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Intra and interspecific nucleotide sequence variation of rDNA first internal transcribed spacer

(ITS1) was analysed using all eight species of the genus Thunnus plus two out-group species

within the same family, skipjack tuna Katsuwonus pelamis and striped bonito Sarda orientalis.

Intraspecific nucleotide sequence variation in ITS1, including intra-genomic variation, was low,

ranging from 0�003 to 0�014 [Kimura’s two parameter distance (K2P)], whereas variation

between species within the genus Thunnus ranged from 0�009 to 0�05. The Atlantic and

Pacific northern bluefin tunas Thunnus thynnus thynnus and Thunnus thynnus orientalis, recently

proposed to be distinct species, were found to share nearly identical ITS1 sequences (mean

K2P ¼ 0�006) well within the range of intraspecific variation. The northern bluefin tuna

appeared to be a sister group to albacore Thunnus alalunga, with all other Thunnus species in

a distinct clade. The ITS1 phylogeny was consistent with mtDNA phylogeny in clustering the

three tropical Thunnus species (T. albacares, T. atlanticus and T. tonggol). Southern bluefin

Thunnus maccoyii and bigeye Thunnus obesus tunas showed a closer affinity to this tropical tuna

group than to the northern bluefin tuna and albacore. The molecular data supported mito-

chondrial introgression between species and contradicted morphological subdivision of the

genus into two subgenera Neothunnus and Thunnus. # 2006 The Fisheries Society of the British Isles
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INTRODUCTION

The genus Thunnus South, 1845, which includes economically important large
tuna species, appears to be a monophyletic unit well-supported by both
morphology and molecular data (Collette et al., 2001). The phylogenetic rela-
tionships among species within the genus, however, are controversial. Gibbs &
Collette (1967) and Collette (1979) divided the genus into two subgenera,
Neothunnus Kishinoue, 1923 (a tropical yellowfin tuna group) and Thunnus
South, 1845 (a more cold water tolerant bluefin tuna group), based on morpho-
logical and ecological differences. Blackfin Thunnus atlanticus (Lesson), longtail
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Thunnus tonggol (Bleeker) and yellowfin Thunnus albacares (Bonnaterre) tunas
(designated as BKT, LTT and YFT, respectively) are members of Neothunnus,
and albacore Thunnus alalunga (Bonnaterre), bigeye Thunnus obesus (Lowe),
northern bluefin Thunnus thynnus (L.) and southern bluefin Thunnus maccoyii
(Castelnau) tunas (designated as ALB, BET, NBT and SBT, respectively) belong
to Thunnus. These groupings, however, have been challenged by several mole-
cular genetic analyses (Chow & Kishino, 1995; Elliot & Ward, 1995; Ward, 1995;
Alvarado-Bremer et al., 1997; Takeyama et al., 2001; Chow et al., 2003).
Previous molecular studies have indicated that the albacore is the most diver-

gent species suggesting the subgenus Thunnus is not a monophyletic group
(Chow & Kishino, 1995; Ward, 1995; Alvarado-Bremer et al., 1997; Chow
et al., 2003). Northern bluefin tuna has been subdivided into two sub-species,
Thunnus thynnus thynnus (L.) in the Atlantic and Thunnus thynnus orientalis
(Temminck & Schlegel) in the Pacific (designated as NBTA and NBTP,
respectively), as these two have slight differences in morphology and the popula-
tions have been well separated geographically (Gibbs & Collette, 1967; Collette
& Nauen, 1983). Chow & Kishino (1995), however, found that the mitochondrial
DNA (mtDNA) sequence of the Pacific northern bluefin tuna was distinct from
its Atlantic counterpart and much closer to that of albacore. They also observed
that the mtDNA of the Atlantic northern bluefin tuna was more similar to that
of the southern bluefin tuna, and even to the tropical tunas, than to the Pacific
northern bluefin tuna.
Chow & Kishino (1995) proposed hybridization followed by interspecific

