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EXECUTIVE SUMMARY

Theams of this study were to examine the genetic stock structure of Audtralias svordfish
fisheries on the west and east coasts, and to determine how these populations might relate to
other populations in the Indian and Pecific Oceans. It was decided to use a combination of
mitochondrial DNA and microsatellite DNA andyses. Both these approaches had earlier
been used to study swordfish stock structure by Dr Barbara Block and Dr Carol Reeb at
Stanford University, Cdifornia. A collaborative study was consequently established between
CS RO Marine Research and Stanford University.

Collections of swordfish were made from three areas. Audtrdias east coast fishery (off New
South Wales and southern Queendand), Australial's west coast fishery (off Port Hedland
and off Geradton), and from off Reunion Idand (west Indian Ocean, off Madagascar).
Samples from the Pacific Ocean had dready been collected and analysed by Stanford.

No datigticaly significant differences among the three project collections were detected for
mitochondrid DNA. The null hypothesis that fish from Reunion Idand, western Audrdia
and eastern Audtrdiaform part of the same gene pool could not be rejected. However, it
was interesting that two fish belonging to Clade 11, a phylogenetic clade found in highest
abundance in the Mediterranean Seaand Atlantic Ocean werein the western Austrdia
collection. The remaining fish belonged to the more ubiquitous Clade | which is found
digributed worldwide. Thelack of Clade Il in the Reunion Idand collection likely reflectsits
amal sample sze. The presence of Clade 1 in the Indian Ocean might represent current or
higtorical gene flow from the Atlantic Ocean.

Minor but sgnificant differentiation in microsatdlite dlele frequencies over the three
collections was recorded using one of three different andytic gpproaches. Much of the
sgnificant differentiation recorded by the AMOV A /F 5 method was due to minor
differentiation of the Western Ausralian population from the two other collections, at locus
Xg-144.

Combing the mtDNA and nuclear DNA evidence with data previoudy published (Reeb et
a. 2000) and unpublished genetic data (this study) from the Pacific suggests severa stocks:
(1) anorthern Pacific stock (differentiated by mtDNA), (2) a southern Pecific stock
(differentiated by mtDNA) which is, surprisingly, geneticdly smilar to Reunion Idand, and
(3) awestern Audtrdia stock (differentiated by microsatellite DNA). However, if there are
distinct stocks, then the degree of separation of themissmdl. A larger study of the genetics
of swordfish of this areais required to findly resolve thisissue.
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2 INTRODUCTION
1.1. Background information on swordfish

Audtrdian swordfish populations are being increasingly exploited. Most are taken in the
eastern AFZ. Initidly Japanese longliners took most of the catch, but in recent yearstheir
effort has decreased, and ceased in 1998. Catch in the eastern AFZ from domestic
longliners was minimd in the early 1990's, but then increased sharply to more than 2000t in
each of 1998 and 1999 (see Table 1). Most of the domestic catch is taken fromthe
Brisbane Grounds (an area bounded by 24-32°S and 152- 162°E).

Table 1. Catch taken and catch per unit effort (CPUE, estimated as kg/1000 hooks) in the
eastern AFZ over the last ten years (data from Ward and Elscot 2000)

Domedtic fishery Japanese fishery
Year Cach(t) CPUE Cach(t) CPUE
1990 21 19 1018 85
1991 56 38 853 146
1992 46 24 1078 181
1993 27 18 701 A
1994 36 15 645 85
1995 65 20 525 77
1996 613 165 291 72
1997 1881 332 405 62
1998 2373 270 0 -
1999 2513 262 0 -

The second important swordfish fishery is off Western Audiralia. Here domestic catches
have increased from about 25t in 1997 to 238 t in 1998 and 933 t in 1999 (R. Campbell,
pers. com.).

The rapid expansion of the fisheriesin the eastern AFZ and in the western AFZ miirror rgpid
expanson in other parts of the world. An examination of five such fisheries (Ward and
Elscot 2000) showed that catches peaked and then declined, while effort continued to climb
after catches peaked. Three of these fisheries appear to have been fished a unsustainable
levels. Sustainable management of the Audtrdian fisheries is required, and knowledge of
stock structureis critica for management and assessment. If fish from two areas form part
of the same stock, then fishing ether areawill impact on fish in the other area. On the other
hand, if fish from the two areas form separate stocks, then fishing either area will have
minima impact on the other area. In the former instance, management should gpply asingle
quota (for example) to the unit stock, while in the latter instance, depending on biomass and
other factors, different quotas are likely to apply to the two stocks.
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In practise, such a clear-cut distinction between scenariosis not possible. The degree of
gene flow between two areas can be anything from zero percent to complete mixture
(panmixia). It is particularly difficult to determine stock structure for marine species, asthey
tend to inhabit zones with no clear- cut boundaries (unlike, for example, lake or river
dwdling fish). Furthermore, they often have eggs or larvae that can be digtributed in
currents, and adult stages are aso frequently highly mobile. Only afew individuas need to
migrate and interbreed to maintain genetic mixing and minimise genetic heterogeneity
between aress.

The biology of swordfish might be expected to minimise stock separation. Swvordfish are
found in al oceans and most seas, from tropica regions to temperate regions (roughly
contained by the 13°C sea surface isotherm, Nakamura 1985), and can tolerate amuch
broader temperature range than other hillfish or tunas. Generdly, juveniles are most
abundant in tropica and subtropica waters, adults are thought to move to temperate waters
for feeding during summer, then move to warmer weters for spawning. Adults are amongst
the fastest known swimmers (up to 140 knvh, Riedl 1983).

Tagging datafor swordfish are limited, and mostly pertain to the Atlantic Ocean. The
farthest recorded movement currently is 2700 nautical miles across the North Atlanticin
390 days (Pepperell 2000). Other individuas have been identified as travelling from the
west coast of Africato the Azores, and from the Azores to the western Sargasso Sea
(Mguto 1991). In the Pecific, a swordfish tagged north-east of Hawaii was recaptured
3000 km away off Cdifornia (D. Holts, in Rosdl and Block 1996). However, most
recaptures of tagged swordfish are near the point of release (Carey and Robinson 1981).
Furthermore, tagging data do not provide information on gene flow; they tell you where a
fish isand where it has been, but not where it reproduced.

Swordfish do not appear to have discrete spawning grounds or seasons (Grall et a. 1983),
but spawn in waters at more than 20°C (Palko et al. 1981), year-round in equatorial waters
but progressively limited to spring- summer a higher latitudes. Svordfish rarely gather in
schools and fertilisation probably involves the pairing of otherwise solitary made and femade
fish (Pako et d. 1981).

Growth isinitidly extremdy rapid, and by one year of age an swordfish can reach 90 cm
and15 kg (Ehrhardt 1992). After two to three years, females grow faster than maes (Kume
and Joseph 1969). Swordfish live for nine or more years (Palko et d 1981). Average
maximum size for males and femdes predicted from modelsis 190-217 cm and 246-364
cm respectively (see Ward and Elscot 2000), reached at about nine and fifteen years of age
respectively (Wilson and Dean 1983).

1.2. Genetic studies on swordfish
There have been severd genetic studies which have examined the population structure of

swordfish in various parts of theworld (Table 2), but none focusing on fish in Austrdian
waters. Mogt of the work to date has used the mitochondrial DNA (mtDNA) genome.
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MtDNA has become widdy used in the last few yearsfor genetic studies of fish

populations, asit isarapidly evolving marker that is anticipated to be more sengitive to gene
flow redtrictions than nuclear DNA markers. The latter property reflects its inheritance from
only the maternd parent, and its hgploid nature. The genetically effective population size of
MtDNA isthus, other factors being equd, only one quarter that of NDNA (which isinherited
from both parents, and is diploid in each parent). This makesit potentialy amore senstive
indicator of genetic drift than nDNA. The mgor disadvantage of mtDNA isthat it isanor
recombining molecule and only provides asingle estimate of population structure; nuclear
DNA on the other hand provides (in principle) avast number of largely independent
markers that can be examined.

Thiswork showed that swordfish are comprised of two main phylogenetic clades (Kotoulas
et a. 1995, Alvarado Bremer et a. 1995, 1996, Rosdl and Block 1996, Chow et al. 1997,
Chow and Takeyama 2000). Clade | isfound throughout the distribution of the species
range while Clade 11 isfound in highest frequency in the Mediterranean Sea. The most
clearly, consstently and gstrikingly differentiated stock was that in the Mediterranean and
early studies concluded that swordfish are geographically subdivided on ocean basin scales
(Alvarado Bremer et a. 1995, 1996, Rosel and Block 1996, Chow et a. 1997).

