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Abstract Restriction fragment length polymorphism
(RFLP) analysis was performed on PCR amplified DNA
fragments containing the control region of the swordfish
(Xiphias gladius Linnaeus, 1758) mitochondrial DNA. A
total of 456 individuals comprising 13 local samples (six
Pacific, three Atlantic, the Mediterranean Sea, two In-
dian Ocean and the Cape of Good Hope) were surveyed
with four endonucleases (Alu I, Dde I, Hha I and Rsa I),
yielding a total of 52 composite genotypes. Within-
sample genotypic diversity (H) was high ranging from
0.702 to 0.962 with a value of 0.922 for the pooled
sample. Significant geographic variation in the fre-
quencies of genotypes and restriction patterns was re-
vealed. The Mediterranean sample was highly distinct
from all other samples. Further, Rsa I digestion revealed
high levels of polymorphism in all but the Mediterra-
nean samples, indicating that exogenous swordfishes
rarely enter that body of water. Heterogeneity between
the North and South Atlantic samples was significant,
both of which differed from those of the Pacific. In
contrast, the Indian Ocean samples were not sig-
nificantly different from the samples of South Atlantic
and Pacific. Genetic differentiation among the Pacific
samples was low. The results indicate that the world-
wide swordfish population is genetically structured not
only among, but also within ocean basins and suggest
that gene flow is restricted despite the absence of geo-
graphic barriers.

Introduction

The swordfish (Xiphias gladius Linnaeus, 1758) is a re-
markable habitat generalist. It has a very wide range of
occurrence from tropical to cold waters of all oceans,
including the Mediterranean Sea, and occasionally
makes feeding excursions to the bottom (deepest re-
corded depth = 650 m) where the temperature may be
as low as 5 °C (Nakamura 1985; Carey 1989). Because
of their cosmopolitan nature and the scarcity of physical
barriers to prevent their migration, one might suppose
the global swordfish population to be relatively homo-
geneous within or even among ocean basins. Yet the
biological stock structure of this pelagic fish is con-
troversial. In the Atlantic Ocean, spawning seems
widespread and continuous throughout the tropical
area, and larvae are found in a wide area between 26°N
and 27°S (Nishikawa et al. 1985). The size composition
of swordfish caught by commercial fisheries and sea-
sonal trends are very similar on both sides of the North
Atlantic (Farber 1988; Miyake and Rey 1989). On the
other hand, tag and recapture data suggested north–
south, but not east–west, movements in the North
Atlantic (Farber 1988; Miyake and Rey 1989).

Using restriction fragment length polymorphism
(RFLP) analysis of mitochondrial DNA (mtDNA),
Magoulas et al. (1992) compared the haplotype (geno-
type) frequencies of swordfish samples collected in the
Mediterranean, off Gibraltar (Tarifa) and in the Gulf of
Guinea, and found that the Mediterranean and Tarifa
samples were very similar to one another but con-
siderably different from the Gulf of Guinea sample.
However, they also noted Mediterranean swordfishes
with bite marks of a dwarf shark Isistius brasiliensis, a
species not found in the Mediterranean, suggesting that
the Mediterranean swordfishes may travel to the sub-
tropical and tropical Atlantic and return to the Medi-
terranean Sea. Alvarado Bremer et al. (1995), using
nucleotide sequencing analysis of a short DNA fragment
of the swordfish mitochondrial control region, found no
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evidence of phylogeographic structuring within the
Atlantic nor even between the Atlantic and Pacific.
Later, however, with much larger sample sizes, Alvarado
Bremer et al. (1996) reported significant heterogeneity in
haplotype distributions among samples from the Medi-
terranean, North and South Atlantic and Pacific. Rosel
and Block (1995) also sequenced the swordfish mi-
tochondrial control region and reported heterogeneity
among the Mediterranean, Atlantic and Pacific samples,
but they did not consider the North and South Atlantic
to be separable stocks. Despite less biological informa-
tion for the Pacific swordfish, several hypotheses re-
garding from one to four stocks have been proposed
based on the distributions of swordfish larvae and
spawners, and longline catch rates (Nishikawa et al.
1985; Bartoo and Coan 1989; Sakagawa 1989; Skillman
1989; Sosa-Nishizaki and Shimizu 1991). However,
mtDNA analyses supplied no evidence of genetic dif-
ferentiation between samples collected from the western,
central and eastern North Pacific, and suggested that
there may be sufficient gene flow across the North Pacific
to prevent genetic differentiation (Grijalva-Chon et al.
1994; Rosel and Block 1995; Chow 1996).

