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Abstract

The spiny dogfish (Squalus acanthias) is a temperate, coastal squaloid shark with an
antitropical distribution in the Atlantic and Pacific oceans. The global population
structure of this species is poorly understood, although individuals are known to
undergo extensive migrations within coastal waters and across ocean basins. In this
study, an analysis of the global population structure of the spiny dogfish was conducted
using eight polymorphic nuclear microsatellite markers and a 566-bp fragment of the
mitochondrial ND2 gene region. A low level of genetic divergence was found among
collections from the Atlantic and South Pacific basins, whereas a high level of genetic
divergence was found among Pacific Ocean collections. Two genetically distinct groups
were recovered by both marker classes: one exclusive to North Pacific collections, and
one including collections from the South Pacific and Atlantic locations. The strong
genetic break across the equatorial Pacific coincides with major regional differences in
the life-history characters of spiny dogfish, suggesting that spiny dogfish in areas on
either side of the Pacific equator have been evolving independently for a considerable
time. Phylogeographic analyses indicate that spiny dogfish populations had a Pacific
origin, and that the North Atlantic was colonized as a result of a recent range expansion
from the South American coast. Finally, the available data strongly argue for the
taxonomic separation of the North Pacific spiny dogfish from S. acanthias and a
re-evaluation of the specific status of S. acanthias is warranted.
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associated with elasmobranch vagility (Musick et al.

Introduction 2004). For instance, low levels of genetic differentiation

During the last two decades, significant progress has
been made in our understanding of the patterns of
genetic population structure of elasmobranchs. Recent
studies have shown that the level of intraspecific
genetic differentiation in elasmobranch species appears
to be highly correlated with dispersal ability. In addi-
tion, the level of population structure recovered in these
studies generally agrees with that expected based on
the species’ maximum size and habitat preference
(e.g. coastal, pelagic or benthic), variables intimately
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among populations were reported for highly migratory,
large, oceanic species with global distributions, with
population structure being detected only between ocean
basins (e.g. shortfin mako Isurus oxyrinchus Schrey &
Heist 2003; basking shark Cetorhinus maximus Hoelzel
et al. 2000; whale shark Rhincodon typus Castro et al.
2007). In contrast, higher levels of intraspecific genetic
differentiation across similar spatial scales have been
reported for less vagile, demersal or benthic species
with more restricted geographic ranges (e.g. shovelnose
guitarfish Rhinobatus productus Sandoval-Castillo et al.
2004; thornback ray Raja clavata Chevolot ef al. 2006;
zebra shark Stegostoma fasciatum Dudgeon et al. 2008).
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Exceptions to the low levels of genetic differentiation
predicted for highly vagile elasmobranchs have none-
theless been reported. For instance, in species where
females exhibit site fidelity to nursery areas, discrete
populations can be found along areas of continuous
habitat, as in the blacktip shark Carcharhinus limbatus or
the sandbar shark Carcharhinus plumbeus (Schrey &
Heist 2003; Keeney & Heist 2006; Portnoy 2008). Unsuit-
able environmental conditions and/or habitat disconti-
nuities can also severely limit dispersal, even for highly
vagile elasmobranch species. For example, open oceanic
waters appear to be a barrier to gene flow in species
such as the scalloped hammerhead Sphyrna lewini and
the lemon shark Negaprion brevirostris (Feldheim et al.
2001; Duncan et al. 2006; Schultz et al. 2008), whereas
warm equatorial waters also seem to function as barri-
ers to gene flow in temperate species such as the tope
Galeorhinus galeus (Chabot & Allen 2009).

Habitat use in elasmobranch taxa is heavily influ-
enced by water temperature conditions (Simpfendorfer
& Heupel 2004). As such, changes in water temperature
can alter the dispersal patterns and the distribution of
populations and species. Although the Earth’s climate
has changed dramatically throughout geological time,
high latitude regions have experienced considerably
more environmental variation than regions at mid and
lower latitudes (Zachos et al. 2001; Ravelo et al. 2004;
Brierley et al. 2009; Liu et al. 2009). The relative stability
of tropical and warm-temperate regions and their vast
spatial distribution in the world’s oceans have facili-
tated uninterrupted gene flow in highly vagile, tropical
and warm-temperate shark species, effectively reducing
the potential for genetic divergence. In contrast, the var-
iability in the temperature regime at mid and high lati-
tudes (Zachos et al. 2001; Ravelo et al. 2004; Brierley
et al. 2009; Chiang 2009; Hollis et al. 2009) has probably
affected the distributions of temperate and boreal elas-
mobranchs, and produced patterns of population struc-
ture distinct from those of their warm water relatives.
However, the patterns of population structure of tem-
perate and boreal elasmobranchs are not well known.

