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Abstract

:

The Shortfin mako shark, Isurus oxyrinchus Rafinesque, 1810, is a globally distributed highly migratory pelagic shark species, occurring mostly in temperate and tropical regions, including the Mediterranean Sea where it is by-caught during fishing activities targeting other economically important fish species. The aim of this study is to investigate the genetic connectivity of the Shortfin mako from the central Mediterranean Sea to previously studied populations. The mtDNA control region (CR), 977 bp, of 37 I. oxyrinchus specimens collected between 2004 and 2012 from landings in Malta were analysed, and we identified nine haplotypes, including three newly discovered haplotypes that may be unique to the Mediterranean Sea and which represent 16.7% of the studied individuals. These haplotypes, together with variations in haplotype frequencies, led to significant FST and ϕST values between the Mediterranean population and other global populations, with the exception of that from the north Atlantic Ocean. This study provides the first insight of the mtDNA CR diversity of this critically endangered species in the Mediterranean Sea and highlights the importance of conserving this species in the region.
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Key Contribution: This work represents the first population genetics study of Isurus oxyrinchus from the Mediterranean Sea. Data from mitochondrial DNA control region show that there are unique haplotypes to the Mediterranean Sea and highlight the importance of conserving this species and its genetic diversity in the region.










1. Introduction


The Shortfin mako, Isurus oxyrinchus Rafinesque, 1810 (Chondrichthyes, Lamniformes), is a cosmopolitan pelagic shark species that occurs mostly in temperate and tropical seas and is known for its highly migratory behaviour [1,2,3,4]. This species exhibits a slow growth rate, late maturity age, long reproductive cycle and produces small clutch sizes characterized by oophagy and uterine cannibalism [3,5,6,7,8,9]. The Shortfin mako is frequently by-caught during commercial and small-scale fishing activities that target other economically important pelagic species [3,8,10,11,12,13,14]. Steep population declines have been recorded in most oceans [13], with satellite tagging data indicating that, in some regions, the fishing mortality rate can be up to 10-fold higher than previous estimates from fisheries-dependent data [15]. Given its life history and susceptibility to fishing pressure, this species has been categorized as endangered at the global level [13], while at the Mediterranean level it has been classified as critically endangered [16], with an overall declining population trend [13,16]. Additionally, this species has been listed in the United Nations Convention on the Law of the Sea (UNCLOS—Annex I) [17], the Convention on Migratory Species (CMS—Appendix II) [18], the Bern Convention (Appendix III) [19], the Convention on International Trade in Endangered Species (CITES—Appendix II) [20] and the Protocol of the Barcelona Convention concerning Specially Protected Areas and Biological Diversity in the Mediterranean (SPA/BD—Annex II) [21]. Moreover, the International Commission for the Conservation of Atlantic Tunas (ICCAT) has recommended restrictions, while for the Mediterranean Sea the General Fisheries Commission for the Mediterranean (GFCM) has banned the capture and sale of Shortfin mako sharks [22,23,24,25].



In the Mediterranean, I. oxhyrhinus is by-caught on various types of gear [11,26,27] including pelagic long-lines targeting Swordfish, Xiphias gladius, or the Atlantic bluefin tuna, Thunnus thynnus [23,24]. This is because the bait used and the targeted species constitute part of the diet of Shortfin makos [28]. In Malta, to safeguard this species, I. oxyrinhus has been listed and protected under national law as a species in need of strict protection [29], and, through the adoption of the recommendation GFCM/36/2012/3 [22], the species has been banned from landings. Nonetheless, there are no species-specific fishing methods that discriminate pelagic sharks from other large target pelagic fish species and data on catch-and-release fishing indicate that this species exhibits a high post-release survival rate, which may be significantly influenced by the hook type used [30,31,32,33,34].



