_04631 putative pre-mRNA-splicing regulator WTAP
weight&bodywall weight MRZV01000501.1 88015 1 BSL78_14328 Uncharacterized protein
weight&bodywall weight MRZV01001374.1 209475 1 BSL78_24852 Putative peptide chain release factor 1-like, mitochondrial
weight&bodywall weight MRZV01002271.1 20687 1 BSL78_29038 Putative galactosylceramide sulfotransferase-like
weight&bodywall weight MRZV01002271.1 20687 1 BSL78_29039 Complement factor B
weight&bodywall weight MRZV01000404.1 402599 1 BSL78_12322 Uncharacterized protein
weight&bodywall weight MRZV01000404.1 402599 1 BSL78_12323 Uncharacterized protein
weight MRZV01000114.1 683899 1 BSL78_04701 Fibrinogen-like protein A
weight MRZV01000018.1 1068526-1068532 3 BSL78_00955 Uncharacterized protein
weight MRZV01000209.1 121195 1 BSL78_07488 Uncharacterized protein
weight MRZV01000209.1 121195 1 BSL78_07489 Proteasome subunit beta
weight MRZV01000443.1 218169 1 BSL78_13248 Putative PAS domain-containing serine/threonine-protein 

kinase-like
weight MRZV01000114.1 683899 1 BSL78_04699 Fibrinogen C-terminal domain-containing protein
weight MRZV01000068.1 393713-395179 6 BSL78_03070 Putative egl nine-like 3
weight MRZV01000068.1 393713-395179 6 BSL78_03071 Uncharacterized protein
weight MRZV01000716.1 199987 1 BSL78_17759 Putative sister chromatid cohesion protein PDS5-like A
weight MRZV01000938.1 46869-46892 2 BSL78_20744 Uncharacterized protein
weight MRZV01000938.1 46869-46892 2 BSL78_20745 Uncharacterized protein
weight MRZV01001525.1 300512 1 BSL78_25886 Putative ADP-ribosylation factor GTPase-activating  

protein 1
weight MRZV01001525.1 300512 1 BSL78_25887 Uncharacterized protein
bodywall weight MRZV01001303.1 11421 1 BSL78_24255 Complement factor B-2
bodywall weight MRZV01001303.1 11421 1 BSL78_24256 Complement factor B-2
bodywall weight MRZV01000545.1 42650 1 BSL78_15108 Uncharacterized protein
bodywall weight MRZV01000062.1 545777 1 BSL78_02823 ZP domain-containing protein
bodywall weight MRZV01000626.1 391978 1 BSL78_16429 Putative membrane metallo-endopeptidase-like 1  

isoform X3
bodywall weight MRZV01000626.1 391978 1 BSL78_16430 Putative neuronal acetylcholine receptor subunit  

alpha-7-like
bodywall weight MRZV01001810.1 87273 1 BSL78_27366 Endonuclease-reverse transcriptase
bodywall weight MRZV01001810.1 87273 1 BSL78_27367 Retrovirus-related Pol polyprotein from transposon
bodywall weight MRZV01000645.1 110512 1 BSL78_16708 Putative alpha-1A adrenergic receptor-like
body wall production rate MRZV01000033.1 77202-772969 3 BSL78_01694 Putative 28S ribosomal protein S36, mitochondrial-like  

isoform X2
body wall production rate MRZV01000367.1 27665 1 BSL78_11556 Putative E3 ubiquitin-protein ligase HERC1-like
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(LD) analysis indicated that the LD attenuation distance of the 
AY-1 population was smaller than that of the CN population. 
The LD attenuation distance usually reflects the domestication 
relationship of a population to a certain extent: the LD 
attenuation distance of domesticated populations is longer. For 
example, the attenuation distance of wild oyster populations is 
0.13 kb, while that of domesticated oyster populations is 0.35 
kb (r2 threshold = 0.2) (Hu et  al., 2021); meanwhile, the LD 
attenuation distance of domesticated goldfish is significantly 
larger than that of common crucian carps (Chen et al., 2020). 
It is worth noting that, strictly speaking, the CN population is 
not a wild population, but has been subjected to unintentional 
artificial selection. Therefore, irrespective of whether we are 
referring to the AY-1 population or the CN population, the LD 
attenuation distance is shorter than that of other domesticated 
aquatic animals (For example, Crassostrea Gigas, Nile Tilapia, 
Large Yellow Croaker, scallop) (Cádiz et  al., 2020; Hu et  al., 
2022; Kon et al., 2021; Wang et al., 2021). Therefore, we speculate 
that the gene recombination frequency and genetic diversity 
of the current cultured A. japonicas populations in China are 

