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Abstract

Sharks are top predator marine species with high ecological and economical value mainly due to their trophic status and high demand 
for fins. The blue shark, Prionace glauca, is one of the main targets of the shark fishing industry. The application of genetic markers is key to 
understand the population dynamics and management of elasmobranchii species under fishing pressure. In this study, levels of mitochondrial 
and nuclear genetic diversity of Eastern Tropical Pacific populations of the blue shark were investigated. Results from both markers show 
interesting differences. mtDNA analyses indicated no significant population differentiation between population units in the Eastern Tropical 
Pacific and the Western Pacific. Genetic differentiation detected in the microsatellite analyses, indicated more than one blue shark stock in the 
Eastern Tropical Pacific (FST=0,079, P<0,05). Based on the identification of genetically differentiated stocks in this area, this study provides 
key information for the implementation of management plans for the shark fishing industry in the region, as well as contributes with initial 
population information to the needed database of this threatened species. 
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Introduction
Sharks are top predator marine species, which have 

considerable ecological and economical value mainly due to their 
trophic status and the high demand for fins [1-3]. Most sharks 
are vulnerable to overexploitation due to their slow growth, late 
reproductive maturity, short longevity and low fertility [4]. The 
blue shark (Prionace glauca) is a wide-ranging oceanic predator 
and one of the main targets of the shark fishing industry 
[2,5]. According to studies by Domingo and collaborators 
[5], the percentage of blue sharks caught in elasmobranchii 
fishing ranges between 75 and 85% of the total capture [5]. 
Additionally, trade record analysis from a study developed by 
Clarke and collaborators [6], revealed high abundance of blue 
shark fins in the Hong Kong market, suggesting that blue sharks 
global exploitation may be exceeding the maximum sustainable 
yield [2,6]. The blue shark important role in marine ecology, the 
demand in the fish market, and the IUCN near-threatened status,  

 
are characteristics that make this species of special concern 
[2,7-10]. Unfortunately, there is limited historical and current  
data regarding blue shark migratory patterns, as well as stock 
assessment analysis [2,11]. Capture-recapture studies have 
shown that sharks may undertake extensive seasonal migrations 
among long-distance movements, enhancing dispersal and low 
population structure within and between oceans [12-14]. In the 
Eastern Pacific Ocean, little is known about sharks migration 
patterns, however, some capture-recapture studies have 
suggested that many of these large oceanic animals have affinity 
to specific areas, restricting their movement to much smaller 
areas than expected [1,12,15-17]. 

Over the last decade, advances in molecular biology have 
become of great importance in the identification of sharks stock 
populations and migration patterns [7,16,17]. These molecular 
tools are essential for understanding shark migration, identifying 
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population structure and determining philopatric behaviour 
[15,16,18-20]. Polymorphic genetic traits among populations 
are very useful to identify stock structure (isolated units that 
show independent dynamics when using neutral markers) [21]. 
Differences in allele frequencies (when using nuclear markers) 
and haplotype frequencies (when using mitochondrial DNA 
markers) allow detection of neutral meaningful differences 
among populations; and therefore enable testing of hypotheses 
related to population differentiation, levels of gene-flow, and 
possible migration events [21]. Diverse shark population 
structure studies have shown that shark migrations are 
characterized by high dispersion and low population structure 
[16,18], neverthless, recent genetic studies have shown that 
some shark species have higher population structure than 
expected, mainly due to sedentary behaviour and fidelity to 
nursery areas [13,15,18]. Scientists agree that this pattern 
may be due to the cosmopolitan distribution and philopatric 
reproductive behavior of some shark species, such as the blue 
shark [13,15,17]. Ovenden and collaborators [7] in 2009 showed 
that there is no evidence of genetic subdivision for the blue 
shark in the territorial fishing zone of Australia and Indonesia, 
and strongly recommended more studies of population genetic 
structure to be undertaken for this species [7]. However, little is 
known about other blue shark genetic stocks, since distribution 
and seasonal movements have been roughly studied in other 
parts of the world [11,12,14,20,22], and there are no records 
to date of blue shark population structure studies in the in 
the Eastern Tropical Pacific Ocean. Currently, blue shark is 
one of the most fished shark species in the world, and there is 
limited information about its migratory patterns and history. 
Information on blue shark population structure is critical for 
the application of effective management actions in the region 
and worldwide. The aim of this study was to provide initial 
information on the genetic diversity and population structure of 
blue sharks in the Eastern Pacific to contribute to future studies 
for this species in the region. This was done by establishing 
levels of mitochondrial and nuclear genetic diversity in the 
mitochondrial DNA control region (mtDNA) and by analyses 
of five microsatellite loci. We also aimed to determine possible 
connectivity between the sampled Eastern Pacific populations 
and other previously studied populations in the Western Pacific.

