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Abstract We examined population structure in the
wreckfish, Polyprion americanus, by assaying six micro-
satellite loci in 422 individuals collected throughout the
geographic range. Eighteen hapuku, P. oxygeneios, were
assayed at the same loci for use as an outgroup. Ex-
pected heterozygosities ranged from 0.49 to 0.88 and
averaged 0.66. Allele-frequency distributions at those
loci indicated that samples from the eastern North At-
lantic, western North Atlantic and the Mediterranean
were genetically similar, confirming the pattern seen in a
previous analysis of mitochondrial DNA (mtDNA) re-
striction fragment length polymorphisms (RFLPs). Both
mtDNA and microsatellite studies differentiated north-
ern and southern wreckfish stocks. However, in contrast
to the mtDNA studies, allelic variation at microsatellite
loci clearly differentiated wreckfish from two Southern
Hemisphere locations, Brazil and the South Pacific. Far
more genetic variation was observed at microsatellite
loci than with mtDNA RFLPs (haplotype diversity av-
eraged 0.01), and we saw more evidence of population
structure with the microsatellite loci. The differentiation
between southern and northern wreckfish supports the
distribution records, which indicate that wreckfish do
not occur in the tropics. Temperature profiles and cur-
rent patterns throughout the southern oceans apparently
also prevent significant gene flow between the South
Pacific and Brazilian samples.
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Introduction

An understanding of the relationship between dispersal
capabilities and genetic structure in marine fishes is
critical for formulating effective conservation measures
and fisheries management policies as well as for our
understanding of the evolution and population biology
of marine organisms. The degree of population genetic
structure is related to dispersal, which in turn is affected
by oceanographic and climatic conditions, physical
barriers (e.g. land masses), habitat availability, egg and
larval dispersal, and variable spawning and recruitment
success (Shulman and Bermingham 1995; Grant and
Bowen 1998; Scoles et al. 1998). Varying degrees of ge-
netic divergence have been reported for many continu-
ously and discontinuously distributed pelagic marine
fishes in which gene flow may be mediated by high adult
vagility and/or dispersal of early life history stages
(Grant and Bowen 1998; Graves 1998; Scoles et al.
1998). Similar results have been obtained for species
with an antitropical distribution and, in some cases,
more limited dispersal capabilities, such as orange rou-
ghy (Smith et al. 1997), bluefish (Goodbred and Graves
1996), and sardines (Bowen and Grant 1997), among
others. The wreckfish Polyprion americanus (Bloch and
Schneider, 1801) has an antitropical distribution and a
long-lived pelagic phase (Roberts 1989), while adults
have not been documented to be highly migratory. This
study allows further examination of the relationships
among life history, physical oceanography, and popu-
lation genetics in a globally distributed marine species.

Demersal adult wreckfish occur in the western At-
lantic from the Carolinas to the Florida Straits and from
southern Brazil to the Valdes Peninsula, Argentina, in-
cluding Bermuda but excluding the tropics. Pelagic ju-
veniles have been observed in the western North Atlantic
north of Cape Hatteras (Schroeder 1930; Gilhen 1986),
but there are no records of pelagic juveniles from Ber-
muda. Demersal juveniles have been taken off southern
Brazil (Haimovici et al. 1994). In the eastern Atlantic,
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juvenile and adult wreckfish are found off the Norwegian
coast, along shallow portions of the Mid-Atlantic ridge
and associated islands (e.g. Azores), near Madeira and
the Canary Islands, and along northern and southern
Africa, including the Mediterranean but again excluding
the tropics. In the southwestern Pacific, wreckfish occur
near southern Australia and New Zealand (where they
are sometimes referred to as Polyprion moeone), and
there are occurrence records from the southern Indian
Ocean (Heemstra 1986; Roberts 1989; Sedberry 2000).

The wreckfish is a component of directed and mixed-
species fisheries throughout its range, and much of the
available life-history data has been obtained from fish-
eries observations and fishery-independent studies, in-
cluding submersible cruises (Sedberry et al. 1994, 1999;
D. Wyanski unpublished observations). Spawning
probably occurs throughout the North Atlantic, since
wreckfish in spawning condition have been caught on
the Blake Plateau grounds (D. Wyanski personal com-
munication), and spawning has been documented in the
Mediterranean (Hardy 1978) and probably occurs in the
Azores and on other areas of the Mid-Atlantic Ridge
(Fennessy 1998; Sedberry et al. 1999). The eggs, larvae
and juveniles are pelagic, apparently for several months
or years, and presumably drift with the surface currents
(Hardy 1978; Goujon et al. 1993). Wreckfish apparently
switch from a pelagic to demersal existence at about
50 cm total length (TL), and occur from depths of 42 to
1000 m in the Atlantic Ocean (Sedberry et al. 1996,
1998). North Atlantic wreckfish mature at 8 to 10 yr and
about 80 to 90 cm TL, and grow to large size (up to
1.5 m TL and 47 kg) (Sedberry et al. 1999; D. Wyanski
personal communication).