generally high. Tajima’s D is an important indicator to test the 
effect of positive selection within a population (Tajima, 1989; 
Prezeworski et  al., 2005). In the AY-1 population, there were 
many regions where Tajima’s D value was less than zero, and 
the values at most positions were smaller than those of the CN 
population. This indicated that AY-1 has more low-frequency 
allele sites, lower genetic diversity, and has been subjected to 
more positive selection.

Population Selection Analysis of the 
Cultured Apostichopus Japonicas in 
Northern China
For group selection candidate gene function analysis, we found 
that a large number of genes in the 982 candidate intervals 
obtained by FST analysis were enriched in pathways related 
to inflammation, inflammation regulation, and regulation of 
wound healing. Selected genes obtained by Tajima’s D analysis 
in the AY-1 population were also enriched in the similar 
immune reaction-related term. These results indicated that the 
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FIGURE 5 | Genome-wide association analysis of growth traits in Apostichopus japonicus. (A) Body weight GWAS analysis, Only the scaffolds of the 200 SNPs with 
the maximum -log10P values are shown (GLM model results). (B) Body wall weight GWAS analysis, Only the scaffolds of the 200 SNPs with the maximum -log10P 
values are shown (GLM model results). (C) Structure of gene BSL78_04631. (D) qRT-PCR results of gene BSL78_04631. (E) Genome-wide association analysis of 
body wall production rate in Apostichopus japonicus, Only the scaffolds of the 200 SNPs with the maximum -log10P values are shown. (F) A LD block on Scaffold 
33 related to body wall production rate. The Scaffold starting with “MRZV” was replaced for the convenience of showing. The replacement method is Scaffold 
MRZV01000001.1-MRZV01003278.1 corresponding to Scaffold 1-Scaffold 3394 (Supplementary Table 12). ** means p<0.01 in significance test.
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immune function of the AY-1 population was different from 
that of the CN population. The genes’ function in regions with 
FST values greater than 0.05 is mainly related to the biological 
processes involved in GTP and ATP. GTPase plays important 
role in energy supply (Sahlin et al., 1998), signal transduction 
(Narumiya, 1996), and protein biosynthesis (Hershey and 
Monro, 1966; Schimmel, 1993), and transport (Jones et al., 1995) 
in vivo. Therefore, we further speculate that the two subgroups 
may be different in these functions. Both FST analysis and ROD 
analysis were associated with the regulation of transcription 
by the RNA polymerase III pathway, RNA polymerase III 
plays a key functional role in the synthesis of a variety of 
small and stable RNAs and protein synthesis (Turowski and 
Tollervey, 2016). It is noteworthy that all three analyses are 
directly related to protein-related GO terms, such as secretory 
granule localization, proteasomal protein catabolic process, 
and negative regulation of protein homooligomerization. These 
results indicate that there are differences in protein synthesis, 
activation, and decomposition between the two subgroups, 
which is worthy of further investigation.