In this study, we investigated the global population
structure of a highly vagile, temperate elasmo-
branch—the spiny dogfish Squalus acanthias. The spiny
dogfish is a common coastal shark with an antitropical
distribution in the Pacific and Atlantic oceans, where it
is generally found in continental shelf waters ranging
from 6 to 10 °C (Burgess 2002; Shepherd et al. 2002;
Compagno et al. 2005). The species is known to
undergo seasonal north-south migrations along coastal
areas or inshore-offshore movements triggered by
changes in bottom water temperatures (Hisaw & Albert
1947; Holden 1965; Burgess 2002; Stenberg 2005; Cam-
pana et al. 2007). Long-distance migrations, including

both eastward and westward trans-Atlantic movements
and westward trans-Pacific movements, have also been
reported for the spiny dogfish, confirming its high
dispersal ability (Holden 1967, Templeman 1976;
McFarlane & King 2003). Considering the wide geo-
graphic distribution and potential for long-distance
dispersal of the spiny dogfish, we hypothesize that
restricted gene flow/genetic divergence along the
species’ range is associated with regions of unsuitable
environmental conditions, such as warm waters at low
latitudes. To test this hypothesis, we used highly poly-
morphic molecular markers, nuclear microsatellite loci
and nucleotide sequences from a mitochondrial DNA
gene region (ND2), to estimate the levels of genetic
diversity and genetic differentiation among sample
collections from throughout the geographic range of the
species. We also inferred the contemporary and histori-
cal patterns and processes responsible for the current
distribution of genetic variation.

Materials and methods

Sample collection, DNA extraction and analysis

Spiny dogfish collections were obtained from through-
out the species’ range and include locations in the
North Atlantic: Irish Sea (UK), Ireland (IRE), Massa-
chussets (MA) and Virginia (VA); the western South
Atlantic: Argentina (ARG); the North Pacific: California
(CA), Washington-Oregon border (WAOR) and Japan
(JA); and the South Pacific: Chile (CH) and New Zea-
land (NZ) (Table 2). Despite our best efforts, no collec-
tions were obtained from southern Africa, or the
Mediterranean or Black seas. Individual samples con-
sisted of muscle tissue or fin clips and were preserved
in 95% ethanol and stored at 4 °C, or in a 20% solution
(v/v) dimethyl sulphoxide (DMSO) buffer saturated
with NaCl (Seutin et al. 1991) and stored at room tem-
perature. Total genomic DNA (gDNA) was extracted
from each individual sample using one of two methods:
Chelex® resin according to the protocol of Estoup et al.
(1996), or the Qiagen DNeasy Tissue kit according to
the manufacturer’s instructions.

All individuals were genotyped for a total of eight
nuclear microsatellite loci. Four loci (DF U285, DF T289,
DF J451 and DF ]445) were obtained from McCauley
et al. (2004) and were chosen after testing for consistent
amplification and conformation of genotypic distribu-
tions to the expectations of Hardy—Weinberg Equilib-
rium (HWE). The remaining four microsatellite loci
were developed de novo as described below. One micro-
satellite locus, Saca GA11l (GenBank Accession number
GUb553360), was obtained through the development and
screening of a GA-repeat enriched genomic library

© 2010 Blackwell Publishing Ltd



SPINY DOGFISH GENETIC POPULATION STRUCTURE 1653

according to the protocol of Glenn & Schable (2005).
Clones with DNA fragments exhibiting GA motifs over
six repeat units in length were selected and the corre-
sponding flanking regions used for primer design.
Three additional microsatellite loci were obtained from
the Squalus acanthias expressed-sequenced tag library
available on GenBank (dbEST ID 47209646). The library
was screened for dinucleotide repeats over 7 units in
length using the Sequence Repeat Identification Tool
(Temnykh et al. 2001), and primer pairs were designed
for 19 potential loci. All loci were screened for high
levels of polymorphism and conformation of genotypic
distributions to HWE expectations, and three loci were
chosen: Saca3853, Saca4234 and Saca6396 (Accession nos
ES883853, ES324234, DV496396, respectively). Annealing
temperatures and polymerase chain reaction (PCR) con-
ditions were optimized for each microsatellite locus (see
Table 1 and below for details). Microsatellite genotyp-
ing was conducted by amplifying each individual
sample via PCR in 5 pL reactions containing 5-15 ng of
gDNA, 0.0375 um of forward primer labelled with a T3
tail, 0.15 pum of reverse primer, 0.1 pm of T3 primer flu-
orescently label (e.g. NED, PET, VIC or 6FAM), 0.2 mm
each dANTP, 1.5 mm MgCl,, 0.025 units Tag DNA poly-
merase, and 1x Tagq buffer (Qiagen) and autoclaved
mili-Q water. PCR conditions consisted of an initial
denaturation of 3 min at 94 °C, followed by 35-45
cycles of 1 min at 94 °C, 35 s-1 min at the correspond-
ing annealing temperature and 35 s-1 min at 72 °C, and
a final extension step for 7 min at 72 °C. The products
were run on an ABI Prism 3130x! (Applied Biosystems).
Genotypes were scored manually with the software
GeneMarker version 1.3 (Softgenetics; LLC). The pres-
ence of null alleles or of scoring errors in genotyping
was tested for each locus using Micro-Checker (van
Oosterhout et al. 2004). Conformation of genotypic dis-
tributions to HWE expectations for each locus within
each population, tests of linkage disequilibrium
between each pair of loci within and among all popula-

Table 1 Nuclear microsatellite loci of the spiny dogfish Squa-
lus acanthias, with respective motif and repeat units, annealing
temperature (T,) and total number of alleles scored at each
locus (A)

Marker name Repeat motif T, (°C) A
DF U285 [CTl 54 11
DF T289 [TCC], 57 11
DF J451 [AClyo 54 9
DF J445 [AClyo 59 23
Saca GAll [TGIoCITG] 62 9
Saca 6396 [CAl 56 22
Saca 3853 [TCloGCITC], 56 14
Saca 4234 [TGli4 58 11
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tions, number of alleles per locus and population, and
observed and expected heterozygotes were calculated in
Genepop version 4.0 (Raymond & Rousset 1995;
Rousset 2008).