Methods
Sample collection

Tissue samples were collected from two areas in the Eastern 
Tropical Pacific, for a total of 72 P. glauca samples. Of these, 63 
were sampled from confiscated sharks originally fished and 
transported from Costa Rica to Bogota, Colombia, in late 2009. 
Nine tissue samples were collected in Ecuador from confiscated 
material that originated from illegal fishing activities in the 
Galapagos National Park protected area (Figure 1).

Figure 1:  Map of South America. Sampling locations for P. 
glauca tissue samples used in this study. (1) Costa Rica and 
(2) Galapagos National Park, Ecuador 

DNA extraction, amplification and sequencing

Supplementary Figure 1:  Maximum likelihood approach by 
means of RAxML.  It is rooted with C.limbatus. Each branch 
indicates the different haplotypes as showed in Table 2 (PG01-
PG26). Nodal support shown (1000 replicates).

DNA was extracted using 200μl of 10% Chelex resin 
(BioRad) and heating at 60°C for 20 minutes, following the 
protocol by Hyde and collaborators [23]. The identity of 
the samples was confirmed by barcoding, amplifying and 
sequencing the cytochrome oxidase subunit 1 (COI), using the 
primers and protocols described by Ward and collaborators 
[24], and performing a BLAST in the NCBI genbank. Once 
the samples were confirmed as P. glauca with at least 98% 
similarity, a 1245 base pairs (bp) fragment of the mitochondrial 
(mtDNA) control region (CR) was amplified using the primers 
ProL2 (5’ CTGCCCTTGGCTCCCAAAGC 3’) and PhecacaH2 
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(5’ CTTAGCATCTTCAGTGCCAT 3’) designed by Pardini and 
collaborators [25]. The PCR cycling conditions were: 90s at 
94°C, then 35 cycles at 94°C for 10s, annealing at 62°C for 45s 
and extension at 72°C for 60s, with a final extension at 72°C for 
10 minutes. PCR products were purified using polyetylenglycol 
and sequenced at Macrogen, Korea. To compare and analyze 
haplotypes, we aligned approximately a 400bp consensus region 
of the CR with previously published sequences from the Western 
Pacific (16 haplotypes, FJ161689) [7] (Supplementary Material 
Figure 1).

Five microsatellite loci were amplified using primers 
described by Ovenden and collaborators [7], applied for non-
target species (Cli107, Cli100, CT04, CT06 and Cs02) (Table I) 
[7]. This study used non-target species primers, since at the time 
this project was developed, species specific primers for P.glauca 
had not been developed yet [20,22]. The PCR cycling conditions 
were: 120s at 94°C, then 35 cycles at 94°C for 10s, annealing at 
60°C for 30s and extension at 72°C for 60s, with a final extension 
at 72°C for 30 minutes. Loci were amplified in separate reactions 
and multiplexed before running them on an ABI 3100 sequencer 
at Universidad de los Andes in Bogota, Colombia.

Table 1:  Five Microsatellite Loci used in this study, primers, allele size range and source.