The Shortfin mako, being a highly migratory species, exhibits both large-scale and region-specific movements depending on prey availability and seasonal productivity [3,4]. While migration typically leads to genetic homogeneity across various geographical areas, mitochondrial DNA (mtDNA) studies nonetheless indicate the presence of a global population structure, which is mostly pronounced between hemispheres [35,36,37,38]. Matrilineal population substructuring has been noted in a number of other large circumglobal shark species [39,40], which in some studies has been associated with natal philopatry and long-term site fidelity for parturition [40,41,42]. The control region (CR) is the most commonly used mtDNA sequence in studies that look for phylogeographic patterns [35,36,39,40,43,44,45,46,47,48]. This region is the longest non-coding region of the Shortfin mako mitochondrial genome [49,50,51] and contains sequences related to mtDNA replication and transcription. With increasing DNA barcoding data, recent studies are also exploring the use of cytochrome oxidase subunit I (COI) to understand phylogenetic patterns [37]. However, while data on the CR usually originate from research dedicated to phylogeographical analyses, elasmobranch COI data tend to derive from varied sources and include imports of unknown origin [52], while fin product data may include individuals being represented by more than one fin, leading to a bias in haplotype frequencies.



There have been efforts to study the global population of I. oxhyrhinus using mtDNA CR data [35,36,37,38,53,54], however these works did not consider data of specimens caught from the Mediterranean Sea. This work sheds light on this species’ genetic diversity in the central Mediterranean while inferring phylogeographic connections through phylogeographic analyses with global mtDNA CR data.




2. Materials and Methods


2.1. Sampling


Specimens of I. oxyrinchus (n = 37) were by-caught by Maltese fishermen between 2005 and 2012 (Table 1) in the central Mediterranean Sea, namely the Strait of Sicily (Figure 1). All of these shark specimens were caught on pelagic longlines and landed at the only official fish market in Malta prior to the local protection of the species.



Whenever possible the total length of each specimen was measured to the nearest 1 cm and the gender was recorded, however there were instances where the specimens were sliced prior to sampling, thus having missing body parts for either gender determination or total length measurements. Chi-squared test was used to check for any significant bias in the sex ratio of the analysed specimens. Muscle tissue was collected from each encountered specimen and stored in 100% ethanol until further analysis.




2.2. DNA Extraction, PCR Amplification and Sequencing


The genomic DNA was extracted from 10 mg of tissue using GF-1 (Vivantis, Shah Alam, Malaysia), and the purified DNA was stored in Tris-HCl buffer at −20 °C until required. The mtDNA CR was amplified in a 25 μL volume using ~50 ng template DNA, 1× HOT FIREPol Blend Master Mix (Solis BioDyne, Tartu, Estonia) and 0.5 μM of the primers Shark tProF and Shark tPheR [36]. The PCR reactions were subject to an initial denaturation of 95 °C for 15 min, followed by 30 cycles of 95 °C for 30 s, 53 °C for 45 s, 72 °C for 1 min, and a final extension 72 °C for 10 min. Amplified PCR products were purified and sequenced using an ABI 3730XL Genetic Analyzer (Life Technologies, Carlsbad, CA, USA) with both forward and reverse primers, and two internal primers, mako405F and mako572R [36], to ensure good coverage.




2.3. Statistical Analyses


Sequences were trimmed, assembled, checked for consistencies and aligned through a Geneious R10 (Biomatters Ltd., Auckland, New Zealand) [55]. A 997 bp sequence of the CR, corresponding to the smallest homologous sequence was chosen for analysis. Sequences were deposited in GenBank under accession numbers OR497223–OR497259 (Table 1). Genetic variability was identified through Geneious R10 [55]. DnaSP v6 [56] was used to identify and group individuals on the basis of their respective haplotype. A haplotype rarefaction curve was constructed using Analytic Rarefaction v.1.3 (available at http://stratigrafia.org/software/index.html (accessed on 4 May 2023)) to depict the extent of saturation for the number of specimens sampled against the detected haplotypes. Curves showing rapid saturation and convergence of the confidence intervals indicate that the necessary sampling intensity has been conducted to document the current genetic variation present [57]. Haplotype diversity and nucleotide diversity were measured by Arlequin v3.5 [58]. A minimum spanning haplotype network showing the association between the various haplotypes identified in this study and from specimens of northeastern Atlantic origin [36] was constructed through TCS v1.21 [59] using POPart [60].