Landings from demersal longline fisheries in the
Azores consist of juveniles averaging 60 to 70 cm TL
(approx. 4 yr old, according to growth curves provided
by Sedberry et al. 1999). However, Fennessy (1998)
concluded that the absence of large wreckfish in the
Azorean fishery is a result of the light tackle and shallow
grounds usually fished there, and large wreckfish have
been observed on the Mid-Atlantic Ridge near the Az-
ores (Sedberry et al. 1999). In contrast, most fish har-
vested by the American fishery are mature fish, 8 to
12 yr old and about 100 cm TL (Sedberry et al. 1999).
Submersible observations indicated that nearly all
wreckfish on the Blake Plateau are large fish, and the
rarity of juveniles in the fishery appears to reflect their
absence from the area rather than a biased fishing
method (Sedberry et al. 1994). Length-frequency data
and the occurrence of foreign fish hooks in wreckfish
landed in USA waters provide evidence that wreckfish
are moving from the eastern North Atlantic, where
pelagic juveniles are common, to the waters off the
southeastern USA, where mainly large, mature fish are
recorded from landings and submersible observations
(Sedberry et al. 1996, 1999). The transport of long-lived
pelagic stages via North Atlantic circulation and the
possible movement of adults may provide a mechanism
for gene flow in North Atlantic wreckfish.

Previous mtDNA studies indicated that North At-
lantic wreckfish consisted of a single genetic stock ex-
tending from the major documented North Atlantic
spawning grounds off South Carolina to the Madeiran
archipelago and western Mediterranean Sea (Sedberry
et al. 1996). These analyses could not distinguish among
Southern Hemisphere wreckfish collected from Brazil
and Australia and New Zealand, but revealed fixed
haplotype differences between Northern and Southern
Hemisphere wreckfish.

In other studies where both nuclear and mitochon-
drial genetic markers were used, microsatellite markers
have frequently provided additional information about
population structure, e.g. landlocked Atlantic salmon
(Tessier et al. 1995) or Atlantic cod (Arnason et al.
1992; Bentzen et al. 1996). Microsatellite loci have high
mutation rates, estimated at 107> to 10™* events per lo-
cus per generation, and may be more powerful for elu-
cidating finer population structure than mtDNA (for
review see Avise 1994; Jarne and Lagoda 1996; Estoup
and Angers 1998). Microsatellites consist of tandem re-
peats of nucleotides flanked by unique sequences (Tautz
1989), and variation results from different numbers of
repeat units. Dinucleotide microsatellite loci like those
used in this study are presumably noncoding regions and
not under selective pressure (O’Reilly and Wright 1995).
We developed assays for six microsatellite loci and ap-
plied them to wreckfish samples from throughout the
range (with Polyprion oxygeneios as an outgroup) in
order to test the hypothesis that North Atlantic wreck-
fish consist of one genetic stock, distinct from southern
wreckfish, and to test the separate hypothesis that
southern wreckfish from Brazil and the South Pacific are
genetically similar.

Materials and methods

Specimens of Polyprion americanus were collected from 1993 to
1997 (Fig. 1, Table 1). Lengths of wreckfish specimens varied, and
reflected the commercial fishery landings that we sampled (Sed-
berry et al. 1996). The small sample from Bermuda (n = 17) in-
cludes all fish caught since the fishery collapsed in 1983 (Luckhurst
1996), while the small samples from Majorca (n = 16) and West
Madeira (n =19) are the result of a single sampling effort. DNA
was isolated as described in Sedberry et al. (1996). In addition to
wreckfish, tissues were also obtained from hapuku, Polyprion ox-
ygeneios, collected aboard a longline vessel operating out of St.
Helens, Tasmania, or from the market in Sydney, New South
Wales, Australia, and the DNA was isolated as for wreckfish.

The genomic library was constructed and screened as in Ball
et al. (1998). We screened approximately 1000 clones, sequenced 48
positive clones, found 14 clones that contained one or more (GT),
repeats, designed primers for 10 loci, and used 6 in this study
(Table 2).

