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1  | INTRODUC TION

The understanding of the population genetic structure of the spe-
cies is of great importance because it reveals information about 
the geographic limits of populations by analysing the gene flow be-
tween locations. This approach can be also used as possible driv-
ers for their conservation (Castro et al., 2007; Reiss et al., 2009; 

Dudgeon et al., 2012; Bellafronte et al., 2013; Chapman et al., 2015; 
Quintanilla et al. 2015; Sigsgaard et al., 2016; Domingues et al. 
2018a; Flanagan et al., 2018; Carmo et al., 2019), given the pos-
sibility of identification of evolutionary and management units 
(Domingues et al., 2019; Dudgeon et al., 2012; Giles et al., 2016; 
King et al., 2015; Larson et al., 2015; Laurrabaquio-A et al., 2019). 
Studies on the levels of genetic variation of species also allow 
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Abstract
The knowledge of the population structure of a given species is of great importance 
for its conservation and for the management of its fishing exploitation, especially for 
sharks. The tiger shark (Galeocerdo cuvier Péron&Lesueur, 1822) is an apex predator 
species	that	is	currently	listed	as	“Near	Threatened”	on	the	International	Union	for	
the	Conservation	of	Nature's	 (IUCN)	Red	List	of	Threatened	Species.	 In	this	study,	
the tiger shark's genetic structure in the Metropolitan Region of Recife (MRR) and 
oceanic archipelago of Fernando de Noronha (FN) was investigated based on one 
mitochondrial	and	two	nuclear	DNA	markers.	In	addition,	sequenced	data	from	other	
geographic sites were added into the mitochondrial analysis. The data showed mod-
erate-to-high genetic diversity, and it is consistent with good resilience of G. cuvier 
in ecological terms. The structuring tests reinforced a global distinction of the spe-
cies	in	two	lineages,	one	being	from	the	Indo-Pacific	and	the	other	from	the	North	
Atlantic. Also, this analysis showed the close relationship between tiger sharks from 
Indo-Pacific	and	South-eastern	coast	of	Brazil.	The	Bayesian	and	AMOVA	tests	in-
dicated that tiger sharks from FN and MRR are genetically similar, forming a cohe-
sive population. These analyses support live specimen translocations from beaches 
(where the attacks occur) to distant marine areas given we detected a historical co-
hesive	population	occurring	between	those	beaches	from	MRR	and	FN	Islands	where	
the sharks migrate. This research is the first that has validated individual transloca-
tions as a green strategy in South-western Atlantic.
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estimating effective population size and can help to enlighten 
questions about species vulnerability, especially for exploited 
marine species and sharks, as fishing and environmental changes 
can cause a decline in populations and the reduction in the ge-
netic variability (Garcia et al., 2008; Allendorff et al. 2014; Rosa 
et al., 2014; Rosa et al., 2017; Pinsky & Palumbi, 2014; Ferrette 
et al., 2015).

Knowledge on genetic structure is also greatly relevant for the 
conservation of sharks, given that evolutionary lineages can be 
masked by conserved external morphologies (Gaither et al., 2016), 
and also due to the fact that several species across the world show 
signs of stock depletion (Baum et al., 2003; Burgess et al. 2005; 
Myers et al., 2007; Dulvy et al., 2008; Davidson et al., 2016; Roff 
et al., 2018). As such, population genetics have been studied for 
several species helping to identify cryptic species, endogamy, low 
genetic diversity, fitness reduction and endangered populations, 
and being of great use in species management and conservational 
plans (Amos & Balmford, 2001; Domingues et al., 2019; Dudgeon 
et al., 2012; Frankham et al., 2008; Giles et al., 2016; Karl et al., 2011, 
2012; Larson et al., 2015).

Population genetics have been studied for sharks, such as black-
tip sharks (Carcharhinus limbatus Müler & Henle, 1839) (Keeney & 
Heist, 2006), blue sharks (Prionace glauca	Linneaus,	1758)	(Veríssimo	
et al., 2017), whale sharks (Rhincodon typus Smith, 1828) (Castro 
et al., 2007; Sigsgaard et al., 2016), great white sharks (Carchardodon 
carcharias Linnaeus, 1758) (Blower et al., 2012; Gubili et al., 2010, 
2015) and tiger sharks (Galeocerdo cuvier Péron & Lesueur, 1822) 
(Carmo et al., 2019; Pirog et al., 2019), the target species of this 
paper.

Genetic data for G. cuvier from different parts of the world have 
revealed a better condition of the species in adaptive terms, consid-
ering the values of genetic diversity observed in mitochondrial and 
nuclear regions (Bernard et al., 2016; Carmo et al., 2019). Recently, 
this species has presented moderate genetic diversity estimates and 
strong genetic structuring from samples from the Atlantic and the 
Pacific (Carmo et al., 2019; Pirog et al., 2019). The Archipelago of 
Fernando de Noronha (FN) has also been suggested as a refuge zone 
for the conservation of the species, considering the high degree of 
genetic diversity in this area (Carmo et al., 2019). Despite this infor-
mation very little is known about the history of possible connections 
between the Archipelago and coastal regions from North-eastern 
Brazil. Possibly the tiger sharks involved in the systemic contacts 
of them with humans in the metropolitan region of Recife (MRR—
State of Pernambuco) can compose a single historical population 
with those from Archipelago of Fernando de Noronha, favouring the 
management of animals to other sites as recommended in the litera-
ture	(Clua	et	al.,	2020).	Importantly,	FN	and	MRR	are	components	of	
two different eco-regions, which mean different seascapes hosting 
different ecological/geological profiles. However, there are no ev-
idences on the genetic structure of this possible population along 
those zones.

