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for genetic diversity, phylogenetic relationships and divergence time. A Bayes factor
approach was used to assess two scenarios of GWS lineage divergence and emer-
gence of the Mediterranean GWS line using fossil records and palaeo-geographical
events for calibration of the molecular clock.

Results: Theresults confirmeda closer evolutionary relationship between Mediterranean
GWS and populations from Australia-New Zealand and the North-eastern Pacific
coast rather than populations from South African and North-western Atlantic. The
Mediterranean GWS lineage showed the lowest genetic diversity at the global level,
indicating its recent evolutionary origin. An evaluation of various divergence scenarios
determined the Mediterranean GWS lineage most likely appeared some 3.23 million
years ago by way dispersal/vicariance from Australian/Pacific palaeo-populations.
Main conclusion: Based on the fossil records, phylogeographic patterns and diver-
gence time, we revealed that the Mediterranean GWS population originated in the
Pliocene following the Messinian Salinity Crisis. Colonization of the Mediterranean by
GWS likely occurred via an eastward palaeo-migration of Australian/eastern Pacific
elements through the Central American Seaway, before the complete closure of the
Isthmus of Panama. This Pliocene origin scenario contrasts with a previously pro-
posed scenario in which Australian GWS colonized the Mediterranean via antipo-

dean northward migration resulting from navigational errors from South Africa during

KEYWORDS

phylogeography

1 | BACKGROUND

Large predatory shark populations in the Mediterranean Sea have
declined dramatically over the last century (Ferretti, Myers, Serena,
& Lotze, 2008). The loss of apex predators throughout the world's
oceans over the past century is likely to have caused profound
ecological alterations and potentially large-scale trophic cascades
(Ferretti, Worm, Britten, Heithaus, & Lotze, 2010; Myers, Baum,
Shepherd, Powers, & Peterson, 2007). Among the species that
witnessed the most precipitous declines is the Great White Shark
(Carcharodon carcharias, L. 1758, henceforth GWS; McPherson &
Myers, 2009), which is currently listed as Critically Endangered in
European seas (Nieto et al., 2015). GWS are widespread throughout
the globe, aside from the polar regions, with hotspots of abundance
located off the coasts of South Africa, Australia, New Zealand, Japan,
North and South America, and in the Mediterranean (Compagno,
1984; Fergusson, 1996). Integrated ecological, genetic and tagging
data have revealed natal homing and philopatric behaviour of GWS,
with extraordinary transoceanic migrations of both sexes between
geographically distant populations in the Indian (Blower, Pandolfi,
Bruce, Gomez-Cabrera, & Ovenden, 2012; Bonfil et al., 2005; Pardini
et al.,, 2001) and North Pacific Ocean (Domeier & Nasby-Lucas,

Quaternary climatic oscillations.

Carcharodon carcharias, divergence time, Great White Shark, historical DNA, Mediterranean,

2008; Jorgensen et al.,, 2010, 2012). In the Mediterranean, GWS
have long been observed and documented by the public, resource
users and scientists, who have provided opportunistic occurrence
records, from direct sightings, commercial fisheries, records of bite
marks found on prey and museum specimens dating back to the
early 19th century (De Maddalena, 2006; Mancusi et al., 2002;
Sperone et al., 2012). In the past, free-swimming individuals and
pairs were frequently observed in areas where large pelagic fisheries
were intense (e.g. the Sicilian Channel, the Ligurian and Tyrrhenian
seas; Fergusson, 1996; Storai, Vanni, Zuffa, & Biagi, 2005). A few
records of GWS pups from Turkey and Tunisia, as well as juveniles
in the Sicilian Channel, suggest that the Mediterranean may host
GWS nursery areas (Fergusson, 1996; Kabasakal & Gedikoglu, 2008;
Storai, Mojetta, Zuffa, & Giulian, 2000). However, the natural history
of Mediterranean GWS still remains largely uncharacterized.