Initid sudiesfaled to reved any mtDNA population heterogeneity of swordfish within the
Atlantic Ocean (Alvarado Bremer et d. 1995, Rosel and Block 1996), but as sample sizes
increased a Sgnificant north-west/south Atlantic distinction was noticed (Alvarado Bremer
et a. 1996, Chow et d. 1997). However, the largest mtDNA survey failed to detect
sgnificant Atlantic heterogereity, but concurrent study of anDNA marker (CaM,
camodulin intron 4) did show a clear digtinction between north-west Atlantic fish and those
from tropical and southern regions (Chow and Takeyama 2000). The evidence thus favours
genetic stock heterogeneity within the Atlantic.

Pecific Ocean samples of swordfish show smdl but significant genetic differences from
Atlantic fish (Rosd and Block 1996, Alvarado Bremer et d. 1996, Chow et d. 1997,
Chow and Takeyama 2000). Within the Pacific Ocean, the only dlozyme examination of
swordfish stock structure carried out in any ocean showed small but significant differences
between north-centra (Hawaii) and north-east (Mexico) samples (Grijava-Chon et al.
1996). Another examination of NDNA variability in the Pecific, usng the CaM locus, lacked
resolving power, as the locus was monomorphic in Japanese and Peruvian samples (Chow
and Takeyama 2000). MtDNA studies did not revea any significant intra Pecific
heterogeneity (Grijava-Chon et a. 1994, Rosdl and Block 1996, Chow et a. 1997, Chow
and Takeyama 2000) until a more detailed examination was carried out (Reeb et d. 2000).
The latter showed patterns of mtDNA heterogeneity and homogeneity best explained by
invoking a E shaped pattern of gene flow, such that the south-west Pacific populations
(Augrdia) were linked to the south-east populations (Chile) and north-east populations
(Mexico), which werein turn linked to north- central (Hawaii) and north-west (Japan)
populations. In brief, both dlozyme and mtDNA data point towards population
heterogeneity in the Pecific.
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Studies of Indian Ocean swordfish are limited, and insufficient to examine the possibility of
intra- ocean homogeneity. Indian Ocean swordfish gppear to be geneticaly very smilar to
Pecificfish (Chow et a. 1997, Chow and Takeyama 2000).

Sequencing studies of the mtDNA control region showed that the numerous observed
haplotypes fdl into one of two highly divergent clades, with a net nuclectide difference of
about 3.9%, and with different geographic digtributions (Table 2). Presumably these two
divergent clades represent the remnants of a past vicariance event separating the swordfish
gene pool into two isolated and independently evolving populations.

Table 2. Frequencies of the two mtDNA clades in various oceans. This excludes Chow et
a. (1997) and Chow and Takeyama (2000) who did not ascribe their swordfish mtDNA
haplotypes to clades.

Clade
Location I 1] n Reference
N. Atlantic 0.81 0.19 122  Alvarado Bremer et a. 1996
S. Atlantic 0.96 0.04 23
Mediterranean 0.62 0.38 76
N. Pacific 1.00 - 26
N & S Atlantic 0.79 0.21 34 Rosd and Block 1996
Mediterranean 0.50 0.50 20
E, C & W Paific 1.00 - 105
Indian 1.00 - 36 Recb et al. 2000
E, C & W Padific 1.00 - 245

All the above studies have been summarised in Table 3. This shows that the evidence thus
far identifies four major genetic stocks of swordfish: Mediterranean, north-west Atlantic,
tropica and south Atlantic, and Indo- Pacific (with a complex structurein the Pecific).

Table 3. Summary of past genetic work on the swordfish. Samples within parentheses
cannot be readily distinguished (Pac=Pacific Ocean, Atl=Atlantic Ocean, Ind=Indian
Ocean, Med=Mediterranean Sea. N=north, C=central, E=east).

Technique n Conclusion regarding stock structure Ref.
MtDNA-RFLP 148 (NW-Pac, NC-Pac, NE-Pac) a
mtDNA-RFLP 204 (S-Atl) (W-Med, C-Med, E-Med) b
mtDNA-d loop-seq 50  (NE-Atl, NW-Atl, SAtl, NE-Pac) (Med) c
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mDNA-dloop-seq 159  (NE-Pac, SE-Pac, NC-Pac, NW-Pac) (NW-Atl, S-Atl) (Med)
dlozyme 94  (NC-Pac) (NE-Pac)

mDNA-dloop-seq 112 total N = 247 (NE-Pac) (NW-Atl, NE-Atl) (S-Atl) (Med)
mtDNA-d loop-RFLP 135

MtDNA-d loop-RFLP 456 (NW-Pac, NC-Pac, NE-Pac, SE-Pac, SC-Pac, C-Ind, E-Ind,
S-Atl) (NW-ALl) (Med)

mtDNA-d loopRFLP 698  (Ind, Pac) (NW-At, C-Atl, S-Atl) (Med)
nDNA-CaM 567  (Ind, NW-Pac, SE-Pac) (C-Atl, S Atl) (NW-Atl, Med)

mMtDNA-d loop-seq 281 *NW-Pac—NC-Pac—NE-Pac—SE- Pac—SC-Pac—SW-Pac

* A E shaped distribution was hypothesised. Seetext.

a Grijdva-Chon et d. 1994; b, Kotoulas et a. 1995; ¢, Alvarado Bremer et a. 1995; d,
Rosdl and Block 1996; e, Grijava-Chon et a. 1996; f, Alvarado Bremer et a. 1996; g.
Chow et d. 1997; h, Chow and Takeyama 2000; i, Reeb et a. 2000

The present project was aimed at collecting genetic data from swordfish from the Austrdian
east and west coast fisheries, and seeing how they related to other Indo- Pecific collections
of swordfish. Carol Reeb and Barbara Block a Hopkins Marine Station, Stanford
University, had aready collected extensive genetic data on Pacific swordfish, and the
collaboration between CSIRO Marine Research and Hopkins alowed Carol to collect
genetic data on our new collections of swordfish, using her aready proven methods, and to
compare the new datawith her pre-existing data. The Stanford laboratory obtained samples
from the western Indian Ocean. A comparison of this data with fish taken off Western
Augradiawould dlow the first assessment of whether there is stock heterogeneity within the
Indian Ocean.

We decided to combine studies of both mtDNA variation — as has been used in most earlier
studies of swordfish stock structure (Table 3) — and the newer and potentialy more
powerful techniques of DNA microsatellite analysis. Microsatellites provide an abundant
supply of hypervariable codominant markers for fish studies (O'Connell and Wright 1997).
Both approaches were dready in use in the Stanford |aboratory for swordfish assessments.

2 METHODS

Swordfish samples, white muscle tissue stored in ethanol, were collected off the eastern and
western coadts of Australia and from off Reunion Idand (off the east coast of Madagascar)
(Table 4). The Reunion Idand sample was provided by B. Block at Stanford.

Table 4. Swordfish samples collected for this project

10
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Area Date Location n Collector
Eagtern Audrdia July 1995 30°20'S, 154°49E 12 M. Scott
May-July 1999  New South Wales 31 Kevin Williams
July 1999 S. Queendand 49 Kevin Williams
Western Augtrdia Feb 1995 16°S, 118°E 36 AG.
May-July 1999  uncatan 23 Kevin Williams
Aug 1999 28°46'S,114°37E 75 EricaStarling
Reunion Idand Oct-Dec 1998 54°S, 21°E 39 Francois Rene
Tota 265

2.1. Genetic methodology

Total genomic DNA was extracted from muscle tissue using the Qiagen Tissue Prep kit
(Qiagen Corporation) and diluted to afinal concentration of 50- 100 ng/pl.

Mitochondrid DNA was examined by PCR amplification of two fragments from the5’ and
3 hypervariable ends of the mitochondria control region using primers described in Rosdl
and Block (1996) and Reeb et d. (2000). Tag polymerase with Buffer B from Promega
Corporation was used. Primer sequences are listed in Table 5. Reactions were donein 50 pl
volumes and gpproximately 100 ng of DNA (1-5 pl) was added. Amplification involved 33
cyclesof 1 minat 91°C, 1 min at 55°C and 2 min at 72°C. Fragments were gel purified
using the Wizard Prep kit (Promega Corporation) and DNA was resusperded in 22 pl of
derile deionized H,O. Each fragment was sequenced on a 6% polyacrylamide/urea gd (34
cm) using the Prism DNA sequencing kit, 373A autosequencer, and Sequencing Anadysis
software (v. 3.0) from Applied Biosystems, Inc. Sequences were digned to those
previoudy published in Reeb et d. (2000).

