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ABSTRACT 

Species with high connectivity usually lack genetic differentiation. In this study, we tested for the genetic 

population structure of Dosidicus gigas along the South Pacific Ocean, considering sample sites from 

Ecuador to southern Chile. To achieve the objective two mitochondrial genes were sequenced (COI and 

ND2) and SNPs were obtained. The analyses of these markers indicated that all the studied localities in 

Ecuador, Peru and Chile, and as a whole, are characterised by low genetic diversity and an absence of spatial 

genetic structure. Therefore, it is suggested that there would be one genetic unit of D. gigas in the South 

Pacific Ocean. The absence of spatial genetic structure is associated with the high vagility of adults, eggs 

and paralarvae of jumbo squid. 

Keywords: population genetics, jumbo squid, cephalopods. 

INTRODUCTION 

The jumbo squid Dosidicus gigas (d'Orbigny 1835), is a species belonging to the Family Ommastrephidae, 

which is characterized by reaching sizes of up to 1.2 m mantle length (ML), possessing a complex size 

structure, showing sexual dimorphism, high fecundity, and differentiated sex ratio (Nigmatullin et al. 2001; 

Keyl et al. 2008; Ibáñez et al. 2015). This squid is distinguished from other ommastrephids by its wide 
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latitudinal geographic range, which extends from Alaska to southern Chile in the eastern Pacific Ocean (Keyl 

et al. 2008; Ibáñez et al. 2015). Dosidicus gigas is considered a marine resource of great economic 

importance, representing one-third of squid landings worldwide. Due to its wide distribution, several 

countries (i.e., Mexico, China, Peru, Chile, South Korea) commercially exploit this species (Ibáñez & Ulloa 

2014; Arkhipkin et al. 2015).  

Regarding the genetic structure of D. gigas along the Pacific Ocean, the existence of two genetic 

units has been suggested; one in the northern hemisphere (Mexico-USA) and another in the southern 

hemisphere (Peru-Chile), which are explained by a model of isolation by distance (Sandoval-Castellanos et 

al. 2007, 2010; Staaf et al. 2010). In the southern hemisphere population, studies using the mitochondrial 

cytochrome b gene (Cyt b) and RAPDs (Random Amplified Polymorphic DNA) markers showed genetic 

differences between squid caught in Peru and those caught in Chile (Sandoval-Castellanos et al. 2007, 2010). 

On the contrary, studies using mitochondrial gene sequences Cytochrome Oxidase subunit I (COI) and NADH 

dehydrogenase 2 (ND2), suggest a high gene flow between Chilean and Peruvian populations, forming a 

single genetic unit (Ibáñez et al. 2011; Ibáñez & Poulin 2014; Sanchez et al. 2016). On the other hand, recent 

research analyzing ND2 mitochondrial gene sequences and microsatellites suggested the existence of three 

not geographically structured genetic lineages in the center of the species' distribution, including individuals 

from Costa Rica and Peru (Sanchez et al. 2020). However, the sample size was not homogeneous for all 

localities, which could generate a bias in interpreting the results by not describing all the potential genetic 

diversity from Costa Rica. 

In this study, we aim to test the presence of genetic structure of D. gigas in the South Pacific Ocean 

and to characterize their genetic diversity using mitochondrial gene sequencing and SNPs markers. 

 

MATERIALS AND METHODS 

 

Sampling 

Sampling was conducted at 11 localities throughout the South Pacific, from Ecuador to southern Chile. At 

each locality, 20 to 40 individuals of different body sizes (40 - 85 cm ML) were collected, and a piece of 

mantle tissue was extracted for fixation in 95% ethanol for genetic analysis. The samples were obtained in 

previous (2005-2008) and recent (2021) field works.  
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Mitochondrial DNA sequencing 

We proceeded to sequence mitochondrial genes such as cytochrome oxidase I (COI) and NADH 

dehydrogenase 2 (ND2), which have been successfully used in D. gigas for phylogeographic studies (Staaf 

et al. 2010; Ibáñez et al. 2011; Sanchez et al. 2016). To obtain mitochondrial sequences, total DNA was 

extracted following the salt extraction protocol (Alhjanabi & Martinez 1997). Universal primers designed by 

Folmer et al. (1994) and Staaf et al. (2010) were used to amplify the mitochondrial genes (COI and NAD2). 

