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Abstract We examine the structure and phylogeography

of the pig-eye shark (Carcharhinus amboinensis) common

in shallow coastal environments in northern Australia using

two types of genetic markers, two mitochondrial (control

region and NADH hydrogenase 4) and two nuclear

(microsatellite and Rag 1) DNA. Two populations were

defined within northern Australia on the basis of mito-

chondrial DNA evidence, but this result was not supported

by nuclear microsatellite or Rag 1 markers. One possibility

for this structure might be sex-specific behaviours such as

female philopatry, although we argue it is doubtful that

sufficient time has elapsed for any potential signatures

from this behaviour to be expressed in nuclear markers. It

is more likely that the observed pattern represents ancient

populations repeatedly isolated and connected during epi-

sodic sea level changes during the Pleistocene epoch, until

current day with restricted contemporary gene flow main-

taining population genetic structure. Our results show the

need for an understanding of both the history and ecology

of a species in order to interpret patterns in genetic

structure.
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Introduction

Genetic diversity is fundamental to species persistence and

hence effective species management. An understanding of

the origin and maintenance of patterns of genetic diversity

requires knowledge of both the ecology (mating systems

etc.) and history of a species across geological time. The

combination of this information offers managers the ability

to predict how genetic diversity may alter in the future, a
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capacity that is particularly valuable in a world facing the

possibility of large-scale changes in climate and structure

of ecosystems.

The coastal habitats of the Indo-Australian archipelago

harbour a very diverse range of elasmobranchs that

includes many endemics (White et al. 2006; Last and

Stevens 2009). This diversity is thought to reflect the

geological history of the region with large changes in sea

levels during Pleistocene ice ages significantly altering

inshore habitats, (Williams et al. 2009) repeatedly frac-

turing then reconnecting populations. This process of

geological change has been particularly severe for species

inhabiting the shallow coastal shelves of northern Austra-

lia. For almost 90% of the last 150,000 years, the Torres

Strait has been closed due to the formation of a land-bridge

between Cape York and Papua New Guinea; isolating

eastern populations from north-west Australia (Voris

2000). The Gulf of Carpentaria was periodically isolated as

one or more freshwater lakes and swamps. Furthermore,

sea surface temperatures were up to 4�C cooler due to

changes in the intensity and dynamics of the Indonesian

Throughflow Current; the major current system in the

region (Kuhnt et al. 2004; Williams et al. 2009).

In addition to events occurring in geological time, eco-

logical processes also serve to structure populations.

Complex patterns of habitat use are a good example of such

phenomena, with differential patterns of male migration

and female site fidelity or philopatry restricting gene flow

in species such as white (Carcharodon carcharias, Pardini

et al. 2001), blacktip (Carcharhinus limbatus, Keeney et al.

2005), bull (C. leucas, Tillett et al. In review) and lemon

sharks (Negaprion brevirostris, Feildheim et al. 2002).

Other behaviours such as the distance travelled to find a

mate (isolation by distance) can also restrict gene-flow.

Carcharhinus amboinensis is a large (2.8 m total length

within Australia) apex predator common in shallow coastal

waters of northern Australia, and along tropical and sub-

tropical coasts throughout much of the Indian Ocean (Last

and Stevens 2009). Little demographic data exists for this

species and much of our information about its distribution

and abundance may be confounded by problems with

accurate species identification due to morphological simi-

larities between closely related species (Last and Stevens

2009). The habitat that it occupies predisposes C. ambo-

inensis to the likelihood of high fishing pressure by

growing human populations along coasts abutting most of

its range (Field et al. 2009; Northern Territory Government

2009). However, we lack sufficient data to determine the

degree of threat to the species, leading to the International

Union for the Conservation of Nature (IUCN) to classify

the pig-eye shark as ‘Data Deficient’ (IUCN 2010). The

coastal waters of northern Australia remains one of the few

strongholds for the species and offers the opportunity to

examine regional patterns in the genetics largely uncon-

founded by the effects of selective harvest and declining

populations.

This study describes the genetic structure of populations

and intra-specific phylogeny of C. amboinensis across

northern Australia. Patterns in mtDNA are compared with

geological history, geographic distance and nuclear DNA

markers in order to determine the relative effects of his-

torical and ecological processes on species genetic diver-

sity. We test firstly whether the regular formation of land

bridges through the Torres Strait during glacial maxima has

resulted in greater mtDNA genetic similarity between

populations in Western Australia and the Northern Terri-

tory, than with populations from Queensland. Secondly, if

this separation facilitated reproductive isolation generating

current day sympatric cryptic species evidenced by genetic

differences in nuclear Recombination Activation Gene

(RAG 1) between any identified clades. Thirdly, whether

genetic structure is influenced by geographic distance

(Isolation by Distance hypothesis) where individuals from

the same area are more genetically similar than those from

distant habitats. And lastly, if patterns of population

genetic structure differ between mtDNA and microsatellite

markers commonly associated with sex-specific behaviours

such as female philopatry or male-mediated dispersal.

Other Indian Ocean populations (South Africa and Arabian

Sea) were also included as outgroups to examine regional

patterns of genetic diversity.