Table 5. PCR Primersfor amplifying two fragments of the control region in Xiphias gladius.
T, isthe annedling temperature

Region Primer (5 — 3)) To(°C) Totdsze Szeusd
(bp) (bp)*
Pro-L CTACCCCTAACTCCCAAAGC 55 350 310

XG-5 ACACCAGTCTTGTAAACC

XG-6 AGCGGGTAGGGGTTCCT 55 450 319
12AR ATAGTGGGGTATCTAATCCCAGTT

*excludes unreliable sequences and sequences from part of the 12s RNA gene

11
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Five microsatellite loci described in Reeb et a. (submitted, also see Table 6) were amplified
with PCR usng 10-50 ng of DNA per ul, AmpliTag Gold with GeneAmp 10x buffer
(Perkin Elmer Corporation) and 1.5mM MgCl. The DNA was then combined with one i
of GeneScan500-TAMARA loading buffer (Perkin Elmer Corporation) and
electrophoresed on a 6% polyacrylamide/urea gel (24 cm) using a 373A autosequencer.
The software GeneScan v. 1.2 (Applied Biosystems, Inc.), was used to anayze the gel
while the software Genotyper was used to identify the various dldes.

Table 6. The five Xiphias gladius microsatellite loci.

Locus Clone Szerange
sequence  (bp)

Xg-55 (CA)35 80-176

Xg56  (GT), 116-154

Xg75  (CA)s 132-290

Xg144 (GGA);  157-175

2.2. Population genetic analysis

MtDNA: Aligned mtDNA sequences (each of 632 base pairs) were entered into Arlequin,
v. 2.0 (Schneider et d. 2000). Population genetic structure was inferred usng an Analysis
of Molecular Variance approach (AMOVA) described in Excoffier et d. (1992). This
partitions the total molecular variance into within and among populaion components. The
program was st up using the Tamura-Nei distance dgorithm (Tamuraand Nei 1993). An
apha stting of 0.21 and a trangtion/transversion ratio of 10 previoudy found for the
swordfish (Reeb et d. 2000) were used to determine genetic distances between pairs of
populations. Haplotypes were permuted among populations 10,000 times to test for a
sgnificant departure from randomization and population homogeneity. Nucleotide
diverdties (Nei 1987) were aso caculated.

Microsatellite loci: GenePop, v 3.2 (Raymond and Rousset 1995) was used to test for

significant departures from Hardy-Weinberg equilibrium using the gpproach of Guo and
Thompson (1992). The dememorization number, number of batches, and iterations per

12
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batch were set to1000 in each case F,s vaues were estimated in GenePop using Weir and
Cockerham's (1984) method.

The AMOVA option in Arlequin was used for the microsatellite data to test the null
hypothesis that the three populations were not significantly different from each other
(Michaakis and Excoffier 1996). Genetic distances were cal culated based on the number of
different dlelesin each sampled population using both Fs; and Rs (Slatkin 1995) methods
for the estimation. Fsr methods smply use dlee frequencies as the input data, Rsr methods
use both dlele frequencies and the number of repests in each dlde. R estimatesthe
fraction of the totdl variance in alele frequencies that is between populations, Rg; estimates
thefraction of the totd variance in dlele Sze (in terms of numbers of repesat units) that is
between populations. Allele sizesin base pairs were converted to number of repeats by
subtracting the known length of flanking sequence (Reeb et d. submitted) from the length of
each microsatellite dlde. Individua genotypes were permuted among populations 10,000
timesto test for Sgnificance.

In GenePop, population differentiation (genic and genotypic) was tested using the method of
Raymond and Rousset (1995). Default parameters were used in the tests for significance.

13
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2 RESULTS

3.1. Mitochondrial DNA

Data are summarised in Table 7. All mtDNA haplotypes were different from dl other
haplotypes, an expected consequence of sequencing a hypervariable region of DNA. Hence
the haplotype diversity of each collection was 1.0. Nucleotide diversty for al collections
was about 0.025.

Table 7. MIDNA. Summary of within location levels of diversty

Haplotype Nucleotide Clade frequency
Location n diversty diversty I Il 12 I3

Wegern Audrdia 130 1.000+0.001 0.0228+0.0114 0.985 0.015 0.869 0.115
Reunion Idand 38 1.000+0.006 0.0235+0.0120 1.000 - 0.895 0.105
Eagern Audrdia 92 1.000+0.002 0.0207+0.0104 1.000 - 0.935 0.065

In the entire sample of 260 fish, only two clade |1 haplotypes were recorded; both in the
Western Audtrdia sample (Table 7). These gppear to be thefirst clade |1 haplotypes found
in the Indian Ocean. Clade 11 fish are distinguished by a single repest of the motif TACA
usualy starting at base 11 of the sequence, whereas clade | fish have two or three
contiguous repests of this motif at this position (Alvarado Bremer et d. 1995). There were
no significant differencesin the frequencies of dade | and clade Il among locdlities
(P=0.888). Clade | was subsequently subdivided into sequences with two TACA repeats
(1%) and those with three TACA repests (I°); there were no significant differencesin the
frequencies of clades 1 I*and Il among locdities (P=0.478). Representative sequences of
oneindividua of each of dades 2 1*and 11 are given in Appendix 1.

The extent of sequence variation (consdering al nucleotides) anong and within the three
locations was assessed by an AMOVA (Table 8). Nearly dl the variation was due to within
location variation; the percentage of variationattributable to among location differences was
anon-ggnificant 0.11. The R value istherefore only 0.0011. As expected from this result,
pairwise comparisons of the three locations failed to reved any significant differences (Table
9).

Table 8. MtDNA. AMOVA of among locetion differences

Sourceof variation  df. Sum of Variance  Percentage p*
quares  components  of variation

among populations 2 16.7 0.01171 0.16 0.246+0.004
within populations 257 1907.0 7.4202 99.84

Total 259 1923.6 7.4319

*based on 10100 permutations

14
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Table 9. MtDNA.. Pairwise comparisons of the three locations showing Fg; (below
diagond) and P (above diagond) values.

Western Audrdia Reunion Idand Eagtern Audrdia
Western Audtrdia - 0.425+0.005 0.212+0.004
Reunion Idand -0.0010 - 0.251+0.005
Eagtern Audrdia 0.0018 0.0030 -

Note that a contingency table approach to this sequence data is not appropriate, as virtualy
every haplotype in unique and a contingency andysswill therefore have no power.

3.2 Microsatelliteloci

Allde frequencies for each of the five microsatdlite loci in each of the three populations
were estimated (Appendix).

Tota numbers of dleles (Table 10) per locus was very varigble, ranging from 9 (locus Xg-
144, the only locus with atrinuclectide repeat) to 63 (locus Xg-75), with a mean per locus
of 32.4. The mean number of aleles per locus was lower in the Reunion sample (16.6) than
in ether the Western Austraia (28.4) or Eastern Australia (27.6) samples. This does not
reflect any red difference in diversity between locdities; rather it reflects the reduced size of
the Reunion sample (39) versus Western Australia (mean of 111.2) or Eastern Australia
(mean 114.0). When examining hypervariable loci, such as these microsatellites, the larger
the sample size, the more dldles will be detected.

Table 10. Microsatdliteloci. Allde diversty in each sample. Sample Sze is numbers of fish.

Locus Western Reunion Eastern Total
Audrdia Idand Augrdia

Xg-55 No. aleles 45 31 45 51
Samplesze 109 39 113 261

Xg-56 No. aleles 23 16 23 25
Samplesze 112 39 115 266

Xg-66 No. dleles 13 10 11 14
Samplesze 112 39 115 266

Xg-75 No. dleles 53 36 52 62
Samplesze 111 39 112 262

Xg-144 No. dleles 8 5 7 9
Samplesze 112 39 115 266

16
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No. aldes 284 16.6 27.6 324
Samplesze 111.2 39.0 114.0 264.2

Mean

Observed heterozygosties per locus varied from around 0.50 for Xg 144 to around 0.95
for Xg-75 (Table 11). These were dso the two loci with respectively the lowest and highest
numbers of dldes

Observed genotype numbers in each sample generally accorded well with Hardy-Weinberg

proportions (Table 11). A tota of 15 tests (5 loci x 3 samples) were carried out. At a
corrected test or P vaue of 0.003 (derived from 0.05/15), two tests significantly deviated
from expectations. Both were in the Western Australia sample (loci Xg-66 and X g 144).
These are the two least diverse loci for numbers of dleles and heterozygosity. Both showed
sgnificant homozygote excesses or heterozygote deficiencies, with K¢ vaues of around
0.18. Infact, dl 15 samples showed homozygote excesses or heterozygote deficiencies,

giving pogtive vauesfor R, athough most were smal and non Sgnificant.

Table 11. Microsatdllite loci. Probability of fit to Hardy- Weinberg expectations. Observed
and expected heterozygosities and Rs vaues (after Weir and Cockerham) aso given.