Locus Primers (5´- 3´) Allele Size Range (bp) Source

Cli 107
F:GGATTCACAACACAGGGAAC

R:CTCATTCTTAGTTGCTCTCG
105-113 Keeney & Heist [21]

Cli 100
F:TAATCGTGCTGGGTGCGGTTCC

R:CAGATAACACATACTTGACGGAGC
210-214 Keeney & Heist [21]

CS 02
F:GGCTCCATAAAAAAAGTGTTGGTA

R:GGCTCTGTTTAATGTGATGAATGTA
254-318 Ovenden et al. [7]

CT 04
F:GTCCACTGGCATTCTTCTGCT

R:CTCGCCTGATGCTCAACTGTA
160-170 Ovenden et al. [7]

CT 06
F:CTGGCTGTCTCACTGAATGG

R:GGAAGGCCATATTCCAATCG
220-230 Ovenden et al. [7]

Data analyses
mtDNA control region

We edited and aligned the CR sequences manually using the 
software Geneious 5.3 (BioMatters). We determined haplotypes 
and numbers of variable sites using MacClade v3.08 [26]. We 
compared the sequences generated in this study with sequences 
from the Western Pacific previously published by Ovenden and 
collaborators [7] in order to determine shared haplotypes and 
genetic population units throughout the Pacific Ocean. Population 
structure analyses, as well as levels of haplotype diversity (h), 
nucleotide diversity (π) and tests for population differentiation 
(conventional Fst and Φst), were calculated using the software 
Arlequin version 3.12 [27]. The Intraspecific phylogenies 
among haplotypes were estimated using a maximum likelihood 

approach by means of RAxML [28] in the CIPRES science portal 
[29], using 1000 bootstrap replicates under the GTR+I+G model 
of  evolution (Supplementary Figure 1).

Microsatellite loci
For five microsatellite loci, we first identified possible 

null alleles after analyzing deviations from Hardy-Weinberg 
equilibrium (Arlequin v 3.12, [27]). Also, we calculated the 
number of alleles per locus, observed Heterozygocity (Ho) and 
expected Heterozygocity (He). The software Structure [30] was 
used to estimate clusters (K) among the Eastern Tropical Pacific 
locations, and then to calculate population structure between 
the clusters suggested. Based on Structure results, an Amova 
analyses was performed using Fst and Rst statistics in order to 
test for significant differentiation among the clusters identified.

Results
mtDNA control region
Table 2: Control Region (CR) mtDNA haplotypes, variable sites, shared haplotypes, haplotypes presence, new haplotypes (PG17-PG26) and indices of population 
diversity.

P. glauca 
haplotypes 

Costa 
Rica Ecuador(n=9) Western 

Pacific

 (N= 72) (n=63)

(n=60)  
(Ovenden 

et al., 
2009)

27 52 86 97 145 147 181 190 227 228 242 255 267 268

PG01 C G A C G A T G C T G T T T 1 0 3
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PG02 . . . . . . . . T . . . . . 9 1 6