Primers were used to amplify total genomic DNA in reactions
that included 10 ng template DNA, 0.3 pM forward and reverse
primer, 0.2 mM each dNTP, 3 mM MgSOy, 17 mM (NHy4),SOy,
10 mAM S-mercaptoethanol, 67 mAM Tris-HCl pH 8.8 and 0.25 units
Taq polymerase (Promega) in 10 pl. The forward primer was end-
labeled with [y**P]-ATP at 0.1 pCi pmol primer~'. Cycling pa-
rameters were 3 min at 94 °C followed by 35 cycles of 40 s at 94 °C,
40 s at the annealing temperature, and 40 s at 72 °C. All amplifi-
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Table 1 Polyprion spp. Collec-
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tion data for specimens used in Area, Collection dates Total length (mm) No. of
this study Site [mean + 1 SD (range)] individuals
P. americanus
North Atlantic
Blake Plateau Jan 1994-Jun 1997 985 + 95 (686-1182) 95
Bermuda Oct 1995-Jun 1997 1079 + 160 (744-1391) 17
North Azores Oct 1996 1143 + 164 (340-1430) 40
Azores Mar 1992-Jul 1997 675 + 168 (265-1320) 118
West Madeira Oct 1996 1046 + 149 (710-1200) 19
Madeira Mar 1992-Jun 1997 752 + 92 (600-900) 32
Majorca Jul 1994 831 £ 261 (570-1370) 16
South Atlantic
Brazil Feb 1995-Apr 1995 850 + 172 (600-1293) 28
South Pacific
Australia Oct 1994-Feb 1995 932 + 191 (630-1355) 30
New Zealand Jun 1993-May 1995 788 + 71 (683-910) 30
P. oxygeneios
Australia Jun 1993, Aug 1995 717 + 106 (587-888) 16
Table 2 Polyprion americanus. N
Designations, DNA sequences, Locus Sequence Repeat Type Anneal (°C)
;i;ee‘{;l;‘;dt;ﬁ?;;;agﬁ:’;}“d Pam006F 5 CTGATGGTTAAGCTGGTGC 3’ (GT);  Imperfect 55
wreckfish microsatellite primers PamO06R 5" CAATGTGTCTAACATTCGCC 3’
Pam010F 5" GTGGCCTTGGTGGAAGCAG % (GT)ss Perfect 55
Pam010R 5 CGCGCACTAGGTGCCAAATATC 3’
Pam017F 5 CTGACTTTGTATGCATGTCCG 3 (GT)is Perfect 55
Pam017R 5" GTTTGAGACCTCAGGGCAAG 3%
Pam021F 5 GATCTGACAATGACCACTTTACT 3’ (AO);s Perfect 55
Pam021R 5 CCTCTATAGGAATGCTGCTTTTG 3’
Pam025F 5 CAAATAACATATGCACACATCAGC 3¥ (AQ)y7 Perfect 60
Pam025R 5" CTTCTCTGGCATGAATGTTTG 3’
Pam035F 5 GGCTCGCTCTGGGCATTAC 3’ (G5 Perfect 55
Pam035R 5 ACAACGTGAGCTATACCCGCC 3’

cations included a 5 min extension at 72 °C, except Pam021, which
required a 60 min extension at 72 °C as the final step to ensure
consistent addition of an extra adenosine (Smith et al. 1995).
Amplifications were performed in an Ericomp Delta I thermalcy-
cler, and the products were subjected to electrophoresis on 6%
denaturing polyacrylamide gels alongside a standard M 13 sequence
ladder (Brooker et al. 1994). Analysis of 150 individuals with
Pam006, Pam025, and Pam035 used fluorescently labeled primers
obtained from Operon Technologies, Inc. and ABI instead of the
radioactively-labeled primers. These reactions were analyzed on an
ABI 377 automated sequencer at the Medical University of South
Carolina Nucleic Acid Analysis Facility. Scoring was standardized

between the two methods by comparing the scores of amplifications
containing [y*?P]-ATP-labeled primers or fluorescently-labeled
primers for these loci for 25 individuals.

To assess conformity of genotype distributions with Hardy—
Weinberg expectations, probability tests were performed on all
separate samples using the program GENEPOP v3.1 (Guo and
Thompson 1992; Raymond and Rousset 1995). In addition, all
North Atlantic and Mediterranean samples and the two South
Pacific samples were combined, and a test of Hardy—Weinberg
proportions within these groups was performed. Multilocus values
of the probabilities of deviation from Hardy—Weinberg equilibrium
were calculated using GENEPOP.
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Allele-frequency distributions were tested for non-homogeneity
across populations using an approximation of an exact test im-
plemented in GENEPOP. A Bonferroni correction (Rice 1989) was
used to calculate the level of significance for multiple comparisons.
Fisher’s method (Manly 1985) was used to combine independent
probabilities. Linkage disequilibrium was also calculated using
GENEPOP.

Several indices of population structure were calculated. F-sta-
tistics (Wright 1951, 1978) were estimated following Weir and
Cockerham (1984), using Genetic Data Analysis, (Lewis and Zay-
kin 2000) for all samples and for North Atlantic samples only. (Fjs
is a measure of the deviation from Hardy—Weinberg proportions
within samples, F,; a measure of the deviation in the total set of
samples, and Fi, the standardized genetic variance among samples.)
The genetic distance measure (5p)%, a measure specifically designed
for microsatellite data based on a single-step mutation process, was
calculated following Goldstein et al. (1995). Nei’s genetic distance
(Nei 1972) and (dp)* were calculated and bootstrapped over loci
using MICROSAT 1.5 (Minch 1996). These measures have been
shown to be useful for estimating branch lengths (Takezaki and Nei
1996). For the comparison of allele-frequency distributions and
genetic-distance analysis, Polyprion oxygeneios was included as an
outgroup. PHYLIP (Felsenstein 1993) was used to generate the
UPGMA phenogram for P. americanus (including P. oxygeneios
for comparison) from Nei’s genetic distance. We chose to use Nei’s
D for this analysis rather than (3p)® because interspecific pairwise
distaznces were occasionally smaller than intraspecific distances with
(on)°”.