Locus Western Reunion Idand Eagtern
Audrdia Audrdia
Xg-55 P of HW test 0.358+0.014 0.134+0.010 0.021+0.004
Obs heterozygosty 0.917 0.949 0.942
Exp heterozygosity 0.967 0.966 0.967
Fis 0.052 0.018 0.040
Xg-56 P of HW test 0.372+0.012 0.451+0.012 0.100+0.008
Obs heterozygosity 0.839 0.821 0.843
Exp heterozygosity 0.916 0.846 0.897
Fis 0.084 0.031 0.060
Xg-66 P of HW test 0.001+0.001 0.109+0.004 0.235+0.007
Obs heterozygosity 0.705 0.769 0.748
Exp heterozygosity 0.865 0.870 0.828
Fis 0.185 0.117 0.097
Xg-75 P of HW test 0.720+0.014 0.369+0.015 0.027+0.005
Obs heterozygosity 0.946 0.949 0.929
Exp heterozygosity 0.971 0.967 0.969
Fis 0.027 0.020 0.042
Xg-144 P of HW test 0.001+0.001 0.711+0.004 0.498+0.007
Obs heterozygosty 0.536 0.487 0.522

17
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Exp heterozygosity 0.647 0.526 0.606
Fis 0.173 0.043 0.140

Variation among and within the three locations was assessed by an AMOVA using the
Arlequin package (Table 12). Nearly dl the variation was due to within location variation;
however, the percentage of variation attributable to among location differenceswas a
datigticaly sgnificant 0.46 (P=0.001). The Fsr valueis therefore 0.0046 (Table 12A).
These differences were then investigated on alocus by locus basis to determine which locus
or loci were responsible for the differentiation. This showed that locus Xg-144 was the
magjor contributor (Table 12B), with by far the highest Fs; vaue (0.022) and the only one
sgnificantly different fram zero after Bonferroni correction. Pairwise comparisons of the
three locations (Table 12C) showed that the differentiation was mostly due to the Reunion
Idand sample, which was sgnificantly differentiated from Western Audiralia However, even
in this pairwise comparison, about 99% of dl variaion is due to within locdity variation, with
about 1% (Fsr=0.0113) due to population differences.

Table 12. Microsatdllite loci. Testing among location differences. AMOVA andyses
(Arlequin).

(A) Acrossal three locations and five loci

Sourceof variation  df. SImof Vaiance  Percentage p*
squares  components  of variation

among populaions 2 74 0.0098 0.46 0.001+0.001
within populations 529 1118.3 2.1140 99.54
Tota 531 1125.7 2.1237

*based on 1023 permutations. Fg = 0.0046 (P=0.001)

(B) Across dl three locations, locus by locus

Locus df. For P

Xg-55 2,519 -0.0017 0.963
Xg-56 2,529 0.0033 0.086
Xg-66 2,529 0.0065 0.044
Xg-75 2,521 -0.0009 0.840
Xg-144 2,529 0.0217 0.005

(C) Pairwise comparisons of the three locations showing Fsr (below diagonal) and P (above
diagond) vaues.

Western Audrdia Reunion Idand Eagern Audrdia
Western Austrdia - 0.001+0.001 0.044+0.007
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Reunion Idand 0.0113 - 0.073+0.008
Eagtern Audrdia 0.0025 0.0039 -

The extent of genic differentiation among popul ations was also assessed by the GenePop
package (Table 13). Individua locus Fs; vaues ranged from 0.0198 (Xg-144) to -0.0020
(Xg-55), none was significant using the contingency table/Markov chain gpproach. These
individua locus Fsr vaues were very similar to those estimated by Arlequin; the mgor
difference lay in the P vaue attributed to locus X g 144. This was a nort Sgnificant 0.077 in
GenePop but a highly sgnificant 0.005 in Arlequin. The Fg value across loci was estimated
at 0.0038 (smilar to the 0.0046 estimated by the AMOVA), but the test combining the
probability values across loci was non-significant (P=0.279). This contrasts with the highly
significant vaue result for overal F5from Arlequin. There was dso no significant pairwise
heterogeneity between any pair of samplesfor any locus (after Bonferroni correction for 3x5
tests) or acrossloci, again contrasting with the Arlequin result.
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Table 13. Microsatdlite loci. Testing among location differences for individud loci. Fs;
resultsand P values from contingency table/Markov chain andyses (GenePop).

(A) Acrossadl threelocations

Locus Fgr P value

Xg-55 -0.0020  0.963+0.001
Xg-56 0.0030 0.481+0.002
Xg-66 0.0053 0.081+0.001
Xg-75 -0.0012  0.826+0.002
Xg-144  0.0198 0.077+0.001

Acrossloci: Fg = 0.0038
Probability (Fisher's method)
chi=12.091, df = 10, P = 0.279

(B) Pairwise comparisons of dlele frequencies for each locus for the three locations. P
vaues shown, from GenePop

Loci Reunion Idand Eagtern Audtrdia
Xg55 Western Audrdia 0.943+0.002 0.821+0.004
Reunion Idand 0.941+0.002
Xg-56 Western Audrdia 0.156+0.003 0.667+0.005
Reunion Idand 0.597+0.005
Xg66 Western Audrdia 0.789+0.003 0.013+£0.001
Reunion Idand 0.442+0.004
Xg75 Western Audraia 0.413+0.005 0.970+£0.002
Reunion Idand 0.534+0.005
Xg144 Western Audrdia 0.019+0.001 0.293+0.005
Reunion Idand 0.259+0.003
Across loci* Western Audtrdia 0.177 0.211
Reunion Idand 0.720

*esimated by Fisher's method by combining the individua locus vaues and
estimating a chi- square with associated degrees of freedom

Thefind andysis makes use of the fact that microsatellite data not only carries frequency
information but aso sze information (number of repeet units per dlde). Thisis Satkin's
(1995) Rg; gpproach. The AMOVA method of Arlequin permits an Rg; andysis, this
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showed no significant differentiation among populations (Table 14), indeed, the among-
popul ation variance component or Rs; vaue was negative.
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Table 14. Microsatdlite loci. Testing among location differences. Ry andyses using

AMOVA (Arlequin).

Sourceof variation  df. Sum of Variance  Percentage
squares components  of variaion

among populations 2 22135 -1.614 -0.64
within populations 529  133631.6 252.612 100.64
Total 531  133609.4 250.998

P*

0.994+0.001

*based on 10100 permutations. Rsr = -0.0064.
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4. DISCUSSION
4.1 Mitochondrial DNA

Examination of mtDNA sequence diversity failed to reved any saidticaly significant
divergence among the three locations examined. These data do not alow usto reject the null
hypothess that fish from Reunion Idand, western Australiaand eastern Austrdiaform part
of the same gene poal.

4.2. Microsatéllite loci

All five microsatdlite loci were highly varigble, with from nine (Xg-144) to 62 (Xg-75)
aleles per locus. Goodness of fit of observed genotype frequencies to Hardy- Weinberg
expectations were generaly acceptable, except in two ingances. Xg-66 in Western
Audrdiaand Xg-144, dso in Western Audtrdia In both instances there was a significant
homozygote excess (heterozygote deficiency) with Rs vaues of around 0.18 (Table 11).

Homozygote excesses can be caused by one or acombination of severd factors. Chief
among these are null dldes, and population admixture.

Null aleesin the microsatellite context are dldes that do not anplify; generaly because of
mutations in one or other of the two priming sites or because of preferential amplification of
the smdler dlelein a heterozygote. A heterozygote for an expressed dldeand anull dlde
will be wrongly scored as a homozygote for the expressed alele, leading to an gpparent
homozygote excess. If null aleles were the explanation for the homozygote excessesin Xg
66 and Xg-144 in Western Audtrdia, then given the genetic smilarities between locations
(see later), then they would be expected to be present in the other locditiestoo. In fact,
while other locdities did accord with Hardy-Weinberg expectations, they too showed
homozygote excesses possbly indicative of null dleles. Table 15 shows that the mean Rs
vauesfor Xg-66 and Xg-144 were substantially higher than for the other three microsatelite
loci, whether or not the Western Audtrdia sample isincluded. Thisis consstent with the
presence of null aldesat thesetwo loci indl samples. If null dleles are present, maximum
likelihood estimates of frequency can be determined using the GenePop package. As
expected, null alee frequencies appear to be highest for loci Xg 66 and Xg-144 (Table
15). Thisis especidly so for locus 66 in western Australia and Reunion Idand while locus
144 has the highest null frequency in western Austrdia. Arguing againg the null dlde
explandion is the fact that these two loci were the least variable in terms of numbers of
dldes (Table 10), had the smdlest Sze ranges of any loci (Table 6), and perhaps the
clearest and easiest-to-score gels (X g-144 was particularly smple to score being the only
tri- nucleotide repesat locus examined). Since we cannot be certain that null dleles do exist in
our samples, we have ignored this possibility in our population Structure andyses.