Materials and methods

Sample collection and preservation

Tissue samples of C. amboinensis were obtained within

Australia from both commercial fisheries collected by on-

board scientific observers and fishery independent surveys.

Samples were collected near Broome, Western Australia

(WA); the north-eastern side of the Joseph Bonaparte Gulf

to the Gulf of Carpentaria (GoC), Northern Territory (NT);

Townsville, north Queensland (nth QLD) and from Mor-

eton Bay (MB), near Brisbane also in Queensland. Sam-

ples from the Arabian Sea were collected from fish

markets in Oman, Qatar and the United Arab Emirates.

Samples from South Africa were collected in the shark

control program of the KwaZulu-Natal sharks board (Cliff

and Dudley 1991; Fig. 1). Refer to SOM for size distri-

bution. Each sample consisted of approximately 5 g of

white muscle tissue preserved in either 95% ethanol

solution or 10% DMSO (dimethylsulphoxide in saturated

5 M NaCl solution).

In the field identifications of the species were based on

morphological attributes. Due to the physical similarities
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among many Carcharhinus sp. and the presence of

numerous congenerics in the region, mtDNA ND4 and

control region sequences were compared with known ref-

erence collections including museum voucher specimens

where possible. Sequences from this study were compared

against the sandbar (C. plumbeus) (Nardo), the whitecheek

(C. dussumieri) (Müller and Henle), the bignose (C. alti-

mus) (Springer), the common blacktip (C. limbatus)

(Müller and Henle), the Australian blacktip (C. tilstoni)

(Whitley), the graceful (C. amblyrhychoides) (Whitley),

the bull (C. leucas) (Valenciennes), the spinner (C. brevi-

pinna) (Müller and Henle) and the spot-tail sharks

(C. sorrah) (Müller and Henle).

Genomic DNA extraction

Total Genomic DNA was extracted from 50 mg of pre-

served tissue using the Chelex method (Walsh et al. 1991;

Estoup et al. 1996). Tissue was placed in a small vial

containing a 200 ll solution of 10% Chelex 100 in TE

buffer (5 mM TrisCL pH 8.0 with 0.5 mM EDTA). The

enzyme proteinase K (100 ng) was then added (5 ll) to the

vial, and heated at 55�C for 3 h on a shaking platform to

facilitate tissue digestion. The mixture was subsequently

boiled for 8 min and then centrifuged at 130009g for

5 min to precipitate the Chelex resin and bind polyvalent

metal ions from the denatured DNA in solution. The

supernatant containing the extracted DNA was then

transferred to a fresh vial for manipulation and storage

(Walsh et al. 1991; Estoup et al. 1996).

Amplification and sequencing—mitochondrial DNA

(mtDNA)

Mitochondrial control region and NADH dehydrogenase

subunit 4 (ND4) genes were selected as these markers are

solely maternally inherited (evidencing female movement

patterns) and do not undergo recombination (genetic sig-

natures are not mixed during reproduction). Genes were

amplified from 324 individual C. amboinensis using the

polymerase chain reaction (PCR) methods and sequenced.

The 50 end of the ND4 gene was amplified and sequenced

using the forward primer, ND4 (CACCTATGACTACC

AAAAGCTCATGTAGAAGC) (Arevalo et al. 1994) and

the reverse primer, H12293-LEU (TTGCACCAAGAGTT

TTTGGTTCCTAAGACC) (Inoue et al. 2001). Refer to

Table 1 for PCR reaction conditions. PCR products were

purified using commercial QIAquick PCR purification kits

(Qiagen, Doncaster, Vic, Australia) and viewed on a 1.5%

agarose TAE (containing Tris base, acetic acid and EDTA)

gel stained with ethidium bromide. PCR products were

cycle sequenced using ABI Big Dye Terminator v3.1�.

Fragment separation was carried out by capillary electro-

phoresis (Applied Biosystems 3130xl) under conditions

recommended by the manufacturer producing 823 base

pairs of sequence.

Fig. 1 Pig-eye shark

(Carcharhinus amboinensis;

total n = 324) capture

locations. * Indicates capture

locations. Circles indicate

Australian population

groupings: 1 = Western

Australia (n = 41),

2 = Northern Territory

(n = 205), 3 = Queensland

(n = 54). Inset shows other

Indian Ocean populations

sampled; 4 = South Africa

(n = 16); 5 = Arabian Sea

(n = 8); PNG = Papua New

Guniea (no samples)

Conserv Genet (2012) 13:99–115 101

123



The 50end of the control region was amplified using the

forward primer GWF (CTGCCCTTGGCTCCCAAAGC)

(Pardini et al. 2001) and a reverse primer that was designed

from preliminary C. amboinensis sequence, CL2 (GGAA

AAATATACGTCGGCCCTCG). The primer was designed

using Primer3 v 0.4.0 (Rozen and Skaletsky 2000). Refer

to Table 1 for PCR reaction conditions. PCR product

purification and cycle sequencing followed the same pro-

tocol used for the ND4 gene, although C. amboinensis

control regions were sequenced with the designed internal

reverse primer CAR1 (TTTCCAAACCCGGGGTGAGT).

Primers were designed following above methods. A frag-

ment of 831 base pairs was produced.