Mitochondrial DNA sequences of the NADH dehy-
drogenase 2 (ND2) gene region were obtained for each
individual via PCR amplification using species-specific
primers designed based on the complete mitochondrial
genome sequence of S. acanthias available in GenBank
(Accession no. NC_002012): ND2 F 5-TTCCTCACA-
CAAGCAACCGC-3" and ND2 R 5-GATGGTGGCTGG-
GATGGC-3. PCR master mixes of 25 pL reactions
included 10-20 ng gDNA, 1 pm of each primer, 200 um
each dNTP, 0.025 units Tag polymerase and 1x Tag
buffer with 1.5 mm MgCl, (Qiagen), and autoclaved
mili-Q water. PCR conditions consisted of an initial
denaturation of 5 min at 94 °C, followed by 35 cycles of
1 min at 94 °C, 1 min at 58 °C and 1 min at 72 °C, and
a final extension step for 7 min at 72 °C. The amplicons
were cleaned with the QIAquick PCR Purification kit
(Qiagen) according to the manufacturer’s protocol, and
the forward strands were sequenced using the ABI Big
Dye Terminator Cycle Sequencing Kit (Applied Biosys-
tems). Reactions were run on an ABI Prism 3130x/
genetic analyser (Applied Biosystems). The resulting
DNA sequences were imported into Sequencher version
4.8 (Gene Codes Corp.) and checked for quality and
accuracy in nucleotide base assignment. All individual
sequences were aligned in MacVector version 8.0 (Mac-
Vector, Inc.) using the ClustalW multiple alignment
algorithm (Thompson et al. 1994). Haplotypes were
confirmed by sequencing the reverse strand of one indi-
vidual of each haplotype.

Statistical analysis

The total number of alleles and observed (Hp) and
expected heterozygosities (Hg) were calculated for all
microsatellite loci in Genepop version 4.0 (Raymond
and Rousset 1995; Rousset 2008). Allelic richness (R, an
estimate of the number of alleles standardized for
unequal sample sizes) was estimated in FSTAT version
29.3.2 (Goudet 2002). Mitochondrial DNA ND2
sequence diversity indices were calculated in DnaSP
version 5 (Librado & Rozas 2009) including number of
polymorphic sites, number of haplotypes (H), haplotype
diversity (h), nucleotide diversity (n), average number
of nucleotide differences within (k), as well as number
of fixed differences between haplotypes. Levels of
among-population genetic differentiation were esti-
mated by pairwise Fsr (microsatellites), or ®gr
(mtDNA), in Arlequin version 3.11 (Excoffier et al.
2005). In the case of the Fgr-tests, the statistical power
(i.e. rejection of the Hp of genetic homogeneity among
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two subpopulations when it is false) and the alpha level
(i.e. rejection of Hp when it is true) were estimated with
the powsiM software (Ryman & Palm 2006) using a sam-
pling scheme of nine subpopulations with 45 individu-
als each, and one subpopulation with 20 individuals.
The analyses were conducted using 1000 dememoriza-
tions, 100 batches and 1000 iterations per batch. A
visual representation of among-population differentia-
tion based on microsatellite allele frequencies was con-
structed using a principal component analysis (PCA) as
implemented in Pca-GEN version 1.2 (J. Goudet, http://
www2.unil.ch/popgen/softwares/pcagen.htm). The sig-
nificance of total inertia and each axis’ inertia was
tested by 10 000 randomizations of the data.

The Structure software version 2.2 (Pritchard et al.
2000; Falush et al. 2003) was used to infer the popu-
lation structure of spiny dogfish using nuclear microsat-
elite data. An initial analysis was conducted for
K-values between 1 and 10, using a ‘no-admixture
model’ with independent frequencies and default
parameters since individuals are expected to belong to
only one population with each population having dif-
ferent allelic frequencies. A second round of analysis
was conducted to look for structure within the major
groups recovered by the first analysis. For this purpose,
the total dataset was divided into groups comprising
the collections assigned to each of the population clus-
ters retrieved in the first analysis. The K-values tested
ranged from 1 to the maximum number of different col-
lections in each subset, and the admixture ancestry
model with correlated allelic frequencies was used, as
some mixing between subpopulations (i.e. admixed
individuals) is expected. Ten replicates were obtained
for each K-value tested, with each replicate including
15000 steps of burn-in followed by 35000 steps.
Criteria for choosing the best K-values followed those
indicated in the software manual.

