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Biological investigation on two types of bill internal structure of
swordfish (Xiphias gladius) and genetic differentiation
between the North and South Atlantic stocks

Kenji NOHARA™', Hiroshi OKAMURA", Motoki NAKADATE"*, Kazuhiko HIRAMATSU",
Nobuaki SUZUKI"*, Makoto OKAZAKI"' and Seinen CHOW**

Abstract It has been claimed that the frequencies of two distinct bill internal structures
(chamber and channel types) of swordfish (Xiphias gladius) may vary among localities and
be an index for the stock structure. Genetic analyses have revealed stock structuring in
this species, and genetic variation at calmodulin gene locus (CaM) indicated presence of two
genetically separated stocks (north and south) in the Atlantic. In this study, frequency of
the bill types was compared between localities, sexes and body size classes, and genetic
variation in nuclear and mitochondrial gene loci were compared between the bill types, and
genetic differentiation in these loci within and between local samples were investigated.
There was no significant difference in the frequency of two bill types among samples from
Atlantic, Indian and Pacific Oceans as well as between sexes. No genetic difference between
chamber and channel types was observed in all gene loci. In all samples, chamber type was
more frequently observed in smaller size class than in larger size class. These suggest that
the frequency of the two types is independent of stock structure and sex. Considerably
large genetic differentiation at CaM locus was observed between north (north of 20°N) and
south (south of 10°N) Atlantic samples. On the other hand, differentiation among samples
within locality was very little among years (1990 to 1998 in north, and 1994 to 1999 in
south). The results of genetic analysis indicated that the north and south Atlantic stocks
of swordfish were genetically isolated with little gene flow and migration.
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X5 L CEEMMEZITO5E8 64 505 (Bartoo and
Coan, 1989; Miyake and Rey 1989; Skillman, 1989),
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LAZBHAE L TORBE V- EFEHR->TV 2
VO HESFEBLHEEEOXSTH 25EE5% 0,
EHHEHA 2 RGNS S O &3 5 7w [AllEHE P o ©
FHAERT 2 E2HNE Lo a o 5
% I T S L o EHA O FAE A o H KR O SR NTE
EFHED TN T X 1,

19934 1 K E B 2 M OV AR PE R PE 2 CREER IR = e
L3R D 2 51 ¥ F @ 5 bAAERDBFHi s nicH I
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52 &, RIEEEA v F = KPEEEARMCEE FHE
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(Kotoulas et al., 1995; Rosel and Block, 1995;
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Chow and Takeyama, 2000), & 512, KPEHEANTIR
JEAE20E LI & JbAgE 10RE LIFE D AR TR & 18R
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Table 1. Catch locality and date of swordfish samples used in this study

Locality Latitude Longitude Date Sample size
Atlantic
Northwest (NWA98) 35.6~42.9N 45.6~T71.1W 1998.4.26~1998.7.30 61
Tropical north (TNA99) 2.8~10.2N 21.2~33.0W 1999.1.8~1999.4.8 90
Pacific
Southwest (SWP99) 36.4~42.95 152.9~159.3E 1999.5.13~1999.8.2 120

foo HIHI L 7ZDNAEAZMWVWT, I Fa Y FU T
DNA (mtDNA) O D-loop % & & fH I8, # DNA
(nDNA) oA NvEFT 2 ) v (CaM) BEIZFDH 4 A
viroy, 2v7FvEF—+F (CK) BETFDOE6A
v b o v Oit 3 BIETEEAPCREIC X » TR L 72,
PCRIEgHEIC W/ 7 5 A4 = — 1, Palumbi et al
(1991) 1T & 5 CB3R-L & 12SAR-H (D-loop), Chow
(1998) & Chow and Takeyama (2000) T & %
CaLMex4F & CaLMex5R (CaM), M U'Chow and
Takeyama (1998) 12 & 3 CKSWF & CKSWR (CK)
TH %, D-loopiEfrTFEITH L CIHIFREERAL T,
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Agarose (GIBCO BRL) Z#flLWIF Vv a7 o<A
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R < © CaM & CKH# fr 1 3 o [6) BV #5812 3
POPGENE Version1.31 (Yeh et al., 1997) ic &k 3
x* testz MW7,