Table 15. Mean Fg vaues and estimates of null dleles.

Mean Fg across populations Null dlele frequency

Locus WedenAudrdia Reunion Idand West Reunion East Mean
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Reunion Idand Eagern Audrdia Austrdia Idand  Audrdia

Eagtern Audrdia
Xg-55 0.042 0.019 0.023 0.006 0.019 0.016
Xg-56 0.067 0.046 0.049 0.010 0.033 0.031
Xg-66 0.138 0.107 0.087 0.099 0.041 0.076
Xg-75 0.032 0.031 0.010 0.029 0.021 0.020
Xg-144 0.143 0.092 0.078 <0.001 0.055 0.044

Admixture of geneticdly differentiated populations will aso cause a homozygote excess.
Thisis often termed the Wahlund effect. For example, if two geneticdly isolated and
differentiated spawning stocks that shared acommon feeding ground were sampled from the
feeding ground, a homozygote surplus over Hardy- Weinberg expectations would be
detected. The extent of this surplus depends on the degree of differentiation of the stocks;
amdl differentiation would result in smdl surplus, large differentiation in alarge surplus.

The three locdities sampled in this project differ littleif at dl (see later) for microsatelite
dldefreguencies, and so admixture would not be expected to result in asignificant
homozygote surplus. Thus the Wahlund effect seems an unlikely explanation for the postive
Fsvaues. On the other hand, the two loci with the highest Fis values (Xg-144 and Xg-66)
aso have the highest F4r values across populations (Table 16), consstent with the
hypothesis that at least part of the homozygote excess a these two loci might be attributed
to population heterogeneity.

Table 16. Fgrand Fg vaues for each locus across the three populations (GenePop).

Locus For Frs
Xg-55  -0.0020 0.0416
Xg-56 0.0030 0.0666
Xg-66 0.0053 0.1377
Xg75  -0.0012 0.0317
Xg-144  0.0198 0.1433

At present, the explanation for the small homozygote excesses a the five microsatdllite loci

— datidicdly sgnificant for two lod — remains uncertain. The rdative contributions made by
null aleles, population heterogeneity, and other factors which might include genotyping
errors, cannot be assessed. However, whatever the explanation, the fact remains that most
population samples were in Hardy- Weinberg equilibrium. The effect of these sl
homozygote excesses on any conclusions about population structure is therefore likely to be

negligible
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Is there sgnificant differentiation in microsatellite loci among the three locdities sampled?
Severd different satistica anayses of the data were carried out, with partidly conflicting
results.

The AMOVA andyses of dlde frequencies (Table 12) did show significant differentiation
among the three locdities (P=0.001), athough the amount of variation that could be
attributed to population differentiation was very smdl, less than 1% (F =0.0046). Much of
this was due to locus Xg-144 and to (minor) differentiation of the Western Audtrdian
population from the others

On the ather hand, the contingency table analyses of dlde frequencies (Table 13) failed to
show any sgnificant differentiation among the three locdities, for any individua locus or
acrossthefive loci or among pairwise population comparisons. Interestingly, the resulting
Fsr esimates from GenePop, for individua loci and acrossloci, werein fact very smilar to
the AMOVA estimates from Arlequin; only the P vaues varied. In GenePop, construction
of contingency tables through resampling methods produced null distributions which were
tested using a chi square analyss. Arlequin used permutation and resampling procedures
and F gtatistics. Locus Xg-144 in particular was deemed to be non-ggnificantly
differentiated by GenePop (F5=0.0198, P=0.077) but very significantly differentiated by
Arlequin (F5=0.0217, P=0.005). The order of magnitude differencein P vduesislikdy
attributable to the fact that the conventional chi square test employed in Monte Carlo
randomization methods implemented in GenePop is conservative (Lewontin and Felsengtein
1965, Sokal and Rohlf 1995, pg 810) and thus divergences must be large to show
sgnificant differences between populations of smdl sample size. Hence, the probability of a
Typel error will belower in GenePop than Arlequin. In both methods, accuracy of the
statistica tests depends on sample size and the number of permutations used to generate the
null distributions.

The AMOVA andyss of microsatdllite repest number variation (Table 14) failed to show
any sgnificant differentiation among the three locdlities. Indeed, the estimated amount of
variation that could be attributed to population differentiation was dightly negative (Rs=-
0.0064, nortggnificant).

Thus, one satisticd test reveded sgnificant (if smdl) microsatdlite differentiation among
populations but others found non-significant differences. Had there been sizesble
differentiation, then dl satistica approaches would have been expected to show it. The
evidence for differentiation at microsatellite loci among these three locdities is therefore
weak and may require still larger sample sizesto conclusively support differentiation among
the three populations sampled in this study. However, an interesting trend is gpparent.
Both GenePop and Arlequin show that comparisons between western Audtrdia and either
Reunion Idand or East Audtrdiaresultsin lower P vaues than comparisons between these
latter two populations.

4.3 Combining mtDNA and microsatellite data
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The mtDNA data showed no satidticaly sgnificant evidence of differentiation among the
three locdlities. The microsatellite data were somewhat equivoca but indicated that
differentiation, if any, was very limited. The suggestion from the microsatellite data thet
Western Augtrdia might be alittle different from Reunion Idand and Eastern Audrdiawas
not supported by the mtDNA data. While it is tempting to specul ate that Reunion Idand
might be different from Austrdian populations by its proximity to the Atlantic Ocean
(Atlantic Ocean swordfish are known to be differentiated from IndoPecific swordfish for
both mtDNA and microsatellites (Alvarado Bremer et d 1996, Chow and Takeyama 2000,
Rosd and Block 1996, Reeb unpublished), and might receive some immigrants from the
Atlantic, we have no hard evidence that thisisin fact the case. Indeed, the presence of two
mMtDNA clade |l fish in the Western Audtralia sample and their aosence from the Reunion
sample argues againg this explanation. Unfortunately, the sample size from Reunion was
only 38 compared with closer to 100 for each of the Western and Eastern Audrdia
locdities so the rare Clade |1 haplotypes were likely missed.

The genetic data on swordfish in the eastern and western Augtralian fishing zonesfall to
show strong evidence of population differentiation. There may be asingle stock inthisarea,
possibly connected by gene flow around Tasmania and southern Austraia. Arguing against
thisisthe dight microsatdlite differentiation of Western Audtrdia In addition, the presence
of two mtDNA clade Il fish in the Western Audtrdia sample and its absence from dl Pecific
Ocean fish examined to date is tentalizing evidence of possble Atlantic input into the Indian
Ocean swordfish population but not into the Pacific population. Indian Ocean swordfish are
bdieved to move with the warm Aguhlas current that sweeps around South Africainto the
Atlantic Ocean (Penny and Griffiths 1998), and maybe there is some reciproca movement
too.

4.4 I ndo-Pacific swordfish population structure

It isclear that the West Austrdia samples we examined from the Indian Ocean were
gendticdly very smilar to East Augtrdlia samples from the Pacific Ocean, for both mtDNA
and microsatdllite loci. These data were put into a broader context by comparing them with
MtDNA and microsatdlite variaion in other samples andysed (Reeb et a. 2000, and Reeb,
unpublished) from the Pacific Ocean (Chile, Ecuador, Japan) and the Atlantic Ocean
(Brazil).

An earlier examination of MDNA sequence diversity had reveded evidence of ag shaped
corridor of gene flow within the Pecific Ocean (Reeb et d. 2000). Chilean and Japanese
popul ations appeared to be genetically distinct with ranges that overlapped in the eastern
Pecific. The East Audrdia sample examined here was not different from the Chilean sample
(P=0.315) but was distinct from the Japanese sample (P=0.014). Thisthen addsto the
evidence of different northern and southern hemisphere stocks of swordfish in the Pecific.