Hierarchical population structure was evaluated for
each type of marker through an analysis of molecular
variance (aMova) as implemented in Arlequin. For
microsatellite data, the amova was performed on a locus-
by-locus basis and integrated over all loci, based on alle-
lic frequency data; for mtDNA ND2 data, the aMova was
performed based on a distance matrix of pairwise differ-
ences. In either case, significance was estimated using
10 000 iterations (Excoffier et al. 1992). Maximum-parsi-
mony ND2 haplotype networks (Polzin & Daneschmand
2003) were constructed using the median joining algo-
rithm (Bandelt et al. 1999) with default parameters and a
transition to transversion ratio of 11:1 (as estimated by
DnaSP) using the Network 4.5.1.0 software (http://
www.fluxus-engineering.com). Only haplotypes occur-
ring in more than two individuals were included in the
haplotype network to highlight the geographic distribu-

tion of shared haplotypes. Divergence from an ancestral
population of size Ny at T-generations in the past was
estimated in Arlequin for each of the recovered popula-
tions groups. The value of T, scaled by the mutation rate
W, i.e. tp = 2pT, was estimated assuming isolation after
divergence and constant but unequal daughter popula-
tions sizes (Excoffier et al. 2005).

Past reduction of effective population size (bottle-
neck) was investigated with nuclear microsatellites
using the ratio (M) test of Garza & Williamson (2001)
for each locus and each population independently and
compared to the critical values (M.). The M. was calcu-
lated based on seven loci, © = 10 and the conservative
parameters of 90% one-step mutations and a mean size
of non-one-step mutations of 3.5 (Garza & Williamson
2001). The excess heterozygosity test implemented in
Bottleneck version 1.2.02 (Piry et al. 1999) was also used
to infer past bottleneck events. The discrepancy
between heterozygosity values was tested using a
Wilcoxon'’s test under the null hypothesis of no signifi-
cant heterozygosity excess (Piry ef al. 1999). The two
methods were used to infer the relative timing (older
vs. recent) and severity (long or short duration) of
detected bottleneck events (Williamson-Natesan 2005).
Demographic analyses conducted using mtDNA mito-
chondrial sequences were performed in Arlequin. Mis-
match distributions were obtained for each population
unit (10 000 permutations) to infer changes in popula-
tion size based on the frequency of pairwise differences
among haplotypes (Schneider & Excoffier 1999). Rela-
tive time since lineage expansion (t) was obtained from
the mismatch distribution analysis and estimated from
1G = 2ut where 1 is obtained from the mismatch distri-
bution, and u is the mutation rate assumed to be equal
for all populations. Deviations from selective neutrality
were also tested for the mitochondrial ND2 sequences
with Tajima’s D (Tajima 1989) and Fu's F (Fu 1997)
(10 000 permutations, o = 0.05) based on an infinite-site
model without recombination.

Results

Genetic diversity

A total of 467 individuals was screened for variation at
eight nuclear microsatellite loci. Complete genotypes
were generated for 454 individuals while the remaining
13 individuals had missing data at one of the eight loci.
Genotypic distributions conformed to HWE expecta-
tions for all locus/population combinations. Only one
test of linkage disequilibrium in one collection
remained significant after Bonferroni correction (JA,
DFT289 vs. DFJ445) but no loci were in linkage disequi-
librium globally (data not shown). The number of

© 2010 Blackwell Publishing Ltd
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Table 2 Genetic diversity indices for the spiny dogfish, Squalus acanthias, integrated over all microsatellite loci and all mtDNA ND2
haplotypes from each sampling location. N, number of samples; Ho, observed mean heterozygosity; Hg, expected mean heterozygos-
ity; Mean A, mean number of alleles; Mean R,, mean allelic richness; H, number of haplotypes (unique haplotypes); &, haplotype
diversity; m, nucleotide diversity; k, mean number of nucleotide differences between haplotypes

Nuclear microsatellites

Mitochondrial ND2 sequences

N Ho Hg Mean A Mean Rq N H h 7 k

North Pacific

Japan JA 49 0.56 0.56 6.25 4.87 46 21 (8) 0.93 0.0047 2.64

Washington/Oregon WAOR 50 0.55 0.55 6.88 5.10 49 24 (9) 0.93 0.0054 3.02

California CA 49 0.54 0.55 6.50 4.85 45 21 (9) 0.89 0.0048 2.73
South Pacific

New Zealand NZ 46 0.69 0.65 7.00 5.51 40 18 (9) 0.73 0.0022 1.23

Chile CH 18 0.64 0.64 6.25 6.25 18 8 (3 0.64 0.0016 0.88
North Atlantic

Virginia VA 55 0.65 0.65 8.25 6.19 43 11 4) 0.57 0.0015 0.84

Massachussetts MA 48 0.62 0.62 7.00 5.66 41 13 (6) 0.68 0.0017 0.95

Ireland IRE 56 0.62 0.62 8.00 5.89 39 15 9) 0.71 0.0024 1.33

Irish Sea UK 48 0.63 0.64 7.38 5.88 48 14 (7) 0.56 0.0016 0.89
South Atlantic

Argentina ARG 48 0.64 0.64 7.63 5.93 43 16 (6) 0.71 0.0027 1.54

alleles per locus varied between 9 (DF J451 and Saca
GA11) and 23 (DF J445) (mean: 13.5) and the mean alle-
lic richness (R,) varied between 4.85 (CA) and 6.25
(CH) (Tables 1 and 2). The North Pacific collections
had lower mean heterozygosities (Ho: 0.54-0.56; Hg:
0.55-0.56) and mean R, (4.85-5.10) compared to those of
other regions (Ho: 0.62-0.69; Hg: 0.62-0.65; Rg: 5.51-
6.25).

