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1. Introduction 

The Southeast Pacific, productive and rich in squid resources, has great potential for the development of 

fishing grounds through fisheries research, and the main fisheries produced in the area is Jumbo flying squid 

(Dosidicus gigas). However, continuous reduction of the Jumbo flying squid catch in the SPRFMO Convention 

Area has raised the need for more active management of the resources, requiring a higher level of fundamental 

research to provide information used as inputs for the stock assessment of the species. The SPRFMO 6th Scientific 

Committee recommended each Member to provide samples for a three-year period (2018-2020) to perform a 

genetic analysis to study the Jumbo flying squid population in the Convention Area. Korea has conducted genetic 

analysis using the mitochondrial DNA COI region approach in accordance with the agreed protocol (SC6-SQ11), 

using the samples collected by on-board observers from 2018. However, the 8th SPRFMO Scientific Committee 

noted that the agreed mtDNA COI region approach may not be suitable for detecting population separation on 

a shorter timeframe and recommended using SNP methods to explore the current stock structure and genetic 

diversity of the species. The whole genome sequence of Jumbo flying squid has not been reported to date. 

Therefore, a representative Jumbo flying squid individual was selected, whole genome sequencing (WGS) was 

performed to build draft whole genome with de novo assembly, and the reference genome was used to select 

candidate SNP markers from the already acquired genotyping-by-sequencing (GBS) data. 

 The purpose of this research was to conduct a population genetic analysis of the Jumbo flying squid using the 

selected SNP markers and utilize the results as a scientific basis for future discussions in the SPRFMO Scientific 

Committee on the stock management of the Jumbo flying squid resources, including on the distinction of 

population, which can be a controversial issue among Members. Furthermore, the final goal of the research is 

to provide fundamental information to be used for the stock assessment of Jumbo flying squid and contribute to 

the further development of the management measures in the SPRFMO Convention Area. 

 

2. Materials and methods 

2.1 Sample Collection 

A total of 614 D. gigas muscle tissues were collected by scientific observers from Korean commercial jigging 
vessels during September to December 2019. One of the samples was used in the whole genome assembly for 
SNP development.  

 

2.2 DNA Isolation 

The gDNA was extracted from D. gigas tissues, using a modified CTAB method in which the final TE buffer 

was adjusted to 35㎕, and QC was performed for the obtained gDNA. 



2 

 

Table 1. An example of the QC results of the DNA extracted using CTAB. 

Sample ID 260/280 260/230 ng/㎕ 

DG_113 1.912 1.768 359.975 

DG_114 1.931 1.709 361.375 

 

2.3 Data production for the whole genome assembly 

To obtain more accurate information on the population variation of D. gigas from GBS data, the whole 
genome data was generated to construct a draft reference genome sequence. The data was produced with 
Illumina Novaseq, using the Truseq Library Kit. Since the D. gigas genome was expected to be very large in 
size, the data was produced with minimum 50X coverage. 

 

2.4 Whole genome data assembly 

The sequencing artifacts and low-quality bases contained in the produced data were removed using 
Trimmomatic, and the quality-controlled reads were used to assemble the reference genome sequence of 
the Jumbo flying squid. Assembly of genome sequences was done using Megahit with default parameters 
of the assembler.  

 

2.5 Population variation analysis using existing GBS data 

To use the previously developed GBS data, demultiplexing was first performed using the GBSX. The PstI-
MspI restriction enzyme combination, which was used to build the existing GBS Library for demultiplexing, 
was used as input, and GBSX was used to classify the reads data for each sample. The classified data was 
mapped into the reference genome sequence assembled using bwa-mem2, and Samtools was used in the 
sorting, indexing, and variant calling of the mapping files for each sample. The variant extraction process 
used was Multi-sample Calling. For the extracted variants, VCFtools was used to remove the regions with 
InDel, quality score of less than 30, multi-allelic loci, or missing data. 

 

2.6 Population Structure Analysis 

The Population Structure analysis was performed with fastSTRUCTURE using variation information 
derived from the GBS data, and the parameter Full seed=100 was applied to the simple model to conduct 
analysis for K=2,3,4. 

 

2.7 Selecting and designing target SNPs for genotyping using Fludigm 

In order to obtain SNP loci that contain as many polymorphisms of the population as possible among 
the GBS variant called polymorphisms, we established the Genotype Diversity Static, determined the SNPs 
position with the largest diversity, and determined a target SNPs list which identifies the flanking region on 
both ends suitable for the genotyping process. In relation to the primer design for Fludigm, there is a 
possibility that the genotyping may fail if a variant exists on either side of the target SNP region. Therefore, 
200 candidate SNP regions were produced by selecting SNPs without any variations within the 20bp on each 
side. To determine the sequence on both sides of the selected target SNPs, Vcftools was used to create a 
separate VCF file for each sample, an indexing was performed for each VCF file using Tabix, and the flanking 
sequence of the target SNPs was determined using the Samtools faidx. 100bp of flanking region was 
assigned to each side of the target SNPs, and IUPAC codes were used to obtain the variant information 
required for polymorphisms that may occur due to variations in the population. The Fludigm Assay Design 
program was performed for the primer design of the genotyping, and 94 SNP regions of which the design 
has been finished were selected to conduct genotyping using Fludigm. 
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3. Results 