In	Brazil,	interactions	between	sharks	and	humans	are	ancient.	
Zooarcheological studies have shown that pre-Columbian people 

already exploited these animals for fishing using an active search 
strategy (Fossile et al., 2020; Gilson & Lessa, 2019). The contacts of 
humans and sharks are increasing worldwide since 1960s (Midway 
et al., 2019), and in Brazil (MRR), this is not different as in other 
parts	of	the	world	(Meyer	et	al	2018).	In	the	North-eastern	Brazil,	
the management of the contacts/attacks has been difficult and con-
troversial. The Shark Monitoring Program of Recife (SMPR) uses as 
mitigation methods the translocation of individuals from hazardous 
areas to more distant areas (offshore) that was responsible for di-
minish the shark attack rate in the region (Hazin & Afonso, 2014). 
The monitoring of some translocated individuals via telemetry 
from the beaches of the city of Recife to coastal zones further 
away has revealed the movement of the species northwards (Hazin 
et	al.,	2013).	One	of	the	emerging	questions	about	this	mitigation	
strategy for attacks in the region is whether this strategy favours 
the introduction of a non-historical genetic composition in the re-
gion given the species’ northward movement pattern. These effects 
would make this strategy less viable, once it would not favour the 
species but simply it would minimizes the contact of sharks with 
humans.	 In	order	to	test	whether	the	SMPR	strategy	might	affect	
the historical movement pattern, we accessed mitochondrial and 
nuclear genetic data to test for the occurrence or absence of a his-
torically connected population in the area between beaches from 
Recife and areas in the northern tropical Atlantic (Fernando de 
Noronha	Islands).	The	results	of	this	study	might	validate	whether	
the translocations comprehend a suitable strategy for the mitiga-
tion of shark attacks in terms of the maintenance of the historical 
connectivity between regions. Furthermore, due to the aspects of 
the conservation status of G. cuvier, from the evolutionary poten-
tial point of view (genetic variation) of the species, and the litera-
ture-based data sets available on the species worldwide, this study 
aimed to (a) test for the level of general genetic variation of the spe-
cies as an indication of its vulnerability; (b) test for the Archipelago 
of Fernando de Noronha as a refuge zone of genetic variation, 
through nuclear diversity and (c) test the global connectivity of the 
species by adding new genetic data.

2  | MATERIAL S AND METHODS

A total of seventy-six tiger shark specimens were sampled in two 
coastal areas of North-eastern Brazil: 43 specimens from the met-
ropolitan region of the city of Recife (MRR) and the other 33 were 
from an insular environment of the Archipelago of Fernando de 
Noronha (FN; Figure 1). All sampling animals from MRR followed 
procedures approved by the Committee on Ethics for the Use of 
Animals of the Universidade Federal Rural de Pernambuco (permit 
#23082.025519/2014) and did not involve anaesthesia, euthana-
sia or any kind of animal sacrifice. Fieldwork permit was issued by 
the	Instituto	Chico	Mendes	para	a	Conservação	da	Biodiversidade	
(permit	#43305–6).	 In	Fernando	de	Noronha	 Islands,	 the	sampling	
was conducted in accordance with Brazilian regulations for wild-
life	 research	 and	 it	 was	 approved	 by	 the	 Instituto	 Chico	Mendes	
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de Conservação da Biodiversidade of the Brazilian Ministry of 
the Environment (permit #15083-8). Tiger shark capture and han-
dling was approved and carried out in full compliance with the 

recommendations of the Regiment of the Commission of Ethics 
on the Usage of Animals from the Universidade Federal Rural de 
Pernambuco (permit #23082.009679/2009).

F I G U R E  1   Localities of study samples. Study areas; Fernando de Noronha, Brazil (FN/NEBr), Metropolitan Region of Recife, Brazil (MRR/
NEBr).	Pirog	et	al.,	2015;	Réunion	Islands	(RI).	Bernard	et	al.,	2016;	Southern	Brazil	(WSA/SEBr),	East	Coast	of	Florida	(FLE),	Central	Pacific	
Ocean	(CP),	Gulf	of	Mexico	(GOM),	Bahamas	(BAH,	American	Virgin	Islands	(USVI),	South-West	India	(WSI),	Andaman	Sea	(AS),	East	Indian	
Ocean	(ESI),	West	South	Pacific	(WSP)

 14390485, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aec.12640 by U
TFPR

 - U
niversidade Tecnologica Federal do Parana, W

iley O
nline Library on [12/03/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



4 of 16  |     ANDRADE Et Al.