It is noteworthy that &l but two fish of the fish sampled in the present project were mtDNA

clade 1, and that the two clade |1 fish were both from the Western Audtrdia sample.
Available data on the distribution of these two clades, by ocean (Table 17), show that these
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arethe only clade Il fish so far found in the Indian Ocean and no clade 11 fish have been
detected in the Pacific Ocean. While this difference is not statisticaly sgnificant (P=0.186),
the presence of clade |l fish a low levelsin the Indian Ocean and at quite high frequency in
the Atlantic Ocean (around 0.17, perhaps lessin the South Atlantic - see Table 2), might
suggest some limited gene flow from the Atlantic into the Indian Ocean but not into the
Pecific Ocean. This gene flow could be current or historical. Reunion Idand isfar closer to
the Atlantic than is Western Audtrdia, and the absence of clade 11 fish a Reunion might
amply reflect its smal sample sze (38 vs. 130). Chow and Takeyama (2000), while not
indicating whether any clade 11 fish were present, failed to show any significant differencesin
restriction fragment patterns of the mtDNA d-loop from 84 Indian Ocean and 236 Pecific
Ocean fish. Thus the clade | versus |1 data do not alow usto rgect the null hypothesis of a
sngle Indo- Pacific stock.

Table 17. Summary of the distribution of mtDNA clade | and clade 11 fish.

Clade
Ocean/Sea | I n Reference
P=dific 1.000 (351) 0.000 (0) 351 seebdow
Indian 0.988 (128) 0.012 (2) 168 seebdow
Atlartic 0.827 (148) 0.173(31) 179 seebdow
Mediterranean 0.594 (57)  0.406 (39) 96 seebdow
Data sources.
Pedific 26 0 26  Alvarado Bremer et d. 1996
Pedific 245 0 245 Reebeta. 2000
Pecific 80 0 80  thisstudy*
Indian 36 0 36 Reebeta. 2000
Indian 130 2 132 thisstudy
Atlantic 121 24 122  Alvarado Bremer et d. 1996
Atlantic 27 7 34  Rosd and Block 1996
Mediterranean 47 29 76  Alvarado Bremer et d. 1996
Mediterranean 10 10 20 Rosd and Block 1996

Texcludes 12 eastern Austrdia samples dready included in Reeb et a. 2000
2excludes 36 western Australia samples already included in Reeb et a. 2000

To summarise, the mtDNA data suggest that there is a northern Pecific swordfish stock and
a southern Pacific swordfish stock, overlapping in the centrd east Pacific, and that southern
Pecific stock swordfish cannot at present be separated from Indian Ocean swordfish (Table
18). Thisresult was obtained by Reeb et a. (2000) and is again observed here.
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Table 18. Mitochondrid DNA Sequence. Testing among group differences. Fgrandyss.
Groups are (Reunion Idand, East Audtrdia, West Audtrdia), (Chil€), (Japan, Hawaii,
CdiforniaMexico) AMOVA analyses (Arlequin).

Sourceof variation  df. Sum of Variance Percentage
quares  components  of variation

among groups 2 31.588 0.06626 0.90

among populations 4 31.563 0.01049 0.14

within groups

within populations 432  3130.567 7.24668 98.95

Total 438  3193.718 7.32344

Source of variation Fixetion P vdue
index

among groups For 0.0091 0.017

among populations within groups Fec 0.0015 0.258

among populations Fsr 0.0105 0.001

Thiscondusion of at least two separable stocks is different from the one that Chow and
Takeyama (2000) reached. They reported no mtDNA genetic differentiation between
Indian Ocean samples (total n = 84, from three regions: tropica north east, tropical
southeadt, tropica west) and Pacific Ocean samples (tota n=236, six regions. northwest,
tropica central north, northeast, tropica east, southeast, southwest). It may be that the
RFLP approach they took (rather similar to clade | vsclade Il) for mtDNA analysis was
not sufficiently sengtive to detect the limited differentiation we observe following DNA

sequencing.

For thefirst microsatellite Indo-Pecific andysis, the Reunion Idand and East and West
Australia samples were pooled, and compared with Chile and Ecuador (pooled), and Japan
giving three groups. An AMOV A-based Fsr andyss (data not shown) reveded significant
differences among the five populations (P = 0.0048, Chile and Ecuador remaining pooled),
no sgnificant differences among groups (P = 0.5993), and a significant difference among
populations within groups (P = 0.0034). This suggests that the Indo-Pacific may comprise
more than one stock. However, an Rgrandysis of the data, again carried out asan
AMOVA in Arleguin, showed no sgnificant differentition (data not shown).

The concluson from the microsatellite analysisis that clear statigtical support for stock
sructure in the Indo-Peacific is limited, but there is some evidence of stock heterogeneity,
especidly in the Indian Ocean with the western Australian population as noted earlier. Chow
and Takeyama (2000) found no evidence of differentiation among Indo- Pecific samples for
another nuclear DNA locus (calmodulin gene intron 4, CaM).
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Combing the mtDNA and nuclear DNA evidence suggests severd stocks. (1) anorthern
Pacific stock (differentiated by mtDNA), (2) asouthern Pecific stock (differentiated by
mMtDNA) which is, surprisngly, geneticaly smilar to Reunion Idand, and (3) awestern
Augrdiagtock (differentiated by microsatellite DNA).

The western Audtrdia differentiation is unexpected. The Indonesian throughflow, a net flow
of surface water from the southern extremity of the Asian mainland through the Indonesian
archipelago to north-west Audrdia (e.g. Meyers et d 1995, Gordon and Fine 1996,
Schiller et d 1998), may wdl trangport swordfish larvae and juveniles from the western
tropica Pecific to the north-east Indian Ocean. The western tropica Pecific is an important
spawning ground of swordfish, and high concentrations of larvae have been reported in the
north-east but not western parts of the Indian Ocean (Nishikawa et d 1985). Adult
movements adong the southern coasts of Austraiaand Tasmania might aso have been
expected to lead to gene flow between the eastern Pacific and western Indian Ocean.
Records of Japanese long liners show that appreciable numbers of swordfish have been
taken from off South Augtrdia (R. Campbell, pers. com.).

The stock structure of Augtraias swordfish resource - whether Augtrdias fished

popul atiors represent digtinct stocks or are parts of much larger stocks - is criticd for
management (Ward and Elscot 2000, page 149). However, our study was unable to
unequivocdly resolve thisissue. If there are distinct stocks, then the degree of separation of
them issmal. A larger sudy of the genetics of swordfish of this areais required.

A tagging study of the eastern and western populations would provide valuable data. Such
data are not available for Indian or Pacific Ocean populations. Thismay a least partly
reflect the difficulty of such studies for swordfish, asthe fish are relatively scarce and very
vauable. In addition, swordfish obtained on longlines are usudly dead or moribund when
lines are retrieved, and those retrieved dive are aggressive and difficult to tag (Ward and
Elscot 2000, page 126).

4.5 Futureresearch

We recommend a larger scale examination of this topic. Some suggestions of stock structure
were seen in the present data (which met the sample sizes proposed in the project outling),
including the possible differentiation of western Audtrdia, but they need to be confirmed or
rejected from alarger data st. Either outcome has important implications for management.
We would recommend that sample sizes be increased to a minimum sample size of 200
from each of eastern and western Austraia, and that at least three additiona regions be
examined in the Indian Ocean. It would also be beneficid to increase the number of
microsatellite loci from five to eight. An anadysis of mtDNA should dso form part of the
proposed project. We recommend that this take the form of sequencing as performed
herein; aredtriction length polymorphism approach islikely to lack adequate power.

ACKNOWLEDGEMENTS

29



Population structure of Augtrdian swordfish

This project was largely funded by the Australian Fisheries Management Authority (project
R99/0159). Funding for this project was aso provided by Cooperative Agreement Number
NA37RJ0199 from the National Oceanic and Atmospheric Administration (NOAA). The
views expressed herein are those of the authors and do not necessarily reflect the views of
NOAA or any of its subagencies. We are very grateful to Frangois Rene, Erica Starling and
Kevin Williams for supplying swordfish tissue samples for this project. Shana Beemer
provided excdllent technica assstancein DNA extractions and sequencing

30



Population structure of Augtrdian swordfish

REFERENCES

Alvarado Bremer, JA., Baker, A.J. and Mguto, J. 1995. Mitochondrial DNA control
region sequences indicate extensve mixing of swordfish (Xiphias gladius) in the Atlantic
Ocean. Can. J. Fish. Aquet. Sci. 52: 1720-1732.

Alvarado Bremer, JA., Mguto, J., Greig, T.W and Ely, B. 1996. Global population
structure of the swordfish (Xiphias gladius L.) asreveded by andysis of the mitochondrid
DNA control region. J. Exptl. Mar. Biol. Ecol. 197: 295- 310.

Chow, S. and Takeyama, H. 2000. Nuclear and mitochondrial DNA anayses reved four
genetically separated breeding units of the swordfish. J Fish Biol. 56, 1087-1098.

Chow, S., Okamoto, H., Uozumi, Y ., Takeuchi, Y. and Takeyama, H. 1997. Genetic stock
sructure of the swordfish (Xiphias gladius) inferred by PCR RFLP andysis of the
mitochondrial DNA control region. Mar. Biol. 127: 359-367.