Amplification and sequencing—nuclear DNA

(Recombination activating gene 1)

Nuclear Recombination Activating Genes (RAG 1) were

amplified to examine whether present day genetic-mixing

occurs between clades identified in mtDNA intra-specific

phylogenies. Thirty Carcharhinus amboinensis (ten from

each clade identified in mtDNA) were amplified using the

polymerase chain reaction (PCR) methods and sequenced.

The 50 end of the RAG1 gene was amplified and sequenced

using the designed forward primer, RAG1F (CCCTCTAT

AGATGCCTTGCATTG) and the designed reverse primer,

RAG1R (CCAAYTCATARCTTTTGGACTGC). Primers

were designed following the fore-mentioned methods

(Rozen and Skaletsky 2000). Refer to Table 1 for PCR

reaction conditions. PCR purification and sequencing was

performed as described above. A fragment of 565 base

pairs was produced.

Amplification and genotyping—microsatellites

Unlike RAG1 gene, microsatellites are non-coding sections

of DNA and as such conform to different modes of evo-

lution, providing additional information on genetic

exchange. Pig eye sharks (n = 222) were screened for 14

and genotyped for five microsatellite loci developed for

species (C. tilstoni, C. limbatus, C. plumbeus) other than

C. amboinensis (Ovenden et al. 2006; Portnoy et al. 2007).

Loci were selected based on their successful cross-species

amplification (Ovenden et al. 2006) and the highest number

of polymorphic alleles between distant phylogenetic

clades. Due to the overall lack of nuclear variation between

both clades and population structure identified in mtDNA,

the remaining individuals were not assayed. Amplification

was achieved using polymerase chain reaction methods.

Reaction mixtures (total volume of 6 ll) contained 1.18 ll

Table 1 PCR reaction conditions for sequenced DNA. a) PCR reaction mixtures, (b) PCR thermocycling conditions

(a)

ND4 (ll) Control region (ll) RAG1 (ll)

Demineralised water 11.85 11.77 11.85

109 PCR buffer (15 mM MgCl2) 2 2 2

dNTP (2.5 mM) 2 1.28 2

Forward primer (10 lM) 1 0.6 1

Reverse primer (10 lM) 1 0.6 1

MgCl2 (25 mM) 0 1.6 0

Taq 0.75 units 0.75 units 0.75 units

DNA template 2 2 2

Total reaction volume (ll) 20 20 20

(b)

Temp (�C) Time

ND4 Control region RAG1 ND4 Control region RAG1

Initial denaturation 94 94 94 1 min 1 min 30 s 1 min 30 s

Denaturation 94 94 94 30 s 10 s 15 s

Annealing 50 59 57.5 30 s 30 s 30 s

Extension 72 72 72 30 s 1 min 1 min

Number of cycles 30 35 30

Final extension 72 72 72 5 min 5 min 5 min
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of milli-Q water; 3 ll of 29 QIAGEN Multiplex PCR

Master Mix� (QIAGEN, Doncaster, Vic, Australia) con-

taining a pre-optimised mix of Taq DNA polymerase,

dNTPs and providing a final concentration of 6 mM MgCl2;

0.02 ll of 10 lM forward primer with an M13 extension

(Schuelke 2000); 0.2 ll of 10 lM reverse primer; 0.1 ll of

fluro-labelled M13 primer; 1 ll of DNA template

(12–40 ng) and 0.6 ll of 59 Q solution� (QIAGEN,

Doncaster, VIC, Australia). The DNA template and reaction

mix were initially denatured at 95�C for 15 min and then

underwent 37 cycles of a denature period at 94�C for 30 s,

an annealing period with loci specific temperatures of 50�C

for loci CLi-110, CS-10, and CLi-12 and 52�C for loci

CS-02 and CS-08 for 45 s and an extension time of 72�C for

1 min 30 s. The thermocycling was completed with a final

extension time of 72�C for 45 min. Loci were individually

amplified but subsequently combined for fragment separa-

tion according to label colour and fragment size. Micro-

satellite fragment separation and scoring was performed

using capillary electrophoresis (ABI3130xl). The size of

microsatellite amplicons (in base pairs) was calculated to

two decimal place and amplicons were allocated to a ‘‘bin’’

that represented the mean allele size.

Restricted gene-flow due to Pleistocene sea-level

changes

Mitochondrial DNA sequences were aligned and edited

using the software Geneious
TM

v4.65 (Drummond et al.

2009). No premature stop codons were identified in the

protein coding ND4 gene. Identical sequences were con-

densed into unique haplotypes and the polymorphisms

defined by eye and then confirmed using Arlequin v3.11

(Excoffier et al. 2005) and MEGA 4.0 (Kumar et al. 2008)

software.

The best fit model of nucleotide substitution and its

associated gamma shape for both mtDNA genes were

determined by performing hierarchical likelihood ratio test

and by calculating approximate Akaike Information Cri-

teria using MrModelTest v2.2 (Possada and Crandall 1998)

implemented in Paup 4.0b10 (Swofford 2000).

Populations were defined as the Northern Territory,

Western Australia and north Queensland (Fig. 1). As

sample sizes from the Gulf of Carpentaria and Moreton

Bay were significantly lower than the above three popu-

lations, these were pooled with other Australian locations.