3.1 Production and assembly of the whole genome data  

The whole genome data of the Jumbo flying squid was produced using the Illumina Novaseq platform. A 
total of 2,286,226,626 reads, around 345Gb in size, were produced with the 150bp paired-end library. After the 
removal of low-quality bases and sequencing artifacts for the produced reads using Trimmomatic, genome 
assembly was performed using Megahit, and the information on the produced data and assembled contig is as 
follows. With the produced data of around 345Gb, we were able to assemble a draft Jumbo flying squid genome 
with around 5 million contigs and a total assembly length of 5Gb of which the N50 length was at around 1.5kb 
and average length at 994.32bp. Then, an indexing was performed using the assembly to conduct a variant 
analysis. 

Table 2. Information on the production and assembly of the whole genome data of Jumbo flying squid 

Sequencing Data Summary   

Platform Novaseq 

Library Type TruSeq DNA PCR-Free Kit 

Type of Read Paired-end 

Read Length 150 

Number of Reads 2,286,226,626 

Total bp 345,220,220,526 

Assembled Genome Summary   

Contig number 5,040,405 

Total Length 5,011,788,289 

N50 1,586 

Longest (Shortest) scaffolds bp 94,198 (200) 

GC level 33.53% 

Scaffolds average length 994.32 

 

3.2 Population variation analysis using GBS data 

In order to extract the variant information of each sample using the GBS data produced based on the draft 
whole genome of Jumbo flying squid, multiplexed reads data was demultiplexed for each sample using GBSX. 

 There was a significant variation between the number of demultiplexed reads obtained for each sample, 
and in some samples, the number of reads obtained was too small to be utilized for analysis. In particular, large 
number of variations can have missing genotype if samples with insufficient number of reads are used in the 
variant calling process, and the more such samples were used the more variants were filtered, so there was a 
need to exclude samples with insufficient data. Therefore, samples with less than 500,000 demultiplexed reads 
have been excluded, and the variant analysis was performed using only 79 samples. Read alignment was 
performed using bwa-mem2 for the assemblies performed with Megahit. Considering the substantial number of 
repeat sequence expected to be contained in the Jumbo flying squid (whose genome size is around 5 Gb), 79 
samples, of which the reads were aligned with a mapping quality score of 30 or higher, were used in extracting 
the variant information. The extraction of the variants was done using the Bcftools of Samtools, and the obtained 
variations were filtered using VCFtools. 

While the read mapping rate of the conventional analysis method, in which reads were mapped to an RNA-
seq as reference, was at around 20%, the read mapping rate of the analysis method of this study, in which the 
reads were mapped to an assembly obtained from production of whole genome data and genome assembly, was 
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at an average of 82%, which showed a significant increase in the use of reads (Fig.1). This is the reason why this 
study assembled a draft genome from the whole genome data produced, and this approach is expected to 
provide better information on the population variation compared to the conventional analysis. 

 

Figure 1. Average read alignment rate 

The number of variations obtained from the analysis using the assembled draft genome has increased 
dramatically compared to those obtained from the existing GBS data, and the extended amount of information 
on the population variants is expected to provide more accurate information on the Jumbo flying squid 
population in the region than was possible with conventional GBS analysis (Fig.2). Initially, 1,803,804 variants 
were obtained, and by removing the variants with InDel, quality score less than 30, multi-allelic loci, or missing 
data, 68,163 SNP regions were finalized for the subsequent analysis.  

 

Figure 2. The number of variants obtained using GBS 

 

3.3 Population structure analysis 

STRUCTURE analysis was conducted with fastSTRUCTURE using 68,163 SNPs information to determine the 
internal admixture structure of the population. The STRUCTURE analysis searched for internal population 
information for 79 GBS samples, but the result suggested that all 79 samples were from a single population at 
K=2,3,4, and when the STRUCTURE analysis categorized the population into sub-populations, the analysis did not 
allow for a strategy to select SNP loci that were highly relevant to the distinction of population heterogeneity 
(Fig.3). The NMDS plot (Fig.4) suggested no specific cluster by sampled location (latitude and longitude), and as 
was with the STRUCTURE results, it would be plausible to interpret that the Jumbo flying squid samples are from 
a single population.  
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Figure 3. fastSTRUCTURE analysis using 68,163 SNPs information.  

 

Figure 4. NMDS plots with 68,163 SNPs 

 

SNPs with high diversity were preferable in identifying the SNP loci to be used for genotyping of the 
extended samples using Fludigm, so SNPs with high genotype diversity were selected and used for the 
genotyping using Fludigm. 