transfer of mtDNA as the mechanism for sequence similarity between the
Pacific northern bluefin tuna and albacore. Further findings that individuals
possessing the Atlantic type of mtDNA are rare but do exist in the Pacific, and
those possessing the Pacific type of mtDNA exist in the Atlantic, have made the
specific relationships more complicated (Chow & Inoue, 1993; Chow & Kishino,
1995; Takeyama et al. 2001). According to the large genetic and slight morpho-
logical differences observed between the Atlantic and Pacific northern bluefin
tunas, Collette (1999) proposed that these two geographic groups should be
regarded as separate species (T. thynnus and T. orientalis). Although Collette
(1999) and Collette et al. (2001) primarily depend on mtDNA data for advocat-
ing separation of these two tunas, they have paid little attention to the molecular
evidence demonstrating that both Atlantic and Pacific haplotypes exist in both
ocean basins. If horizontal transfer of mtDNA exists, mtDNA sequence data
cannot be relied on alone for inferring phylogenetic relationships among these
closely related Thunnus tunas.
Under such circumstances nuclear genetic markers such as the internal tran-

scribed spacer (ITS) region of the ribosomal RNA gene cluster may be more
suitable. The ITS region evolves rapidly but the homogenizing forces of con-
certed evolution and molecular drive (Arnheim, 1983; Dover, 1986) are believed
to act to minimize the degree of intraspecific variation, and make the ITS region
suitable for phylogenetic comparisons among closely related taxa. The ITS has
been used for phylogenetic studies in a very wide variety of organisms, and also
in fish systematics (Pleyte et al., 1992; Phillips et al., 1994; Domanico et al., 1997;
Sajdak & Phillips, 1997; Booton et al., 1999; Huyse et al., 2004). Though
successful in resolving conflicting trees derived from nuclear and mitochondrial
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DNA data in salmonids (Pleyte et al., 1992; Phillips et al., 1994; Domanico et al.,
1997; Sajdak & Phillips, 1997) or providing new insights for complicated cichlid
evolution (Booton et al., 1999), little attention has been paid to the intraspecific
variation of the ITS region in these studies. Moreover, it proved impossible to
infer phylogenetic relationships among sand goby species from ITS sequence
data because of the large intraspecific sequence variation (Huyse et al., 2004). In
order to assess the general utility of the ITS region for inferring phylogenetic
relationships in tunas, intra and interspecific nucleotide sequence variation in the
ITS1 region of all Thunnus tunas and two species from other genera, skipjack
tuna Katsuwonus pelamis L. and striped bonito Sarda orientalis Temminck &
Schlegel, 1844 (designated as SKJ and SOR, respectively) was investigated.

MATERIALS AND METHODS

TUNA SAMPLES, PCR AMPLIFICATION AND NUCLEOTIDE
SEQUENCING

All tuna samples were derived from the laboratory collection of the National Research
Institute of Far Seas Fisheries, Japan (Table I). A total of 46 individuals was used in this
study, comprising 42 individuals of the genus Thunnus, two SKJ and two SOR. Of the
two out-group scombrids (SKJ and SOR) used, SKJ is believed to be the closest relative
of the genus Thunnus since it is morphologically assigned to the same tribe (Thunnini)
while SOR belongs to another tribe (Sardini) (Collette, 1979).