The currently generated data, representing 37 specimens of central Mediterranean Shortfin mako were compared with the genetic data presented in Corrigan et al. [36] (accession numbers MH759795–MH760159, excluding MH760060 as the sequence included degenerate bases). The latter study included circumglobal specimens that were collected from the northeastern Atlantic Ocean (n = 30), South Africa (n = 92), northern Indian Ocean (n = 77), Indo-Pacific Ocean (n = 22), southwestern Australia (n = 45), eastern Australia (n = 59) and New Zealand (n = 39) (Figure 1). Using the smallest homologous sequence, pairwise FST and ϕST values between the specimens of Mediterranean origin and those from other sampling locations were calculated using 1 × 105 permutations, via Arlequin v3.5 [58] and interpreted at p < 0.05 with Bonferroni correction.





3. Results


3.1. Specimens Sampled


The specimens analysed during this study consisted of 15 males, 13 females and 9 of undetermined gender, with a male:female ratio of 1:0.87, which is not significantly different from 1:1 (X2 = 0.143, p = 0.706). The total length (TL) of males ranged between 122 cm and 258 cm (mean 185 cm; SD ±43 cm), while that of females ranged between 81 cm and 350 cm (mean 226 cm; SD ±90 cm) (Table 1; Figure 2). The smallest two individuals were both females, with TLs of 81 cm and 84 cm, and were caught in May 2006 and April 2005, respectively. The largest male encountered during this study measured 258 cm and was caught in February 2008, while the largest female was 350 cm and was caught in May 2006. All collected specimens were by-caught on pelagic longlines, with 78% being landed between the end of April and the beginning of July. This coincides with the fishing season and the fishing gear that targets the Atlantic bluefin tuna [61].




3.2. Genetic Variation


A 977 bp sequence representing 94% of the mtDNA CR [50] was amplified and sequenced from each of the 37 specimens. An alignment of these data indicates the presence of 15 variable positions, 10 of which were transitions and 5 were transversions. Twelve of these sites were parsimony-informative sites, and no indels were detected during this study. This genetic variation led to the identification of nine haplotypes, with a haplotypic diversity of 0.784 (SD ± 0.048) and nucleotide diversity of 0.0042 (SD ± 0.0003). Although larger sample sizes may have led to the detection of other rare haplotypes, rarefaction analysis produced a curve that was almost levelling off with converging 95% confidence intervals, indicating that the sampling strategy of this study allowed for the representation of most haplotypes present in the region (Figure 3).



The most common haplotypes identified here were H1 and H2 (Table 1; Figure 3) which belonged to 14 and 10 individuals, respectively. Three haplotypes (H4, H5 and H6; n = 3, 1 and 2, respectively), representing 16.2% of the specimens, were not detected in other studies on Shortfin mako [36,38,49,51] and did not match other sequences available on GenBank [62], thus, based on the currently available public data, these can be considered as unique haplotypes for the Mediterranean Sea.




3.3. Phylogeographic Analyses


For the phylogeographic analyses, data from the central Mediterranean were compared with the 791 bp mtDNA CR presented in Corrigan et al. [36]. For these analyses the sequences generated during this work were shortened to 791 bp, losing one of the variable positions on H9, reducing the distance to its closest haplotype, H6, from 2 bp to 1 bp (Figure 3).



The haplotype network used for this study included data of northeastern Atlantic origin [36], as that is physically the closest population to the Mediterranean Sea. No clear segregation of haplotypes was noted between these two geographic regions. From the nine haplotypes identified during this study, three were found to be unique to the Mediterranean Sea, five were shared with the Atlantic population and one rare haplotype was not detected in the Atlantic population but shared with other oceans (Figure 3). While the Mediterranean and northeastern Atlantic population shared almost half of their haplotypes, it must be noted that the haplotypic frequencies varied between regions, with H1, the most encountered haplotype for the Mediterranean, being recorded in 37.8% of the Mediterranean specimens, while being only found in 6.7% of the northeastern Atlantic specimens. Overall, H2 was the most common haplotype, and was recorded in 36.7% and 27.0% of the northeastern Atlantic and Mediterranean populations, respectively. Additionally, on a global scale, the most common haplotype identified in Corrigan et al. [36] (Figure 3) was shared amongst all locations and appeared in 30% of the analysed individuals. However, while common on a global scale, this haplotype only appeared in 10% of the northeastern Atlantic population sample [36] and was absent in the current work on the Mediterranean population sample.