Tissue	 samples	were	 preserved	 in	 96%	 ethanol	 at	 −20ºC.	 The	
total DNA was extracted using the DNeasy Blood & Tissue	(QIAGEN	
®) extraction kit, following the dealer instructions.

The molecular procedures were concentrated on the amplifica-
tion, via PCR, of three genetic regions: the control region of mtDNA 
(CR), the intron 6 of the nuclear lactate dehydrogenase gene subunit 
A	(LDHA)	and	an	internal	transcribed	spacer	2	(ITS-2).

The PCRs were performed using the primers ElasmoCR15642F 
(5-TTGGCTCCCAAAGCCAARATTCTG-3) and ElasmoCR16638R 
(5-CCCTCGTTTTWGGGG-3)	 for	 the	 Control	 Region	 (CR),	
ElasmoLDHAF1	 (5-GCTTATGARGTGATWAAACTGAA-3),	
ElasmoLDHA6F2	 (5-GGGWTGTCTGTGGCAGACCTCGC-3)	
and	 ElasmoLDHAR1(5-GAARACCTCRTTYTYWATRCCATA-3)	
for the LDHA (Stoner et al., 2003) and the universal primers 
Fish5.8SF (5-TTA GCGGTGGATCACTCGGCTCGT-3) and Fish28SR 
(5-CCTCCGCTTAGTAATATGCTTAAATTCAGC-3)	 for	 the	 ITS-2	
(Pank et al., 2001). The PCR solution contained a final volume of 25μL 
and consisted of 12.5μL	of	2X	taq	Master	Mix	(Vivantis	®—0.05u/
ulTaq	polymerase	2X	ViBuffer	A),	15-20mM	of	each	primer,	0.25U	of	
Taq	Polymerase	(Invitrogen),	0.5mM	of	MgCl2, 70-150mg of genomic 
DNA and enough ultrapure water to complete 25μL. The PCRs were 
performed in the Applied Biosystems® 2,720 (Life Technologies) 
thermocycler, following the cycling conditions suggested by Stoner 
et al. (2003) and Pinhal et al. (2012).

All the PCR products were enzymatically purified using 
ExoSap-IT®	(Affymetrix),	following	the	fabrication	instructions.	The	
sequences	were	obtained	 from	 the	ABI	3,500—Applied Biosystems 
sequencer, using the Big DyeTM Terminator v 3.1 (Applied Biosystems) 
kit.

The	 sequences	 obtained	 were	 aligned	 using	 the	 Clustal	 W	
programme (Thompson et al., 1994), implemented on BioEdit 
(Hall, 1999), visually edited, and the gaps were treated as missing 
data. The CR data were incremented with the addition of 28 more 
tiger shark sequences from various areas, made available by Pirog 
et al. (2015), Bernard et al. (2016) and Carmo et al. (2019). These 
data were discriminated here using the following abbreviations: 
South-eastern	Brazil	(SEBr),	North	Atlantic	(AtlNo)	and	Indo-Pacific	
(IndPac).

The genetic diversity data, such as the number of haplotypes, 
number of polymorphic sites, haplotypic and nucleotide diversities, 
were calculated using DnaSP v5 (Librado & Rozas, 2009; Rozas & 
Rozas, 1999). To test the hypotheses of the neutrality of genetic 
variation, tests on the distribution of segregated sites (Tajima's D, 
Tajima, 1989 and R2;	Ramos-Onsins	&	Rozas,	2002),	haplotype	dis-
tribution (Fu's FS, Fu, 1997) and the different of pairwise sequences 
(Raggedness—Rg, Harpendings, 1994 and sum of squared devia-
tions—SSD) were performed, with significance based on 1,000 per-
mutations using the DnaSP v5 (Librado & Rozas, 2009) and Arlequin 
(Excoffier & Lischer, 2010). The significance index (p) used was 5%.

The relationship among the CR haplotypes and the variants from 
nuclear	regions	(LDHA	and	ITS-2)	was	evaluated	using	the	software	
PopArt 1.7 (Leigh, 2016). The evolutionary models that best ex-
plained the variance of the sites of all three data sets were collected 

using Modeltest 2.1.7 (Felsenstein, 2005; Posada 2008; Darriba 
2012)	using	Akaike's	information	criteria	(AIC)	(Akaike,	1979,	1983;	
Wagenmakers	&	Farrell,	2004).

The demographic history of the species was examined using 
DnaSP for each of the three data sets, for the construction of his-
tograms of different pairwise nucleotides (mismatch distributions). 
The changes in G. cuvier's demographic history over time were esti-
mated, using the CR data, by Bayesian skyline plot (BSP) on BEAST 
1.8 (Drummond et al., 2012) and Tracer 1.5 (Rambaut et al. 2014) 
in 10–40 million generations of MCMC. For this analysis, an aver-
age mutational rate 0.55% per million years was used in the CR data 
set. This was calculated using the average mutational rates reported 
for other sharks species: 0.43% for Carcharhinus limbatus (Keeney & 
Heist, 2006), 0.67% for Negaprion brevirostris (Schultz et al., 2008) 
and 0.54% for Ginglymostoma cirratum (Karl et al., 2012).