Nucleotide sequences of a conserved primer pair (ITS1 and 5�8S) used to amplify the
ITS1 region were obtained from Duke University web site (http://www.biology.
duke.edu/fungi/mycolab/primers.htm). The forward primer (ITS1), 50-TCCGTAGGT-
GAACCTGCGG-30, was designed to anneal near the 30 end of 18SrDNA, and the
reverse primer (5�8S), 5’-CGCTGCGTTCTTCATCG-30, to anneal near the 50 end of
5�8SrDNA. ITS1 was amplified using LA Taq polymerase (TAKARA, Japan) with GC
buffer which considerably improved amplification over standard Taq protocols. Initial
denaturation at 96� C for 2 min, was followed by 25 cycles of amplification
(denaturation at 96� C for 0�5 min, annealing at 58� C for 0�5 min and extension at
74� C for 1 min) with a final extension at 74� C for 10 min. Under these conditions, a
single strong fragment was amplified in all species used. Amplified fragments were
purified using GENECLEAN II (BIO101). Cloning of PCR products was performed

TABLE I. Tuna species used in this study. In the phylogenetic trees, A (Atlantic) or
P (Pacific) are added to the abbreviations to indicate origin

Common name Scientific name Abbreviation Origin n

Yellowfin tuna Thunnus albacares YFT Atlantic, Pacific 7
Blackfin tuna Thunnus atlanticus BKT Atlantic 2
Longtail tuna Thunnus tonggol LTT Pacific 3
Bigeye tuna Thunnus obesus BET Atlantic, Pacific 11
Southern bluefin tuna Thunnus maccoyii SBT Indian Ocean 4
Northern bluefin tuna Thunnus thynnus thynnus NBTA Atlantic 5

Thunnus thynnus orientalis NBTP Pacific 3
Albacore Thunnus alalunga ALB Atlantic, Pacific 7
Skipjack tuna Katsuwonus pelamis SKJ Atlantic 2
Striped bonito Sarda orientalis SOR Pacific 2
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using a pGEM-T Easy Vector System I (Promega). The nucleotide sequences of the
inserted PCR products were determined by automated sequencer (Applied Biosystems
model 310, U.S.A.) using a ABI Big-dye Ready Reaction kit (Perkin-Elmer Cetus,
Norfolk, VA, U.S.A.) with M13 forward and reverse primers and those used in the
amplification. One to four clones per individual were sequenced.

PHYLOGENETIC ANALYSIS

Sequences obtained were first aligned using the CLUSTAL W algorithm in Lasergene
(DNA STAR Inc.) followed by manual editing to minimize the number of gaps while still
maintaining the alignment. The data set was imported into MEGA version 2.1 (Kumar
et al., 2001) to construct phylogenetic trees using the neighbour-joining (NJ) method
based on the gamma corrected Tamura-Nei (TN) or Kimura’s two parameter (K2P)
distance matrices. Maximum parsimony (MP) analysis with the pair-wise or complete
deletion option was used for gaps. The data were also imported into PHYML (Guindon
& Gascuel, 2003) for maximum likelihood analysis (ML). In the ML analysis, all gaps
between sequences were removed and Modeltest version 3.06 (Posada & Crandall, 1998)
was used to select the most suitable nucleotide substitution model. During the explor-
ation of the ML topology, all parameters of the nucleotide substitution model and
the gamma shape parameter were simultaneously estimated and adjusted. In order to
evaluate the reliability of each node, bootstrap analysis was carried out by PHYML using
the 1000 resampling data sets produced by SEQBOOT from the PHYLIP package
(Felsenstein, 1993). For comparison, phylogenetic trees based on mtDNA data were
investigated using the methods described above. A flanking region between the
ATPase6 and the cytochrome oxidase III genes of the mtDNA (designated ATCO) was
chosen based on data obtained by Takeyama et al. (2001) and Chow et al. (2003), since
this is the longest sequence (857 bp) for all Thunnus species available to date.