A small significant genetic differentiation was initially detected between the Mediterranean population and the northeastern Atlantic Ocean through FST (0.063; p-value 0.0067), but this was not supported by ϕST (0.052; p-value 0.0532) and became non-significant after the Bonferroni correction for multiple tests. Therefore, based on the current dataset, these two sampling areas do not exhibit significant genetic divergence. The rest of the pairwise FST and ϕST values show significant genetic differentiation between the Mediterranean population and other populations from South Africa, the Indian Ocean and the Pacific Ocean (FST values 0.109–0.325; ϕST values 0.181–0.458; p-values < 0.0001) that remained significant after Bonferroni correction (Table 2).





4. Discussion


Shortfin mako records for the Mediterranean Sea indicate that juveniles may be as small as TL 65 cm [26] and adults may reach lengths of over 400 cm, with the largest female record being estimated at a total length of 585 cm [63]. While it is known that north Atlantic Shortfin makos mature at a TL larger than those of southern Atlantic origin [9], the Mediterranean hosts some of the largest known specimens for the species [63,64,65,66]. During the current study, at least 11 individuals were larger than the median TL at maturity, as it has been estimated that, in the north Atlantic Ocean, males mature at a median fork length (FL) of around 182 cm [7,67], while females mature at a median FL of 280 cm [7]. This corresponds to a TL of approximately 197 cm and 300 cm for males and females, respectively [68,69], with a recent study indicating that, along the Moroccan Atlantic coast, males mature at a TL of around 188 cm, corresponding to an estimated 6 years of age [70]. The difference in both the maximum total length and the length at maturity show that this species, as with several other shark species, exhibits sexual dimorphism [12,71], thus calling for detailed gender specific data collection.



During the current study we encountered four females larger than 300 cm; however, none of these mature individuals were pregnant. Nonetheless, given the size at birth and the growth rate for I. oxyrinchus [5,12], the smallest two individuals encountered during the current study represent young of the year, and are maybe suggestive of the presence of nursery grounds in the central Mediterranean. Moreover, the fact that one of these young of the year exhibited a haplotype (H4) that is not shared with any other geographic location further highlights the importance of the area under study. Likewise, the largest individual, which was a mature female, also had a newly identified haplotype (H6), unique to the Mediterranean Sea (Table 1; Figure 3).



The current work provides the first insights into the genetic diversity of Shortfin mako from the central Mediterranean Sea. The haplotype diversity index for this population was slightly lower (h = 0.784) than those observed in most other sampling locations [35,36,37,38]. In Corrigan et al. [36] this diversity index for the eight studied global populations ranged between 0.574 and 0.972 (global: h = 0.894), with only the northern Indian population showing a haplotype diversity index lower than the one found in the current study. Likewise, in Taguchi et al. [35] the haplotype diversity index for the six studied populations ranged between 0.82 and 0.96 (global: h = 0.92), while in studies on the Pacific Ocean populations this value ranged between 0.775 and 0.888 [37,38], with only the population from Chile [37] having a haplotype diversity index just below the one detected in this study. While further studies are required to correlate the slightly lower haplotype diversity index to the currently declining Mediterranean population [13,16], it is known that anthropogenic pressures negatively influence genetic diversity, impacting the long-term survival of species [72].