Efforts have been made in the past to resolve the phylogenetic
relationships of the Mediterranean GWS population using mitochon-
drial DNA (mtDNA) sequences (Gubili et al., 2010, 2015). Using up
to five specimens from the Mediterranean, Gubili et al. (2010, 2015)
concluded that the population is more closely related to populations in
the Pacific Ocean (Australia, New Zealand and North-eastern Pacific)

than to those from the western Indian Ocean (South Africa) and
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north-western Atlantic Ocean (Florida). Based on a nucleotide substi-
tution rate between the two major lineages (North-eastern Pacific vs.
North-West Atlantic and Eastern Indian) calibrated by the formation of
the Isthmus of Panama (3.5 Ma) and the Sunda-Sahul Shelves (5 Ma),
respectively, Gubili et al. (2010) suggested that Mediterranean GWS
are descendants of a few disoriented individuals who immigrated from
Australia/New Zealand during the Pleistocene (348-565 ka) by an an-
tipodean route along the western coast of Africa. A scenario of multi-
ple relatively recent colonization events was also considered, based on
the haplotype relationships that were generated using a few historical
and contemporary Mediterranean specimens (Gubili et al., 2015).

Collection of fresh GWS specimens in the Mediterranean has
proven to be difficult in recent decades, due to their precipitous de-
cline in abundance. However, there is a great number of referenced
and dry-preserved GWS specimens in several Italian museums and
private scientific archives, such as mounted skins, jaws, vertebrae
and teeth collected from the Mediterranean during the last two
centuries (De Maddalena, 2006; Mancusi et al., 2002). Recently
developed ancient DNA (aDNA) techniques present a great op-
portunity for reconstructing the natural history of marine species
using preserved historical materials (Hofreiter, Serre, Poinar, Kuch,
& Paibo, 2001; Riccioni et al., 2010). Unfortunately, most histori-
cal GWS specimens have been archived in sub-optimal conditions,
thereby compromising their potential for DNA-based applications.
Moreover, many collectors are reluctant to loan specimens for mo-
lecular study, due to their intrinsic, sentimental and market value.

By analysing DNA extracted from preserved specimens of GWS
caught during the last 195 years, from eight Italian museums and
private collections, we have been able to explore the evolutionary
history of the Mediterranean GWS. Using effective and affordable
aDNA techniques widely used to extract and genotype DNA from
historical specimens of marine fish, we have generated a publicly
available mtDNA sequence dataset from 18 Mediterranean GWS
individuals.

2 | MATERIALS AND METHODS

Full details of the collected historical GWS specimens, sampling pro-
cedures, protocols for aDNA extraction, PCR amplification of con-
trol region (CR), sequencing and sequence analyses are provided in
the Supporting Information (Supplementary Methods in Appendix
S1; Figures S1-S3 in Appendix S2; Tables $1-S3 in Appendix S3).

2.1 | Analysis of fossil evidence

The extensive catalogue of taxon-specific GWS fossils featured in
the online and open access Paleobiology Database (https://paleo
biodb.org/#/), and its associated R package ‘paleobioDB’ (Varela et
al., 2015), was used to create a distribution and stratigraphic map of
global GWS fossils. The downloaded database was filtered manu-

ally to avoid the use of homonym extinct taxa and dubious records.
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Only reliable records specifically classified as C. carcharias and rela-
tive synonyms were retained (Table S4 in Appendix S3). A detailed
search of the literature with a focus on C. carcharias fossils from the
Mediterranean Sea was carried out to retain reliable fossil records
and exclude potential misidentification of fossil specimens (Table
S5 in Appendix S3; Adnet, Balbino, Antunes, & Marin-Ferrer, 2009;
Applegate & Espinosa-Arrubarrena, 1996; Bianucci et al., 2002;
Cigala-Fulgosi, 1990; Gottfried & Fordyce, 2001; Marsili, 2006;
Marsili, 2008). The fossil records from the paleobioDB database
were checked for correctness using the references and fossil collec-
tions associated with the paleobioDB codes (Table S4 in Appendix
S3). Records without descriptions of the fossil or without pictures,
especially those from old references, as well as records with misi-
dentified fossils (e.g. Isurus spp. or Carcharodon spp. identified as C.

carcharias), were removed.