To examine the effect of the anomalous alleles at locus Pam021,
which differed by a single base pair (bp), we performed all analyses
considering Pam021 as a single bp mutation, with binned alleles to
eliminate the single bp steps, or without Pam021 entirely, and we
obtained the same qualitative results from the calculations of (dp)*
and Nei’s D. All results shown were calculated from the unbinned
data file, with all alleles included. Haplotype diversity (%), nucleo-
tide diversity (m), and nucleotide divergence (d) were calculated
from the RFLP data of the NDI region of mtDNA presented in
Sedberry et al. (1996) using REAP, Version 4.0 (McElroy et al.
1992) in order to compare relative levels of variation in Polyprion
americanus mtDNA with microsatellite data from this study. Fe,
from mtDNA data was calculated using Arlequin (Schneider et al.
1997).

Results

Six of the ten microsatellite loci tested in Polyprion
americanus were easily scored polymorphic loci at which
the most common allele had a frequency <0.95 (Fig. 2).
In addition, all six microsatellite loci were successfully
amplified in hapuku. We assayed 422 individual wreck-
fish at each locus (between 6 and 19 individuals did not
amplify at any one locus due to technical problems) and
observed 8 to 31 alleles at each locus (Fig. 2, Table 3).
Observed heterozygosity for all loci and all samples of P.
americanus ranged from 0.467 to 0.814, and expected
heterozygosity ranged from 0.491 to 0.881. For each
separate sample at each locus, within grouped North
Atlantic and Mediterranean samples or grouped South
Pacific samples, no significant deviations from Hardy-
Weinberg equilibrium were noted. Multilocus tests of
heterozygote deficiencies for separate samples, grouped
North Atlantic and Mediterranean samples, or grouped
South Pacific samples were also not significant. However,
when all samples were combined, significant heterozy-
gote deficiencies were evident at 5 of 6 loci. There was no

linkage disequilibrium within samples, consistent with
independent loci (analysis not shown).

The probability of population differentiation based
on allele-frequency distributions for each microsatellite
locus indicated no significant differences among all
North Atlantic and Mediterranean samples or between
Australia and New Zealand (Table 4). There were sig-
nificant differences in allele-frequency distributions
among samples collected from all three ocean basins: the
North Atlantic and Mediterranean, Brazil, and South
Pacific. For these comparisons, allele-frequency distri-
butions at 3 of the 6 loci were significantly different at
p = 0.00001. A multilocus value for the probability of
population differentiation, when corrected for multiple
independent tests, showed that all comparisons between
ocean basins were significant at p < 0.001, while no
comparisons among North Atlantic and Mediterranean
samples or between Australia and New Zealand revealed
significant population differentiation. Loci Pam006 and
PamO017 were significantly different at p < 0.05 for all
pairwise comparisons involving different ocean basins,
while locus Pam035 was only significantly different at
p < 0.05 for about half of these comparisons. The
ability to discriminate among populations was not re-
lated to expected heterozygosity of microsatellite loci,
since Pam017 and Pam035 were the two least polymor-
phic loci, in contrast to Pam006 (Table 3).

F-statistics calculated over all samples confirmed the
previous analyses (Table 5). Within the North Atlantic
and Mediterranean, Fy, was not significantly different
from zero, while for all populations over all loci, Fy, was
significantly different from zero.

The magnitude of (dp)* and Nei’s D differed, but
overall patterns of pairwise genetic distances were the
same: all North Atlantic and Mediterranean samples
were similar, Australia and New Zealand were similar,
but Brazil, Australia and New Zealand, and the North
Atlantic samples differed from each other (Table 6).
Nei’s D within the North Atlantic and Mediterranean,
and between Australia and New Zealand averaged 0.0,
while between samples in different ocean basins it aver-
aged 0.5. Similarly, (dp)® averaged 0.5 within North
Atlantic and Mediterranean, and between Australia and
New Zealand, but averaged 35.1 between samples from
different ocean basins. Using (dy1)%, within-species com-
parisons were occasionally greater than between-species
comparisons, while Nei’'s D was greatest for the be-
tween-species comparisons. A UPGMA phenogram
based upon Nei’s D grouped North Atlantic and Med-
iterranean samples, with little distance among these
samples, while Brazil and the South Pacific formed
separate branches (Fig. 3). The North Atlantic and
South Pacific assemblage was not strongly supported by
the bootstrap value.