Though the Shortfin mako is a highly migratory shark, mtDNA data show a genetic structure with significant genetic differentiation between distant locations, especially across the northern and southern hemispheres [35,36,38]. Our results corroborate this observation, as the Mediterranean population is significantly different from the South African population and from those of the Indian and Pacific oceans. The current study also shows that any genetic differentiation between the Mediterranean and northeastern Atlantic population is weak and not significant (Table 2). This contrasts with some other shark genetic studies that have found significant genetic differentiation across the Strait of Gibraltar [39,47]. Therefore, while this strait may limit connectivity for some species [73], it may not be a strong barrier for certain large pelagic sharks, such as the Shortfin mako, that may migrate across the strait with migrating prey such as Xiphias gladius and Thunnus thynnus [74,75].



Though no significant genetic differentiation was noted between the Mediterranean population and the adjacent northeastern Atlantic population, it is interesting to note that the Mediterranean population was characterized by three unique haplotypes out of the nine detected haplotypes. This contrasts with the north Atlantic population, where the number of unique haplotypes identified in Corrigan et al. was of 1 unique haplotype out of the 11 detected, though pairwise FST and ϕST values showed that the latter was significantly different from all other studied populations [36]. This work reduces the gaps in knowledge on a critically endangered species from the Mediterranean Sea and encourages further research on its genetic diversity and conservation.




5. Conclusions


IUCN extinction risk assessments show that most of the Mediterranean Sea populations of elasmobranches are at a higher risk of extinction compared with their counterparts elsewhere, with most members of the family Lamniformes, including the Shortfin mako, being classified as critically endangered at the Mediterranean level, with the principal driver of decline being overfishing [76]. The rare and sporadic catches of Lamniformes [77] in the Mediterranean makes it difficult to carry out detailed studies on specimens of this family, leaving knowledge gaps that need to be filled to better understand and safeguard these species. Consequently, there has been an increasing need to improve data on the Shortfin mako to better assess its status in the region. The low genetic diversity, the identification of unique haplotypes, the significant genetic differences from other regions, the occurrence of young of the year and mature individuals in the central Mediterranean highlights the importance of the region for the effective conservation of this critically endangered species.
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Figure 1. A map showing the geographic area from which the Mediterranean specimens were collected and the geographical areas from which sequences of Shortfin mako (Isurus oxyrinchus) used for phylogeographic analyses were retrieved [36]. The insert indicates the position of Malta, which represents the landing site from which the sampled sharks were collected. 
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Figure 2. Length frequency distribution of Shortfin mako (Isurus oxyrinchus) sampled from the central Mediterranean during this study. 
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Figure 3. A haplotype network including the nine haplotypes (H1 to H9) identified from the currently analysed Mediterranean specimens (n = 37; blue) and the haplotypes from the nearest population, i.e., from the northeastern Atlantic Ocean as identified in Corrigan et al. [36] (n = 30; orange). The boxes next to the haplotypes indicate other locations where the same haplotypes were found [36]. The haplotype frequencies are proportional with the area of the circle, while the black circles represent inferred putative haplotypes detected neither in the Mediterranean nor in the northeastern Atlantic Ocean. * Marks the most common global haplotype identified in Corrigan et al. [36]. Insert represents the haplotype rarefaction curve for the Mediterranean samples, including the 95% confidence intervals in grey. 
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Table 1. List of specimens analysed, including specimen code, date of collection, gender, total length, haplotype number and GenBank accession numbers.
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	Specimen ID
	Date
	Total Length (cm) a
	Gender a
	Haplotype
	Accession Numbers