Excoffier, L., Smouse, P. and Quattro, J. 1992. Andysis of molecular variance inferred
from metric distances anong DNA haplotypes: Application to human mitochondrial DNA
restriction data. Genetics 131:479-491.

Grijdva Chon, JM., Numachi, K., Sosa-Nishizaki, O. and delaRosa Velez, J. 1994.
Mitochondrid DNA andysis of North Pacific swordfish Xiphias gladius populaion
structure. Mar. Ecol. Prog. Ser. 115: 15-19.

Grijdva-Chon, JM., de laRosa-Véez, J. and Sosa-Nishizaki, O. 1996. Allozyme
varighility in two samples of swordfish, Xiphias gladiusL ., in the north Pacific Ocean. Fish.
Bull. 94: 589-5%4.

Guo, S. and Thompson, E.1992. Performing the exact test of Hardy-Weinberg proportion
for multiple aleles. Biometrics 48: 361- 372.

Kotoulas, G., Magoulas, A., Tasmenides, N. and Zouros, E. 1995. Marked mitochondria
DNA differences between Mediterranean and Atlantic populations of the swordfish,
Xiphias gladius. Mol. Ecol. 4: 473-481.

Lewontin, R.C. and Felsengtein, J. 1965. The robustness of homogeneity testsin2x n
tables. Biometrics 21: 19-33.

Meguto J. 1991. Brief note on swordfish tagged by the Spanish commercid flegt in the
Atlantic (1984-1990). ICCAT (International Commission for the Conservation of Atlantic
Tunas). Coallective Volume of Scientific Papers, XXXV (2), 470-472.

Michalakis, Y. and Excoffier, L. 1996. A generic estimation of populaiion subdivison usng
distances between dldes with specid reference to microsatdlite loci. Genetics 142:1061-
1064.

31



Population structure of Augtrdian swordfish

Nei, M. 1987. Molecular Evolutionary Genetics. Columbia University Press, New Y ork,
NY, USA.

Penny A.J. and Griffiths M.H. (1998) A firgt description of the developing South African
pelagic longline fishery. Working paper SCRS98 presented at the SCRS Swordfish
Working Meeting, ICCAT, Madrid.

Raymond, M and Rousset, F. 1995. GenePop, (version 1.2): population genetics software
for exact tests and ecumenicism. J. Heredity 86: 248-249.

Reeb, C.A., Arcangdli, L. and Block, B.A. 2000. Structure and migration corridorsin
Pecific populations of the swordfish Xiphias gladius asinferred through anayses of
mitochondrid DNA. Mar. Biol. 136: 1123-1131.

Riedl, R. 1983 Fauna and flora des mittelmeeres. Verlag Paul Parey

Rosd, P.E. and Block, B.A. 1996. Mitochondria control region variability and globa
population structure in the swordfish, Xiphias gladius. Mar. Biol. 125: 11-22.

Schiller A, Godfrey JS, Mclntosh PC, Meyers G, Wijffels SE (1998) Seasonal near-
surface dynamics and thermodynamics of the Indian Ocean and Indonesian throughflow in a
globa ocean generd circulation modd. J. Phys. Ocean. 28: 2288-2312

Schneider, S, Kueffer, M, Roesdli, D., and Excoffier, L. (2000). Arlequin ver. 2.0: a
Software for Population Genetic Analyss. Genetics and Biometry Laboratory, University of
Geneva, Switzerland.

Sokal, R. and Rohlf, F. 1995. Biometry: W.H. Freeman and Company. New York., NY.
USA.

Satkin, M. 1995. A measure of population subdivison based on microsatellite dlele
frequencies. Genetics 139: 457-462.

Tamura, K and Ne, M. 1993. Edtimation of the number of nuclectide substitutions in the
control region of mitochondrial DNA in human and chimpanzees. Mal. Bidl. Eval. 10: 51-
526.

Ward, P. and Elscot, S. 2000. Broadbill Swordfish: status of world fisheries. Bureau of
Rura Sciences, Canberra,

32



Population structure of Augtrdian swordfish

APPENDI X 1. Representative sequences of mtDNA clades |2, 13 and 11

Clade 12

Fish East Australia 99 SW09

1
51
101
151
201
251
301
351
401
451
501
551
601

Clade |3

CA--TTTTT-

ACTTATATTA
ACCATTA- AT
AGACATAAAC
AG CAGAAAC
AGGACTCAAA
CAACCAGTAT
AATTAAAATA
GGTGGAAAGA
AAGTATTTGT
CGCGTAAAAC
TGAAAACCCC
AAATGCGTCT

AAA- TACATA
ACCATATAAT
AACAATGTAA
CATAATTTTG
TTAAGACCTA
TTCCGATTGA
ATTTCACXXT
AGGTTGTACA
CTTTACACAA
TCTTCTCCTA
CCCCG TACC
CCGGAAACAG
ATTTATACTA

Fish East Audtrdlia 99 SW14

1

51
101
151
201
251
301
351
401
451
501
551

TA-- TTTTT-
ACTTATATTA
ACCATTA- AT
AGACATAAAC
Ag- CAGAAAC
AGGACTCAAA
CAACCAGCAT
AATTAAAATA
GGTGGAAAGA
AAGTATTTGT
CGOGTAAAAC
TGAAAACCCC

AAA- TACATA
ACCATATAAT
AACAATGTAA
CATAATTTTG
TTAAGACCTA
TTCCGATTCGA
ATTTCACXXT
AGGTTGTACA
CTTTACACAA
TCTTCTCCTA
CCCCGC TacCC
CCGGAAACAG

CCAATGITTC
CCATTCATAC
TAGCTTCAAT
GCACTTTAAA
ACCCAGAATC
CACTTGACAT
TTTCCTTGCT
GAAA- TACAT
AAATACCTAA
CCCCAAAACT
GAAAACCTCT
TTAAAATATT

CATACA- - - -

CCAATGITTT
CCATTCATAC
TAACCTCAAT
GCACTTt AAA
ACCCAGAATC
CACTt GACAT
TTTCCTTGCT
GAGA- TACAT
AAATACCTAA
CCCCAAAACT
GAAAACCTCT

TGTATGTATT
AGCACATAAT
TTATACAATA
AAGACACTTA
TTAATGTGTC
TTAATGTAGT
T- TCAGAGTG
TGG AAGAAA
ACTTGGATAT
GATACCCCCC
CCAgAGATCA
AGCAGCTTCT
TCACATGC

TGTATGTATT
AGCACATAAT
TTATACAACA
AAGACACTTA
TTAATGIGTC
TTAATGTAGT
T- TCAGAGTG
TGG AAGAAA
ATTTGGATAT
GATACCCCCC
CCAGAGATCA
AGCAGCTTCT

601 AAATGCGTCT ATTTACACTA TTAAAATATT TCACATGC

Cladell

Fish West Australia 99 SW123

1

51
101
151
201
251
301
351
401
451
501
551

CA--TTTTT-
ATTTATATTA
ACCATT- TAT
AGACATAAAC
AA- CAGAAAC
AGGACTCAAA
ACCAACCAGC
AACTAAAATA
GGTGGAAAGA
AAGTATTTGT
CGCGTAAAAC
TGAAAACCCC

AAA- TACA- -
ACCATATAAT
AACAATGTAA
CATAGCCTTG
TTAAGACCTA
TTCCGGTTGA
ATATCTCxxT
AGGTTGTACA
CTTTACACAA
TCTTCTCCTA
CCCCC TACC
CCGGAAACAG

CCAATGITTT
CCATTCGTGC
TAACTTCAAT
ACACTTCAAA
ACTCCAGAAT
CaCTTGACaT
TTTCCTTGCT
GAAA- TACAT
AAATACCTAA
CCCCAAAACT
GAAAACCTCT

TGTATGTATT
AGTGCATAAT
TCACACAACA
AAGACATTTA
TTAATGTGTC
CCTTAATGTA
T- TCAGAGTG
TGGGAAGAAA
ACTTGGATAT
gATACCCCCC
CCAgAgATCA
AGCACCTTCT

601 AAATGCGTCT ATTTACACTA TTAAAATATT TCACATGC

33

AACACCATAC
ATGTAATTCG
ATAATAAGGT
G- T- TAAACA
TAGTTATACC
AAGAGACCAC
CACACGGTAT
ATTTATTAAA
CAAGGACATA
---GITTTTG
CTAACACTCC
TTTTACCTCA

AACACCATAC
ATGTAATTCA
ATAATAAGGT
A-T- TAAACA
TAGTTATACC
AAGAGACCAC
CACACGGTAT
ATTTATTAAA
CAAGGACATA
---GITTTTG
CTAACACTCC
TTTTACCTCA

AACACCATAC
ATGTAACTCG
ATAATAAGGT
A- TCTAAACA
TAGTTATACC
GTAAGAGACC
CACACGGTAT
ATCTATTAAA
CAAGGACATA
---GITTTTG
CTAACACTCC
TTTTACCTCA
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APPENDI X 2. Alldefreguenciesfor five microsatdlite loci in swordfish from
three locdlities in the Indo- Pacific. Also given are observed and Hardy-Weinberg
expected heterozygosties, and P vaues for goodness- of-fit to Hardy-Weinberg
equilibrium.