 

SNP genotyping 

The reduced representation sequencing technique, DArTseq, offered by Diversity Arrays Technology Pty Ltd 

(DArT PL), located in Canberra, Australia, was chosen to obtain SNPs. This company holds US Patent No. 

6,713,258 B2 for the technique "Genotyping by hybridization". Twenty-five mg of D. gigas mantle tissue 

samples of 188 individuals from Peru and Chile were sent to DArT PL. The company performed DNA 

extraction and sequencing. DArT PL selected a total of 146 out of 188 individuals, based on their DNA quality, 

to be sequenced. 

 

Analysis of mitochondrial sequences 

Genetic diversity and population genealogies 

From the mitochondrial sequences (COI and ND2), standard diversity indices, such as the number of 

haplotypes (H), the number of polymorphic sites (S), haplotype diversity (Hd), the mean number of pairwise 

differences (∏), as well as nucleotide diversity (π) were estimated for each locus. 

Genealogical relationships between haplotypes from different regions of the Southeast Pacific were 

assessed by constructing median-joining haplotype networks using COI and ND2 sequence data. 

  

Spatial genetic structure 

To assess genetic structure in D. gigas among samples, we analyzed molecular variance (AMOVA, Excofier 

et al. 1992) using Arlequin software. The significance of the fixation index values was calculated using a 

nonparametric permutation procedure with 10,000 iterations. 
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SNP marker analysis 

Genetic diversity 

Once a good quality dataset of total and individual SNPs was obtained, we proceeded to the estimation of 

different diversity indices by sampling locality: observed (Ho) and expected (He) heterozygosity, inbreeding 

index (FIS), number of private alleles and allelic richness. 

 

Population genetic structure 

To estimate the existence of genetically distinct groups in D. gigas, a principal component analysis (PCA) 

was performed to observe genetic groups graphically. Subsequently, an AMOVA (Excofier et al. 1992) was 

performed to estimate whether genetic structuring exists within the analyzed dataset. Then, FST 

differentiation indices were estimated by pairs of sampling sites. The significance of FST values was 

calculated with 10,000 permutations. 

 

RESULTS 

 

Analysis of mitochondrial sequences 

Genetic diversity 

The COI gene analyses showed generally low genetic diversity at all sampled locations (Hd < 0.55). Also, they 

evidenced less than 1 nucleotide difference on average between haplotypes (Π < 0.598). Meanwhile, the 

results with the ND2 gene showed comparatively higher genetic diversity (Hd > 0.7), with sample sizes 

similar to those of the COI gene., and a maximum average number of differences between pairs of 

sequences of 1,665 nucleotides. 

 

Genealogical analysis 

Genealogical relationships were represented through a haplotype network, performed with both COI and 

ND2 genes, showed "star-like" patterns, i.e., one or two highly frequent central haplotypes surrounded by 

very rare or unique haplotypes, linked by one to three mutational steps (polymorphic sites, Fig. 1) between 

them. The most frequent haplotypes were detected at all sampled localities in Chile, Peru, and Ecuador, 

and they were also found at different time periods. 
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Population genetic structure 

The AMOVA, performed with both COI and ND2 genes, showed no significant genetic differences between 

groups or populations (FCT). The a priori defined groups for the COI gene analysis were: (1) Ecuador: Puerto 

López, (2) Peru: [Huarmey + Callao], (3) Chile: northern fishing zone [Coquimbo], (4) Chile: central fishing 

zone [Quintay + San Antonio + Valparaíso], (5) Chile: southern fishing zone [Isla Mocha + Isla Sta. Maria + 

Lebu]. No significant population genetic breaks were detected (Table 1). On the other hand, the a priori 

defined groups for the ND2 gene analysis were: (1) Ecuador, (2) Peru, (3) Chile: northern fishing zone, (4) 

Chile: central fishing zone, (5) Chile: southern fishing zone.  The results did not show significant differences 

that would support a population genetic break (FCT, Table 2). With both markers, the greatest percentage 

of genetic variance was found within each locality (between 98 to 100 %). The variation between groups 

showed a percentage of less than 1 %... Therefore, these results indicate absence of genetic structuring 

between the groups of Chile, Peru and Ecuador. 