RESULTS

ALIGNMENT AND CHARACTERISTICS OF THE ITS1
SEQUENCE IN TUNAS

Of 68 clones sequenced from 46 individuals, 59 clones were found to have
different nucleotide sequences. Alignment of representative sequences from nine
species is shown in Fig. 1. All 59 different nucleotide sequences were submitted
to DDBJ (DNA data bank of Japan) (accession numbers AB127395 to
AB127404 and AB211999 to AB212047). The sequence alignment among the
three genera was unclear because of the extensive nucleotide substitutions and
multiple indels. Such problems, however, were minimal when aligning species
within genera (Table II).
Tuna ITS1 is characterized by a high GC content ranging from 68�1% in SKJ

to 73�9% in YFT and considerable length variation among species (594–656 bp).
In total, 51 different sequences were obtained from 42 individuals of eight
Thunnus species (including two sub-species of NBT), in which 134 variable
sites were observed. The largest observed intra-specific length variation occurred
in YFT (644–656 bp) followed by BET (638–643 bp). These length differences
within species and also between species within the genus Thunnus were primarily
due to variation in the number of nucleotide repeats (shown by asterisks in
Fig. 1).
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To test for saturation by multiple nucleotide substitutions, per cent transitions
between sequences were plotted against transversions, indicating no apparent
saturation within and among the genera. The overall mean of the transition:
transversion ratio (based on pair-wise deletion) was 2�05 for the total data set
and 2�35 for Thunnus data alone.

100
ALBA130C2 CCGGTTTGCC CGCCCTGTC- -GCAGGGG-- CGCGCGCAAC A-GACGCCTC CGGACAGCTG AGGGCCAGCA GGGT---AGG ---------- ----------
NBTAJD7 ......C... .........- -.......-- .......... .-........ .......... ........-. ....---... ---------- ----------
SBT1554 ......C... .........- -.......-- .......G.. .A........ .......... ......G.-. ....---G.. ---------- ----------
BETA3602 ......C... .........- -.......-- .......G.. .A........ .......... ......G.-. ...C---G.. ---------- ----------
YFTP1C1 ......C... .........- -.......-- .......G.. .A........ .......... ......G.-. ...C---G.. ---------- ----------
LTT2 ......C... .........- -.......-- .......G.. .A........ .......... ......G.-. ...C---G.. ---------- ----------
BKT4C1 ......C... .........- -.......-- .......G.. .A........ .......... ......G... ...C---G.. ---------- ----------
SKJ60C2 .......... .........- -.......-- ....T..... .-...T.... ....AC.... ......---G ....TGGG.. TTCTCTCTCT CTCTATCTTG
SOR4C4 .......... ......C..T C.......GA .......... .-.T...... A......T.. ......C.-G ....GCGG.. ---------- ----------

ALBA130C2 ---------- --TCTCTT-C CCCCGCCGGG T-CCCGTCGC GGTCGTCCTC C--------- ---------- CGAGGACTTC CCCGGCGGCG G-CGCGGCG-
NBTAJD7 ---------- --......-. ....C..... .-T....... .......... .--------- ---------- .......... .......-.. .-.......-
SBT1554 ---------- --......T. .......... .-........ .......... .--------- ---------- .......... .......-.. .-.......-
BETA3602 ---------- --......-. .......... .-........ .......... .--------- ---------- .......... .......-.. .-.......C
YFTP1C1 ---------- --......C. .......... .-........ .......... .--------- ---------- .......... .......-.. .-.......C
LTT2 ---------- --......-. .......... .-........ .......... .--------- ---------- .......... .......-.. .-.......-
BKT4C1 ---------- --......-. .......... .-........ .......... .--------- ---------- .......... .......-.. .-.......-
SKJ60C2 AGAGAGAGGG TC.....CT. ....------ ---------- ---------- ---------- ---------- ---------- ---------- ----------
SOR4C4 ---------- --C.....-. ..T.C.TC.T .C........ .....A..C. .ACCACGCCC TCCGGGGCGG ..G..G.... .......-.. .A..G.AGA-