Average haplotype and nucleotide diversities calcu-
lated from mtDNA data presented in Sedberry et al.
(1996) were very low (0.0125 and 0.000077, respectively).
This may be due to the small number of informative
enzymes used and nucleotides sampled. Nucleotide-
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Table 3 Polyprion spp. Basic allele statistics for each sample at
each locus, for North Atlantic and Mediterranean, and South Pa-
cific samples combined, and for all P. americanus and all P. oxy-
geneios [N number of individuals scored; ¢ number of alleles
observed in that sample; H,,, expected heterozygosity (unbiased

estimate, Nei 1978); H,,, observed heterozygosity; single locus p
probability of deviation from Hardy—Weinberg equilibrium when
H1 = heterozygote deficiency or heterozygote excess; multi-locus p
probability of deviation from Hardy—Weinberg equilibrium when
H1 = heterozygote deficiency]

Site, Pam006 PamO010 Pam017 Pam021 Pam025 Pam035 Multi-locus
Locus
Blake Plateau

N 94 94 95 94 91 94

a 8 6 5 15 7 7

H s 0.755 0.606 0.537 0.809 0.505 0.479

H,,, 0.763 0.669 0.572 0.826 0.592 0.493

p 0.298 0.115 0.132 0.763 0.038 0.595 0.035
Bermuda

N 17 17 17 17 17 17

a 5 4 4 9 5 3

H 0.647 0.529 0.706 0.765 0.529 0.412

H,., 0.733 0.485 0.586 0.845 0.608 0.415

P 0.622 1 0.710 0.265 0.086 1 0.083
North Azores

N 40 40 40 40 40 40

a 6 4 4 10 5 5

H s 0.850 0.675 0.475 0.800 0.625 0.550

H,,, 0.747 0.660 0.470 0.837 0.618 0.497

p 0.016 0.010 0.349 0.533 0.908 0.862 0.853
Azores

N 114 116 115 115 110 113

a 7 5 6 16 7 5

H 0.772 0.578 0.478 0.826 0.573 0.487

H,,, 0.754 0.644 0.478 0.833 0.575 0.488

P 0.920 0.117 0.668 0.787 0.835 0.514 0.225
West Madeira

N 19 19 19 19 19 19

a 5 4 3 8 5 4

H s 0.737 0.526 0.316 0.737 0.684 0.474

H,,, 0.768 0.667 0.579 0.818 0.616 0.545

P 0.688 0.190 0.031 0.558 0.226 0.454 0.038
Madeira

N 32 32 32 32 31 31

a 6 5 4 12 5 3

H 0.656 0.656 0.750 0.938 0.387 0.419

H,., 0.743 0.673 0.608 0.824 0.451 0.397

P 0.366 0.976 0.310 0.588 0.336 0.354 0.876
Majorca

N 10 14 15 6 14 15

a 4 4 3 8 6 2

H s 0.300 0.571 0.467 1.000 0.429 0.733

H,,, 0.679 0.611 0.549 0.924 0.566 0.480

p 0.020 0.578 0.437 1 0.302 0.085 0.014
Brazil

N 27 28 28 28 28 28

a 13 2 5 19 4 3

H 0.926 0.036 0.393 0.893 0.250 0.357

H,,, 0.877 0.036 0.421 0.909 0.230 0.305

P 0.743 - 0.675 0.643 1 1 0.510
Australia

N 30 30 30 30 30 30

a 5 4 3 6 4 5

H s 0.633 0.333 0.133 0.667 0.333 0.467

H,,, 0.686 0.300 0.129 0.639 0.300 0.505

p 0.973 1 1 0.856 1 0.557 0.632
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Site, Pam006 PamO010 PamO017 Pam021 Pam025 Pam035 Multi-locus
Locus
New Zealand
N 24 27 27 25 24 23
a 4 5 3 5 5 5
H,s 0.625 0.519 0.222 0.760 0.292 0.348
H,, 0.613 0.428 0.205 0.735 0.303 0.311
p 0.485 0.854 1 0.228 0.541 1 0.814
North Atlantic
N 326 332 333 323 322 329
a 9 6 6 19 9 7
H s 0.742 0.599 0.523 0.824 0.540 0.492
exp 0.749 0.651 0.533 0.831 0.578 0.480
P 0.128 0.025 0.694 0.743 0.042 0.820 0.061
South Pacific
N 54 57 57 55 54 53
a 5 5 3 6 5 6
H 0.630 0.421 0.175 0.709 0.315 0.415
exp 0.651 0.362 0.165 0.686 0.299 0.426
p 0.769 0.929 1 0.803 0.802 0.552 0.728
P. americanus
N 407 417 418 406 404 410
a 22 7 8 31 13 11
H 0.740 0.537 0.467 0.813 0.490 0.473
exp 0.814 0.608 0.491 0.881 0.609 0.580
P 0.000 0.002 0.319 0.000 0.000 0.000 0.000
P. oxygeneios
N 8 16 15 16 16 18
a 5 13 3 7 5 4
H s 0.875 1 0.733 0.750 0.938 0.778
exp 0.742 0.915 0.660 0.700 0.716 0.665
p 0.865 0.452 0.913 0.711 0.012 0.509 0.997

Table 4 Polyprion spp. Probability of population differentiation
based on allele frequencies. All tests for significance are corrected
for multiple comparisons using sequential Bonferonni procedure
[Loci that are not underscored did not show significant differences
in allele frequencies among the sites (also indicated by “all Ns™ if all
loci showed no significant differences between the two sites being

compared). Loci with triple underscore = p < 0.00001, significant
at alpha = 0.001; double underscore = significant at al-
pha = 0.01; single underscore = significant at alpha = 0.05; Loci
are coded as / Pam006; 2 Pam010; 3 Pam017; 4 Pam021; 5 Pam025;
6 Pam035]