EEELF IR Ic> W TR, 5RO SR &
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channel

chamber —» channel

Fig. 1. Horizontal transverse section of central part of the swordfish bill, showing channel
type (top) and chamber type (bottom)

Fig. 2. Horizontal transverse section throughout entire length of chamber type bill of the

swordfish

Table 2. Frequency of two types of bill internal structure of six swordfish samples

Atlantic Indian Pacific
Type NWA98 TNA99 Indian’ NWP” SWP99 Sp”
Chamber 25 38 11 21 46 12
(41.0) (42.2) (29.7) (50.0) (38.3) (36.4)
Channel 36 52 26 21 74 21
(59.0) (57.8) (70.3) (50.0) (61.7) (63.6)
Total 61 90 37 42 120 33

" Data were derived from Yatomi (1988). Parentheses represent % frequency.



AT FWNERIEG 2R &SRB 5
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JEPERPEHE (NWA9S), t&jl:j(@ﬁ (TNA99), 7§
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% DNA®D CaM M O CKi T FEIC B 1 57 fj*ﬂﬁzﬁ Z
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Lo RVFEEARD CaMiBIn R EEME SN,
ST L7295 8A 2 THAAD +x EHEAIKTH - 12T &
PRGN TV S 728 (Chow and Takeyama, 2000),
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Table 3. Comparison of number of chamber and channel type individuals between male (M) and female (F)

Atlantic Indian Pacific Total
NWA98 TNA99 Indian’ SWP99 SP o
M F M F M F M F M F M F
1 15 6 28 2 8 7 17 2 6 18 74
Chamber
(33.3) (35.7) (42.9) (41.2) (28.6) (32.0) (46.7) (37.0) (15.4) (46.2) (34.6) (38.1)
2 27 8 40 5 17 8 29 11 7 34 120
Channel
(66.7) (64.3) (67.1)  (58.8) (71.4) (68.0) (53.3) (63.0) (84.6) (53.8) (65.4) (61.9)
P 1 1 1 0.562 0.204 0.731

" Data were derived from Yatomi (1988). Parentheses represent % frequency.

Table 4. Comparison of number of chamber and channel type individuals among

body size classes

Size chamber channel total Size chamber channel total
class class
69 80 43 48
<150cm (46.3) (53.7) 149 <130cm (47.3) (52.7) 91
37 70 130cm =< 39 59
>
=150em | ) 65.4) 107 <170cm | (39.8) 602 B
24 43
>
>170cm (35.8) (64.9) 67
P 0.067 0.34

Parentheses represent % frequency
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Table 5. Mitochondrial DNA D-/loop genotype frequencies between chamber and channel types

within local samples of swordfish
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Table 6. Comparison of genotype! and allele? frequencies at Cal and CK gene loci between

chamberand channel types of swordfish

Loen NWA9S TNA9Y SWP99
Chamber Channel Chamber Channel Chamber Channel
CaM
AA™ 7 (31.8) 8(23.5) 98(82.3) 40(80.0)
AB 12,(54.6) 15 (44.1) 6(17.7) 9(18.0)
BB 3(13.6) 11(32.4) 0( 0.0) 1( 2.0)
Sample 99 34 34 50
S1ze
A? 0.591 0.456 0.912 0.890
B 0.409 0.544 0.088 0.110
P 0.163 0.646
CK
AA™ 2( 9.5) 3( 8.6) 6(15.0) 8(18.2) 4( 9.0) 9(12.5)
AB 10 (47.6) 19(54.3) 20 (50.0) 16/(36.4) 20 (45.5) 37(51.4)
BB 9(42.9) 13(37.1) 14(35.0) 20 (45.4) 20 (45.5) 26(36.1)
Sample 21 35 40 44 44 7
S1ze
A? 0.333 0.357 0.400 0.363 0.318 0.382
B 0.667 0.643 0.600 0.636 0.682 0.618
P 0.798 0.628 0.326