*
ALBA130C2 --GTGGTCGT TTCCCTCCCG -A-----CGG CCCGAGGCGC GCGC------ ---------- -----GGGCG CTTCTCTTCC CGAGA-CGCC CC-------G
NBTAJD7 --......-. .......... -.-----A.. ...A...-.. ....------ ---------- -----..... ........T. .....-.... ..-------.
SBT1554 --.C...... .......... -.-----... .......... ....GTGTG- ---------- -----..... .......... .....-.... ..CC-----.
BETA3602 G-.C...... .......... -.-----... .......... ....GTGCG- ---------- ------.... .......... .....-...T ..CCCC---.
YFTP1C1 GG.C...... .........T T.-----... .......... ....GTGTGT GTG------- ------.... ........A. .....-...T ..CCCCACC.
LTT2 -G.C...... .......... -.-----... .......... ....GCGTG- ---------- ------.... .......... .....-...T ..CCCCACC.
BKT4C1 --.C...... .......... -.-----... .......... ....GTGTGT GTG------- ------.... .......... .....-...T ..CTCCACC.
SKJ60C2 ---------- ---------- -------... ..T......T ...GGTGT-- -----CCCTC TCACG...-- ---------- -..A.G.... .--------.
SOR4C4 --.C.....A G.G.TC...A -.CCCCC... .......... ...GGT---- ---------- TCACG----- ---------- --------.. .--------.

** ********* *******
ALBA130C2 CGCACACAAC CTCTCCTGGT CAGGACCTCG T-CCCGACCG GGCGGGCC-T CCCCATCTCT CCCCCCC-TG GGCGACACGC CTCGCG-ATC CCGGCCGGCC
NBTAJD7 ....A.AC.. T......... .........T .-........ ........-. .....CT... .......C.. .......... ......-.C. ......A...
SBT1554 ....A.AC.. .......... .......... .-........ ........T. ....G.T... .......C.. .......... ......-.C. ......T...
BETA3602 ....ATAC.. .......... .......... .-........ ........T. ....G.T... .......-.. .......... ......-.C. ......T...
YFTP1C1 .A.GA.AC.. ..T....... ........A. .--G...... ........T. T...G.T... .......C.. .......... ....-AC.C. ......C...
LTT2 ...GACAC.. .......... .......... .-........ ........T. ....G.T... .......-.. .......... ....-AC.C. ......T...
BKT4C1 ...GATAC.. .......... .......... .-........ ........T. ....G.T... .......-.. .......... ....-AC.C. ......T...
SKJ60C2 ....A--CC. ...CT-.... .......... .-........ .A...-T.C. ...--.T..C .....---.. .......T.. ......G.C. ......C..-
SOR4C4 ....---C-. ...C...C.. .T........ .T........ .A...-..C. ....-.T..C ......---- ---------- ---------- ----------

ALBA130C2 AAAGCTCCGC GGGGCTGACG GAGCGG-CGG GTCGGACGTC GCGGGG--CG CCCTCGCGGG GG-TCGGGGA C--------- ---CCCGTCC GGTGCA-CCG
NBTAJD7 T......... .......... ......-... .........- -.....--.. .......... ..G....... .--------- ----...... ......-...
SBT1554 TG........ .......... ......G... .........- -.....--.. .......... ..-....... .--------- ----...... ......-...
BETA3602 TG........ .......... ......G... .........- -.....--.. .......... ..-....... .--------- ----...... ......-...
YFTP1C1 TG........ .......... ......G... .........- -.....--.. .......... ..-....... .--------- ----...... ......-...
LTT2 TG........ .......... ......G... ....C....- -.....--.. .......... ..-....... .--------- ----...... ......-...
BKT4C1 TGT....... .......... ......G... .........- -.....--.. .......... ..-....... .--------- ----...... ......-...
SKJ60C2 TC........ T......... ......CG.. C.G.AT...- -.....--.. .......A.. ..-....... .TGAGCTCTA CCA....... ......A...
SOR4C4 ---------- ---------- ---------- ---.TG...- -.....TG.. .......... ..-..T...G GGAAACTCT- CCG-...... .....G-...