For the Atlantic and Mediterranean swordfishes, the
molecular data provided by Alvarado Bremer et al.
(1996) seems to support the three separate management
units (the Mediterranean Sea, North and South Atlantic
Ocean) proposed by the International Commission for
the Conservation of Atlantic Tunas (ICCAT) (see

Miyake and Rey 1989). However, the extent of popu-
lation mixing and movements of fishes are still un-
known. On the other hand, the mtDNA analyses of the
Pacific Ocean were performed among swordfish samples
collected mostly in the North Pacific Ocean (Grijalva-
Chon et al. 1994; Rosel and Block 1995; Chow 1996),
and none showed evidence of population structuring.
Hence, collection and comparison of samples collected
over a wider spatial range throughout the entire Pacific
is necessary. Although highly significant differences have
been reported among the Atlantic, Mediterranean and
Pacific swordfish samples (Rosel and Block 1995; Al-
varado Bremer et al. 1996; Chow 1996), genetic re-
lationships among the ‘‘stocks’’ of these ocean basins are
poorly understood and no swordfish sample from the
Indian Ocean has been investigated so far.

We have collected swordfish samples from the Med-
iterranean Sea, North and South Atlantic, Indian, and
North and South Pacific Oceans for mtDNA analysis.
Here, we present the results of our analysis on genetic
variation within and among these samples and discuss
the global population structure, gene flow and move-
ment of individuals.

Materials and methods

Collection information on the 13 swordfish samples used in this
study are presented in Table 1. Muscle tissues of swordfish collected

Table 1 Xiphias gladius. Descriptions for the swordfish samples
used in this study. Sri Lanka sample was caught by artisanal fishery
around the Islands; Medit. sample was an adult or subadult caught
by harpoon fishery around the Sisily Island (AQUASTUDIO Italy;
CICESE Centro de Investigacion Cientifica y de Educacion Su-
perior de Ensenada, Mexico; BRS Bureau of Resources Sciences,
Australia; CSIRO Commonwealth Scientific and Industrial Re-
search Organization, Australia; IATTC Inter-American Tropical

Tuna Commission, USA; IP–SP Instituto de Pesca Sao Paulo,
Brazil; IPTP Indo Pacific Tuna Development and Management
Programme, Sri Lanka; NIWA National Institute of Water & At-
mospheric Research Ltd. New Zealand; NMFS National Marine
Fisheries Service, USA; NRIFSF National Research Institute of
Far Seas Fisheries, Japan; USC University of South Carolina,
USA; n/a not available)

Area,
sample code

Latitude Longitude Date Collaborating
organization

Size range
of fish

Sample
size

Pacific Ocean
Japan 24–35°N 144–154°E November 1991–February 1992 NRIFSF 13–90 kga 45
Hawaii 0–12°N 165°W October 1994 NMFS 62–175 cmb 51
Mexico 24–27°N 113–115°W January–March 1992 CICESE 89–231 cmb 35
Ecuador 1°N 79°W October 1994 IATTC 90–173 cmb 21
Peru 8–18°S 84–124°W June–July 1994 NRIFSF 61–186 cmb 53
SWPO 30–38°S 154–179°E June 1994, July–September 1995 NRIFSF, NIWA 62–285 cmb 31

Indian Ocean
SriLanka n/a n/a March–April 1992 IPTP 57–144 cmb 28
SJava 16–17°S 118–119°E February 1995 BRS, CSIRO 57–214 cmb 35

South Africa
Cape 38°S 25°E June 1992 NRIFSF 120–178 cmb 11

Atlantic Ocean
NWA90 38–40°N 59–72°W June–October 1990 USC 48–175 cmc 27
NWA93 20–30°N 57–90°W January–April 1993 USC 120–227 cmc 29
Brazil 20–30°S 35–50°W October 1994–January 1995 IP-SP 83–249 cmb 63