The phylogenetic analysis was obtained using Bayesian inference 
(BI)	utilizing	the	BEAUti	and	BEAST	1.8.	software	(Drummon	et	al.	
2012), in 10 million generations of Markov chains (MCMC). The anal-
ysis used Cetorhinus maximus (KF597303, NC023266) as the out-
group, and the majority consensus topology was obtained using a 
burn-in period of 10% of the MCMC generations.

The	analysis	of	molecular	variance	(AMOVA)	was	performed	in	
order to test for the genetic structure (Excoffier et al., 1992) com-
puting the conventional statistics of θ (theta), the haplotype fre-
quency data, with 1,000 permutations, using the Arlequin software. 
This method was applied in order to calculate the general (ΦST) and 
pairwise (FST) fixation indexes. The values were computed in two 
rounds: using the three data sets to compare MRR and FN and CR 
data to compare North-eastern (Pernambuco) and South-eastern 
Brazil, following Bernard et al. (2016). Through this last approach, we 
classified four groups: North-eastern Brazil (NEBr), South-eastern 
Brazil	(SEBr),	North	Atlantic	(AtlNo)	and	Indo-Pacific	(IndPac).

The population structure of G. cuvier, in regional and global 
terms, was further evaluated through the Bayesian designation anal-
ysis using the BAPS v3.1 software (Bayesian analyses of population 
structure—Corander et al., 2003; Corander and Martinnen 2006). 
The number of populations (k) was estimated in 10 replicas with a 
maximum k value of 10. Furthermore, the population structure was 
also evaluated using another Bayesian designation, with the inclu-
sion of geographic information, using the Geneland package (Guillot 
et al., 2005a, b). This analysis, in regional terms (comparing MRR and 
FN), was carried out using two data sets; CR +	ITS-2	and	CR	+ LDHA. 
The comparison between the genetic variation observed in North-
eastern Brazil (Pernambuco) and in South-eastern Brazil (São Paulo), 
as well as the global analysis, was performed using only one set of 
CR data.

3  | RESULTS

The analysis of 88 CR sequences (28 MRR samples, 32 FN samples 
and 28 sequences from the data bank) produced an alignment of 
672pb. A total of 20 polymorphic sites characterizing 28 haplotypes 
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were found. The average values of haplotype (Hd) and nucleotide 
(π) diversity were 0.897 and 0.005, respectively (Table 1). For the 
regional analysis (MRR-FN), four haplotypes were shared between 
these areas, as well as with other regions (Figure 2). For the global 
analysis, of the 28 haplotypes found for the CR data, 18 were ex-
clusive	 (6	 IndPac,	 11	 SEBr	 and	 1	 AtlNO)	 and	 10	were	 shared	 be-
tween	all	areas	 (Figure	2).	The	Bayesian	 inference	 (IB)	 topology	of	
the CR data showed the presence of two clades (Figure 4). These 
two clades included lineages with relatively different distributions. 
One	of	the	clades	comprised	all	the	exclusive	genetic	variants	of	the	
Indo-Pacific,	 the	 largest	part	of	 the	genetic	variation	observed	for	
South-eastern Brazil (SEBr), the smallest part of the genetic vari-
ation of North-eastern Brazil (NEBr) and a very small part of the 
North	 Atlantic	 (AtlNO)	 variation.	 The	 other	 clade	 comprised	 the	
smallest part of the genetic variation observed in South-eastern 
Brazil (SEBr) and the major part of the genetic variation observed in 

North-eastern	Brazil	(NEBr)	and	North	Atlantic	(AtlNO).	The	dating	
analysis pointed out to the origin of those clades between 0.05 Mya 
and 2.2 Mya (mean = 380Kya).

For the nuclear analyses, the sequences of the intron LDHA (15 
samples of MRR, 5 samples of FN) produced an alignment of 206pb, 
whereas	the	paired	ITS-2	sequences	(25	samples	of	MRR,	23	sam-
ples of FN) generated a final alignment of 352pb. A total of 18 poly-
morphic sites were found in the intron LDHA and 10 polymorphic 
sites	in	the	ITS-2,	totalling	11	and	10	haplotypes,	respectively.	The	
genetic diversity data were Hd = 0.805 and π = 0.018 for the intron 
LDHA and Hd = 0.198 and π =	0.00178	for	the	ITS-2	(Table	1).

The allele network of the intron LDHA (Figure 3a) presented nine 
exclusive alleles and only two shared alleles between MRR and FN, 
whereas	the	allele	network	of	ITS-2	(Figure	3b)	was	organized	by	a	
central shared allele with 89.6% frequency, as well as the nine exclu-
sive alleles.