 

SNP marker results 

The dataset had 41,636 SNPs from 146 individuals, with 44.65% of missing data. After the filtering, a total 

of 2,128 SNPs and 126 individuals were recovered.  

 

Genetic diversity 

Genetic diversity, measured as heterozygosity, showed low and similar levels for all populations (Ho and He 

<0.1). Inbreeding coefficient was low in all locations (FIS < 0.3). In addition, we found low number of private 

alleles (124-350) and allelic richness (<1.4) per locality. 

 

Population genetic structure 

The Principal Component Analysis performed did not show clusters within this hyperspace (Fig. 2). The first 

two principal components explain 3.4% of the total variance, which is a common result when working with 

SNP datasets with no genetic structuring. Finally, the AMOVA result (Table 3) showed a non-significant p 

value (p value = 0.35). Therefore, there are no genetic differences between the different sampling sites. In 

conclusion, no genetic structuring was detected in the SNP dataset and there is no differentiation between 

any sampling sites. 
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DISCUSSION 

 

This study corroborates that D. gigas represents a single genetic unit in the South Pacific using three 

molecular markers. The absence of genetic structure found with both mitochondrial markers (COI and ND2) 

and SNPs and with several approaches (AMOVA and PCA) suggest that individuals of D. gigas inhabiting the 

South Pacific correspond to one genetic unit.  

 

Genetic diversity 

The molecular markers used (mtDNA and SNPs) were effective in estimating the genetic diversity of jumbo 

squid in the South Pacific. The mitochondrial markers showed different genetic diversity patterns:  COI 

showed lower genetic variability (Hd = 0.37) than ND2 (Hd = 0.85). This finding is similar to what has been 

previously described for COI (Staff et al. 2010, Ibáñez et al. 2011, Ibáñez & Poulin 2014) and ND2 (Staff et 

al. 2010, Sanchez et al. 2016, 2020).  

 SNPs also revealed low genetic diversity (He and Ho < 0.1) and very low inbreeding (FIS < 0.3), which 

agrees with the low number of heterozygous individuals. Low He with SNPs has also been reported in 

another squid species, Doryteuthis opalescens, in California (He and Ho < 0.15, Cheng et al. 2021). In that 

study, they used a similar sample size per locality (n = 10 - 24) as in this study on D. gigas (n = 15 - 31). This 

indicates a low level of uncertainty on the genetic diversity found in our study.  

 

Population structure 

This study detected no genetic structure in D. gigas in the South Pacific. Previous studies using the same 

markers make similar conclusions about the absence of genetic differences between groups in this region 

(Staff et al. 2010, Ibáñez et al. 2011, Ibáñez & Poulin 2014, Sanchez et al. 2016, 2020). Moreover, other 

studies using different molecular markers (RAPDs, Cytb, microsatellites) also find no differences among D. 

gigas squid from the South Pacific (Sandoval-Castellanos et al. 2007, 2010, Sanchez et al. 2016, 2020). This 

absence of spatial genetic structure implies high gene flow between localities reinforcing the idea of a single 

genetic unit of D. gigas in the South Pacific. Likewise, both the paired Fst and the AMOVA performed with 

SNPs show no differences among the sampled sites, further reinforcing the existence of a single genetic unit 

of D. gigas in the South Pacific. The study mentioned above on D. opalescens (Cheng et al. 2021) also found 

no differences between localities along the California coast (> 1000 km). Both D. gigas and D. opalescens 

have dispersive larval phase and seasonal adult migrations. These life history traits contribute to 
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connectivity within their geographic distribution, explaining the high gene flow and absence of genetic 

structure in these cephalopods.  