Nine samples from the Gulf of Carpentaria were grouped

with the Northern Territory in accordance with the a priori

hypothesis of geographic isolation due to land bridge for-

mation in the Torres Strait. Eleven individuals from Mor-

eton Bay did not differ genetically from any of the other

locations and therefore grouped with Queensland due to

geographic proximity.

Haplotype diversity (h), (likelihood of randomly

choosing two different haplotypes from the one popula-

tion), nucleotide diversity (p), (likelihood that two

homologous base positions from two different haplotypes

from the same population are different) and the number of

polymorphic sites were estimated for each Australian

population (Tajima 1983; Nei 1987).

Gene-flow among these populations was examined using

F-statistics through a series of pairwise comparisons using

Arlequin v.311 (Excoffier et al. 2005). Patterns of popu-

lation genetic structure were quantified by PHIST measures

for each gene region both separately and concatenated

(supported by the total linkage of the genes due to their

common origin within the mitochondria). This index

incorporates the molecular evolution of haplotypes (Tam-

ura and Nei model of nucleotide evolution gamma cor-

rected) and ranges from 0 (identical allele frequencies) to 1

(no shared alleles). Analysis of Molecular Variance (AM-

OVA) was then used to assess the hierarchical contribution

of molecular variance both within (PHISC) and among

populations within groups (PHIST); and among groups

(PHICT) to the overall measure of molecular variance.

Connectivity between populations was further confirmed

through measuring evolutionary distance (Reynold’s D and

Slatkin’s D) and the absolute number of migrants (M-val-

ues), again for both genes individually and concatenated.

Estimates of evolutionary distance between populations

measures the time in either generation time (Reynold’s

D) or coalescence time (Slatkin’s D) required to generate

the observed population pairwise genetic difference,

assuming that the variation between populations’ increases

linearly with time (Reynolds et al. 1983; Slatkin 1995).

Similarly, the number of migrants exchanged was esti-

mated as the exchange of migrants required to generate the

observed population pairwise differences under the

assumption that populations were of equal size and the

mutation rate was negligible compared to the migration

rate (Slatkin 1991).

Demographic consequences in C. amboinensis popula-

tions such as bottlenecks or expansions due to Pleistocene

sea-level changes were investigated using Fu’s Fs and

Tajima’s D statistics. Tajima’s D compared estimates of

the mutational parameter (h) based on the number of

polymorphic sites and the mean number of pairwise dif-

ferences (Tajima 1983, 1996). Significant differences in

these estimates confirm higher or lower frequency of

haplotypes than expected if mutations were evolving ran-

domly. Fu’s FS calculates the probability of observing k or

less alleles in a neutral (randomly evolving) population,

based on the observed average number of pairwise differ-

ences (Fu 1997). A negative value of either statistic is

evidence of an excess of low frequency haplotypes as

expected from a recent population expansion or secondary
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contact between previously allopatric populations, while a

positive value is evidence for a deficiency of low frequency

haplotypes expected from a recent population bottleneck

(Ramos-Onsins and Rozas 2002).

Evidence for either population bottlenecks in microsat-

ellite DNA as shown by heterozygosity excess or popula-

tion expansion indicated by heterozygosity deficiency were

analysed using the Wilcoxon test in the program Bottle-

neck assuming Infinite Alleles Model (I.A.M) and 10,000

iterations (Cornuet and Luikart 1997).

Phylogenetic support for historic geographic isolation

was investigated by reconstructing intra-specific phyloge-

nies among unique mtDNA haplotypes and mapping their

distribution across northern Australia. Both character-

based (Neighbour-Joining and Maximum Parsimony) and

model-based (Maximum Likelihood and Bayesian Infer-

ence) methods were used. All analyses were done on each

gene region individually and then with the two gene

regions concatenated. Mutations were unweighted and in-

dels were treated as a fifth state. Indian Ocean and South

African populations were included as outgroups. Maximum

Likelihood and Maximum Parsimony analysis were per-

formed using the software Paup 4.0b10 (Swofford 2000)

and Bayesian Inference was performed using the software

MrBayes v3.1 (Huelsenbeck and Ronquist 2001). Concat-

enated sequences were partitioned for Bayesian Inferences

accommodating different models of evolution for the each

gene region. Priors for Maximum Likelihood and Bayesian

Inference were determined by performing hierarchical

likelihood ratio test and by calculating Akaike Information

Criteria using the software MrModelTest v2.2 (Possada

and Crandall 1998). Heuristic tree searches were performed

with 1000 random addition replications and the statistical

support for nodes was determined via 1000 non parametric

bootstrap replicates. A majority-rule consensus tree was

also constructed based on the 1000 bootstrap replicates.