TA B L E  1  Synthesis	of	genetic	diversity	informations	and	of	the	neutrality	tests	obtained	with	CR	data,	LDHA	intron	(Ld),	ITS-2.	In	the	
table, the total number of specimens sampled (n), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity (π), Tajima's D test 
of neutrality (D), Fu's FS (FS), R2 - sum of squared deviations (SSD) and Raggedness (Rg) (* p < 5%; ** p < 2%)

CR Ld ITS

General FN MRR NEBr General FN MRR General FN MRR

N 88 32 28 60 20 5 15 48 23 25

h 28 15 7 18 11 3 10 10 7 4

Hd 0.897 0.89 0.715 0.822 0.805 0.7 0.857 0.198 0.283 0.118

π 0.005 0.005 0.004 0.005 0.018 0.0098 0.021 0.0017 0.003 0.0005

D −0.32 −0.59 −0.34 −0.64 −1.23 0.27 −0.87 −2.1** −1.8* 1.764

FS −14* −6.14* −0.17 6.17* −2.17 −0.58 −3.77* −2.45 −1.89 3.01*

Rg 0.015 0.01 0.19 0.033 0.058 0.07 0.046 0.49 0.33 0.65

SSD 0.0045 0.0028 0.068 0.093 0.148 0.0148 0.015 0.003 0.001 0.005

R2 0.085 0.098 0.115 0.083 0.115 0.25 0.131 0.023 0.04 0.07

F I G U R E  2   Haplotype network based 
on CR data. The vertical lines over the 
connections among the haplotypes 
show the quantity of mutational steps. 
The diameter of each circle represents 
haplotype frequency. The black dots 
indicate lost or not sampled haplotypes. 
For acronyms, please consult Figure 1
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3.1 | Population structure and demographic history

The	AMOVA	with	the	CR	data	revealed	for	the	regional	comparison	
between MRR and FN, a general ΦST = 0.066 (p > .05). The compari-
son between the observed genetic variation in North-eastern and 
South-eastern Brazil resulted in a ΦST = 0.035 (p >	.05).	In	the	pair-
wise comparisons, a significant FST estimation of 0.144 between the 
Indo-Pacific	and	North-eastern	Brazil	(p <	.05)	(Table	2).	In	addition,	
it was observed the ΦST = 0.146 (p < .01) between the clades recov-
ered by the Bayesian inference with the CR data (Figure 4).

The analysis of the Bayesian structure (BAPS) revealed, for the 
regional data, a similar genetic profile among specimens from MRR 
and	FN	for	all	the	markers	(CR,	ITS-2	and	LDHA;	Figure	5).	The	re-
gional comparison between the genetic variation in North-eastern 
(NEBr = MRR+FN) and South-eastern Brazil (SEBr) showed a modi-
fied genetic profile (Figure 5a). The global CR data analysis demon-
strated a value of k = 3 (Figure 5a) and a clear distinction in the 
genetic	profile	between	 the	 Indo-Pacific	population	and	 the	other	
studied areas. Furthermore, it was observed distinct genetic profiles 
between the G. cuvier	populations	from	North	Atlantic	(AtlNO)	and	
South-eastern Brazil (SEBr). But among the Atlantic populations rel-
atively similar genetic repertoires were observed (Figure 5a).

The Bayesian analysis of the Geneland (Figure 6) showed the 
existence of a single (k = 1) G. cuvier population in Pernambuco 
(MRR + FN; Figure 6a) and the occurrence of two populations 
(k = 2) in NEBr and SEBr (Figure 6b). The global analysis (Figure 6c) 
showed the existence of two populations (k = 2), which comprised 
the	genetic	variation	of	the	Indo-Pacific	in	relation	to	the	rest	of	the	
study areas.

The mismatch distribution analyses (Figure 7) showed bimodal 
or multimodal pairwise differences in the majority of the graphs 
(Figure	 7b-g).	 The	 results	 obtained	with	 the	 ITS-2	 data	 presented	
a unimodal distribution (Figure 7h-j). The statistical deviations for 
non-neutral variation obtained through Tajima's D and Fu's FS neu-
trality tests presented in general negative values. The Raggedness 
(Rg) and SSD values were in general low and non-significant. The 
R2	tests	(Ramos-Onsis	and	Rozas,	2002)	presented	also	low	values.	
All the values obtained for each of the markers are summarized in 
Table 1.

The analysis of deviations in the effective population size, per-
formed using the Bayesian Skyline Plot (Figure 8), demonstrated ev-
idence of population fluctuations over time, both regionally (NEBr, 
FN) and globally (Figure 8).

4  | DISCUSSION

4.1 | Genetic diversity, demographic history and 
conservation status

According	to	the	IUCN	data,	G. cuvier is considered as “Near threat-
ened” (Simpfendorfer, 2009). The data obtained from the CR and 
LDHA showed moderate-to-high diversity values. Pelagic sharks 
tended to present in CR similar diversity values, as seen in Prionance 
glauca	(Veríssimo	et	al.,	2017),	Carcharhinus falciformes (Domingues 
et al., 2018) and Sphyrna lewini (Quintanilla et al. 2015). This compari-
son suggests that G. cuvier present similar values to other species. 
Among studied sites, the Archipelago of Fernando de Noronha (FN) 

F I G U R E  4   Bayesian topology of the 
control region data evidencing the two 
lineages. The values above the nodes 
represent the time intervals obtained 
[minimum – maximum values and 
(average)]. The values below the branches 
show the posterior probabilities
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showed the highest diversity values, for both CR and intron LDHA, 
suggesting that the FN population contributed significantly to the 
magnitude of tiger shark genetic variation in the region, reinforcing 
the importance of the region for conservation (Carmo et al., 2019). 
The	data	from	ITS-2	reinforced	this	hypothesis	given	the	high	allele	
diversity observed even being a more conserved genomic region. 
This information allows for the suggestion that the extent of genetic 
variation observed in this study is consistent with the conservation 
status of the species.