Mediterranean Sea
Medit. n/a n/a 1994 AQUASTUDIO n/a 34

aDressed weight
bEye to fork length
cLower jaw to fork length
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by foreign organizations were preserved in ethanol prior to mailing
to the laboratory in Japan. Fresh or frozen tissue samples were
collected by the Japanese longliners and transferred to the lab-
oratory. Procedures for total DNA extraction from fresh, frozen or
ethanol-preserved muscle tissues and PCR amplification followed
by RFLP analysis are described elsewhere (Chow et al. 1993; Chow
and Inoue 1993; Chow and Ushiama 1995). Primer sequences for
amplifying the mtDNA segment containing the flanking tRNAs,
parts of the cytochrome b and 12S rRNA genes and the control
region are from Palumbi et al. (1991), and the nucleotide sequences
are as follows: CB3R-L, 5′-CATATTAAACCCGAATG
ATATTT-3′ and 12SAR-H, 5′-ATAGTGGGGTATCTAATCC-
CAGTT-3′. Without further purification the amplified fragments
were digested using four-base cutters, electrophoresed on a 2%
agarose gel, and stained with ethidium bromide for photographing.
Since preliminary analysis indicated that four endonucleases (Alu I,
Dde I, Hha I and Rsa I) (New England Biolabs) revealed relatively
high restriction fragment length polymorphism in the amplified
fragments of the Northwest Pacific swordfish sample (Chow 1996),
these four endonucleases were applied to all samples. Restriction
patterns observed in each endonuclease digestion were alphabeti-
cally labeled and composited for comparing genotype frequencies
between the samples. The genotypic diversity (H) was calculated
following Nei (1987). Rogers’ distance (Rogers 1972) between
samples was calculated using the genotype frequencies and used for
the UPGMA (unweighted pair-group method using an arithmetic
average) cluster analysis (Sneath and Sokal 1973). Chi-square

analysis was conducted using the Monte Carlo simulation of Roff
and Bentzen (1989) with 1000 randomizations of the data to test
heterogeneity of the frequency distributions of the genotypes be-
tween and among samples.

Results

A single fragment of approximately 1900 base pairs
was amplified in all individuals and no apparent size
difference among individuals was observed. Restriction
profiles observed by each of the four endonucleases are
shown in Fig. 1. Four restriction patterns were observed
in Alu I and Hha I, seven in Dde I, and eight in Rsa I.
The frequencies of each restriction pattern are presented
in Table 2. Most samples shared the most common re-
striction pattern in each endonuclease digestion, while
the frequencies of restriction patterns varied among the
samples. Pattern C in Alu I digestion was the most
common in the northwestern Atlantic samples (NWA90
and NWA93), while Pattern A prevailed in the other
samples. Pattern C in Dde I and B in Hha I digestions

Fig. 1 Xiphias gladius. Gel
electrophoresis of 1900 bp
DNA fragment containing mi-
tochondrial control region di-
gested by a Alu I, b Dde I,
c Hha I and d Rsa I, showing
restriction fragment length
polymorphisms. Left and right
ends are 1 kb DNA ladder
(GIBCO, BRL) and sizes (in
base pairs) are indicated along
left margin of a. Alphabetic
nomenclatures on each restric-
tion pattern are shown at the
bottom of each photo. Undi-
gested fragment was loaded in
the second to left lane of b
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were the most frequent in all samples. The most com-
monly observed pattern in Rsa I was A in the Ecuador,
southwestern Pacific (SWPO) and South Java (SJava)
samples but C in the others. Rsa I digestion revealed
very high levels of polymorphism in all but the Medi-
terranean (Medit.) samples.

Compositing the restriction patterns of the four en-
donucleases yielded a total of 52 genotypes among 456
individuals analyzed in the 13 samples (Table 3). The
genotypic diversity (H) was very high with a value of
0.922 for the pooled sample, and varied from 0.702
(Medit.) to 0.962 (Ecuador). Medit., NWA90 and

Table 3 Xiphias gladius. Frequency distribution of 52 genotypes and genotypic diversity (H ) in 13 swordfish samples. Letters in genotypes
denote restriction patterns for Alu I, Dde I, Hha I and Rsa I from left to right