Bayesian Inference was run using the Metropolis-coupled

Markov Chain Monte Carlo (MCMC) algorithm from

randomly generated starting trees for three million gener-

ations, sampling trees every 1000 generations. Two

simultaneous runs were performed with three heated chains

and one cold chain each with a temperature parameter of

0.2. The standard deviation of split frequencies was used as

a convergence diagnostics to determine that when posterior

probability distribution had reached stationarity. The bur-

nin was set to discard the initial 25% of samples following

guidelines outlined in the manual. Only Bayesian trees are

presented as other phylogenetic reconstructions produced

similar topologies. In addition to conventional phyloge-

netic reconstructions, statistical parsimony networks (TCS)

were also generated (Clement et al. 2000). Unlike tradi-

tional methods, parsimony networks assume that the

ancestral haplotype is present in the current sample,

incorporates homoplasy and is not limited to bifurcation at

branch nodes. Gaps were again treated as a fifth state and

the connection limit was set to 95%. Divergence time

(million years) between clades was estimated by deter-

mining the percent sequence divergence and then assuming

similar mutation rate as defined for lemon, Negraprion

brevirostris (Schultz et al. 2008) and scalloped hammer-

head, Sphyrna lewini sharks converting these values to

divergence per million years (Duncan et al. 2006).

Phylogeographic patterns were simplified by graphically

representing the frequency of each clade within Western

Australia, the Northern Territory, Gulf of Carpentaria and

north Queensland.

Current day sympatric cryptic species

Rag 1 sequences were aligned and edited using the soft-

ware Geneious
TM

v4.65 (Drummond et al. 2009). Identical

sequences were condensed into unique haplotypes and the

polymorphisms defined by eye and then confirmed using

Arlequin v3.11 (Excoffier et al. 2005) and MEGA 4.0

(Kumar et al. 2008) software. Phylogenetic structure

identified with mitochondrial DNA was tested by pairwise

comparisons and Analysis of Molecular Variance

(AMOVA).

Isolation by distance

The ‘Isolation by Distance’ hypothesis was also tested to

determine if populations distributed continuously along the

north Australia coastline were structured by geographic

distance. This hypothesis assumes that individuals are not

embarking on long-distance travel, and for this reason

genetic distance (PHIST) should increase in a linear fashion

with geographic distance (km). Genetic distances between

capture locations (n = 12) were calculated based on the

Tamura and Nei model of nucleotide gamma corrected

evolution using Arlequin v.311 (Excoffier et al. 2005) and

were correlated using a Mantel test with geographical

distances (by sea). Slope and intercept estimates were

subsequently assessed using reduced major regression

analysis using the ‘Isolation by Distance Web Service’

(Jensen et al. 2005). Only concatenated sequences were

compared as they were most variable.

Population genetic structure—nuclear marker

(Microsatellites)

Prior to population structure analysis of microsatellite

DNA, the null hypothesis of Hardy–Weinberg equilibrium

was tested using Arlequin v3.11 (Excoffier et al. 2005) and

GenAlex v 6.1 (Peakall and Smouse 2005). In addition, the

software, Microchecker v. 2.2.3 (van Oosterhout et al.
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2004) was implemented to identify possible causes for any

deviations from Hardy–Weinberg equilibrium. Microsat-

ellite genetic diversity was characterised by the number of

alleles per locus (Na), expected (HE) and unbiased (UHE)

heterozygosity, observed heterozygosity (HO) and fixation

index (F) using Arlequin v3.11 (Excoffier et al. 2005) and

GenAlex v 6.1 (Peakall and Smouse, 2005). The proba-

bility of rejecting the null hypothesis of genotypic dis-

equilibrium between pairs of loci across populations was

estimated by Arlequin v3.11 (Excoffier et al. 2005). Pop-

ulation structure identified with mitochondrial DNA was

tested by pairwise comparisons and Analysis of Molecular

Variance (AMOVA).

Results

Restricted gene-flow due to Pleistocene sea-level

changes

MtDNA supported genetic similarity between Western

Australia and the Northern Territory and the difference of

both of these locations from Queensland. The model of

nucleotide evolution was GTR ? I and HKY ? I ? G

(gamma = 0.9871) for ND4 and control region respec-

tively. Both mtDNA genes were highly diverse. Fourteen

unique ND4 and 29 control region haplotypes were defined

(refer to online supplementary data, SOM for individual

gene region summary tables and GenBank accession num-

bers). Subsequent population statistics refer to concatenated

gene regions. Nucleotide diversity (p, as %) was high

(0.50 ± 0.31 to 0.89 ± 0.45) compared with other inshore

carcharhinids (0.0067 ± 0.0095 to 0.535 ± 0.351; control

region C. sorrah) (Ovenden et al. 2009). Haplotype diver-

sity (h) was slightly higher in Western Australia and the

Northern Territory (*0.85) than the Gulf of Carpentaria,

north Queensland or Moreton Bay (*0.6–0.75) (Table 2).

Three main concatenated mtDNA haplotypes (CN02,

CN04 and CN06) were present in all locations but in dif-

fering frequencies (Table 2). Haplotype CN06 was overall

most abundant decreasing in frequency from Moreton Bay

(67%) to Western Australia (22%). Haplotype CN02 dis-

played a complementary pattern and was most abundant in

Western Australia accounting for 20% of haplotypes, and

decreased in frequency eastwards so that it accounted for

only 4% of haplotypes in north Queensland. Haplotype

CN04 was similarly abundant in Western Australia, the

Northern Territory and north Queensland (5–10%) but

represented 30% of haplotypes within the Gulf of Car-

pentaria. The occurrence of less frequent haplotypes dif-

fered between locations but overall, samples from the

Northern Territory and Western Australia had more shared

haplotype frequencies than those from Queensland.