2.2 | Time of the Most Recent Common
Ancestor and estimation of evolutionary rate

The divergence time analysis of the GWS lineages was carried
out using Bayesian inference through Markov Chain Monte Carlo
(MCMC) sampling as implemented in BEAST v1.10.0 (Suchard et
al.,, 2018). An initial analysis using calibration priors without se-
quence data was carried out to determine if calibration priors
interacted unexpectedly and to assess if the data were informa-
tive (Fulton & Strobeck, 2010). A relaxed molecular clock and a
constant population size coalescent model were used to recover
time-stamped phylogenies in BEAST. To ensure convergence of
the posterior distributions, three independent MCMC analyses
were run (20 million steps, sampled every 1k generations, burn-in
50%). Convergence and effective sample sizes (ESS) were verified
using Tracer v.1.7.0 (Rambaut, Drummond, Xie, Baele, & Suchard,
2018). A Maximum Clade Credibility (MCC) tree was summarized
using TReeANNOTATOR V.1.10.0 and visualized in FicTree v.1.4.3
(Rambaut, 2009). As the molecular clock is sensitive to bias when a
short fragment with fewer polymorphisms is used, the Time of the
Most Recent Common Ancestor (TMRCA) analyses were carried
out using the two CR sequence datasets of different length (516
and 828 bp), as previously used in the haplotype network analysis
(Supplementary Methods in Appendix S1). The divergence time of
the GWS lineages was estimated using two alternative combina-
tions of calibration priors in BEAST v1.10.0 (Suchard et al., 2018).
The alternative combinations of calibration priors were built by
integrating the estimated age of the earliest GWS fossil records
(Applegate & Espinosa-Arrubarrena, 1996) (Mean: 11.0 Ma; SD:
1.0) with two different secondary calibrations: (a) the best dated
fossil record of GWS in the Mediterranean Sea, dated back to
the Pliocene (Cigala-Fulgosi, 1990; Bianucci et al., 2002; Mean:
3.0 Ma; SD: 0.30 Ma), and (b) the molecular divergence previously
estimated by Gubili et al. (2010; Mean: 0.4 Ma; SD: 0.15). Both
combinations of calibration priors were implemented as normally

distributed. Rather than using debated fossil records from the
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middle Miocene epoch (Gottfried & Fordyce, 2001), we used the
divergence time between the GWS and the outgroup Lamna nasus
(GenBank acc. no. GU266755-GU266769) as an alternative first
calibration. The divergence time of these two lineages has been
estimated at around 46 Ma (Martin, 1996) (Mean: 46.0 Ma; SD:
1.0).

2.3 | Marginal likelihood estimation and testing
divergence time hypotheses

After setting the first calibration for the earliest fossil attributed
to the GWS, the two alternative secondary calibrations could be
compared by estimating log marginal likelihoods using generalized
stepping-stone (GSS) sampling, as implemented in BEAUti v1.10.0
and BEAST v1.10.0 (Baele, Lemey, & Suchard, 2015; Suchard et
al., 2018). The log marginal likelihood values for the two different
scenarios were first estimated using GSS sampling (100 stepping
stones, 1 million iterations, logging every 1,000 iterations). A total
of 101 power posteriors, with one million iterations each, were sam-
pled using MCMC for the GSS approach. To select the alternative
calibrations that fits best with the principal timing information fixed
for both scenarios, the log Bayes factor was calculated for both sce-
narios using the formula logBF = logPr (D|M1) - logPr (D|M2), where
logPr (D|M1) is the log marginal likelihood for model 1 and logPr
(D|M2) is the log marginal likelihood for model 2. This analysis was
performed on both sequence datasets (i.e. 516 and 828 bp).