A 566-bp fragment of the mtDNA ND2 locus was
sequenced for 412 spiny dogfish, resulting in 103
haploypes. There were 83 polymorphic positions of
which 40 were parsimony informative and 43 were
singleton mutations. The absolute number of pairwise
differences between distinct haplotypes ranged from 1
to 13 (mean: 4.84). Overall nucleotide diversity was
0.0086 and haplotype diversity was 0.839. Singleton
haplotypes occurred in 63% of the individuals, while
36-60% of haplotypes in each collection occurred in <3
individuals. Only 33 haplotypes were shared by two or
more collections, with none being shared between
North Pacific and non-North Pacific collections. North
Pacific collections showed higher haplotype diversities
(0.89-0.93) and divergences (2.64-3.02) compared to
other regions (0.56-0.73 and 0.84-1.54, respectively).

Genetic differentiation and population structure
analysis

Power analysis of microsatellite data indicated that a
pairwise Fgr-level of 0.01 could be detected 100% of the
time and for an alpha value of 0.057. Pairwise Fsr and
Pgr-tests indicated low, nonsignificant genetic differen-

© 2010 Blackwell Publishing Ltd

tiation among collections within the Atlantic, South
Pacific and North Pacific as well as among those from
the Atlantic and South Pacific (Table 3). Conversely,
strong and significant genetic differentiation was found
between collections from the Atlantic and the North
Pacific as well as between those from the North and
South Pacific. These results are consistent with the
results of the PCA analysis, in which North Pacific col-
lections were clearly separate from all others (PCA 1:
Fsr = 0.03624, 79% of total inertia, P = 0.001; Fig. 1).
Differentiation of North Atlantic collections from the
southern NZ, CH and ARG collections is also suggested
by the PCA but the axis separating these two groups
was not significant (PCA 2: Fgr = 0.00317, 7% of total
inertia, P = 1.00). This result holds true when consider-
ing only those collections outside the North Pacific, and
the former without the ARG collection which showed
an intermediate position between North Atlantic and
South Pacific collections (data not shown).

The Structure analysis showed that the log probability
In Pr(D) of the full microsatellite dataset had the largest
rate of change at K = 2, while In Pr(D) increased only
slightly for K > 2 (see Supporting Information). More-
over, the assignment percentages of each collection to
one of the clusters when K = 2 exceeded 95% in all rep-
licates (see Supporting Information) while assignment
percentages were approximately equal among clusters
for K > 2 (data not shown). The above results indicated
K =2 as the best estimate of the true K-value, corre-
sponding to one cluster including only North Pacific
collections (JA, WAOR and CA), and another cluster
including Atlantic and South Pacific collections.
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Table 3 Levels of genetic divergence among populations of Squalus acanthias. Pairwise Fsr below diagonal; pairwise ®gr above

diagonal. Numbers in bold have P-values <0.001

Gt
JA WAOR CA NZ CH VA MA IRE UK ARG
JA —-0.008 0.011 0.170 0.198 0.249 0.193 0.178 0.258 0.178
WAOR —-0.005 —0.004 0.170 0.198 0.248 0.193 0.178 0.257 0.179
CA 0.014 0.007 0.190 0.220 0.270 0.213 0.199 0.279 0.199
NZ 0.091 0.092 0.074 -0.018 0.004 —-0.002 -0.010 0.007 -0.014
CH 0.084 0.080 0.069 0.001 —-0.007 —-0.009 -0.012 -0.010 -0.018
VA 0.094 0.092 0.065 0.005 0.007 0.000 —-0.002 -0.012 0.003
MA 0.084 0.083 0.064 0.007 0.007 0.001 —-0.001 0.002 0.002
IRE 0.094 0.091 0.066 0.005 0.004 —-0.002 0.001 0.003 0.000
UK 0.094 0.093 0.068 0.002 0.002 —-0.005 0.002 —-0.003 0.002
ARG 0.075 0.073 0.055 -0.002 -0.003 0.000 —-0.001 -0.012 0.005
0.3 Table 4 Analysis of molecular variance (amova) for Squalus
acanthias. Numbers in bold have P-values <0.001 (***), 0.01 (**)
0.2 ECA or 005 (*)
_’g 014 Microsatellites mtDNA
o
'og 0.0 Global panmixia
[ e Fer 0.040%** 0.676***
N WAOR Between oceans
<
Q 011 A" Fer 0.055%** 0.744%**
Fsc 0.022%** 0.511%**
—0.24 Fer 0.034*** 0.477**
North vs. South Pacific
-0.3; T T T T T T ! Fsr 0.085%** 0.752%**
-06 -04 -02 00 02 04 06 08 Fsc 0.004* -0.005
PCA1 (79% inertia) Fer 0.081*** 0.753***
. o . . . Southern Group vs. North Atlantic
Fig. 1 Principal component analysis (PCA) of microsatellite Fer 0.004 0.007
allelic frequencies (eight loci) for the spiny dogfish Squalus Fec ~0.001 ~0.002
acanthias. Abbreviations of locations are as indicated in the text. Fer 0.005%** 0.009%*
Circles around locations highlight separation according to North Pacific vs. North Atlantic
PCAL (P = 0.0D). For 0.081%** 0.797%%+
Fsc 0.001 —-0.004
Fer 0.080*** 0.798***

Separate analyses of these two subsets of data provided
no evidence of further population substructuring (see
Supporting Information).