AMOVA confirmed that sharks from Queensland waters

were genetically distinct from those from Western Aus-

tralia and Northern Territory populations (PHIST = 0.029

P \ 0.025; PHIST = 0.025 P \ 0.035; PHIST = 0.027

P \ 0.027 ND4, control region and concatenated sequen-

ces respectively; refer to Table 3 for population pairwise

PHIST values). Connectivity among populations was fur-

ther supported by the highest evolutionary distance (Slat-

kins D and Reynolds D) and fewest exchanges of migrants

(M-values) between Western Australia and Queensland and

a complementary pattern between Western Australia and

the Northern Territory (Table 4).

There was no support in any population for bottlenecks

or expansion between previously allopatric populations

(indicated by insignificant Tajima’s D and Fu’s FS;

Table 5). Additionally there was no evidence in microsat-

ellite DNA for influences of Pleistocene sea-level changes

on population structure. One-tailed Wilcoxon tests did not

support recent bottlenecks or expansions (P \ 0.84,

P \ 0.43; P \ 0.9, P \ 0.15; P \ 0.84, P \ 0.43 hetero-

zygosity excess and deficiency for Western Australia,

Northern Territory and Queensland populations

respectively).

Phylogeographic analysis of mtDNA identified three

distinct clades of C. amboinensis across northern Australia.

Clade one was the most abundant, while clades two and

three were a half and a third as abundant respectively

(Fig. 2). The basal clade (one) was most abundant in the

east Australian and western Indian Ocean populations

(South Africa and Arabian Sea) and decreased in frequency

moving west along the Australia coastline. The second

clade was equally abundant across Australia, perhaps more

frequent in the Gulf of Carpentaria and not present in both

western Indian Ocean populations, while the third clade

was most abundant in Western Australia and decreased in

frequency eastwards. It was also not present in western

Indian Ocean populations (Fig. 3). Sequence divergence

between clade one and two was 0.24% and correlated to an

isolation period of 300,000 to 360,000 years during the

Pleistocene era. Sequence divergence between clade one

and three was 1.2% correlating to an isolation period of 1.6

to 2 million years, again during the Pleistocene (Fig. 2).

Current day sympatric cryptic species

All 30 C. amboinensis RAG 1 sequences were the same

haplotype.

Isolation by distance

A Mantel test and reduced major regression analysis for a

positive relationship between genetic similarity and geo-

graphic distance based on concatenated gene regions
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between capture locations was supported (r = 0.2446;

P \ 0.03; Fig. 4).

Population genetic structure—nuclear marker

(microsatellites)

Analysis of microsatellite DNA did not support the population

structures identified in mtDNA (Global FST = -0.00016,

P \ 0.46). The CS02 microsatellite locus deviated from

Hardy–Weinberg expectations for all Australian populations

and was omitted for population structure and phylogenetic

analysis. All other loci remained within these expectations and

did not show evidence of linkage disequilibrium. Sample sizes

of genotypes assayed with the remaining microsatellite loci

for C. amboinensis were 66 ± 11.351 (mean ± SE) over all

three populations and four microsatellite loci. The un-biased

heterozygosity was 0.683 ± 0.08. The mean number of

alleles (±SE) was 3 ± 0.000 for Cli110, 15.667 ± 3.283 for

Cli12, 24.667 ± 0.882 for CS08 and 14.667 ± 3.180 for

CS10 (Table 6).

Table 3 MtDNA pairwise

population PHIST values for

Carcharhinus amboinensis
(total n = 300). (a) and (b) are

results from ND4 and control

regions individually and

(c) represents these regions

concatenated

PHIST values are above the

diagonal and P-values are below

the diagonal

Significant values are indicated

in bold

Values in italic are significant at

p \ 0.05

Western

Australia

Northern Territory

(?GoC)

Queensland

(?Moreton Bay)

(n = 41) (n = 205) (n = 54)

(a) ND4

Western Australia – 0.003 0.083

Northern Territory (GoC) 0.285 – 0.029

North Queensland 0.011 0.035 –

(Moreton Bay)

(b) Control region

Western Australia – 0.015 0.106

Northern Territory (?GoC) 0.136 – 0.025

North Queensland 0.006 0.055 –

(?Moreton Bay)

(c) Concatenated

Western Australia – 0.009 0.094

Northern Territory (?GoC) 0.194 – 0.027

North Queensland 0.008 0.046 –

(?Moreton Bay)

Table 4 Linearised pairwise population PHIST values of Carcharhinus amboinensis (Slatkin’s D, Reynold’s D and M-value) (total n = 300)

Western Australia Northern Territory (?GoC) Queensland (?Moreton Bay)

(n = 41) (n = 205) (n = 54)

(ND4) (Control region) (ND4) (Control region)

Western Australia

Reynold’s D – 0.003 0.015 0.088 0.111

Slatkin’s D – 0.003 0.015 0.092 0.118

M -value – 143.417 33.692 5.414 4.246

Northern Territory (? GoC)