Genotype Japan Hawaii Mexico Ecuador Peru SWPO Sri-
Lanka

SJava Cape Brazil NWA90 NWA93 Medit. Total

AAAA 3 1 3 2 6 5 0 0 0 0 0 0 0 20
AAAC 2 1 0 0 2 0 2 1 0 0 1 0 0 9
AABC 0 0 3 0 2 0 2 0 1 4 1 0 0 13
AABE 1 1 0 1 1 1 0 1 0 0 0 0 0 6
ABBA 1 0 0 0 0 0 0 1 0 0 0 0 0 2
ACAA 2 2 1 1 0 1 0 1 0 0 1 0 0 9
ACAC 3 0 0 1 2 1 1 0 0 0 0 0 0 8
ACBA 1 2 3 2 3 3 1 3 2 10 1 3 0 34
ACBB 2 2 2 0 2 2 0 0 0 0 0 0 0 10
ACBC 6 13 7 3 11 5 3 8 3 9 3 5 11 87
ACBE 0 2 0 1 3 0 0 1 1 1 0 0 0 9
ACBF 1 0 0 0 1 1 1 0 0 1 0 0 0 5
ACCB 0 0 0 1 0 0 0 0 0 0 0 0 0 1
ADBA 3 2 1 0 0 0 3 3 0 2 0 0 0 14
ADBC 1 2 0 0 1 0 2 2 0 2 0 0 7 17
ADCA 0 1 0 0 0 0 0 0 0 0 0 0 0 1
ADCD 0 0 0 0 0 0 0 1 0 0 0 0 0 1
AEBA 0 1 0 0 0 0 0 0 0 0 0 0 0 1
AFBC 0 0 0 0 0 0 0 0 0 1 0 0 0 1
AGAA 0 0 0 1 0 0 0 0 0 0 0 0 0 1
BABE 0 0 0 0 1 0 0 0 0 0 0 0 0 1
BCAA 0 0 0 0 0 0 0 0 0 0 0 1 0 1
BCBA 3 6 4 0 6 2 1 3 1 2 1 2 0 31
BCBB 1 0 0 0 0 0 0 0 0 0 0 0 0 1
BCBC 5 1 4 1 0 3 3 0 0 1 0 0 1 19
BCBD 0 0 2 0 0 0 0 0 0 0 0 0 0 2
BCBE 0 0 0 0 1 0 0 0 0 0 0 0 0 1
BDBA 0 1 0 0 0 1 0 1 0 0 0 0 0 3
CACA 1 0 0 0 0 0 0 0 0 0 0 0 0 1
CCBA 1 3 2 0 3 3 2 4 0 4 0 0 0 22
CCBB 0 1 0 0 0 0 0 0 1 0 0 0 0 2
CCBC 6 3 1 1 2 1 1 3 2 9 10 12 14 65
CCBD 0 2 0 3 2 2 0 0 0 3 0 0 0 12
CCBE 0 0 0 0 1 0 1 1 0 3 2 1 0 9
CCBG 0 0 0 0 0 0 0 0 0 0 0 1 0 1
CCBH 0 0 0 0 0 0 1 0 0 0 0 0 0 2
CCCA 1 1 0 1 0 0 0 0 0 0 1 0 0 4
CCCC 0 0 0 0 0 0 0 0 0 1 0 1 0 2
CCDC 0 0 0 0 0 0 0 0 0 0 1 0 0 1
CDBA 0 0 0 0 1 0 0 0 0 0 0 1 0 2
CDBB 0 2 1 1 0 0 0 1 0 1 0 2 0 8
CDBC 0 0 0 0 0 0 0 0 0 1 0 0 0 1
CDBF 0 0 0 1 0 0 0 0 0 0 0 0 0 1
CDCB 0 1 0 0 0 0 0 0 0 0 0 0 0 1
CDDA 0 0 0 0 0 0 0 0 0 1 0 0 0 1
CEBC 0 0 0 0 0 0 0 0 0 0 1 0 0 1
CEBE 0 0 0 0 0 0 0 0 0 1 0 0 0 1
CFBC 0 0 0 0 0 0 0 0 0 1 0 0 0 1
DCBA 1 0 0 0 0 0 1 0 0 0 0 0 0 2
DCBC 0 0 0 0 0 0 2 0 0 0 3 0 1 6
DCBD 0 0 0 0 2 0 0 0 0 0 0 0 0 2
DDBB 0 0 0 0 0 0 0 0 0 1 0 0 0 1