Site Blake Bermuda Azores North Madeira  West Majorca  Brazil Australia New Zealand
Plateau Azores Madeira
Bermuda all Ns
North Azores all Ns all Ns
Azores all Ns all Ns all Ns
West Madeira all Ns all Ns all Ns all Ns
Madeira all Ns all Ns all Ns all Ns all Ns
Majorca all Ns all Ns all Ns all Ns all Ns all Ns
Brazil 123456 123456 123456 123456 123456 123456 123456
Australia 123456 123456 123456 123456 123456 123456 123456 123456
New Zealand 123456 123456 123456 123456 123456 123456 123456 123456 all ns
P. oxygeneios 123456 123456 123456 123456 123456 123456 123456 123456 123456 123456
sequence divergence was also low (average = 0.5168%) . .
Discussion

and failed to reveal differentiation within the North
Atlantic or South Atlantic/South Pacific, but did indi-
cate separation between the Northern and Southern
Hemispheres. Fs; overall, calculated from mtDNA data,
was 0.98 and averaged 0.00 within the North Atlantic or
within the South Pacific.

The results reported here revealed three genetically dis-
tinct Polyprion americanus stocks: the North Atlantic
and Mediterranean, Brazil, and the South Pacific (Aus-
tralia and New Zealand). All samples from each of these
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Table 5 Polyprion americanus.

F-statistics for all samples and Locus All samples North Atlantic

for North Atlantic samples (Fis

deviation from Hardy—Wein- Fis Fin F Fis Fin For

berg proportions within sam- NS NS

ples: F, deviation in total set of Pam006 0.01017 0.1071 0.0980%** 0.0086™% 0.0050 —0.0036

) P Pam010 0.0615 0.1281 0.0709%** 0.0754 0.0801 0.0051

samples; Fy, standardized ge- NS . NS NS

netic variance among samples)  Pamo017 0.0122°% 0.0527 0.0411 0.01147% 0.0171 0.0058
Pam021 0.0048 0.0898 0.0854%% 0.0093™N¢ 0.0071 -0.0022
Pam025 0.0563N8 0.2104 0.1632%** 0.0574N8 0.0588 0.0015N
Pam035 -0.0186™8 0.2162 0.2305%**  —0.0240NS -0.0265 -0.0024
All loci 0.0203N8 0.1319 0.1139%** 0.0237N8 0.0241 0.0004™S

Table 6 Polyprion spp. Pairwise comparisons for genetic distance, (y1)> (Goldstein et al. 1995) (upper triangle) and Nei’s genetic distance,
D (Nei 1972) (lower triangle). Averages of bootstrapped values are shown

BP Berm NAz Az WMad  Mad Maj Braz Aust Nz P. ox
Blake Plateau (BP) 0.26 0.09 0.34 1.31 0.05 0.64 39.45 29.08  26.59  31.90
Bermuda (Berm) 0.008 0.55 0.14 0.65 0.33 0.23 40.80 24.62 2235  33.33
North Azores (NAz) —-0.002 0.022 0.57 1.67 0.20 1.05 39.23 31.03 2842 3145
Azores (Az) 0.001 0.005  —0.001 0.32 0.47 0.18 43.13 2350  21.19  32.28
West Madeira (WMad)  -0.016 -0.006 -0.014 —0.011 1.55 0.41 47.82 18.87 16.77  33.25
Madeira (Mad) 0.000 0.006 0.002 0.002  -0.002 0.65 37.69 29.31 2682  31.34
Majorca (Maj) 0.006 —0.011 0.000 —0.003 —0.010 -0.014 40.73 21.30 19.22  30.99
Brazil (Braz) 0.820 0.710 0.778 0.783 0.841 0.859  0.622 81.93 80.05  38.03
Australia (Aust) 0.651 0.579 0.642 0.605 0.408 0.673  0.548 1.337 0.13 52.80
New Zealand (NZ) 0.668 0.616 0.662 0.628 0.610 0.688  0.577 1.509 0.001 51.73
P. oxygeneios 2.098 2.258 2.223 2.210 2.195 2.153 2970 2.259 2710 2.830

areas differed from all samples from the other areas, and
there were no differences within the North Atlantic and
Mediterranean or between Australia and New Zealand.
Statistical measures for the individual sample compari-
sons, including analysis of gene frequencies, distance
measures and F-statistics, were consistent. While single
samples, grouped North Atlantic and Mediterranean
samples, and grouped Australia and New Zealand
samples did not deviate from Hardy—Weinberg equilib-
rium, we did observe a significant heterozygote defi-
ciency for all samples combined, consistent with the
Wahlund effect when genetically distinct populations are
combined for Hardy—Weinberg analysis. The small sizes
of some samples (Bermuda, Majorca, or West Madeira)
limit the power of these tests (Sokal and Rohlf 1995), and
thus the biological significance of a deviation from
Hardy—Weinberg equilibrium for some of these samples
is suspect. Fennessy (1998) indicated some degree of
1solation within North Atlantic wreckfish stocks, based
on parasite faunas, while mtDNA and microsatellite
analyses indicated widespread gene flow within the
North Atlantic.