PG03 T . . . . . . . T . . . . . 17 2 13

PG04 . . . . . . C . T . . . . . 1 0 5

PG05 T . . G . . . . T . . A C . 4 0 8

PG06 . . . G . . . . T . . A C . 9 2 12

PG07 . A . G . . . . T . . . C . 4 1 4

PG08 T . . . . C . . T C . . . . 0 0 1

PG09 T A . . . . C A T . . . . . 0 0 1

PG10 T A . . A . . . T . . . . . 0 0 1

PG11 T . . . . . . . T . . A . . 4 0 1

PG12 . A G G . . . . T . . A C . 0 0 1

PG13 T . . G . . . . T . A A C . 0 0 1

PG14 . . . G . . . . T . . . C . 0 0 1

PG15 . C . . . . . . T . . A C . 3 1 1

PG16 T . . . . . . . . . . . . . 1 0 1

PG17 . C . . . . . . T . T A C . 1 0 0

PG18 T . . . . . C . . . . . . . 1 0 0

PG19 T A . G . . . . T . . . C . 1 0 0

PG20 T . . . . . C . T . . . . . 2 0 0

PG21 . A . . . T . . T . . . . . 1 0 0

PG22 . . . G A . . . T . . A C . 1 0 0

PG23 T . . . . . . . T T . . . G 1 1 0

PG24 . A . . . T . . . T . . . . 0 1 0

PG25 . . . G . . . . T T . A . G 1 0 0

PG26 . . . . . . . . T T . A . G 1 0 0

Number of 
Haplotypes 19 7 16

Number of 
Polimorphic 

Sites
13 9 12

Nucleotide 
diversity 

per location 
(within 

population %)

0,7 0,88 0,78

Haplotype 
diversity 

per location 
(within 

population)

0,887 0,944 0,93

From a total of 72 P. glauca samples analyzed for the Eastern 
Tropical Pacific, fourteen variable sites defined 20 mtDNA CR 
haplotypes. When compared with data from the Western Pacific 
[7] a total of 26 haplotypes were identified. This means that ten 
new haplotypes were identified in the Eastern Tropical Pacific 
and ten haplotypes were shared between the Eastern Tropical 
Pacific and the Western Pacific. The most common haplotype 
(PG03) was found in every location in both studies, and some 
uncommon haplotypes were unique to the Eastern Tropical 
Pacific (PG17 to PG26) (Table 2). All sequences generated in this 
study (COI and CR) were submitted to genbank under accession 
numbers XXX to YYY. We performed a SAMOVA [31] analysis for 

six sample regions (including four sample regions defined by 
Ovenden and collaborators [7]). The largest mean Fct index was 
found for five populations units (Fct= 0,0745), referred to as: 

1.	 Costa Rica, 

2.	 Ecuador 

3.	 Eastern Australia 

4.	 Indonesia and Western Australia 

5.	 North Pacific (Figure 2). 

Further analyses were performed based on the population 
units defined. From the population differentiation indices 
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calculated for the CR, no significant FST and Φst were found 
among population units (data not shown). The phylogenetic 
analyses did not show evidence of population structure either, 
and were characterized by many different haplotypes with a low 
number of nucleotide substitutions (Supplementary Material 
Figure 1). High haplotype diversity and low nucleotide diversity 
were found for each population unit (Table 1). Haplotype and 
nucleotide diversities were similar across sampled locations and 
between oceans (Figure 2).

Figure 2: needs to be the map of the Pacific Ocean.  Five 
population units defined by SAMOVA analyses. (N) Number of 
individuals sampled, (h) Haplotype diversity and (π) Nucleotide 
diversity for each population unit. Collection locations numbered, 
(1) Costa Rica, (2) Ecuador, and from Ovenden et al., 2009 (3) 
North Pacific, (4) Indonesia, (5) Eastern Australia.

Microsatellite loci

Figure 3 :  Graphic results from structure for three clusters 
(K). Each bar shows the probability of assignment of each 
individual for 3 clusters suggested by Structure, of originally 
two populations (I) Costa Rica and (II) Ecuador.

For the microsatellite analyses, five loci were scored for 
72 individuals in two locations in the Eastern Tropical Pacific. 
We found null alleles in one locus (Cli100) and therefore it was 
not considered for further population structure analyses. The 
genetic differentiation test indicated slight overall differentiation 
between the Eastern Tropical Pacific sampling locations (Costa 
Rica and Ecuador), FST= 0,0794 (P<0.05) (Table 3). In order 
to further investigate possible genetic differentiation in the 
region, we ran a Structure analysis. This analysis suggested 
three clusters (K) grouping the samples from both geographic 
locations (Costa Rica and Ecuador), but the probability of 
assignment for every individual in each group did not show 
evidence of strong population structure (Figure 3). We separated 
individual samples in each of the three clusters, considering 
the highest assignment probability obtained to each of these 

clusters, and we analyzed population differentiation among the 
three clusters, using the program Arlequin v 3.11, [27]. From 
the population differentiation indices calculated, no significant 
FST was found among population units. However, significant RST 
differentiation was found between cluster 1 and 2, and between 
cluster 1 and 3 but not between cluster 2 and 3.