2.4 | Reconstructing the historical biogeography

Two approaches were implemented to reconstruct the historical
biogeography of species: the statistical dispersal-vicariance analysis
(S-DIVA; Yu, Harris, & He, 2010), which is a parsimony method of
historical biogeography, and dispersal-extinction-cladogenesis anal-
ysis (DEC; Ree & Smith, 2008). An MCC estimated by using BEAST
and TreeAnnotator on just haplotype sequences, and the specimen
distribution through all biogeographical areas (A: Australia/New
Zealand, AUS; B: North-eastern Pacific, NEP; C: Mediterranean,
MED; D: South Africa, SA; E: North-western Atlantic, NWA) was
used to perform the S-DIVA and DEC analyses implemented in RASP
v. 4.0 (Yu, Harris, Blair, & He, 2015).

3 | RESULTS

Partial CR sequences (515 bp) from 18 GWS historical speci-
mens were obtained and deposited in GenBank (acc. no.
MN718579-MN718596).

The multiple sequence alignment containing sequences from
all 18 historical samples and four Mediterranean homologous mod-
ern sequences deposited in GenBank (HQ540294-HQ540296;
JF715925; Table S3 in Appendix S3) showed an extremely
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FIGURE 1 Plot of the haplotype and nucleotide diversity
values (expressed as percentage values) of global populations

of Carcharadon charcarias inferred using sequences from the
mitochondrial control region AUS, Australia/New Zealand; MED,
Mediterranean (516 bp; n = 22); NEP, Northeastern Pacific; NWA,
Northwestern Atlantic; SA, South-Africa. Asterisk indicates values
reported by Andreotti et al. 2016 for the South African population

low nucleotide diversity among the CR fragment (<0.1%), with
only one variable site at position 244, in which the specimen
FICCO2LI (See Table S1 in Appendix S3), with GenBank acc. no.
MN718587, showed a transition (A > G). A final alignment con-
taining Mediterranean sequences merged with the homologous
sequences from the other global populations (N = 99) resulted in
a final dataset of 117 CR sequences of 516 bp in which an indel at
position 60 was revealed.

The global ML haplotype network revealed 31 haplotypes
(Figure S4 in Appendix S2) that were clustered in two main hap-
logroups differentiated by 28 mutations. As expected, based on
the existing literature, the first haplogroup was formed by the in-
dividuals from the MED and the Pacific Ocean (AUS and NEP) and
the second was composed of GWS from SA and the NWA. Three
haplotypes of GWS collected in AUS (HQ414073, HQ414074 and
AY026211; Table S3 in Appendix S3) clustered in the latter hap-
logroup and these individuals are SA-like individuals that likely mi-
grated across the Indian Ocean (Blower et al., 2012; Pardini et al.,
2001). The ML haplotype network built with 99 GWS sequences of
828 bp revealed 68 haplotypes and a similar topology (Figure S4 in
Appendix S2) to the one reconstructed using the shorter sequence
dataset, with two main haplogroups (AUS-NEP-MED vs. SA-NWA).

The cross-plot for the haplotype and nucleotide diversity of
the Mediterranean and global populations revealed that the MED
and AUS populations have the lowest and highest values for both
indices respectively (Figure 1; Table Sé in Appendix S3). The NEP
and NWA populations showed high haplotype diversity and low
nucleotide diversity. The SA population exhibited quite oppo-
site positions in the plot, depending on the reference study used
(Pardini et al. (2001) and O'Leary et al. (2015) both offered high
values for both indices and Andreotti et al. (2016) provided low

values).
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No polymorphisms were detected among the four complete
contemporary CR sequences isolated from Mediterranean GWS,
demonstrating a low haplotype diversity among longer sequences
as well, while the genetic diversity (e.g. nucleotide) is proportional to

the length of the sequences.