No.
individual

45 51 34 21 53 31 27 35 11 59 26 29 34 456

H 0.944 0.916 0.920 0.962 0.927 0.931 0.960 0.921 0.909 0.919 0.840 0.801 0.702 0.922
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NWA93 were less variable (H ranged from 0.702 to 0.84)
than the others (0.909 to 0.962). For pie-graph rep-
resentation of genotype frequencies, the first to third
most common genotypes (ACBA, ACBC and CCBC)
were selected and the other genotypes were pooled
(Fig. 2). Approximately 40% of the genotypes was re-
presented by the CCBC in the Mediterranean and North
Atlantic samples, and this may be responsible for their
lower genotypic diversity. In all Pacific, SriLanka, and
SJava samples, the CCBC genotype was much less fre-
quent (3 to 13%) and genotype ACBC was most com-
mon. The CCBC genotype was also less frequent in the
Brazil and Cape samples (15 and 18%, respectively). The
Brazil and Cape samples had a characteristic higher
frequency of the genotype ACBA (16.9 and 18.2%, re-
spectively) than the others (0 to 10.3%). A UPGMA
phenogram based on the Rogers’ distances calculated
from the genotype frequencies is shown in Fig. 3. Two

major clusters were obvious in the phenogram, one of
which contained the Medit., NWA90 and NWA93
samples, and the other all remaining samples. Among
the Pacific samples, there was no correlation between
geographic relationships and position in the phenogram.

Results of the heterogeneity test performed on the
genotype frequencies among samples are shown in
Table 4. The Cape sample was not included in this
analysis because of its small size (n = 11). Chi-square
analysis among the remaining 12 samples was highly
significant (P < 0.0001). Chi-square analysis among
samples excluding the Medit. sample and the Medit. and
NWA samples still showed high heterogeneity
(P < 0.0001 and P = 0.030, respectively). In contrast, no
significant heterogeneity was observed among the Pacific
samples (P = 0.325). Chi-square analysis was not sig-
nificant even when the SriLanka and SJava samples were
added to the Pacific samples, but the probability was
much smaller (P = 0.091). Highly significant hetero-
geneity was observed among the Mediterranean and
Atlantic samples (Medit., NWA90, NWA93 and Brazil)
(P = 0.001). Although the Pacific samples were collected

Fig. 2 Xiphias gladius. Pie-graph representation for the genotype frequencies of 13 local samples. Three most common genotypes (ACBA,
ACBC and CCBC ) were selected and the other genotypes were pooled

Fig. 3 Xiphias gladius. UPGMA phenogram for 13 local samples

Table 4 Xiphias gladius. Results of chi-square analysis of hetero-
geneity on the distributions of genotype frequencies among sam-
ples. Cape sample was not included because of its small size
(n = 11)

Samples n v2 P

Total 12 714.934 <0.0001
w/o Medit. 11 616.145 <0.0001
w/o Medit. and NWA 9 418.060 0.030
Pacific, Sri Lanka, SJava 8 305.672 0.091
Pacific 6 191.698 0.325
Medit., NWA and Brazil 4 123.320 0.001
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throughout a much wider range than in the Atlantic and
Mediterranean, much less heterogeneity among the Pa-
cific samples was observed despite the higher level of
within-sample variation.

Chi-square analysis was also performed for pairwise
sample comparisons. Several samples were pooled to
avoid the effects of large numbers of tests, creating the
Pacific (all six Pacific samples were pooled), the Indian
(SriLanka and SJava samples), the South Atlantic
(Brazil and Cape samples) and the northwestern Atlantic
(NWA90 and NWA93 samples) samples. This manip-
ulation may be justified by the results of chi-square
analysis among samples, cluster analysis and geographic
assortment. The results are shown in Table 5, where the
probabilities smaller than 0.005 are defined as significant
after Bonferroni correction for multiple comparison (see
Jobson 1991, pp 410–411). Mediterranean and north-
western Atlantic samples significantly differed from one
another and also from all the other samples. While the
Indian sample showed no significant differences from the
South Atlantic or Pacific samples, the difference between
the South Atlantic and Pacific samples was significant.

Discussion

The present study clearly indicates that the swordfish
population is genetically structured not only among but
in some cases also within ocean basins. Based on the
results from the cluster analysis and the heterogeneity
test, it may be proposed that the swordfish population
consists of at least four groups (stocks). The frequency
distributions of restriction patterns and genotypes be-
tween the samples from the contiguous localities may
imply that these groups are hierarchically arranged, with
the Mediterranean and Pacific groups being the two
extremes; the North Atlantic group has affinity with the
Mediterranean group, and the South Atlantic group falls
between the North Atlantic and Indo-Pacific groups.