Results of the amova analysis were generally consis-
tent between nuclear microsatellite loci and the mtDNA
ND2 gene region (Table 4). The null hypothesis of glo-
bal panmixia was rejected due to significant genetic
heterogeneity among collections (Fgr: 0.040, ®sr: 0.676,
P < 0.001). Strong genetic divergence was detected
between Pacific and Atlantic collections (Fcr: 0.034,
Dcr: 0477, P < 0.01) as well as among collections within
the Pacific Ocean: the North Pacific group including JA,
WAOR and CA, was significantly different from the
South Pacific group including NZ and CH (Fcr: 0.081,
Ocr: 0.753, P < 0.001). Given the continuous distribution
of the spiny dogfish around the tip of South America

and the absence of significant differentiation between
any of the southern collections (ARG, CH and NZ), a
‘North Atlantic-only” group (MA, VA, IRE and UK) and
a ‘Southern’ group (ARG, CH and NZ) were compared.
Low but significant genetic heterogeneity was detected
between these groups with both types of markers (Fcr:
0.005, ®ct: 0.009, P < 0.001), whereas no differentiation
was detected within groups (Fsy and ®gr were both
non-significant). When the ARG collection was
removed, genetic differentiation among North Atlantic
and South Pacific collections was still recovered (Fcr:
0.05, ®c1: 0.008, P < 0.01), although there was a slight
decrease in the ®cr and P-values. Small but significant

© 2010 Blackwell Publishing Ltd
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differentiation was found between CA and WAOR (Fgc:
0.007, P < 0.05) but this result was driven by only one
locus (DF T289).

Phylogeographic analysis

Examination of the haplotype network based on the
mtDNA ND2 region recovered two lineages separated
by a minimum of five nucleotide substitutions: one line-
age was exclusively represented by Atlantic and South
Pacific sequences while the other lineage included all
North Pacific haplotypes. Haplotypes in the North
Pacific lineage were most closely related to haplotypes
found in the NZ and ARG collections (Fig. 2). In addi-
tion, several common and geographically widespread
haplotypes were found in the North Pacific clade, sepa-
rated by one to five substitutions (Kyp =2.79), from
which other less frequent haplotypes were derived
(Fig. 2). In contrast, the South Pacific and Atlantic line-
age had a star-shaped network with one very common,
central haplotype (39% of all individuals in the group)
and with only the three most common haplotypes being
shared across collections. Other shared haplotypes had
lower frequencies and were geographically constrained:
six additional haplotypes were found only in New
Zealand and South America collections while three
additional ones were present only in the North Atlantic.
Estimates of time since population divergence from a
common ancestor were in general agreement with the
results described above: relative divergence times were
largest for the North Pacific group, with slightly larger
estimates from the North Atlantic group than from the
Southern group (1p =5.35 vs. 1p = 5.05, respectively).
The estimated divergence time between the later two
groups produced a negative value (tp = —0.88).
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Fig. 2 Maximum-parsimony haplotype
network of the mitochondrial DNA
ND2 for the spiny dogfish Squalus
acanthias. Haplotypes are represented by
circles with sizes proportional to abso-
lute frequency in the total sample. Col-
our codes are as follows: black with
white stripes—JA; white with black
stripes—WAOR and CA; white—NZ
and CH; light grey—ARG; dark grey—-
IRE and UK; black—MA and VA. All
branches correspond to one nucleotide
substitution between haplotypes except
where indicated with a number.

Demographic analysis

The geographic groups recovered in the amova (i.e.
North Pacific, North Atlantic and Southern Group)
were used for all demographic analyses described
below. Past events of population size reduction, or bot-
tlenecks, were not detected by either ratio tests (mean
observed M > 0.7, M. ~ 0.675) or excess heterozygosity
tests (overall P-values >0.37), except for the Southern
group in which the ratio M (M =0.673, vari-
ance = 0.054) was lower than the critical value. Tajima’s
D (NP: -1.66, P =0.018;, SG: -2.49 and NA: -2.50,
P < 0.001) and Fu’s F-statistics were significantly nega-
tive in all cases (NP: -26.6; SG: -28.7; NA: -32.1,
P < 0.001) in conformance with a model of population
growth, while mismatch distributions indicated that the
sudden expansion model of population growth could
not be rejected for any of the three geographic groups.
Assuming an equal mutation rate for all populations,
the relative time since population expansion was three
times larger in the North Pacific (ig =3.0, 95% CIL
1.55-3.88) than in the other two populations, with the
Southern group (zg =11, 95% CI: 0.66-1.59) having
very similar values to the North Atlantic (1g = 1.0, 95%
CI: 0.24-1.88).

Discussion

Global population structure

The null hypothesis of global panmixia in the spiny
dogfish Squalus acanthias was rejected by analyses of
both mtDNA ND2 nucleotide sequence (®gr = 0.676,
P < 0.001) and nuclear microsatellite data (Fsr = 0.04,
P <0.001). Significant genetic differentiation was
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consistently detected by both types of molecular mark-
ers between geographic regions, and corresponded to
two distinct genetic groups: a North Pacific group, and
a non-North Pacific group including Atlantic and South
Pacific collections. The strong genetic divergence
between the groups was supported by the existence of
fixed nucleotide differences at the mtDNA level, and
very distinct allelic frequencies and the presence of pri-
vate alleles (North Pacific: 10, Atlantic and South Paci-
fic: 31) at the nuclear microsatellite loci. A small but
statistically significant level of differentiation was also
detected by both mtDNA ND2 sequences and nuclear
microsatellites when comparing North Atlantic (MA,
VA, IRE and UK) and southern collections (NZ, CH
and ARG).