The demographic history of species is one of the most important 
pieces of evidence for their conservation, as historic oscillations of 
effective population sizes (Ne) outline the trajectory of persistence 
or	cessation	of	species	over	time	(Frankham	et	al.,	2008).	In	the	re-
gional approach [FN, MRR and NEBr (MRR + FN)], the neutrality tests 
(Fu's FS, R2, SSD and Rg) suggested a demographic pattern possibly 
different from stability, suggesting a slight expansion of the popu-
lation based on the inspected loci. This is further reinforced by the 
analysis of temporal effective population size oscillations (Bayesian 
Skyline Plotting—BSP) and the haplotype and nuclear networks. The 
BSP graphs indicated gradual events of increasing effective popula-
tion	size	in	NEBr,	starting	at	approximately	1,000	years	ago	(1kya).	In	

FN, a subtle expansion was observed around 2000 years ago (2kya), 
and globally, an abrupt phenomenon beginning at also around 1kya 
was	observed.	In	general,	these	evidences	suggest	that	G. cuvier has 
been experiencing population expansion. These increases in Ne ob-
served in this study are not easily detected, since they are recent 
according to our dating parameters (Holocene). However, the use 
of the more variable mitochondrial marker (control region—CR) was 
fundamental in the observation of these signs of population ex-
pansion and reinforces which has been observed in the literature 
(Hewitt et al. 2004; Domingues et al. 2018; Carmo et al., 2019), even 
with different data sets, as were analysed in this study. The observed 
pattern of haplotype and allele networks reinforces this hypothesis 
that both networks demonstrated low variation at high frequencies 
and high variation at low frequencies, typical of a history of pop-
ulation expansion, which has been observed for other species of 
sharks (Domingues et al. 2018; Ramirez-Amaro et al. 2018; Kuguru 
et al., 2019).

Global warming has been greatly studied in recent years, and the 
implications that this could have exercise influence on many taxa have 
been greatly discussed, including changes in distribution, abundance 
and density of species, as well as the phenotypic and physiological 

F I G U R E  3   Haplotype network based 
on nuclear data:(a) lactate dehydrogenase 
intron	A	and	(b)	ITS-2

F I G U R E  5   BAPS (Bayesian Analyses 
of Population Structure): (a) CR, (b) LDHA 
and	(c)	ITS-2.	For	acronyms,	please	consult	
Figure 1

(a)

(c)(b)
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changes	in	organisms	(Hughes,	2000;	Walther	et	al.,	2002;	Hughes	
et al., 2003; Root et al., 2003; Thomas et al., 2004; Parmesan, 2006; 
Mawdsley et al., 2009; Poloczanska et al., 2013; Alcarez-Romero et al. 
2018;	Watson	 et	 al.,	 2018).	Global	 temperature	 increasing	 events	
are indicated during the Holocene (11.300 years until present) in 
tropical zones (Marcott et al., 2013), and their effects can cause sig-
nificantly important oscillations in the demography and in the pop-
ulation genetics of many species including tiger sharks as observed 
herein. These signs of Ne oscillations over time have been demon-
strated	at	several	different	species	(Torres	&	Ribeiro,	2009;	Von	der	
Heyden et al., 2011; der Heyden et al., 2013; Teske et al., 2013; Lima 
et al., 2016; Baggio et al., 2017; Machado et al., 2017). Despite the 
occasional capability on reaching temperatures below 15°C, tiger 
sharks seem to prefer warmer waters. Specimens from Hawaiian 
Arquipelago were monitored and in around 75% of the observations 
occurred above 22°C (Meyer et al. 2018). Thus, the biological and 
ecological features of the tiger sharks such as wide distribution, high 
longevity, high fecundity rate, generalist predator (Randall 1992; 

Lowe et al. 1996; Simpfendorfer, 1992; Shibuya et al. 2005; Pickard 
et al. 2016) and great movement (mainly horizontal and occasional 
vertical) (Afonso et al., 2017; Afonso & Hazin, 2015; Hammerschlag 
et al., 2012; Hazin et al., 2013; Holmes et al., 2014; Lea et al., 2015; 
Vaudo	et	al.,	2014;	Meyer	et	al.	2018),	compared	to	others	sharks	
(Compagno	1984;	Randall	1992;	Whitney	et	al.	2000),	help	the	spe-
cies possibly and occasionally overcome unfavourable conditions.