Discussion
This study focuses on the population structure of the blue 

shark in the Eastern Tropical Pacific based on the analyses of 
two different molecular markers, the mtDNA control region 
and five microsatellite loci. Results from both markers showed 
interesting differences. Because P. glauca is an offshore or 
truly pelagic shark, we did not expect to find strong population 
subdivision. The expectation was for low genetic subdivision 
between populations because of their long-distance migration 
capabilities [7]. mtDNA is maternally inherited and it has been 
shown to have a low mutation rate in sharks [32]. On the other 
hand, microsatellite are biparentally inherited, have higher 
mutation rates compared to mtDNA, and analyses are based on 
allele frequencies. From analyzing both markers together it is 
possible to get an idea of the evolutionary history and levels of 
gene flow found between and among stocks of blue sharks in the 
Pacific Ocean. For mtDNA analyses we compared haplotype and 
nucleotide diversity between population units in the Western 
Pacific and Eastern Tropical Pacific. Haplotype diversity indices 
were slightly higher in the Eastern Pacific, with low nucleotide 
diversity indices. Also, this tendency was observed in both 
locations sampled in this study, as well as in the study by 
Ovenden and collaborators [7]. Additionally, when comparing 
haplotype and nucleotide diversity of P. glauca with genetic 
diversity values of other pelagic shark species, it is possible to 
identify similar genetic diversity values among pelagic species 
around the world [17,18 21,25]. 

When analyzing the obtained sequences, and identifying 
the different haplotypes, we found ten new haplotypes in the 
Eastern Tropical Pacific that have not been previously reported 
for this species in the Western Pacific. These haplotypes may 
be unique to this area or they may not have been sampled yet 
in the Western Pacific. Ten haplotypes were shared between 
the two oceans and six were unique to the Western Pacific. 
For mitochondrial DNA, no significant FST were found among 
population units defined for the whole Pacific Ocean (Western 
and Eastern Pacific) (Supplementary Material Table 1). This 
could be due to a) historical or present gene flow occurring 
between areas in the Pacific Oceans or b) due to low mutation 
rates in shark mtDNA (approx 0,31%/my) there has not been 
enough time for mitochondrial haplotypes to differentiate 
significantly between these two geographic regions [33]. This 
theory is also supported by the haplotype and nucleotide 
divergences values found for mtDNA, showing high variability in 
haplotypes but extremely low variability in base pair changes 
(Figure 2 and Supplementary Material Figure 1). However, it is 
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likely that these results are the combination of two situations: 
low mutation rate and high migration capacity [33-35]. The 
hypothesis of high migration capacity described by Stevens et 
al. (2010) [14] suggests that blue sharks are moving within the 
ocean, but not between oceans [14], contradicts our findings. 
However, regarding the different hypothesis, it is not possible 
to conclude if the levels of gene flow currently reflected in 
this marker come from present or past migration events. On 
the other hand, when analyzing four microsatellite loci, we 
obtained slight population differentiation (Fst=0,07924, P<0,05). 
However, pairwise comparisons resulted in not significant 
population structure. The overall Fst value indicated moderate 
population structure within the Eastern Tropical Pacific Ocean, 
however, it is important to consider that the high mutation rate 
of microsatellite loci has relevant consequences for Fst values, 
and it could result in bias due to mutation rates assumptions 
that are not yet well understood [36]. However, this slight level 
of population differentiation and structure was also recovered 
in the STRUCTURE analyses, which suggested that samples 
belonged in three clusters. These clusters showed population 
differentiation at the Rst level between cluster 1 and 2 and 
between cluster 1 and 3. Such results suggest that there appears 
to be some genetic differences in allele frequencies in samples 
grouped in cluster 1, and are suggestive of some degree of stock 
differentiation in the Eastern Pacific blue shark population. This 