Parentheses represent % frequency

DB THEICEERZIR SN -7 (P>0.1), CK
EAZTEE TR AR (NWA9S), Bt RvE i
(TNA99), FEPEACEEE (SWP99) @ 3 iAo X
LB FADHIE130.318~0.4 D HEIPH TR = 122
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DBEETHEICHERZIR NG -7 (P>0.3),
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W EpRE N (P<0.00D) 2, T 71 XTD
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HErsE Sz (P<0.004),
2) CaMigfz K

RPEEEILAE 20 LIIL T I 19904E D> 519984E1c b 72 54
BEAR, RUGFEILAELORE LIEE T 13 19944F 5> 5 19994FE @ 5
BEARD 4TI Z 2 hHardy-Weinberg i ic & - 72,
2IEADEBLETFHERPRORETH S MRS
iz (P<0.001), RPEAIAE208LIL 4 FEEEEEAR,
RUGFEILFFIOBE LIRS O 5 R AR IC I3 2 2 N2 H
HIER Sk -7 (P>0.121) (Table 9, T®D /<
W, TnENofEAE 77—, JbE20ELIEo LK
PEEE (NA), Jbi&10EELIFM oM AR (SA) © 27
WHEEAE L, 2% 0D7HChow and Takeyama (2000)
iZ & pHithig (MED) &4 v F—KFHEDOF—%
(I-P) Z#MAtcF—%+v k%Table 10Ic/R L7z, C
nNomeE T — s T nENTRER FEMEBREED S
i (3 Hardy-Weinberg Hiic & 2 MARHE & & < —H L T
Wiz (P>0.6)0 XILEATHAREICE L Tld, b s
KTRADHIEEH0.347, JLRPEFEEATIZ0.507TH %
—J, FARPEEEEATIZ0.886% LTA v F—RWET
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Table 7. Genotype frequencies at mtDNA D-loop locus of 19 samples of swordfish (Xiphias gladius)

North Atlantic (north of 20°N) South Atlantic (south of 10°N)

NWA98 NWA97 NWA93 NWA9 | TNA99 TNA97 TSA97 Brazil96 Brazil94
Genotype | 30~43N 37~4IN 20~30N 38~40N | 2~10N  5~8N o~11S  20~33S 20~30S
45~TIW  48~6TW  57~90W 59~T2W | 21~33W  8~21W 2E~8W 28~46W 35~00W

Alul
A 217 6 8 8 30 6 24 25 30
B 7 0 3 1 6 4 5 4 3
C 29 10 18 15 25 18 19 23 25
D 3 1 0 3 6 0 2 0 1

Sample size 66 17 29 27 67 28 50 52 99
P 0.443 0.084

Rsa 1
A 25 2 7 4 26 6 13 16 20
B 3 0 2 0 2 2 0 1 2
C 32 15 18 21 38 18 30 29 32
D 1 1 0 0 1 2 1 1 3
E 2 0 1 2 7 0 1 4 5
F 1 1 0 0 0 0 3 0 1
G 0 0 1 0 0 0 0 0 0
H 1 0 0 0 0 0 0 0 0

Sample size 65 19 29 27 74 28 48 51 63
P 0.186 0.242

Alul /Rsal
AA 13 0 3 2 8 2 5 9 12
AB 2 0 0 0 1 0 0 0 0
AC 10 5 5 5 18 4 16 11 16
AD 0 0 0 0 0 0 0 0 0
AE 1 0 0 0 1 0 0 3 1
AF 1 1 0 0 0 0 2 0 1
BA 4 0 3 1 4 1 4 4 2
BB 0 0 0 0 0 2 0 0 0
BC 1 0 0 0 1 1 0 0 1
BD 1 0 0 0 0 0 0 0 0
BE 0 0 0 0 1 0 0 0 0
BH 1 0 0 0 0 0 0 0 0
CA 6 0 1 1 9 3 3 3 5
CB 1 0 2 0 0 0 0 1 1
cc 20 9 13 12 13 13 13 17 12
CD 0 1 0 0 1 2 1 1 3
CE 1 0 1 2 2 0 1 1 4
CF 0 0 0 0 0 0 1 0 0
CcG 0 0 1 0 0 0 0 0 0
CH 0 0 0 0 0 0 0 0 0
DA 2 1 0 0 3 0 1 0 0
DB 0 0 0 0 0 0 0 0 1
DC 1 0 0 3 3 0 1 0 0
DD 0 0 0 0 0 0 0 0 0