4.2 | Connectivity: global and regional as a 
validation for translocations as a green strategy

Significant structuring was detected in tiger shark when global 
comparisons were made in relation to Atlantic and Pacific prov-
inces, according to the fixation index of genetic variation (ΦST). 
Importantly,	the	inclusion	of	a	significant	amount	(n = 43) of new 
data from coastal North-eastern Brazil might have favoured this 
evidence. Naylor et al. (2012) proposed the existence of two 

F I G U R E  6   Geneland results: (a1) CR + LDHA and (a2) CR +	ITS-2	for	the	MRRxFN;	CR:	(b)	NE	x	SE	and	(c)	global	data
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allopatric species occurring in the regions. However, molecular 
data rejected this hypothesis and suggested the existence of two 
populations recently separated (<1 million years ago), sharing hap-
lotypes with the Brazilian population (Bernard et al., 2016; Carmo 
et al., 2019; Holmes et al., 2017). The genetic-evolutionary divi-
sion between the Pacific and Atlantic basins has been reported 
for other animals (Craig et al., 2016; Ceballos et al., 2016), in-
cluding sharks (Quattro et al., 2006; Duncan et al. 2006; Castro 
et al., 2007; Dudgeon et al., 2012; Gubili et al., 2010; Sigsgaard 
et al., 2016). The ΦST and the calibrated Bayesian topology ob-
tained here are consistent with previous molecular studies point-
ing	to	the	existence	of	differences	between	the	Indo-Pacific	and	
Atlantic regions. Also, the Bayesian topology obtained in this study 
using the CR data recovered the time of differentiation, reinforc-
ing	the	Isthmus	of	Panama	as	a	consistent	oceanographic	barrier.	
The mismatch data obtained also supported the coexistence of 

different lineages found for the species, indicating a possible sec-
ondary contact between populations. Secondary contact has been 
recently demonstrated for marine species in the tropical Atlantic 
(Jacobina et al., 2020). Such contact between these tiger shark lin-
eages may have been gradually facilitated by a steady increase in 
sea level over the past millennia, as has been previously mentioned 
above for the whole community of marine species.

Geneland reinforced K = 2 populations found by Bernard 
et al. (2016) and Holmes et al. (2017). The Bayesian topology ob-
tained	supported	this	result	and	also	demonstrated	the	Pacific	West	
samples as a third population, given the observed posterior proba-
bility to K = 3. The Bayesian topology, the haplotype networks and 
the BAPS analysis recovered the three genetic lineages (K = 3) for 
G. cuvier.	These	data	indicate	the	isolation	of	IndPac	specimens	but	
with a closer similarity to the SEBr region. This relationship implies 
large connectivity between the areas and also reinforces the ability 

F I G U R E  7   Mismatch distribution results: (a)FN, (b)MRR, (c)FN + MRR and (d) (CR data);(e)FN + MRR, (f)MRR, and (g)FN(Lactate 
dehydrogenase intron A data); (h)FN +	MRR,	(i)MRR,	(j)	FN	(ITS-2	data)
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of horizontal movement by G. cuvier, even throughout the South 
Atlantic, which houses dispersion barriers for many fish such as the 
warm Benguela current (Floeter et al., 2008; Joyeux et al., 2001; 
Rocha, 2003). This hypothesis is further supported by the results of 
the pairwise fixation index (FST) obtained in this study that revealed 
the absence of statistically significant evolutionary and genetic dif-
ferences	between	the	genetic	variation	of	the	IndPac	and	the	SEBr	
and the latter with NEBr, suggesting the South-eastern region of 
Brazil	as	a	route	of	communication	between	the	Indo-Pacific	basin	
with equatorial zones of the South Atlantic.

This study also and importantly revealed the population genetic 
homogeneity of G. cuvier in Pernambuco. The parameters of the 
population genetics, such as fixation indices ΦST, the relationship 
between the observed genetic variants (haplotype/allele networks) 
and the Bayesian population structure tests (BAPS and Geneland), 
revealed that the specimens from FN and those from MRR are genet-
ically very similar, based on all three analysed loci (mitochondrial and 
nuclear). The cohesion found herein between MRR and FN suggests 
high gene flow between these areas, which supports the existence 
of a single panmictic population in the region. This pattern is quite 
different to the previous hypothesis, suggesting the occurrence of a 
barrier between the coast of North-eastern Brazil and FN islands, and 
the lack of specimens sampled in the coast of North-eastern Brazil 

explains that observed original pattern (Carmo et al., 2019). Thus, 
the tiger's shark high mobility (capacity of travel for long distances), 
by the movement of the species northwards (Hazin et al., 2013) 
and by the South Equatorial Under Current (SEUC) which favours 
a route in the direction of FN (Peterson & Stramma, 1991), possi-
bly due to the preference of these animals to warmer temperature 
as	already	 shown	 in	Heithaus	 (2001)	Holmes	et	al.	 (2014)	Wirsing	
et al. (2006) and Meyer et al. (2018) was attested by the high gene 
flow	between	the	areas	observed	herein.	Importantly	and	in	general,	
water temperature has been considered as a driver to some biolog-
ical features in fishes as fecundity (Chen et al. 2020). Specifically, 
the temperature has been closely associated with movements in sev-
eral aquatic species (Andrzejaczek et al., 2019; Kiyofuji et al., 2019; 
Staveley	et	 al.,	2019),	 including	 sharks	 (Lee	et	 al.,	2019;	Veríssimo	
et al., 2017;). Therefore, the combination of this species’ behavioural 
attributes, with the dynamic of currents and with the genetic data 
observed here, suggests high gene flow between FN and MRR, sup-
porting the existence of a single cohesive and panmictic population 
in the region.