ALBA130C2 GGCCTGGGCC -GACAC-TCG GAACCTAAAC CCT-AAGCGC GGAAGCGGAG GC-TTCGCCC CCC-GCCGCA CGCCACGCGC CCCCGGGTAC CCAACTCTCC
NBTAJD7 .......... -.....-... ......T... ..-A...... ..C....... ..-....... ...-...... ....G..... .......... ..........
SBT1554 ....C..T.. -.....-... ......T... ..-A...... .......... ..C....... ...-...... ....G..... .......... ..........
BETA3602 ....C..T.. -.....-... ......T... ..-A...... .......... ..C....... ...-...... ....G..... .......... ..........
YFTP1C1 ....C..T.. -.....-... ......T... ..-A...... .......... ..C..A.... ...-A..... ....G..... .......... ..........
LTT2 ....C..T.. -.....-... ......T... ..-A...... .......... ..C....... ...-...... ....G..... .......... ..........
BKT4C1 ....C..T.. -.....-... ......T... ..-A...... .......... ..C....... ...-...... ....G..... .......... ..........
SKJ60C2 .......T.. -.C...-... ......T... ..--...... ..T-.A..CA .-CG...... .TT-.AT.TG .T..G..... .......... .....C....
SOR4C4 ....C..T.. -.C...-... ......TG.A ..--...... .-TC....CC ..C-..T... .GG-.....C .CT.G..... .......... ..........

ALBA130C2 CCCCTCCTTC GGAGGGAGGA GGGGGGTTCA ATGTCTCCCC ACCC------ ---------- CGCCTC-GGC GGGATCCGGA GCGCCCGGGG GTCCTGTCGT
NBTAJD7 .......... .......... .......... .......... ....------ ---------- ......-... ...G.T.... .......... ..........
SBT1554 .......... .......... .......... .......... G...------ ---------- ......-... ...GCT.... .......... ..........
BETA3602 .......... .......... .......... .......... G...------ ---------- ......-... ...GCT.... .......... ..........
YFTP1C1 .......... .......... .......... .......... G...------ ---------- ......-... ...GCT.... .......... ..........
LTT2 .......... .......... .......... .......... G...------ ---------- ......-... ...G.T.... .......... ..........
BKT4C1 .......... .......... .......... .......... G...------ ---------- ......-... ...GCT.... .......... ..........
SKJ60C2 ..T....... .......... .......... .A........ C...GC---- ------CGGG AA..C.-... ...--A.... .......... .C......A.
SOR4C4 .TT.C...C. ..G.A.G... .......... ........T. C...GCTGCG CGCCCCCGGG ....C--A.. ...--AT... .......... ..........

ALBA130C2 CTTCCCCTTT CCAAACCCGA AT-TGTCTCT GAACGTTGGC AACCT-CTGT GCGGTGTAAA AA-CCG---- ----ACAAAA AA--GTTG 
NBTAJD7 .......... .......... C.-....... .......... .....-.... .......... ..-...---- ----...... ..--.... 
SBT1554 .......... .......A.. C.-....... .......... .....-.... .......... ..-...---- ----...... ..A-.... 
BETA3602 .......... .......... C.-....... .......... .....-.... .......... ..-...---- ----...... ..A-.... 
YFTP1C1 .......... .......... C.-......C .......... .....-.... .......... ..-..C---- ----...... ..--.... 
LTT2 .......... .......... C.-......C .......... .....-.... .......... ..-..C---- ----...... ..A-.... 
BKT4C1 .......... .......... C.-......C .......... .....G.... .......... ..-..C---- ----...... ..A-.... 
SKJ60C2 ..-...T..A .A......A. C.-....... ...TC..... .....-.... .T........ ..-..----- ------.... ..--.... 
SOR4C4 ..-...-..- ........A. C.C....... ...TC..... .....-.... C...C..... ..A...GCCA AAAA...... ..A-.... 