Xg 55
Allde Sze Repests Wes Audrdia ReunionIldand  Eagt Audrdia

88 1 - - 0.0133
90 2 0.0046 - -

96 5 0.0046 - -

98 6 0.0046 - 0.0044
100 7 0.0321 - 0.0133
102 8 0.0046 0.0128 0.0088
104 9 0.0046 0.0256 0.0133
106 10 0.0275 0.0128 0.0177
108 11 0.0229 0.0128 0.0221
110 12 0.0275 0.0641 0.0442
112 13 0.0505 0.0513 0.0442
114 14 0.0505 0.0769 0.0664
116 15 0.0505 0.0385 0.0442
118 16 0.0413 0.0897 0.0619
120 17 0.0550 0.0641 0.0310
122 18 0.0505 0.0385 0.0619
124 19 0.0550 0.0513 0.0619
126 20 0.0596 0.0385 0.0265
128 21 0.0413 0.0513 0.0398
130 22 0.0183 0.0128 0.0487
132 23 0.0275 0.0128 0.0354
134 24 0.0505 0.0385 0.0354
136 25 0.0367 0.0385 0.0354
138 26 0.0275 0.0128 0.0221
140 27 0.0229 0.0513 0.0177
142 28 0.0184 0.0256 0.0310
144 29 0.0321 0.0256 0.0177
146 30 0.0137 0.0256 0.0133
148 31 0.0321 - 0.0133
150 32 0.0046 - 0.0133
152 33 0.0321 0.0256 0.0044
154 34 0.0092 - 0.0044
156 35 0.0046 0.0128 0.0088
158 36 0.0092 0.0256 0.0088
160 37 0.0046 - 0.0133
162 38 0.0092 - 0.0265
164 39 0.0092 0.0128 0.0088
166 40 0.0046 - 0.0088
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168 41 0.0046 - 0.0133
170 42 0.0092 0.0128 0.0044
174 44 - - 0.0088
176 45 0.0046 - 0.0044
178 46 - - 0.0044
180 47 0.0046 0.0128 0.0044
184 49 0.0092 - 0.0088
188 51 0.0046 - -

190 52 - 0.0128 -

196 55 0.0046 - 0.0044
200 57 - - 0.0044
202 58 - 0.0128 -

204 59 0.0046 - -

n 109 39 113
Obs.Heter. 0.917 0.949 0.942
Exp.Heter 0.967 0.966 0.967
P. value 0.358 0.134 0.021
Xg-56

Allde Sze Repeats  West Audralia Reunionldand  East Audrdia

108 2 0.0045 - -

120 8 0.0402 0.0128 0.0304
122 9 0.0491 0.0641 0.0696
124 10 0.0446 0.0128 0.0217
126 11 0.0268 0.0128 0.0087
128 12 0.1384 0.0641 0.1217
130 13 0.0223 0.0128 0.0304
132 14 0.0536 0.1154 0.0565
134 15 0.1920 0.3333 0.2435
136 16 0.0714 0.1410 0.0870
138 17 0.0670 0.0513 0.0565
140 18 0.0491 0.0128 0.0305
142 19 0.0402 0.0128 0.0652
144 20 0.0714 0.0769 0.0652
146 21 0.0223 0.0385 0.0087
148 22 0.0089 0.0256 0.0304
150 23 0.0402 0.0128 0.0261
152 24 0.0089 - 0.0087
154 25 0.0179 - 0.0043
156 26 0.0179 - 0.0130
162 29 - - 0.0043
164 30 0.0045 - 0.0043
166 31 0.0045 - 0.0087
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168
170

Obs.Heter.
Exp.Heter
P vdue

32

0.0045

112
0.839
0.916
0.372

36
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39
0.821
0.846
0.451

0.0043
115
0.843
0.897
0.100
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Xg-66
Allde Sze Repeats  West Audrdia  Reunionldand  East Audrdia

126 8 0.0759 0.1154 0.0696
128 9 0.0179 0.0128 0.0043
130 10 0.0223 0.0256 0.0217
132 11 0.1518 0.1154 0.0565
134 12 0.1786 0.2308 0.3087
136 13 0.1875 0.1795 0.1826
138 14 0.1250 0.0897 0.1087
140 15 0.1473 0.1154 0.1391
142 16 0.0670 0.0641 0.0870
144 17 0.0134 0.0513 0.0174
146 18 - - 0.0043
148 19 0.0045 - -

154 22 0.0045 - -

160 25 0.0045 - -

n 112 39 115
Obs.Heter. 0.705 0.769 0.748
Exp.Heter 0.865 0.870 0.828
P value 0.0007* 0.109 0.235
Xg-75

Allde Sze Repeats  Weds Audrdia  Reunionldand  East Audrdia

134 21 - - 0.0045
138 23 - 0.0128 -

148 28 - - 0.0045
152 30 0.0045 - -

158 33 0.0045 - 0.0089
164 36 0.0045 - 0.0089
166 37 0.0180 0.0128 0.0179
168 38 0.0045 - -

170 39 0.0090 0.0128 -

172 40 0.0045 0.0256 0.0045
174 41 0.0135 - 0.0089
176 42 0.0270 0.0256 0.0045
178 43 0.0135 0.0128 0.0134
180 44 0.0360 0.0128 0.0357
182 45 0.0315 0.0128 0.0402
184 46 0.0270 0.0256 0.0268
186 47 0.0541 0.0897 0.0491
188 48 0.0405 0.0641 0.0268
190 49 0.0450 0.0128 0.0491
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192 ) 0.0631 0.0385 0.0580
194 51 0.0405 0.0513 0.0670
196 52 0.0405 0.0769 0.0580
198 53 0.0405 0.0769 0.0402
200 4 0.0631 0.0256 0.0491
202 55 0.0541 0.0769 0.0491
204 56 0.0360 0.0256 0.0402
206 57 0.0045 0.0385 0.0089
208 58 0.0045 - 0.0089
210 59 0.0270 0.0128 0.0134
212 60 0.0270 - 0.0179
214 61 0.0315 0.0128 0.0179
216 62 0.0180 0.0256 0.0268
218 63 0.0180 - 0.0089
220 64 0.0090 0.0128 0.0179
222 65 0.0045 0.0256 0.0045
224 66 0.0090 0.0128 0.0223
226 67 0.0135 0.0128 0.0446
228 68 0.0090 - 0.0223
230 69 0.0270 0.0128 0.0045
232 70 0.0090 - 0.0134
234 71 0.0135 0.0128 0.0089
236 72 0.0135 0.0128 0.0134
238 73 0.0045 - 0.0045
240 74 0.0225 - 0.0089
242 75 0.0090 - 0.0045
244 76 0.0045 - 0.0045
246 7 0.0045 - 0.0045
248 78 0.0045 0.0256 0.0089
250 79 - 0.0256 0.0089
252 80 - 0.0128 0.0045
254 81 0.0045 0.0128 0.0089
256 82 0.0045 - -

260 84 - - 0.0045
262 85 0.0045 - 0.0045
264 86 - - 0.0045
266 87 0.0090 - -

270 89 0.0045 - 0.0045
272 0 0.0045 - -

274 91 0.0045 - -

278 93 - 0.0128 0.0045
282 95 - 0.0256 -

290 9 0.0045 - -

n 111 39 112
Obs.Heter. 0.946 0.949 0.929
Exp.Heter 0.971 0.967 0.969
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P vdue 0.720 0.369 0.027

Xg-144
Allde Sze Repeats  Wes Audrdia  Reunionldand  East Audrdia

154 9 0.0089 - -

157 10 0.0268 0.0128 0.0174
160 11 0.4063 0.6538 0.5000
163 12 0.4196 0.2564 0.3696
166 13 0.1161 0.0641 0.0957
169 14 0.0045 - 0.0087
172 15 0.0089 0.0128 0.0043
175 16 0.0089 - -

178 17 - - 0.0043
n 112 39 115
Obs.Heter. 0.536 0.487 0.522
Exp.Heter 0.647 0.526 0.606
P vdue 0.001* 0.711 0.498

* Sgnificant P vaues after Bonferroni correction
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