Magoulas et al. (1992), Rosel and Block (1995), Al-
varado Bremer et al. (1996) and Chow (1996) all have
found very significant genetic differentiation among
samples from the Mediterranean Sea, Atlantic and Pa-
cific Oceans, but none of them could present evidence of

complete genetic isolation among samples from these
ocean basins. Our finding of very high polymorphism
obtained by Rsa I digestion in all but the Mediterranean
samples indicates that exogenous swordfishes rarely en-
ter this sea. Although this indicates that the Mediterra-
nean swordfishes form a genetically distinct stock, it is
possible that they may leave this body of water and
occasionally be caught with their exogenous counterpart
in the Atlantic Ocean. Our PCR-RFLP analysis and the
nucleotide sequence analysis performed by Alvarado
Bremer et al. (1996) both indicated that the Mediterra-
nean sample was closer to the North than to the South
Atlantic sample, implying distance-based genetic re-
lationships between stocks. Based on temporal variation
in the gonadal index of female swordfish, de la Serna
et al. (1992) suggested movements of swordfish into the
Mediterranean Sea from the Gibraltar area. However,
Magoulas et al. (1992) reported that the mtDNA hap-
lotype distributions of the sample from Tarifa (at the
mouth of Gibraltar) were very similar to those from the
Mediterranean Sea but considerably different from the
Gulf of Guinea sample. Alvarado Bremer et al. (1996)
(and their personal communication) observed that their
northeastern Atlantic sample (20 to 40°N; 10 to 15°W)
had very similar haplotype distributions to their north-
western samples (the Grand Banks and Gulf of Mexico),
but these were significantly different from the sample
from the Gibraltar area which was almost identical with
that of the Mediterranean. These findings suggest that
many swordfishes in the Gibraltar area are actually of
Mediterranean origin and repeatedly enter and leave this
sea. However, the extent of migration of those leaving
the Mediterranean seems to be limited. Thus, we con-
clude that the genetic isolation between Mediterranean
swordfish and others is nearly complete.

In the North Atlantic, a single stock hypothesis has
currently been adopted by the ICCAT for managing the
swordfish fishery, but a two-stock hypothesis (separating
west and east) is also considered (Miyake and Rey 1989).
North–south, but no substantial east–west, movements
have been suggested by tag and recapture data (Farber
1988), supporting the two-stock hypothesis in the North
Atlantic. Recently, however, one individual released in
the northwestern Atlantic (38°N; 73°W) was recaptured
in the east (37°N; 15°W) (Dr. J. Mejuto personal com-
munication). Although at present there is no concrete
evidence on this matter, it is possible that the temporal
expansion of the swordfishes ‘‘leaked’’ from the Medi-
terranean into the North Atlantic water may affect the
biological assessment.

Significant heterogeneity between the North and
South Atlantic samples coincides with the results ob-
tained by Alvarado Bremer et al. (1996). It is likely that
the genetic homogeneity within the entire Atlantic pro-
posed by Rosel and Block (1995) is due to their small
sample size. So far, no swordfish released in the North
Atlantic has been recaptured in the South Atlantic
(Dr. Z. Suzuki personal communication). Although not
discussed by Alvarado Bremer et al. (1996), the genotype

Table 5 Xiphias gladius. Results of chi-square analysis for pairwise
sample comparisons. Several samples were pooled to avoid the
effects of large numbers of tests, creating the Pacific (all six Pacific
samples were pooled), the Indian (SriLanka and SJava samples),
the South Atlantic (Brazil and Cape samples) and the northwestern
Atlantic (NWA90 and NWA93 samples) samples. Significant levels
were *0.0001 � P < 0.005 and **P < 0.0001

Pacific Indian South
Atlantic

NWA

Pacific
Indian 51.689
South Atlantic 75.763* 36.990
NWA 114.583** 49.905* 43.29*
Mediterranean 94.047** 41.031** 40.582** 29.965*
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frequency distribution of their South Atlantic sample
seemed to be intermediate between their North Atlantic
and Pacific samples, a result very similar to the present
study. It is possible that there is some genetic exchange
between the stocks to which these samples belong and
that our Brazil and Cape samples contain individuals
travelling from the Indo-Pacific and/or the North
Atlantic. ICCAT considers that an isolated stock exists
in the South Atlantic separate from the North Atlantic,
whereas swordfish concentrations off the tip of South
Africa suggest some exchange of fish between the Indian
and Atlantic Oceans (Miyake and Rey 1989). Indeed,
our analysis showed no significant difference between the
South Atlantic and Indian samples, supporting the
above idea. The spawning of swordfish in the Indian
Ocean appears to be concentrated in the eastern half of
that ocean (Nishikawa et al. 1985). Trueborn sword-
fishes of the Indian Ocean may make feeding migrations
to the waters around South Africa and sometimes pen-
etrate into the Atlantic Ocean, and our data does not
preclude the presence of extensive mixing between stocks
of the South Atlantic and Indian Oceans. Although not
significant, the genotype distribution of the South
Atlantic sample is somewhat different from that of the
Indian Ocean. Especially, the frequency of the ACBA
genotype is uniquely higher in the Brazil and Cape
samples than in the others, suggesting that there may be
a genetically distinct unit in the South Atlantic from
contiguous groups. Extensive mixing between South
Atlantic and Indian Ocean swordfishes is highly possi-
ble, but the genetic contribution of the Indo-Pacific
swordfishes to the South Atlantic group seems to be
restricted.