FIG. 1. The aligned sequences of the ITS1 rDNA for seven Thunnus tuna species, skipjack tuna (SKJ) and

striped bonito (SOR) (see Table I). –, sites not present in other species; ., nucleotides identical with

those of the top sequence; *, repeated nucleotides observed within the genus Thunnus.
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Three clones obtained from single individuals in two species (SOR and YFT)
showed different nucleotide sequences, indicating intra-genomic sequence
variation.

PHYLOGENETIC ANALYSIS

Mean K2P distance within species, using the pair-wise deletion option, ranged
from 0�0026 in SOR to 0�0136 in SKJ (Table III). Mean K2P distance between
species within the genus Thunnus ranged from 0�0086 (LTT v. BKT) to 0�0498
(YFT v. ALB), whereas the differentiation between the sub-species NBTA and
NBTP was small (K2P ¼ 0�0064). Nucleotide sequence difference between gen-
era was very large ranging from 0�1349 to 0�1652. SKJ may be a better candidate
than SOR for rooting the phylogenetic tree, as SKJ is believed to be the closest
relative of the genus Thunnus and morphologically assigned to the same tribe
(Thunnini) (Collette, 1979). The ITS1 alignment between the genera, however,
was equivocal and differentiation between the genera was very large. To inves-
tigate long branch attraction, four data sets were prepared comprising 1) all
sequences, 2) all sequences except SKJ, 3) all sequences except SOR and 4)
Thunnus data alone.
In ML analysis, the Hasegawa-Kishino-Yano model (Hasegawa et al., 1985)

with gamma correction (HKY85 þ G) was selected as the best fit by Modeltest.
The ML optimization under this model estimated the model parameters and
inferred the tree topology. All phylogenetic trees constructed either by distance,
MP or ML methods, and using all four data sets, agreed with one another in
separating the genus Thunnus into two large clades. An NJ tree drawn using
Tamura-Nei Gamma distance is shown in Fig. 2(a). NBTA and NBTP, which
shared very similar sequences, appeared to be a sister group of ALB, leaving all
other Thunnus species in a distinct clade. In contrast, in the NJ trees, poor
discrimination among Thunnus species was obtained when only transversions
were used; robustness (based on bootstrap values) of the ALB-NBT clade was

TABLE II. Sequence information for the tuna rDNA ITS1 region

Species Length (bp) Per cent GC content (mean)

YFT (13/13/7)* 644–656 72�3–73�9 (73�2)
BKT (3/4/2) 646–649 72�8–73�4 (73�1)
LTT (2/3/3) 644 73�4–73�8 (73�6)
BET (12/14/11) 638–643 73�4–73�7 (73�5)
SBT (4/4/4) 641–642 73�0–73�3 (73�2)
NBTA (6/6/5) 627–629 71�6–72�7 (72�2)
NBTP (2/3/3) 630 72�2–72�4 (72�3)
ALB (9/10/7) 630–632 72�1–72�9 (72�6)
SKJ (3/3/2) 594–597 68�1–69�0 (68�6)
SOR (5/8/2) 608 73�0–73�2 (73�1)
* Following each species abbreviation the number of clones showing different sequences, the

number of clones examined and the number of individuals are shown in parentheses.
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lowered and branching order varied depending on which non-Thunnus species
were included as out-group species. All trees using Thunnus data alone strongly
supported separation of the two clades. Thus, transitions appear to be very
informative and considering only transversions is not practical when inferring
relationships among Thunnus species. Monophyly of the three tropical tunas
(BKT, LTT and YFT) was supported by the three methods, yet phylogenetic
relationships among these tropical tunas were not resolved due to the large
variation in YFT sequences, compounded by low sequence divergence among
these tropical tuna species. BET and SBT, though morphologically and ecologic-
ally assigned to the bluefin tuna group, appeared to have greater molecular
affinity with the tropical tuna species than with ALB and NBT. No phylogeo-
graphic signal was evident in the ITS1 trees for the three cosmopolitan species
(ALB, BET and YFT), although genetic differentiation between the Atlantic and
Pacific populations of ALB and BET has been clarified using mtDNA analysis
(Chow & Ushiama, 1995; Chow et al., 2000).
For comparison, phylogenetic trees using mtDNA data were investigated.