result differs from the information presented by Ovenden and 
collaborators [7], showing no significant population structure 
within the Western Pacific [7] This interesting result supports 
findings by other researchers suggesting the presence of more 
than one population unit of P. glauca in the Eastern Tropical 
Pacific. This result was supported by previous capture-recapture 
studies, stable isotope analyses and satellite tagging, indicating 
sexual and mature segregational patterns for P. glauca along 
the Eastern Pacific [37,38]. However, when analyzing the 
microsatellite outcomes for the Eastern Tropical Pacific, it is 
important to consider the low sampling number (N=9) from 
Ecuador. Therefore, although this study shows some interesting 
results when analyzing microsatellite data, this is initial data and 
it warrants further investigation to know if there is indeed a finer 
degree of genetic structure for P. glauca in the Tropical Eastern 
Pacific. We are aware that using heterogeneous primers may 
obscure additional genetic variations, therefore we recommend 
future studies to use primers specifically designed for P. glauca 
[20,22]. 

Also, this study neither compared nor analyzed microsatellite 
results between both oceans (Western and Eastern Pacific) since 
the total number of genotypes and or alleles frequencies from 
the Ovenden and collaborators [7] study were not available 
for comparison. However, when comparing the heterozygosity 
values between the Western and Eastern Pacific, higher values 

were detected for the Western Pacific than for the Eastern Tropical Pacific (Table 3). 

Table 3: He: Expected Heterozygosity, Ho: Observed Heterozygosity, Number of Alleles, H-W: Hardy Weinberg Equilibrium for Five loci in the 
two locations in the Eastern Tropical Pacific. (*) Significant values for heterozygosities and H-W deviations (p= 0.05).

Costa Rica (N=63) Ecuador (N=9)

Locus He Obs. He. Exp. No. Alleles H-W He Obs. He. Exp. No. Alleles H-W

CT06 0.58065 0.63192 13 0.00963* 0.70000          
0.72105 6 0.13154

Cl107 0.80645* 
0.81983* 18 0.00002* 0.60000*      

0.88421* 8 0.0022*

CS02 0.40323* 
0.67781* 11 0.0000* 0.60000            

0.80000 7 0.36814

Cli100 0.45161*  
0.67270* 17 0.0000* 0.70000            

0.69474 5 0.0376*

CT04 0.62903 0.67716 12 0.09795 0.55556     
0.83007 8 0.06309

*Significant values for Heterozigositys and H-W deviations.

Management implications
Genetic analyses are an important component for fisheries 

management and a crucial tool to develop conservation measures 
[19]. This study is a key starting point to expand population 
genetic studies in the Eastern Tropical Pacific and contribute 
to the evolutionary history of P. glauca and other shark species 
worldwide. 

Genetic diversity and population structure (Fst) results 
are key information that would contribute to further studies 

testing reductions in P. glauca population size caused by humans 
activities, in this case fisheries [1,11,39-41]. Moderately high 
population structure (Fst), and significant (Rst), were found 
in microsatellite analyses. This leads us to suggest that there 
appears to be more than one P. glauca stock in the Eastern 
Tropical Pacific. However, further studies, including increased 
sample sizes from additional geographic locations, are needed 
in order to confirm these preliminary results [19]. 

The effects of stress in threatened species need to be viewed 
in the context of inbreeding and loss of genetic variation [42]. 
It has been suggested that losses in genetic diversity may 
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reflect in losses of adaptive evolutionary potential that will 
be critical under stressful conditions [9,39]. This should be 
further investigated, as it can be an important point regarding 
catch numbers on both sides of the Pacific Ocean. An increased 
sampling and analyses effort for this and other species along the 
Eastern Tropical Pacific will allow for a better understanding of 
stock structure and population differentiation. This information 
will be crucial for current management and conservation plans 
in countries along the Eastern Tropical coast and at the regional 
level.
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