The small degree of genetic differentiation among the
samples of the Pacific swordfish observed in the present
study highly contrasts with the population structuring
observed in the Atlantic, and reconfirms the previous
genetic analyses on the Pacific swordfish (Grijalva-Chon
et al. 1994; Rosel and Block 1995; Chow 1996). Since
gene frequency data alone may not reveal the amount of
gene flow (Slatkin 1987), the above data do not nec-
essarily indicate the presence of extensive gene flow
throughout the Pacific. Nothing is known of differential
oceanic structures between the Atlantic and Pacific
Oceans which may prevent gene flow between the
swordfish populations of the northern and southern
hemispheres in the Atlantic but not in the Pacific. De-
spite their generalist nature for habitat selection and
dispersal capability, swordfish might be less migratory
than previously thought.

The family Xiphiidae is phylogenetically new, having
no fossil record before the Pliocene. All fossils have been
found in the Atlantic and Mediterranean (Fierstine
1989), suggesting that swordfish arose in these areas.
Given swordfish immigration into the Pacific realm to be
geologically very recent, there might have been in-
sufficient time for rearrangements in the mitochondrial
genotype between existing ‘‘stocks’’. Therefore, the
mtDNA marker might not be useful for clarifying the

genetic population structure of the Pacific swordfish.
Since direct nucleotide sequencing of targeted, highly
polymorphic DNA segments has been thought to be a
very powerful strategy for examining population struc-
ture, several researchers have applied the sequencing
method to the swordfish mitochondrial control region
(Finnerty and Block 1992; Alvarado Bremer et al. 1995;
Rosel and Block 1995; Alvarado Bremer et al. 1996).
These studies proved the swordfish control region to be
hypervariable. However, the creation of many new but
rare genotypes did not greatly increase resolving power
and might even have obscured existing differences be-
tween stocks, because the sampling variation inherent in
characterizing large numbers of characters on small
samples may overwhelm the variation resulting from
stock divergence (Epifanio et al. 1995). In fact, Rosel
and Block (1995) recommended the use of a less variable
sequence than the control region for more intensive in-
vestigation of the genetic population structure in this
species. The PCR-RFLP analysis adopted in the present
study may be more suited for investigating swordfish
population structure. It is essential to choose a subset of
restriction endonucleases that optimizes genetic diver-
gence, relative to the within-population sampling var-
iation (Epifanio et al. 1995). The RFLP analysis actually
allowed Alvarado Bremer et al. (1996) to double the
sample size and to decrease the number of genotypes,
consequently detecting significant differences between
the North and South Atlantic swordfish samples and
Atlantic and Pacific samples.

No matter what analytical method is adopted,
mtDNA data alone can not provide evidence on popu-
lation mixing because of the haploid nature. For ex-
ample, Chow and Ushiama (1995) observed large genetic
differentiation between the Atlantic and Pacific albacore
(Thunnus alalunga) samples using the PCR-RFLP anal-
ysis on the mitochondrial ATPase gene. They observed
that the albacore sample from the Cape of Good Hope
had intermediate genotype frequencies between those of
the Atlantic and Pacific, suggesting occurrence of pop-
ulation mixing. Therefore, they emphasized the im-
portance of analyzing the nuclear genome to clarify
population mixing. Investigation and utilization of
highly polymorphic nuclear gene markers is necessary
for further analysis of swordfish population structure.
Nevertheless, the mtDNA gene marker investigated in
the present study might be useful for monitoring the
extent and dynamics of population mixing, especially in
the Atlantic and Mediterranean, if continuous spatio-
temporal sampling of swordfish is realized.
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