The high level of genetic divergence detected across
the equatorial Pacific is in agreement with results from
previous studies on the molecular genetics and general
biology of the spiny dogfish. Analyses of the mtDNA
control region (CR) and cytochrome oxidase I (COI)
gene region also showed marked genetic differences
between North Pacific and non-North Pacific collections
(Franks 2006; Ward et al. 2007, Hauser 2009). Further-
more, strong genetic differentiation was detected at
nuclear microsatellite loci between eastern North Pacific
collections and those from Chile and the northeastern
USA (Maine) (Franks 2006). The pronounced genetic
divergence found across the equatorial Pacific is coinci-
dent with regional differences in the life history of the
spiny dogfish. For instance, the age and length at sexual
maturity of North Pacific spiny dogfish is attained
between 29-35 years and 92-100 cm in females, and
between 16-19 years and 70-80 cm in males, while
maximum sizes and ages are up to 122-130 cm and
81 years, respectively (Ketchen 1972, 1975; Jones & Geen
1977; Saunders & McFarlane 1993). Outside North Paci-
fic waters, the age and length at sexual maturity is
attained earlier and at smaller sizes, between
10-16 years and 72-82 cm in females, and between
6-10 years and 60-64 cm in males, with maximum sizes
and ages reaching only 110-117 cm and 40 years,
respectively (Templeman 1944; Holden & Meadows
1964; Holden 1965; Nammack et al. 1985; Hanchet 1988;
Campana et al. 2007; Ellis & Keable 2008). Overall,
these results are consistent with long-term isolation of
spiny dogfish populations across the Pacific equator.

In contrast, Atlantic and South Pacific collections of
the spiny dogfish were not significantly different
(Table 3; Figs 1 and 2). The lack of marked genetic dif-
ferences across such a large area is remarkable and sug-
gests that some level of gene flow is occurring, or has
occurred until recently, among locations separated by
hundreds to several thousands of miles. Several inde-
pendent tagging studies have reported multiple cases of

long-distance movements in S. acanthias, including
trans-oceanic migrations in the North Pacific and North
Atlantic (Holden 1967; Templeman 1976, McFarlane &
King 2003). A few long-distance migrants per genera-
tion are enough to prevent the genetic differentiation
between geographically distant locations. This fact,
combined with the long generation times found in
Atlantic and South Pacific spiny dogfish (10-16 years),
means that the hypothesis of ongoing gene flow
throughout the Atlantic and South Pacific cannot be dis-
missed. However, a small but highly significant level of
genetic differentiation between collections on either side
of the Atlantic equator were found in our study
(Fst = 0.005 and ®gr = 0.009, P < 0.001). Moreover, we
also found that low frequency haplotypes were geo-
graphically limited to either the southern collections or
the North Atlantic collections. These particular haplo-
types are relatively derived (Fig. 2) and have probably
originated recently; therefore, their spatial distribution
should reflect recent dispersal events which, to the
exception of one haplotype shared between ARG and
IRE, appear not to include trans-equatorial crossings.
Franks (2006) also found small but significant differenti-
ation between Chilean and northeastern US collections
at nuclear microsatellite loci (Fgr = 0.013, P < 0.001).
These results support the hypothesis that gene flow has
historically occurred between locations on either side of
the Atlantic equator but it has recently become
restricted.

Previous studies of genetic population structure of
widely distributed and highly vagile marine elasmo-
branchs with warm temperate and/or tropical distribu-
tions have generally found limited gene flow and/or
genetic differentiation across areas of habitat disconti-
nuity (see Introduction for more details and Hoelzel
et al. 2000; Pardini et al. 2001; Schrey & Heist 2003;
Castro et al. 2007). In the case of cold temperate and
boreal species, regions of constricted gene flow/genetic
differentiation may coincide with warm-temperate and
tropical waters at low latitudes. Indeed, the pronounced
differences in life history and genetic diversity between
North Pacific and non-North Pacific spiny dogfish is
consistent with the existence of a barrier to gene flow at
low latitudes. Similarly, and despite the comparatively
smaller levels of genetic divergence between North
Atlantic and southern hemisphere collections of spiny
dogfish (NZ, CH and ARG), our results also suggest a
recent restriction of gene flow across the equatorial
Atlantic.