𝐺𝑒𝑛𝑜𝑡𝑦𝑝𝑒 𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 = 1 − ∑ 𝑝2 (𝑝 = 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑐𝑦) 

Genotype diversity means the probability in which a pair sampled from a population with replacement have 
different genotypes, and SNPs with high genotype diversity value were selected as the SNPs for the genotyping 
using Fludigm. A target region must meet several conditions for it to be used in the genotyping process using 
Fludigm. Above all, the genotyping is not likely to be performed properly if there is a variation within 20bp on 
either side of the target SNP region, so the SNPs were selected to have no other variation within 20bp on each 
side of the target SNP region. Among the initially discovered 1,803,804 SNP variants and 68,163 variants which 
remained after the filtering process, there were 2,237 variants which had no other variants within 20bp on either 
side of its region, and the distribution of the genotype diversity of the obtained 2,237 variants are presented in 
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Fig. 5. Most SNP regions had little variation between samples, and SNP regions with high genotype diversity were 
selected as target SNP regions for genotyping with Fludigm. 100bp on each side of the target SNP region were 
secured in order to obtain the sequence information required for the genotyping using Fludigm. Individual 
sequence information was obtained using Faidx of Samtools, multiple sequence alignment was performed using 
ClustalO, some variation regions occurring from InDel were addressed with IUPAC Codes, and the Fludigm Assay 
was applied to the design. 

 

Figure 5. A histogram of the genotype diversity of the 2,237 variants. 

 

3.4 Genotyping result using Fludigm 

164 over the 198 candidate SNPs with known sequence information were used in Fluidigm assay design. 16 
SNPs with different SNP or repeat sequence within 20bp were excluded in the Fluidigm D3 assay design, and the 
remaining 148 SNPs were available for the assay design. Among those, 96 prioritized SNPs were assembled as 
SNP probe for genotyping. 

 

3.5 Sample characteristics and spatial relationship 

Meta information of 576 genotyped samples were analyzed to determine whether there were area-specific 
characteristics of a local population. Male and female D. gigas individuals were quite evenly distributed in most 
of the sampled locations, indicating no specific characteristics for a particular sex (Fig. 6.). This is an anticipated 
result and supports that the Jumbo flying squid does not form a population with a specific sex ratio. 

 

Figure 6. Sex distribution by sampled location. 

The maturity levels of the sampled D. gigas were considered based on the sampled locations (Fig. 7.). The 
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number of samples for Maturity 1 and 2 were too small to draw a firm conclusion, but if the individuals in 
maturity stages 1 and 2 are absent in the lower latitudes, it is reasonable to hypothesize that younger individuals 
stay in the warmer higher latitudes until they grow and migrate to lower latitudes closer to the Antarctic waters. 
Absence of Maturity 1 and 2 individuals in the lower latitudes also suggests that the mating of most Jumbo flying 
squids take place on the upper latitudes closer to the equator than to the Antarctic waters. Further sampling 
efforts are required to collect more information on Maturity 1 and 2 individuals, which will provide more robust 
grounds for the testing of stock hypothesis. 

 

Figure 7. Distribution of maturity stages by sampled location. (A: stage1, B: stage2, C: stage3, D: stage4). 

An NMDS plot was built based on the genotyping results performed for 576 samples using Fludigm with 96 
SNPs (Fig. 8.). As was with the GBS results, no sex or maturity specific clusters were found for the Jumbo flying 
squid population. This is an anticipated result, because maturity is not a factor determined by genotype, and it 
is normal that sex is indistinguishable unless a portion of 96 genotyped SNP Loci exists on heterochromosome. 

 

 

Figure 8. NMDS plot using Fludigm genotype information. 

The STRUCTURE analysis was performed using the Fludigm genotype information (Fig. 9). 96 SNPs are only 
a small portion of the total SNPs discovered, since the regions with only the largest diversities have been 
genotyped and used for the STRUCTURE analysis for the selection of SNPs. Therefore, even if it may appear so, 
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it is not feasible to conclude that a sub-population exists within the population. 

 

Figure 9. STRUCTURE analysis based on 96 Fludigm genotyping. 

 

Although 96 Fludigm SNPs are limited in providing information on the population structure, we were able 
to analyze the degree of relatedness between 576 samples through IBS using 96 SNP Loci. Similar to the 
STRUCTURE results, around 100 samples among the total 576 samples showed relatively higher degree of 
relatedness over the other samples (Fig. 10). Their sampled locations are shown in Fig. 11. 

 

Figure 10. IBS Kinship Heatmap using Tassel. 

 

Figure 11. Sampled locations of the cluster with high degree of relatedness. 
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In line with the hypothesis suggested earlier, the study shows that the samples with relatively higher degree 
of relatedness were collected at higher latitudes closer to the equator but not at lower latitudes closer to the 
Antarctic waters, which is an indication that the breeding ground and colony of the Jumbo flying squid are in the 
higher latitudes relatively closer to the equator. 
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