Sample size 65 17 29 26 65 28 48 50 99

P 0.28 0.095
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Table 7. (continued)

Pacific

Mexico Ecuador Peru

Hawaii

0~12N
166W

Japan

24~35N

SWP94
30~38S

SWP99

8~18S
84~124W

IN

T9W

24~27N
113-116W

36~43S

153~159E 154~179E 144~154E

34

13

21

30

26

19

o4

10

13
19

13

93

21

35

ol

45

31

89

0.734

19

15

20

17

15

43

20

15

20

23

10

32

53

21

39

ol

45

31

89

0.449

10

23

18

10

16

12

25

53

21

34

ol

45

31

88

0.08

Indian Ocean

Sjava9s  SriLanka

16~17S
118~119E

Seychel

1992
n/a

1997
n/a

16

24

15

28

35

20

0.238

16

17

15

11

28

37

20

0.45

11

11

36 27

0.283

20
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Table 8. Genotype frequency at mtDNA D-loop locus of four swordfish samples and pair-wise

P values between samples
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Table 9. Genotype! and allele? frequencies at CaM locus in eight Atlantic swordfish samples

North Atlantic (north of 20°N) Tropical to south Atlantic (south of 10°N)
NWA98 NWA97 NWA93 NWA90 TNA99  TNA97 TSA97 Brazil96 Brazil94
e 18 ) 8 b) 68 25 34 42 99
(28.1) 313) (276 (7.9 81.0)  (83.3)  (723)  (70.0)  (86.7)
31 6 14 16 15 5 11 17 8
AB 1 g (374) (483  (57.1) (17.8) (167 (234)  (283)  (11.8)
BB 15 ) 7 7 1 0 2 1 1
(23.5) (31.3) (24.1) (25.0) (1.2) (0.0) (4.3) (1.7 (1.5)
Sample| ¢4 16 29 28 84 30 47 60 68
size
A" 0.523 0.5 0.517 0.464 0.899 0.917 0.84 0.842 0.926
B 0.477 0.5 0.483 0.536 0.101 0.083 0.16 0.158 0.074
P 0.902 0.121

Parentheses represent % frequency

Table 10. Genotype™ and allele” frequencies at CaM locus of four local swordfish samples and

pair-wise Pvalues between samples

MED NA SA Pair-wise P
AA" 10(13.9)  36(26.3) 228(78.9)  178(99.4) MED  NA SA
AB 30(41.7)  67(48.9)  56(14.9) 1(06)  NA 0.002
BB 32(44.4)  34(24.8) 5( 1.7) 0(0.0) SA <0.001 <0.001
Si;ggle 72 137 289 179 P <0.001 <0.001 <0.001
A? 0.347 0.507 0.886 0.997
B 0.653 0.493 0.114 0.003

MED: Mediterranean (from Chow and Takeyama, 2000)
NA: pooled north Atlantic sample (north of 20°N)
SA: pooled south Atlantic sample (south of 10°N)

I-P: pooled Indo-Pacific sample
Parentheses represent % frequency

130.997& WH RKEHWEENF LN, 4EROLTOMHM
AEDEICBL TEETHEIERECELZ TV
(P<0.002), Ih o DfERIE, Chow and Takeyama
(2000) MR LA H VFD 4 ZlEETHT 3 & I,
RUGHED AT EIZIIC R E 78 2 RBEBFEL,
Lo b T 0EENPI0FI oML E L THifsh
TWVWATEERLTWV S,

z =

AFRICBNT, 2 HYVFOYNEBICH SN2 28
O HIBERE D3 iR P MEHE TR 2 b D TRV T &
MO MITHE 5 te, E1o, W2 BT 3B AR R
SN, IS 2TRASBEEMICEE 2EEICH kT %
bOTRBOWI EMWRBES NI, —F, NREEKCTRE
TS L2 < BBl 2 AR sz 2 &1, Bk