Another interesting approach to regional connectivity is the 
comparison between the observed genetic variation in Pernambuco 
(MRR + FN) and in South-eastern Brazil (Bernard et al., 2016). The 
CR data obtained here allow for such a comparison, in which the 
Bayesian Analysis of Population Structure (BAPS) and Geneland 
pointed to the division of the genetic variation of this species be-
tween areas, suggesting two distinct genetic profiles (k = 2). Despite 
the fixation index (ΦST) suggested the absence of structuring be-
tween the regions, both BAPS and Geneland can detect subtle struc-
turings (Corander et al. 2008; Guillot et al. 2011; Cheng et al., 2013; 
Bourgeois et al. 2017). Thereby, such evidences suggest a subtle di-
vision in the genetic variation between Pernambuco (MRR + FN) and 
South-eastern Brazil. This hypothesis reinforced partially the origi-
nal	idea	of	a	barrier	occurring	between	FN	Islands	and	South-eastern	
Brazil	(Carmo	et	al.,	2019).	On	the	other	hand,	the	results	obtained	

F I G U R E  8   BSP results (Bayesian 
Skyline Plots) with CR data (mutation rate 
of 0.55% of divergence between lineages 
per million years): (a)MRR + FN, (b) MRR, 
(c) FN and (d) global. The logarithmic “y” 
axis represents the population size in 
function of the effective population size 
(Ne) and the “x” axis divergence time (Myr)

TA B L E  2  Pairwise	AMOVA	(FST) against the CR data for 
Galeocerdo cuvier. NEBr = North-eastern Brazil; SEBr = South-
eastern	Brazil;	AtlNO	=	North	Atlantic;	IndPac	=	Indo-Pacific	
(**p < 1%; ns = non-significant).

NEBr SEBr AtlNO IndPac

NEBr -

SEBr 0.035ns -

AtlNO 0.036ns 0 -

IndPac 0.144** 0.041ns 0.024ns -
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here also modified the map of the distribution of genetic variation of 
tiger sharks along the South-western Atlantic by suggesting a prob-
able population division between North-eastern and South-eastern 
coasts of Brazil.

In	conclusion,	using	the	overall	set	of	findings	and	hypotheses	
found in this study it is possible to reinforce that Galeocerdo cu-
vier is regionally and globally resilient based on the moderate to 
eventually	high	levels	of	genetic	diversity.	This	fits	well	with	IUCN	
status of this species. The regional connectivity patterns suggest 
a lack of structuring between MRR and FN using the multiloci 
approach, which sustains a single cohesive population between 
the areas. Furthermore, it is possible to apply this information to 
the increment of mitigation for attacks on humans in the MRR. 
The strategy used by the State Committee of the Monitoring of 
Incidents	with	Sharks	(CEMIT)	in	the	state	of	Pernambuco	to	miti-
gate the attacks has been the translocation of live individuals of G. 
cuvier from beach regions (MRR; risk area) to those located further 

from the coast (Hazin & Affonso 2014). The monitoring of G. cuvier 
in the region has suggested a movement route of the species in 
a south–north direction (Hazin et al., 2013). The issue with this 
method was due to the lack of scientific validation of this strategy, 
as this could favour contact between historically disjunct popu-
lations. The mixing of evolutionary isolated populations is con-
sidered to be one of the worst methods in preserving biological 
diversity (Candall et al. 2000; Moritz, 2002). However, the evo-
lutionary and genetic findings obtained herein indicate that the 
translocation strategy does not cause anthropogenic changes, as it 
favours the maintenance of a historically consolidated population. 
Therefore, the present genetic analyses validated the transloca-
tion of individuals as a green strategy to minimize contacts among 
sharks and humans in recreation areas. Finally, the data presented 
here suggest that similar procedures could be adopted in another 
areas worldwide where interactions among sharks and humans are 
very common.

F I G U R E  9   Pattern of the annual positioning of the Brazil Current (BC; in white) and of the South Equatorial Current axis (SEC) off the 
coast of Brazil. The arrows indicate the flow of currents: BD in a southward direction and SEC in a northward direction from the latitude 
12oS.	In	(a),	(b),	(c)	and	(d),	January,	February	and	March;	April,	May	and	June,	July	August	and	September;	and	October,	November	and	
December, respectively. The gradient bar below indicates colder temperatures (blue) and hotter temperatures (orange). Taken from Bischof 
et al. (2004) (http://ocean curre nts.rsmas.miami.edu/atlan tic/brazil.html.)

(a) (b)

(c) (d)
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