3.1 | Marginal likelihood estimation and test for
divergence time hypotheses

The application of the log Bayes factor formula gave significant
support to the Pliocene calibration scenario in every model tested
(Table 1). Based on the 828 bp dataset, the GWS Mediterranean
population diverged from the Pacific populations approximately
3.23 Ma, a time that is congruent with the estimated closure of the
Central American Seaway, CAS (about 3.5 Ma), after the forma-
tion of the Isthmus of Panama (O'Dea et al., 2016). Considering the
“Pleistocene divergence” scenario, we obtained a slight mismatch
between the posterior distribution generated from the data and pos-
terior distribution generated from specified calibration using priors
only. This may suggest that a second Pleistocene calibration could be
conflicting with the data and that a “Pliocene divergence” scenario

is preferable.

3.2 | TMRCA and estimation of evolutionary rate

The analysis of fossil evidence suggested that GWS experienced a
long evolutionary history (Tables S4 and S5 in Appendix S3). The
occurrence of GWS fossils in the Mediterranean area is high in the
Pliocene, after the Messinian Salinity Crisis (MSC).

The CR relaxed substitution rate range inferred from the TMRCA
analysis was estimated at 0.38%-0.72% substitutions/site/Myr for
the best model following the Bayes factor. Based on these estimates,
the coalescence of the Mediterranean and Pacific GWS lineages was
dated at 3.23 Ma for the alignment containing 828 bp (Figure 2) and
1.81 Ma for the alignment of 516 bp (Figure S5 in Appendix S2).

3.3 | Historical biogeography reconstruction

The analysis of the ancestral ranges of GWS, using both S-DIVA
and DEC approaches, suggested that the Mediterranean popula-
tion is potentially the result of a dispersal-vicariance scenario. The
biogeographical reconstruction of the Mediterranean lineage esti-
mated using S-DIVA resulted in two principal ancestral ranges, AC
(AUS-MED) and ABC (AUS-NEP-MED), with probabilities (relative
frequencies) for each range of 52.44% and 46.69% respectively. Two
minor ancestral ranges were detected with very low probability:
AB (AUS-NEP) and BC (NEP-MED), with probabilities of 0.52% and
0.35% respectively. The DEC analysis resulted in concordant results
with two ancestral ranges, AC (AUS-MED); BC (NEP-MED), with
probabilities of 50.01% and 49.99%, respectively, supporting that
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the origin of the Mediterranean population is likely Australia and the
North-Eastern Pacific. Both approaches suggest the following route
of dispersal-vicariance: AC > CAB > C|AB. For both S-DIVA and DEC
analyses, Australian and North-Eastern Pacific lineages originated
from a Pacific ancestral range AB (AUS-NEP) with a probability of
100%.

4 | DISCUSSION

Our phylogenetic analysis of contemporary and historical sequences
indicates that the existing population of GWS in the Mediterranean
Sea could be a relic of the Pacific GWS clade. This scenario would sug-
gest that Pacific-born ancestors migrated eastward across the ocean,
before the closure of the CAS. Following this, these itinerant migrants
would have colonized the North Atlantic Ocean before entering the
Mediterranean Sea after the MSC. They would have entered the
Mediterranean during a period of ecological upheaval, following the
MSC which caused the extinction of the local marine megafauna due
to the total or partial drying up of the nearly landlocked sea (Garcia-
Castellanos et al., 2009). This evolutionary pathway (Figure 3) is
supported by Bayesian analyses of genetic diversity and divergence
time estimates and it is coherent with the age of the main palaeo-
geographical events, palaeo-climatic patterns and fossil records. This
pathway represents an alternative to the antipodean dispersal hy-
pothesis (Gubili et al., 2010) which suggested that a few Australian/
New Zealand founder females that visited the Good Hope Cape area
became confused by Pleistocene climatic oscillations, swam north-
ward and found themselves in the Mediterranean Sea.