EoVoEAEE WS AT ERENERTH
LAHEMEE R LTV 5, ARG TIEERAFL 7228, /]
MORERB LT PICHAET 2EAGBEINTED
(Carey, F\Z; K&, 1988; Di Natale et al., 1996),

L bEFROIEREBICIE NI D REBERBA LN
LT OAREMEE TFEFL TV B, BERTTY & B3N
FCHATL O 2IEEBIARTH 2 L VWS IRER, 5
%R EEv i, MEHER T 2 B oo BB I 22 B L
S, L 2BETHEERMNEERRONLL LWL
I ARFDFER EFE LI,

BWFTfTH 72 Chow et al. (1997), Chow and
Takeyama (20000 ®mtDNA D-loopk O @ CaMig
ETEODHICED, 2 nVFici3dulLdbson
REE (ichifg, dbrERvaEE, th-EEERMETE, A v R
KWVEE) M b EMRENTV S, AW THi/IC
gEI NI REE (NWAIB), BmlbKibiE
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(TNA99) HEAZMA THEIL/cL T 5, Chow and
Takeyama (2000) DOFERZIZITENMNIT 2 & & b,
KPGFERG AR B O 18 (=) 3L os Hig i) & W I R 22 5E

LCTHEFF SN TWAE Z ENISHITH - 72, mtDNA
D-loopfHIK T % 1F 2 IR H P RFLP /M I & 2 i
EAOIK CREEREZMPsRsns boD, Kb
AL R c R AR S RE TE 2w (Alvarado-
Bremer et al., 1996; Chow et al., 1997; Chow and
Takeyama, 2000; A2, CalMiBnFFED 2RI 2
SALEETIC L 2B b D TH D > % DHE N
JEEAR TR E < BIS B 720, KUENOFILRER
DBIEHER AR T 2 5 2 TmtDNAMRIF L 0 135
MmITENTV S, i, EAORENMEN S, MR
B o8 R IR0 ~20E Tt d 5 T & hRIE &
Ntce BUED E T A, KEFICBIT S 20 V+OEM
13L#E 5 I TRIILRE I TiThbh T b (Miyake
and Rey, 1989), # 7ciifFE, MAMETO X N F 0K
RN B » AR AL EE v 7 » Ligd 7o,
o Eizky, JEREFEICB T B A 5 Y F OfEE|
DY TAEBRT D X HITH - 72720000 2 H X vk
PEFF 3L S ELIED # 1 Y F e > VW TR A B &
T HMEEETo 70 (Bl BB, LAaLAAs, K
FTRS NI ST, JLEI0EE LI o BRIEEA S A i
FRBICE T 2 EEZ oN D, EHmEXS %/
Mt T 20 E RS LEDEELOLND,

AWK L DWF5E (Chow and Takeyama,
2000) TREMNIC LSS, RUEHEA H Y+l RERH
DL R S N B 7201013, BIEmES R -
TWwa T, AEkoBEREEF» RS hTn
BLENKETH B, L, fhoEEhbiiaiET
HBANFRITHYFICEVTIRIRELEN OIS
A THEENEEZREIRBINTE S ST REENTIE
H-Z2ZHPHFEEIT IO EEZEL LN TV D
(Buonaccorsi et al., 1999, 2001; Chow et al., 2000),
SRR IC BV TS, 0, saavEP= v
v H Y FTRIFEEEZ 2 ERMSRES TV S5,
AANVFTREEDODEIAZTDOL I BHETHEL
(Jones et al., 1995), TNWZ, *HIYFITBWVTIZ
it cEAkOBEBr i/ DitnwbDEEZ 5D
7S, FAALREFR O RREEERNICBI L T34 0 & T AR
Thb,

L%, FdLREIM OB R AR+ 2 20123
KPGPEILE ALAZ 10 > 520/ 5 2 W 330 1T 1 TH
PEICHRIA S A 7 Y FEEAZTRE LT 5 & & b,
TSR I LSRR 1T & B iR O T E &
Nz, i, MiLRHOMKMOBENERI>WT
SSICHET AHNENH B,

o i3

AW L 7o £ 7 ¥ F AR B KETFRTLHE
[EREE TR SRR | o—BRE LTI
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L THAB#EHGEG 2R OLEREO X < 513
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