The extensive seasonal migrations of D. gigas in the South Pacific, up to 1000 km, have been linked 

to active feeding, migration, and maturation (Nesis 1970, Nigmatullin et al. 2001, Keyl et al. 2008). These 

squids can move at a speed of 8 to 30 km per day during their migrations, reaching distances of 200 to 1000 

km in a couple of weeks (Markaida et al. 2005, Gilly et al. 2006, Stewart et al. 2012). In addition, passive 

migrations of pelagic egg masses and paralarvae may contribute to high gene flow and long-distance 

dispersal throughout their range. In addition, the high fecundity of females that can reach 15 to 18 million 

eggs (Ibáñez et al. 2015) increases the probability of dispersal throughout the Pacific Ocean. 

 

REFERENCES  

 

Aljanabi, S. M., and Martinez, I. (1997). Universal and rapid salt-extraction of high-quality genomic DNA for 

PCR-based techniques. Nuc. Acids Res. 25, 4692–4693. doi: 10.1093/nar/25.22.4692 

Arkhipkin, A.I., Paul G. K. Rodhouse, Graham J. Pierce, Warwick Sauer, Mitsuo Sakai, Louise Allcock, Juan 

Arguelles, John R. Bower,Ggladis Castillo, Luca Ceriola, Chih-Shin Chen, Xinjun Chen, Mariana Diaz-

Santana, Nicola Downey, Angel F. González, Jasmin Granados Amores, Corey P. Green, Angel Guerra, Lisa 

Hendrickson, Christian Ibáñez, … and Louis D. Zeidberg. (2015) World Squid Fisheries. Reviews in 

Fisheries Science & Aquaculture 23: 92–252. 

Cheng, S. H., Gold, M., Rodriguez, N., & Barber, P. H. (2021). Genome-wide SNPs reveal complex fine scale 

population structure in the California market squid fishery (Doryteuthis opalescens). Conservation 

Genetics, 22(1), 97-110. 

Excoffier, L., Smouse, P. E., & Quattro, J. (1992). Analysis of molecular variance inferred from metric 

distances among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics, 

131(2), 479-491. 

Folmer, O., Black, M., Hoeh, W., Lutz, R., and Vrijenhoek, R. (1994). DNA primers for amplification of 

mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. 

Biotechnol. 3, 294–299. 

Gilly, W. F., Markaida, U., Baxter, C. H., Block, B. A., Boustany, A., Zeidberg, L., ... & Salinas, C. (2006). Vertical 

and horizontal migrations by the jumbo squid Dosidicus gigas revealed by electronic tagging. Marine 

Ecology Progress Series, 324, 1-17. 

SC10-SQ05



8 

Ibáñez CM & P Ulloa (2014) Desarrollo de la pesquería y comercialización del calamar Dosidicus gigas en 

Chile. Amici Molluscarum 22: 7-14. 

Ibáñez CM & Poulin E (2014) Genetic structure and diversity of squids with contrasting life histories in the 

Humboldt Current System. Hidrobiologica 24: 1-10. 

Ibáñez CM, RD Sepúlveda, P Ulloa, F Keyl & MC Pardo-Gandarillas (2015) The Biology and Ecology of the 

Jumbo Squid Dosidicus gigas (Cephalopoda) in Chilean waters: a review. Latin American Journal of 

Aquatic Research 42: 402-414. 

Ibáñez, C.M., L.A. Cubillos, R. Tafur, J. Argüelles, C. Yamashiro & E. Poulin. (2011). Genetic diversity and 

demographic history of Dosidicus gigas (Cephalopoda: Ommastrephidae) in the Humboldt Current 

System. Mar. Ecol. Prog. Ser., 431: 163-171. 

Keyl, F., J. Argüelles, L. Mariátegui, R. Tafur, M. Wolff & C. Yamashiro. (2008). A hypothesis on range 

expansion and spatio-temporal shifts in size-at-maturity of jumbo squid (Dosidicus gigas) in the eastern 

Pacific Ocean. CalCOFI. Invest. Rep., 49: 119-128. 

Markaida, U., Rosenthal, J. J., & Gilly, W. F. (2005). Tagging studies on the jumbo squid (Dosidicus gigas) in 

the Gulf of California, Mexico. 

Nesis, K.N. (1970). The biology of the giant squid of Peru and Chile, Dosidicus gigas. Okeanology, 10: 140-

152. 