Our phylogenetic analysis of the CR sequences as well as the
plot analysis of haplotype confirmed that the Mediterranean GWS
have a closer evolutionary relationship with the Australian/New
Zealand and North-eastern Pacific lineages than with the South
African and North-western Atlantic lineage. These results are in
agreement with previous studies (Andreotti et al., 2016; Blower et
al., 2012; Gubili et al., 2010). The Mediterranean GWS exhibited
a very shallow mtDNA genetic variation with only two haplotypes
and extremely low genetic diversity. Among the modern samples
collected from throughout the world that have been analysed to
date, the Mediterranean GWS have provided the lowest estimates
of genetic diversity. This is likely an indication that the popu-
lation is relatively young and has likely originated by a founder
event by a limited number of mtDNA lineages or that the popula-
tion has experienced a recent population bottleneck (Group 1 of
Grant & Bowen, 1998; Grant & Waples, 2000). Within the Pacific/
Mediterranean mitochondrial clade, the Australian/New Zealand
GWS population was identified as the most ancestral with a long
evolutionary/demographic history and divergent haplotypes that
have accumulated over long periods of time (as indicated by the
high haplotype and nucleotide diversity values; Group 3 of Grant
& Bowen, 1998; Grant & Waples, 2000). An intermediate evolu-
tionary position in the clade could be that of the North-eastern

Pacific GWS population which possesses high haplotype diversity
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TABLE 1 Best model selection based on Bayes factors of tree topologies reconstructed with the earliest fossil occurrences using 828 and

516 bp mitochondrial control region sequences

Model Dataset Nodel
MED Pliocene divergence 828 bp Ingroup
Mean: 11 Ma, SD:
1.0 Ma
MED Pleistocene 828 bp Ingroup;
divergence
Mean: 11 Ma, SD:
1.0 Ma
MED Pliocene divergence 516 bp Ingroup;
Offset: 11 Ma, SD:
1.0 Ma
MED Pleistocene 516 bp Ingroup;

divergence

Offset: 11 Ma, SD:
1.0 Ma

Node2 logML_GSS logBF_GSS

MED/Pacific

Mean: 3.0 Ma, SD: -2455.2796 0 (Best)
0.30 Ma

MED/Pacific

Mean: 0.4Ma, SD: 0.15 Ma -2458.1264 2.8468

MED/Pacific

Mean: 3.0 Ma, SD: -1440.6171 0 (Best)
0.30 Ma

MED/Pacific

Mean: 0.4 Ma, SD: 0.15 Ma  -1443.0069 2.3898

Note: Node constraints and calibration parameters on the phylogeographical tree of Carcharodon carcharias for the two divergence models are also
provided. logML_GSS: log marginal likelihood from generalized stepping stone model, BF_GSS: Bayes factors calculated using the logML_GSS. Models

are ranked according to the logML values.

11.13

SA/NWA

MED

NODE AGE
POSTERIOR

NEP

AUS

FIGURE 2 Bayesian divergence time tree of populations of Carcharadon charcarias inferred using sequences from the mitochondrial
control region (828 bp). High posterior density (95%) values are featured as blue bars. Nodes with posterior values <0.5 are not shown.

Abbreviations are provided in Figure 1

and low nucleotide diversity. This pattern is indicative of a popu-
lation that has experienced a bottleneck event followed by rapid
demographic growth and accumulation of mutations (Group 2
of Grant & Bowen, 1998; Grant & Waples, 2000). Both S-DIVA
and DEC analyses suggest that the Mediterranean GWS origi-
nated from a dispersal-vicariance event via eastward dispersal
from a few Australian/Pacific individuals during the Pliocene. The
founder event that gave origin to the modern Mediterranean GWS
was dated by the TMRCA analysis, with high statistical support,
to 3.23 Ma, during the Piacenzian Age (3.6-2.58 Ma). This is much

earlier than the estimate provided by the antipodean dispersal hy-
pothesis (348-565 ka; Calabrian, Pleistocene), which is based on a
mtDNA substitution rate of 1.19%-0.74% of divergence between
lineages per million year (Gubili et al., 2010). These rates of evo-
lutionary change were calibrated by Gubili et al. (2010) using esti-
mates of vicariance events that separated GWS populations from
the North-eastern Pacific and North-western Atlantic oceans (i.e.
the rising of the Isthmus of Panama dated at 3.5 Ma; O'Dea et
al., 2016) and the Western Pacific and Indian oceans (i.e. the ris-
ing of the Sunda-Sahul shelves dated at 5 Ma; Haqg, Hardenbol,
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FIGURE 3 Global dispersal and Pacific/Mediterranean vicariance hypothesis for Carcharadon charcarias. Ancient great white sharks from
the Pacific Ocean, namely Australia, dispersed via two routes: westward to South African coasts (1, light grey dotted line) and eastward