Reynold’s D 0.008 – 0.030 0.026

Slatkin’s D 0.008 – 0.030 0.026

M -value 63.483 – 16.581 19.153

Queensland (?Moreton Bay)

Reynold’s D 0.099 0.028 – –

Slatkin’s D 0.104 0.028 – –

M-value 4.820 17.612 – –

Results for ND4 and control region above the diagonal and concatenated below the diagonal
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Discussion

We provide the first report of the genetic structure of

populations of the pig-eye shark, Carcharhinus amboin-

ensis across its known distribution. Despite large total

lengths obtained by C.amboinensis and subsequent poten-

tial for mobility, genetic diversity (each mitochondrial

gene region individually and concatenated) was partitioned

across northern Australia so that populations from Western

Australia and the Northern Territory grouped together,

separate from Queensland. This Pacific/Indian Ocean bar-

rier is common in coastal north Australian species

(Chenoweth et al. 1998; Lukoschek et al. 2007) and is

argued to be a consequence of the land bridge between

Cape York and Papua New Guinea that formed during the

Pleistocene, which formed a barrier to movement and gene

flow of marine animals between east and west coasts of

Table 5 Neutrality tests (Tajima’s D and Fu’s FS statistics) for

individual Carcharhinus amboinensis populations (Total n = 300).

Sample sizes; statistics and p values are given

Tajima’s D statistic
(P value)

Fu’s FS statistic
(P value)

Western Australia (n = 41)

ND4 2.320 (P \ 0.99) 10.420 (P \ 0.99)

Control region 2.174 (P \ 0.99) 1.220 (P \ 0.72)

Concatenated 2.410 (P \ 0.99) 3.258 (P \ 0.88)

Northern Territory (?GoC) (n = 205)

ND4 2.257 (P \ 0.99) 10.093 (P \ 0.97)

Control region 2.010 (P \ 0.98) -1.699 (P \ 0.37)

Concatenated 2.311 (P \ 0.98) 0.556 (P \ 0.63)

Queensland (? Moreton Bay) (n = 54)

ND4 0.996 (P \ 0.87) 6.424 (P \ 0.97)

Control region 1.014 (P \ 0.87) 4.037 (P \ 0.92)

Concatenated 1.078 (P \ 0.88) 4.425 (P \ 0.91)

Fig. 2 Inferred phylogeny of concatenated mitochondrial NADH

dehydrogenase subunit 4 (ND4; 823 bases) and control region (831

bases) reconstructed using 95% statistical parsimony network.

Haplotype numbers from Table 1 are given next to each pie chart.

The size of the pie chart represents the frequency of the haplotype.

Inset Bayesian Inference; rooted with Carcharhinus amblyrhyncoides
and C. leucas, nodal support given as Bayesian posterior probabilities

(n = 324)
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Australia. The unexpected genetic similarity between Gulf

of Carpentaria and Queensland populations suggests that

gene-flow across the Torres Strait has occurred supporting

secondary introgression, but due to the low sample size in

the Gulf of Carpentaria we were unable to conclusively

quantify the rate of exchange.

The occurrence of a third clade in phylogenetic recon-

structions suggests that present day genetics are not solely

shaped by this land bridge which would result in only two

groups, but rather multiple isolating events such as those

that occurred during the Pleistocene epoch. Once these

barriers to dispersal were removed gene flow occurred,

accounting for the spread of each clade (albeit in different

proportions) among all populations.

The occurrence of clade one in both western Indian

Ocean populations suggests that this is ancestral and that

the other two uniquely Australian clades have resulted

from recent isolating mechanisms. The east–west cline in

mtDNA haplotype frequencies across northern Australia in

clades one and three suggests earlier isolation of popula-

tions with divergence occurring 1.6–2 million years ago

during the Pleistocene, followed by more recent move-

ment, most likely since the last opening of the Torres Strait

approximately 6000 years ago (Voris 2000). Interestingly,

despite also evolving independently (divergence time of

300,000–360,000 years ago during the Pleistocene era), the

second clade does not show an east–west cline in

frequencies, possibly due to different evolutionary con-

straints. If the higher abundance of this clade within the

Gulf of Carpentaria is not simply due to sampling error,

then this pattern is suggestive of regional isolation that has

subsequently dispersed evenly east and west as sea-levels

rose. Conversely, if this elevated abundance does not rep-

resent true frequencies and this clade is evenly distributed

across Australia, this may indicate admixing with Indone-

sian populations during lower sea-levels that forced pre-

viously allopatric populations together. Further research

incorporating a greater number of samples from within the

Gulf of Carpentaria and from Indonesia would tease out the

origin of clade two, and increasing the number of sampling

locations across the Indian Ocean would resolve broad-

scale colonisation and dispersal events.