	CBRG-Ioxy01
	8 February 2005
	127
	Male
	H1
	OR497223



	CBRG-Ioxy10
	30 April 2005
	84
	Female
	H4 b
	OR497232



	CBRG-Ioxy11
	22 June 2005
	185
	Male
	H1
	OR497233



	CBRG-Ioxy12
	25 April 2006
	323
	Female
	H1
	OR497234



	CBRG-Ioxy13
	25 April 2006
	208
	Female
	H4 b
	OR497235



	CBRG-Ioxy02
	9 May 2006
	203
	Male
	H5 b
	OR497224



	CBRG-Ioxy14
	18 May 2006
	235
	Male
	H2
	OR497236



	CBRG-Ioxy15
	18 May 2006
	350
	Female
	H6 b
	OR497237



	CBRG-Ioxy16
	21 May 2006
	222
	Male
	H7
	OR497238



	CBRG-Ioxy17
	31 May 2006
	184
	Male
	H1
	OR497239



	CBRG-Ioxy18
	31 May 2006
	81
	Female
	H1
	OR497240



	CBRG-Ioxy03
	10 June 2006
	303
	Female
	H8
	OR497225



	CBRG-Ioxy33
	22 June 2006
	-
	-
	H1
	OR497255



	CBRG-Ioxy37
	2 February 2008
	110
	-
	H3
	OR497259



	CBRG-Ioxy19
	26 February 2008
	170
	Male
	H2
	OR497241



	CBRG-Ioxy20
	28 February 2008
	227
	Male
	H1
	OR497242



	CBRG-Ioxy21
	28 February 2008
	258
	Male
	H1
	OR497243



	CBRG-Ioxy22
	8 April 2009
	-
	-
	H2
	OR497244



	CBRG-Ioxy23
	8 April 2009
	-
	-
	H2
	OR497245



	CBRG-Ioxy04
	26 April 2009
	297
	Female
	H2
	OR497226



	CBRG-Ioxy24
	8 May 2009
	232
	Female
	H6 b
	OR497246



	CBRG-Ioxy25
	12 May 2009
	217
	-
	H4 b
	OR497247



	CBRG-Ioxy34
	21 May 2009
	316
	Female
	H2
	OR497256



	CBRG-Ioxy35
	21 May 2009
	215
	Male
	H3
	OR497257



	CBRG-Ioxy36
	21 May 2009
	213
	Female
	H1
	OR497258



	CBRG-Ioxy05
	23 May 2009
	-
	-
	H1
	OR497227



	CBRG-Ioxy26
	10 July 2009
	188
	Female
	H3
	OR497248



	CBRG-Ioxy27
	10 July 2009
	132
	Male
	H1
	OR497249



	CBRG-Ioxy06
	8 June 2010
	124
	Female
	H2
	OR497228



	CBRG-Ioxy28
	10 July 2010
	-
	-
	H2
	OR497250



	CBRG-Ioxy29
	9 May 2011
	223
	Female
	H7
	OR497251



	CBRG-Ioxy30
	9 May 2011
	163
	Male
	H9
	OR497252



	CBRG-Ioxy31
	28 May 2011
	219
	-
	H2
	OR497253



	CBRG-Ioxy32
	8 July 2011
	204
	Male
	H1
	OR497254



	CBRG-Ioxy07
	5 December 2011
	122
	Male
	H1
	OR497229



	CBRG-Ioxy08
	24 January 2012
	-
	-
	H1
	OR497230



	CBRG-Ioxy09
	2 March 2012
	130
	Male
	H2
	OR497231







a Missing details of gender and length are due to missing body parts at time of sampling. b New haplotypes identified during this study.













 





Table 2. The pairwise FST, ϕST and respective p-values values for the Mediterranean population against other populations as identified in Corrigan et al. [36]. Geographical locations: Mediterranean Sea (Med); north Atlantic Ocean (Natl); South Africa (SAfr); north Indian Ocean (NInd); Indo-Pacific Ocean (IndP); western Australia (WAus); eastern Australia (EAus); New Zealand (NZea).
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	NAtl

(n = 30)
	SAfr

(n = 92)
	NInd

(n = 77)
	IndP

(n = 22)
	WAus

(n = 45)
	EAus

(n = 59)
	NZea

(n = 39)





	Med
	FST
	0.063
	0.109 *
	0.325 *
	0.136
	0.123 *
	0.115 *
	0.133 *



	(n = 37)
	p-value
	0.0067
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001



	
	ϕST
	0.052
	0.181 *
	0.458 *
	0.197 *
	0.168 *
	0.195 *
	0.228 *



	
	p-value
	0.0532
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001







* Significant differentiation at the 95% confidence level following Bonferroni correction.
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