Genome-Wide Association Analysis  
of the Economic Traits in  
Apostichopus Japonicas
In the GWAS, we focused on the number of parapodia and 
growth traits (body weight, body wall weight, and meat yield) 
of A. japonicas. The parapodia of A. japonicas function in 
breathing and exchanging information with the outside world. 
The number of parapodia is an important indicator of the 
economic value of A. japonicas. In this study, 31 SNPs located in 
Scaffold MRZV01000001.1 were identified to be significantly 
correlated with the number of parapodia, and these sites 
were also in the top 5% of the candidate intervals in the FST 
analysis. This provides a genetic explanation for the positive 
selection to which the number of parapodia in A. japonicas 
was subjected in artificial breeding. The LD block analysis 
showed that these SNPs had a block in MRZV01000070.1 
711.7–723.7 kb. In this block, we determined that the key 
genes for the number of parapodia in A. japonicas were 
BSL78_00022 and BSL78_00023. Of these two genes, 
BSL78_00022 encodes an enhancer-binding protein. One 
study showed that the enhancer-binding protein plays a key 
role in cell differentiation and cell proliferation (Umek Robert 
et al., 1991). In addition, a homolog of BSL78_00022, CTCF, 
is a highly conserved zinc finger protein, and it is involved 
in various regulatory functions including transcriptional 
activation/repression, insulation, and imprinting (Phillips 
and Corces, 2009; Ong and Corces, 2014). Therefore, we 
speculate that the BSL78_00022 gene plays a key role in the 
formation of A. japonicas parapodia. However, owing to the 
lack of experimental data to establish the link between this 
gene and the number of A. japonicas parapodia, its specific 
regulatory mechanism is still unclear.

In the association analysis of growth traits, six SNPs 
related to body weight and body wall weight pleiotropy were 
found in Scaffold MRZV01000113.1. The BSL78_04631 gene 

corresponding to these sites encodes the pre-mRNA-splicing 
regulator WTAP. WTAP has functions involving mRNA 
methylation, the spliceosome, and regulation of alternative 
mRNA splicing (Yang et  al., 2015; Selberg et  al., 2019), 
which also plays a role in promoting protein synthesis and 
cell growth (Villa et  al., 2021). Therefore, we speculate that 
the BSL78_04631 gene plays a role in regulating the growth 
of A. japonicas. Meanwhile, we identified one LD block in 
Scaffold MRZV01000033.1 that was associated with the rate 
of body wall production rate. This block was completely 
contained in the BSL78_01694 gene, which was predicted to 
encode 28S ribosomal protein S36 and mitochondrial-like 
isoform X2. Ribosomal proteins are key proteins involved in 
the formation of ribosomes and are closely related to protein 
synthesis (Wilson and Nierhaus, 2005). Studies have shown 
that the body wall of A. japonicas. contains a large amount of 
collagen (Senadheera et al., 2020), and the gene BSL78_04694 
is significantly correlated with the skin extraction rate of A. 
japonicas., which may indicate that it indirectly affects the 
collagen synthesis of the body wall of A. japonicas. by affecting 
the formation of ribosomes. In this study, other candidate 
genes associated with significantly related SNPs were also 
identified. However, because no gene transformation system 
has yet been established for A. japonicas, and some candidate 
genes have not been characterized, we could not determine the 
direct relationship between traits and gene functions within a 
short time. The data from this study provide a genetic basis 
for future gene function research and breeding of A. japonicas.

CONCLUSION

In this study, 254 Apostichopus japonicas individuals including 
the new species “AY-1” and six A. japonicas populations from 
major breeding areas of northern China were resequenced 
using high-throughput sequencing methods. The population 
structure analysis showed that the genetic diversity of A. 
japonicas was generally high and there was no difference in 
the population structure among the six cultured A. japonicas 
populations; they were divided into two subpopulations 
together with AY-1. The degree of linkage of alleles of the 
AY-1 population was high and this population was subject to 
more positive selection. In the population selection analysis, 
the selected intervals and genes of the AY-1 population were 
obtained, in which some of the candidate intervals were 
shown to be related to their economically important traits 
targeted by breeding, such as the number of parapodia. 
Functional analysis of the candidate genes showed that the 
two subpopulations had differences in terms of immune 
function, signal transduction, as well as protein synthesis, 
decomposition, activation, and transport. In the GWAS, 
39 candidate genes for four economically important traits 
were obtained. Besides, we also verified the genes with non-
synonymous SNPs; as a result, it was found that BSL78_00022 
and BSL78_00023 are key genes for the number of parapodia 
in A. japonicas, and BSL78_04631 is a key gene associated 
with the growth traits of this species. This study provides new 
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insights into the genetic structure of A. japonicas in northern 
China and important information for the subsequent genetic 
analysis and breeding of this species.
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