Nigmatullin, Ch.M., K.N. Nesis & A.I. Arkhipkin. (2001). A review of the biology of the jumbo squid Dosidicus 

gigas (Cephalopoda: Ommastrephidae). Fisheries Research, 54: 9-19. 

Sanchez G, K Kawai, C Yamashiro, R Fujita, T Wakabayashi, M Sakai, and T Umino. (2020). Patterns of 

mitochondrial and microsatellite DNA markers describe historical and contemporary dynamics of the 

Humboldt squid Dosidicus gigas in the Eastern Pacific Ocean. Reviews in Fish Biology and Fisheries 

https://doi.org/10.1007/s11160-020-09609-9 

Sanchez G, S. Tomano, C. Yamashiro, R. Fujita, T. Wakabayashi, M. Sakai, T. Umino. (2016). Population 

genetics of the jumbo squid Dosidicus gigas (Cephalopoda: Ommastrephidae) in the northern Humboldt 

Current system based on mitochondrial and microsatellite DNA markers. Fisheries Research 175: 1 – 9. 

Sandoval-Castellanos, E., M. Uribe-Alcocer & P. Díaz-Jaimes. (2007). Population genetic structure of jumbo 

squid (Dosidicus gigas) evaluated by RAPD analysis. Fish. Res., 83: 113-118. 

Sandoval-Castellanos, E., M. Uribe-Alcocer & P. Díaz-Jaimes. (2010). Population genetic structure of 

Humboldt squid (Dosidicus gigas) inferred by mitochondrial DNA analysis. J. Exp. Mar. Biol. Ecol., 385: 

73-78. 

SC10-SQ05



9 

Staaf, D.J., R.I. Ruiz-Cooley, C. Elliger, Z. Lebaric, B. Campos, U. Markaida & W.F. Gilly. (2010). Ommastrephid 

squids Sthenoteuthis oualaniensis and Dosidicus gigas in the eastern Pacific show convergent 

biogeographic breaks but contrasting population structures. Mar. Ecol. Prog. Ser., 418: 165-178. 

Stewart, J. S., Hazen, E. L., Foley, D. G., Bograd, S. J., & Gilly, W. F. (2012). Marine predator migration during 

range expansion: Humboldt squid Dosidicus gigas in the northern California Current System. Marine 

Ecology Progress Series, 471, 135-150. 

 

Table 1. Results of the Analysis of Molecular Variance (AMOVA) with the COI gene, carried out among five 

groups including Ecuador, Peru and three fishing zones of Chile. 

 

Source df SS 
Variance 

componente 
P-value 

Among groups 4 1.425 0.0012 0.3309 

Within localities 267 67.283 0.0015 0.0313 

Total 277 70.464   

 

Table 1. Results of the Analysis of Molecular Variance (AMOVA) with the ND2 gene, carried out among five 

groups including Ecuador, Peru and three fishing zones of Chile. 

 

Source df SS 
Variance 

componente 
P-value 

Among groups 4 4.575 -0.0071 0.6290 

Within localities 180 227.77 1.2653 0.4130 

Total 189 239.311   

 

Table 3. Results of the Analysis of Molecular Variance (AMOVA) with the SNPs data, carried out among five 

groups including Peru and 5 fishing zones of Chile. 

 

Source df SS MSS 
Variance 

componente 
P-value 

Among groups 5 0.0077 0.0015 <0.0015 0.3526 
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Within localities 120 0.1811 0.0015 0.0015  

Total 125 0.1888 0.0015   

 

 

 

 

 

 

 

Figure 1. Haplotype networks for the COI and ND2 genes, considering data from different field campaigns 

(2005-2008 and 2021). Each circle represents a different haplotype, the size of it represents the frequency 

of the haplotype in the sample (with its scale at the side of each network), the colours indicate the localities 

where each haplotype was found, and the distance between haplotypes shows the number of mutational 

steps that separate them.  
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Figure 2. Principal component analysis (PCA). The first two principal components (Axis 1 and Axis 2) and the 

percentage of variance explained by each (1.7%) are plotted. 
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