In this study, microsatellites did not reveal fine pop-
ulation structure within the North Atlantic or South
Pacific, but rather large differences among ocean basins
coupled with genetically homogeneous populations
within the North Atlantic and South Pacific samples. The
large values of (dp)* obtained for some pairwise com-
parisons of Polyprion americanus samples were similar to
or greater than those observed for pairwise comparisons
between P. americanus and P. oxygeneios. These distance
measures appeared to approach a plateau with these

data, consistent with the observed and inferred effects of
homoplasy (Paetkau et al. 1997; Viard et al. 1998).

Previous mtDNA studies of wreckfish (Sedberry et al.
1996) could differentiate the Northern from the South-
ern Hemisphere, but could not distinguish between
South Atlantic and South Pacific samples. It seems likely
that increased population structure was revealed by
analysis of microsatellites because of the different mu-
tation rate of these two markers (see Avise 1994).
Clearly, for the loci analyzed for wreckfish, diversity and
divergence measures are both higher for the microsat-
ellite loci than for the mtDNA RFLP analysis of the
NDI1 region. Other studies of teleosts have found higher
genetic diversity with microsatellite loci than with
mtDNA, and more evidence of population structure,
using distances derived from microsatellite data (e.g.
Tessier et al. 1995; Bentzen et al. 1996).

Gene flow among North Atlantic wreckfish is prob-
ably mediated by pelagic juveniles drifting in surface
currents, and perhaps by migratory adults (Sedberry
et al. 1996, 1999). Wreckfish in spawning condition have
been caught on the Blake Plateau (D. Wyanski personal
communication); and the Gulf Stream flow, North At-
lantic Drift, the Azores Current, and the Canary Current
could carry juveniles to eastern Atlantic wreckfish hab-
itats (Defense Mapping Agency 1973). Pelagic juvenile
wreckfish are abundant in the surface waters of the
eastern Atlantic, and appear there during the months
following the spawning period on the Blake Plateau
(Goujon et al. 1993). Since juveniles are only rarely
observed in the western North Atlantic (Schroeder 1930;
Gilhen 1986), we hypothesize that juveniles observed in
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P. americanus, with P. oxygeneios as an outgroup. Percentages of
replications of observed topology based on 1000 bootstraps are given
for major branches. Bootstrap values are not given for branches
within North Atlantic or within South Pacific (Nei’s D < 0.01 for
pairwise comparisons)

the eastern north Atlantic originate at least in part from
spawning on the Blake Plateau. Spawning probably
occurs in the Azores and the Mid-Atlantic Ridge outside
the Azorean Exclusive Economic Zone as well (Fennessy
1998; Sedberry et al. 1999), and the Azores Current,
Canary Current and North Atlantic Subtropical Gyre
could carry progeny spawned in the Azores to Madeira,
the Canaries and perhaps Bermuda and America
(Sverdrup et al. 1942; Pingree et al. 1996). Surface flows
could carry pelagic juveniles into the Mediterranean
(Sverdrup et al. 1942), where spawning has also been
documented (Hardy 1978). Taken together, these ob-
servations suggest that currents mediate substantial gene
flow around the North Atlantic.

Tagging studies of Polyprion oxygeneios throughout
New Zealand waters have shown that this species is
capable of long-distance migrations (Beentjes and
Francis 1999). Solid information about the migratory
patterns of adult wreckfish is absent from the literature,
and tagging studies on P. americanus carried out by the
South Carolina Department of Natural Resources are
ongoing. The single tag return reported was a juvenile
wreckfish, which moved 217 km eastward in the central
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region of the Azores over a period of 3 mo (Sedberry
et al. 1998).

Bermuda lies outside the main Atlantic circulation
and inside the North Atlantic Subtropical Gyre
(Tomczak and Godfrey 1994). Wreckfish are overfished
in Bermuda and the Mediterranean, and in Bermuda the
stock became commercially extinct in 1983 and has not
recovered (Sedberry et al. 1999). In spite of the docu-
mented population bottleneck in Bermuda, this sample
was not statistically genetically distinct from the rest of
the North Atlantic. As the age of first maturity for
wreckfish is 8 to 10 yr, the population remnants prob-
ably retain the genetic makeup of the original sample,
since extensive inbreeding or genetic drift would not yet
have occurred after fewer than two generations (Nei
et al. 1975). There may also be some exchange between
Bermuda and the rest of the North Atlantic, although
not enough recruitment to provide for a rapid regener-
ation of the stock.

While mechanisms exist to promote gene flow within
the North Atlantic, very little Atlantic surface water from
higher latitudes where wreckfish occur (>25°N or S)
crosses the equator (Sverdrup et al. 1942). The Brazil
Current, the South Atlantic Subtropical Gyre and South
Equatorial Current would preclude pelagic wreckfish
from known localities in the eastern or western South
Atlantic from crossing the equator (Sverdrup et al.
1942). Furthermore, it is highly unlikely that food re-
sources needed to support a large robust fish such as
Polyprion americanus exist at appropriate depths in the
tropics (Anderson et al. 1986), and for this reason large
demersal wreckfish are probably excluded from occu-
pying slope depths in latitudes lower than 25°. There-
fore, cross-equatorial movement of wreckfish in the
Atlantic is unlikely, consistent with both mtDNA and
microsatellite data which clearly differentiated North
Atlantic wreckfish from South Atlantic wreckfish.