Attributing which of many scenarios in this topograph-

ically and hydrologically complex region has resulted in

the current population structure is challenged by the lack of

phylogeographic patterns (indicated by the occurrence of

all three clades in each Australian location) and episodic

nature of vicariance events that occurred during the Pleis-

tocene. What is clear is that the identification of these three

clades support multiple incidences of independent evolu-

tion during the Pleistocene and subsequent introgression

and movement across Australia. This movement has mixed

and increased population sizes sufficiently to prevent Taj-

ima’s D and Fu’s FS from detecting changes in allele

Fig. 3 Frequency of each clade identified in 95% statistical parsi-

mony network by location for Carcharhinus amboinensis for each

gene region individually, NADH dehydrogenase subunit 4 (ND4; 823

bases) and control region (831 bases); and concatenated. Total

n = 324. Dashed circles represent population structure tested
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frequencies due to sudden reduction or admixing between

populations expected during the Pleistocene to generate the

phylogenies, and also prevents further analysis to define

likely refugia. Phylogenetic discontinuties in the absence of

current spatial separation as we identified in C. amboin-

ensis are rare, but have been recorded by Avise et al.

(1987) and attributed to hybrid swarming arising from

secondary contact between allopatrically evolved

populations.

The lack of variation among both nuclear markers (Rag

1 and microsatellites) confirms present day patterns of

unrestricted genetic mixing between mitochondrial clades

verifying the absence of a cryptic species of C. amboin-

ensis in north Australia. The lack of population structure in

these markers may indicate sex-specific behaviours such as

female philopatry maintaining mtDNA structure generated

through the Pleistocene, although we cannot eliminate the

possibility that not enough time has elapsed (given the

generation time of 13 years and likely effective population

size greater than 100,000 individuals) for this pattern to

occur in nuclear markers, reinforcing the idea that genetic

structures have an ancient origin (Frankham et al. 2002).

Furthermore, preliminary evidence suggests that pig-eye

sharks may not utilise distinct nurseries such as those

occupied by juvenile bull or lemon sharks which are known

to be philopatric (Feldheim et al. 2004; Chapman et al.

2009; Tillett et al. 2011; Tillett et al., in review), and there

is no record of adults undergoing large oceanic migrations

indicative of dispersal phases which have been recorded for

morphologically similar bull sharks (Carlson et al. 2010).

Future studies with increased power in microsatellite loci

are needed to provide robust information on male move-

ment patterns, particularly male-mediated dispersal. ‘Iso-

lation by Distance’ (only explaining 6% of variance among

populations) effects indicate contemporary restricted

movement of individuals across north Australia and may

explain the susceptibility of C. amboinensis to isolating

mechanisms during geological time.

In conclusion, results suggests that coastal changes

during the Pleistocene epoch, such as the repeated forma-

tion of land bridges in the Torres Strait, separated east and

Fig. 4 Reduced major regression analysis between pairwise geo-

graphic distances by sea (km) and pairwise genetic distances (mtDNA

PHIST) between un-pooled captured locations (total n = 12). Regres-

sion y = 1.35x - 5.487; R2 = 0.059; P \ 0.03

Table 6 The population sample size (N), number of microsatellite

alleles per locus (Na), average observed heterozygosity (Ho),

expected heterozygosity (He), unbiased heterozygosity (UHe), fixa-

tion index (F) for Carcharhinus amboinensis; sample sizes for each

grouping are given. (a) Australian population structure (total

n = 204); (b) phylogenetic clade structure (n = 222, incorporating

Indian Ocean samples)

Locus N Na Ho He UHe F

(a)

Western Australia

(n = 36)

CLi110 34 3.000 0.235 0.213 0.216 -0.106

Cli12 33 14.000 0.848 0.768 0.780 -0.105

CS08 36 25.000 0.972 0.936 0.949 -0.039

CS10 35 12.000 0.714 0.792 0.804 0.098

Northern Territory

(n = 122)

CLi110 118 3.000 0.178 0.192 0.193 0.072

Cli12 119 22.000 0.798 0.786 0.789 -0.016

CS08 122 26.000 0.992 0.940 0.944 -0.055

CS10 118 21.000 0.797 0.778 0.781 -0.024

Queensland

(n = 46)

CLi110 45 3.000 0.378 0.319 0.323 -0.183

Cli12 46 11.000 0.739 0.741 0.749 0.002

CS08 46 23.000 0.978 0.938 0.948 -0.043

CS10 45 11.000 0.689 0.712 0.720 0.032
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west Australian populations of Carcharhinus amboinensis,

although this isolation was not sufficient to generate cur-

rent day sympatric cryptic species. Phylogenetic re-con-

structions indicate that this has occurred multiple times

through geological history. In addition to geological

events, ecological processes such as habitat use and dis-

tance travelled to find a mate have also influenced popu-

lation genetic structure. Discriminating between these

causes is vital for successfully attributing how species

genetic diversity is maintained, but is challenged by not

only by the complex ecologies of sharks (different eco-

logical function of age cohorts and the potential for high

mobility), but also complex geology. We caution hastily

simplifying factors driving current population genetic

structure providing an example where geological history is

a major contributor. Shark biodiversity in the Indo-Aus-

tralian Archipelago requires conservation as regional

pressures increase and this hinges on understanding the

origin and maintenance of genetic diversity. Phylogenetic

reconstructions reiterate the susceptibility of C. amboin-

ensis to changes in shallow coastal environments, such as

those that occurred during the Pleistocene, and predicted to

occur under a changing world climate.
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