to the Northeastern Pacific Ocean (2, black dotted line). The Pacific Great White Sharks were free to move eastward to the Atlantic, and

in the Pliocene to an ancient Mediterranean Sea after the Messinian Salinity Crisis (3-4). Past climatic oscillation due to the closure of the
Central America Seaway and the formation of the Isthmus of Panama, could have caused a local extinction or an eastward mass migration
of white shark from the North Atlantic Ocean, isolating the Mediterranean population from other ancestral populations. The North Atlantic
was colonized, then, in relatively recent history, when the climate conditions became more suitable (5). Fossil records extrapolated from

the Paleobiology Database are indicated with colored points (red: Miocene, blue: Pliocene, green: Pleistocene). The map was created using
‘paleobioDB’ package in R version 3.5.1 (Varela et al., 2015). Abbreviations are provided in Figure 1

& Vail, 1987). However, all phylogenetic analyses carried out so
far (Andreotti et al., 2016; Gubili et al., 2010; present work) have
revealed that the North-western Atlantic GWS are phylogeneti-
cally linked to the South African population but not to the North-
eastern Pacific GWS. Therefore, the use of the vicariance event
separating Atlantic and Pacific GWS might have led to an over-
estimation of the mutation rate and the subsequent time of di-
vergence between Mediterranean and Pacific GWS at 348-565 ka
during the Pleistocene.

The origination time of the species is still debated (see dedi-
cated paragraph in Gottfried & Fordyce, 2001). Despite the fossil
records from the Miocene are less common, this should not exclude
a Miocene origin of the species. Moreover, the molecular clock anal-
ysis suggested a divergence between Carcharodon and Isurus dated
back to 43 Ma (Martin, 1996), in contrast with a Pliocene origin of
the C. carcharias from . hastalis. However, a more dedicated study
on the fossil history is needed to better clarify the origination time
of the species.

Abundant fossil data suggest that GWS have inhabited the
Mediterranean Sea since the early Pliocene, following the MSC,
with numerous specimens estimated to be between ~5 and ~2 Ma
old, with peaks of abundance occurring during the Pliocene
(Adnet et al., 2009; Bianucci et al., 2002; Cigala-Fulgosi, 1990;
Marsili, 2008). After these palaeoclimatic phases, GWS could

have colonized the Mediterranean Sea occupying the ecological
niches left empty by other apex marine predators, such as the
giant megatooth shark Carcharocles megalodon, which went ex-
tinct between 3.5 and 2.6 Ma (Pimiento & Clements, 2014). Fossil
evidence from Central America suggests that many species of
sharks and marine mammals that were part of the region's fau-
nal assemblage may have migrated across the CAS continuously
before the formation of the Isthmus of Panama (Pimiento et al.,
2013; Steeman et al., 2009; Velez-Juarbe, Wood, De Gracia, &
Hendy, 2015). Upon the closure of the CAS, the newly formed Gulf
Stream current could have facilitated a trans-Atlantic migration by
way of the easterly current and subsequent eastward dispersion
of nutrients and, consequently, food resources. There is evidence
that intense fluctuations in the speed of the Gulf Stream occurred
during the formation of the Isthmus of Panama, reaching a height
during the late Miocene and early Pliocene (~6.1-4.8 Ma; Kaneps,
1979). The intensification of currents coincides with the end of the
MSC (5.33 Ma), which culminated with the Zanclean inflow in the
Mediterranean Sea (Garcia-Castellanos et al., 2009). All of these
oceanographic phenomena are concordant with our estimated di-
vergence of the Mediterranean GWS population.