The waters of the Southern Ocean permit free inter-
basin circulation among the Atlantic, Pacific and Indian
Oceans (Gordon 1971). However, summer sea temper-
atures at the surface are below 10 °C in the Antarctic
Circumpolar Current or West Wind Drift (Sverdrup
et al. 1942; Deacon 1984; Lutjeharms 1990), well below
sea-surface temperatures where juvenile wreckfish or
adults have been observed (Sedberry et al. 1999). Ge-
netic data indicate that wreckfish are not able to utilize
the dominant circumpolar flow in the Southern Hemi-
sphere for dispersal of genotypes among Southern
Ocean basins.

The pattern of genetic divergence found in wreckfish is
similar to that found in other species with disjunct anti-
tropical distributions, e.g. bluefish and chub mackerel
(Goodbred and Graves 1996; Graves 1998; Scoles et al.
1998). Mitochondrial DNA RFLPs of bluefish (Po-
matomus saltatrix) revealed a similar pattern to that
found in this study: eastern and western North Atlantic
samples, and eastern and western Australian samples
were closely related, while Brazilian fish were genetically
distinct from all other groups. Analysis of chub mackerel
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(Scomber japonicus) mtDNA RFLPs revealed some ge-
netic differences among North Atlantic samples, but very
large differences between North Atlantic and South Pa-
cific samples suggest that the South Pacific population
may be a distinct species (Scoles et al. 1998). In all these
species, the dispersal characteristics arising from a pela-
gic or migratory existence are apparently limited by
physical oceanographic conditions and an intolerance of
tropical waters (Goodbred and Graves 1996; Scoles et al.
1998). In other cases, Stepien and Rosenblatt (1966)
found varying patterns of genetic structure between
North and South American samples of three antitropical
fishes, and Grant and Bowen (1998) saw considerable
variability in genetic divergence among regional popu-
lations of ecologically similar sardines and anchovies. In
these cases, changing paleoclimatic and oceanographic
conditions, differences in reproductive and dispersal
abilities, and differences in temperature tolerance be-
tween species are among the factors that probably con-
tribute to such variations in population structures in
taxonomically or ecologically similar species.

The origin of antitropical distributions has been the
subject of debate for over a century (see Briggs 1987),
and a number of theories and interpretations have been
put forward to account for the limited gene flow and
phylogeographical patterns exhibited by antitropical
species. Recent analyses of bluefish (Goodbred and
Graves 1996) and mussels (Hilbish et al. 2000) suggest
that dispersal rather than vicariance is responsible for
present-day genetic patterns of these species, while ge-
netic divergence between many paired Atlantic and Pa-
cific species is compatible with vicariance due to the
formation of the Isthmus of Panama (see Grant 1987).
The data presented here indicate that whatever mecha-
nisms allowed transequatorial movement in the past,
gene flow in wreckfish is certainly limited in the present.
Wreckfish with its global, antitropical distribution lends
itself to further study of this particular issue; however,
sequence analysis providing estimates of times of di-
vergence would be more appropriate than microsatellite
data to answer this question.

Polyprion spp. are also present in the eastern South
Atlantic and the Indian Ocean (Sedberry in press), but
preliminary analysis of DNA from fish collected near
South Africa found highly distinctive mtDNA profiles
and microsatellite genotypes (data not shown). These
were sampled for us by local fishery biologists, but as we
did not observe the specimens from which tissues were
taken, we could not verify the identity of these fish and
left them out of the analysis. Early records of Polyprion
from southern Africa, Tristan da Cunha, Gough Island
and nearby seamounts were assigned to P. americanus
(Rowan and Rowan 1955; Penrith 1967, 1976), but re-
cent publications and records indicate that they may be
records of P. oxygeneios (Andrew et al. 1995; Heemstra
personal communication). In addition, there may be a
third species of Polyprion in the Indian Ocean waters of
southern Africa (Heemstra personal communication).
Given the taxonomic uncertainties, we could not eluci-

date the distribution of wreckfish genotypes on both
sides of the South Atlantic.

The genetic data presented here indicated a deep
separation among Polyprion americanus samples, similar
to that between any P. americanus and P. oxygeneios.
Roberts (1986) revised the systematics of Polyprion and
synonymized about 20 nominal species to two names,
P. americanus and P. oxygeneios. His revision synony-
mized P. moeone, originally described from New Zealand,
with P. americanus described from America. However,
Paxton et al. (1989) listed P. moeone and P. oxygeneios as
the only valid species occurring in Australia and New
Zealand (see also Last et al. 1983). The data presented
here are consistent with the suggestion that P. moeone is a
valid species, and imply that further clarification of
Polyprion systematics is necessary.
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