Phylogeographic reconstruction

The current distribution of genetic diversity observed
for the spiny dogfish appears to have resulted from a

© 2010 Blackwell Publishing Ltd
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series of discrete range expansion events followed by
population divergence across areas of unsuitable envi-
ronmental conditions (e.g. warm, low latitude waters).
The clear break in both genetic diversity and life history
strategies found for fish on either side of the Pacific
equator, and the large estimate of time since population
divergence calculated for the North Pacific lineage sug-
gest a relatively old divergence between the northern
and southern Pacific populations. Moreover, evidence
of an old and severe bottleneck (significant M-test,
Williamson-Natesan 2005) in combination with sudden
population expansion in the Southern group are consis-
tent with a scenario of population size reduction and
long-term maintenance of small effective sizes (Rogers
& Harpending 1992), such as would result from a dis-
persal (founder) event of fish from the North to the
South Pacific. Our data therefore point to a North Paci-
fic origin of the current spiny dogfish populations with
subsequent dispersal into South Pacific waters. Dis-
persal into Atlantic waters appears to have occurred
along the South American coast as indicated by the
presence of both genetic lineages in the Pacific basin
and the closer interclade relationship exhibited by
North Pacific and NZ and ARG collections. Dispersal
into the North Atlantic basin appears to be the last step
in the population history of S.acanthias apparently
occurring relatively recently and in association with a
rapid increase in population size in the South Pacific
and Atlantic.

A North Pacific origin and subsequent dispersal into
the Atlantic and South Pacific was also proposed by
Franks (2006) based on the observation of non-North
Pacific mtDNA control region haplotypes nesting within
North Pacific ones. However, and contrary to our find-
ings, Franks (2006) proposed a northern link between
the Pacific and Atlantic oceans with subsequent range
expansion into the South Atlantic and South Pacific,
although no data was provided to support this hypoth-
esis. Our alternative hypothesis of a southern link
between the Pacific and Atlantic oceans is in agreement
with the results of Jones & Geen (1976), in which a
‘South American stock’, mostly represented by Chilean
samples in their study, presented values of mean total
number of vertebrae that were intermediate between
North Pacific and North Atlantic spiny dogfish. A very
different perspective on the population history of the
spiny dogfish is provided by the fossil record, which
argues for a North Atlantic origin and later dispersal
into the North Pacific. The oldest unambiguous fossil of
S. acanthias in the North Atlantic dates back to the Early
Pliocene of Belgium (Herman 1974 in Capetta 2006),
while the oldest record in the North Pacific is of a
younger age (Pleistocene of California; Fitch 1967 &
1968 in Capetta 2006). Nevertheless, the possibility of
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an incomplete fossil record in the North Pacific cannot
be discounted.

In the absence of a well-calibrated molecular clock for
S. acanthias or any of its squaloid relatives, there are
considerable limitations to inferring an approximate
timing of events. The only estimates of mutation rate
for elasmobranch taxa refer solely to the noncoding
mtDNA CR (in the order of 107 mutations per genera-
tion for the whole mtDNA CR) of two warm-temperate
sharks, the bonnethead Sphyrna lewini and the blacktip
shark Carcharhinus limbatus (Duncan et al. 2006; Keeney
& Heist 2006). The equivalent mutation rates are likely
considerably lower in the temperate spiny dogfish due
to its potentially lower metabolic rate and longer gener-
ation time (Avise et al. 1992; Martin & Palumbi 1993;
Martin 1999). Nevertheless, the application of the above
estimate should serve as an indication of the most
recent time of events in the history of S. acanthias. As
such, population divergence across the equatorial Paci-
fic must have occurred earlier than 7.8 Myr (i.e. before
the late Miocene). On another account, the fossil record
places S. acanthias in the North Atlantic by the Early
Pliocene (5.3-3.6 Myr; Herman 1974 in Capetta 2006). If
the presence of spiny dogfish in the North Atlantic was
indeed preceded by range expansion from the south,
dispersal into the North Atlantic must have occurred
before the Pliocene.

Taxonomic status of the North Pacific spiny dogfish

The North Pacific spiny dogfish was originally given
species status and designated as Squalus suckleyi Girard
1854. Later, it was considered a subspecies of the
cosmopolitan S. acanthias and designated S. a. suckleyi
(see Jones & Geen 1976 and references therein). Its taxo-
nomic validity was subsequently addressed by Bigelow
& Schroeder (1948) and Jones & Geen (1976), who did
not find evidence supporting the separation of the
North Pacific spiny dogfish into a distinct taxonomic
unit based on morphological and meristic characters.
Since then, only one species has been considered as
valid, namely S. acanthias.

Recently, molecular studies have consistently found
strong genetic divergence between North Pacific and
non-North Pacific spiny dogfish at three different
mtDNA gene regions (control region, COI and ND2)
and at nuclear microsatellite loci (Franks 2006; Ward
et al. 2007; this study). In addition, two reciprocally
monophyletic lineages have been found with two of the
three mitochondrial (COI and ND2, but not CR) and
with nuclear DNA markers, corresponding to a North
Pacific-only clade and a ‘rest of the world” clade (Ward
et al. 2007; this study). All these data are consistent
with long-term cessation of gene flow between the
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North Pacific spiny dogfish and those from other
regions. In addition, the genetic divergence among
groups is coincident with distinct life history strategies:
North Pacific fish reach maturity at an older age, have
larger maximum sizes and live longer than fish occur-
ring outside North Pacific waters (see above for refer-
ences). Based on the above data, the North Pacific spiny
dogfish should be considered as an independent man-
agement and/or conservation unit, as proposed by
Hauser (2009). From a conservation genetics’ perspec-
tive, the removal of genetic diversity from the North
Pacific will result in the loss of unique genetic variation.
Ultimately, the available data strongly argue for the tax-
onomic separation of the North Pacific spiny dogfish
from S. acanthias and, as such, a re-evaluation of the
specific status of S. acanthias incorporating molecular
and morphological analyses is warranted.
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