A potential earlier formation of the Isthmus of Panama (Bacon
et al., 2015; Lessios, 2015; Montes et al., 2015; O'Dea et al., 2016)

would not affect our results, as it is plausible that the Pacific lineage
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that gave rise to the MED population may already have been pres-
ent in the North Atlantic before the closure of the CAS. Moreover,
some researchers have suggested that the Caribbean Sea and Pacific
Ocean may have remained intermittently connected by shallow wa-
ters other than the CAS (Jaramillo et al., 2017). The global phyloge-
ography of contemporary GWS populations reveals a discontinuous
distribution of the Pacific/Mediterranean GWS evolutionary lineage
in the North Atlantic being interrupted by the recent colonization of
the North-western Atlantic area by the Indian lineage. The phyloge-
netic analyses highlighted that the GWS of North-western Atlantic
population does not exhibit a separated mtDNA cluster like the
Pacific and Mediterranean populations, and it form a unique lineage
with the South Africa (Figure S4 in Appendix S2). This evidence is
suggestive of a recent evolutionary history or a population bottle-
neck followed by population growth and accumulation of mutations.

A local extinction of the past Pacific GWS lineage in the North
Atlantic Ocean and further replacement by components of the
Indian lineage could explain such a phylogeographic discontinuity.
An extensive analysis of the fossil records highlighted an excep-
tional extinction rate of the marine fauna, including sharks, during
the Pliocene epoch (Pimiento et al., 2017). Furthermore, the high-
est extinction rates occurred in the late Pliocene, between 3.8 and
2.4 Ma, which coincides with the Mediterranean population diver-
gence time, and may have led to the local extinction of the ancient
Atlantic population of GWS.

Additional genetic and tagging studies are required to deter-
mine if the Mediterranean GWS are ecologically and reproduc-
tively isolated from the adjacent populations occupying the North
Atlantic Ocean. This issue is of high priority for the development
of efficient conservation actions and implementation of manage-
ment strategies. Despite this knowledge gap, some information can
be gleaned from the other populations in the Atlantic, as well as
other species. For example, several other epipelagic sharks migrate
throughout the temperate waters of the Atlantic and several are
suspected of having nursery areas in the mid-Atlantic Ridge (Kohler,
Turner, Hoey, Natanson, & Briggs, 2002; O'Leary et al., 2015;
Stevens, 2010; Vandeperre et al., 2014). Elsewhere, in the Indian
Ocean, GWS have been observed migrating between Australia and
South Africa, whereas in the Pacific, GWS frequently migrate be-
tween the western coast of North America and Hawaii (Blower et
al., 2012; Bonfil et al., 2005; Jorgensen et al., 2010, 2012). Clearly,
the species is not averse to far reaching longitudinal movements.
However, antipodean connections appear less frequently and evi-
dence for them is limited to variations in the genetic code (O'Leary
et al., 2015). The latitudinal distribution of GWS could be limited by
thermal tolerance, prey availability, social structure and fidelity to
nursery areas (Cliff, Dudley, & Davis, 1989; Curtis et al., 2014).

Our results suggest that the Mediterranean GWS have a more
ancient origin than previously thought, and that this population is
genetically disconnected from the adjacent Atlantic population. Due
to historical and widespread declines in sharks in the Mediterranean
Sea(Colloca et al., 2013; Ferretti et al., 2008; Ferretti, Osio, Jenkins,

Rosenberg, & Lotze, 2013) as well as the ongoing over-exploitation

of marine resources in the region, the current white shark popula-
tion is critically endangered (Dulvy, Allen, Ralph, & Walls, 2016).
This distinct genetic pool represents a valuable, albeit extremely
vulnerable, component of the genetic diversity of a species that is
endangered worldwide. Losing the Mediterranean GWS population
would thus represent a significant blow to the global conservation
of this species. Continued characterization of this population's ecol-
ogy, spatial dynamics and population structure is paramount for
effective management and restoration of this important top preda-

tor's ecological role in the region.
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