Alignments of 50 sequences including all Thunnus species plus SKJ and SOR
are available at http://www.enyo.affrc.go.jp/chow/TunaATCO.txt. The transi-
tion:transversion ratio for the Thunnus data set was high (8�57), and all tree
topologies using the distance method (NJ) with transitions or transversions, or
both, and those using MP and ML methods agreed with one another in strongly

TABLE III. Mean Kimura’s two-parameter distance (�102) (pair-wise deletion) within (on
the diagonal) and between (below the diagonal) tuna species (including two sub-species of
northern bluefin tuna). Standard errors are shown in parentheses. See Table I for species

abbreviations

YFT LTT BKT BET SBT NBTA NBTP ALB SKJ SOR

YFT 1�24
(0�24)

LTT 1�11
(0�26)

0�31
(0�22)

BKT 1�18
(0�27)

0�86
(0�32)

0�36
(0�18)

BET 1�71
(0�38)

1�52
(0�43)

1�49
(0�42)

0�56
(0�16)

SBT 1�82
(0�44)

1�71
(0�50)

1�67
(0�49)

0�99
(0�31)

0�39
(0�18)

NBTA 4�23
(0�80)

3�79
(0�79)

3�85
(0�79)

3�19
(0�69)

2�95
(0�68)

0�44
(0�16)

NBTP 4�43
(0�78)

3�99
(0�77)

4�05
(0�77)

3�39
(0�67)

3�09
(0�66)

0�64
(0�23)

0�48
(0�27)

ALB 4�98
(0�82)

4�66
(0�82)

4�72
(0�82)

4�04
(0�75)

3�50
(0�71)

2�91
(0�61)

2�74
(0�58)

0�48
(0�15)

SKJ 14�93
(1�72)

14�56
(1�72)

14�50
(1�71)

13�91
(1�68)

13�49
(1�62)

13�60
(1�66)

13�59
(1�68)

14�50
(1�74)

1�36
(0�38)

SOR 16�46
(1�86)

16�16
(1�89)

15�85
(1�87)

15�47
(1�83)

15�26
(1�80)

16�27
(1�94)

16�10
(1�94)

16�52
(1�93)

13�86
(1�77)

0�26
(0�13)
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supporting two large clades (ALB-NBTP and other Thunnus) [Fig. 2(b): only NJ
tree is shown]. These two clades have been observed in the ITS1 tree, except for
the position of NBTA. In the mtDNA tree, NBTA was closely related to SBT
and even to the tropical tunas (BKT, LTT and YFT) and BET, while in the ITS1
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FIG. 2. Neighbour-joining phylogenetic trees constructed using the Tamura-Nei Gamma distance method

based on (a) rDNA ITS1 and (b) mtDNA ATCO sequence data. Bootstrap values >50% (out of

1000 replicates) are shown at the nodes. Identical letters at the branch terminal end in the ITS1 tree

indicate clones having different sequences obtained from a single individual. MtDNA sequence data

were derived from Takeyama et al. (2001) and Chow et al. (2003). Note that separation between the

subgenera Neothunnus and Thunnus is not supported by both trees.
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tree, NBTA was most closely related to NBTP followed by ALB. Since branch-
ing order between NBTA-SBT, BE and tropical tunas varied among NJ, MP and
ML trees obtained in this study and also in several investigations using different
segments of the mtDNA, it remains unresolved.

DISCUSSION

Although the molecular drive or concerted evolution suggested by Arnheim
(1983) and Dover (1986) may act to homogenize repeat units of rDNA, intra-
specific and even intra-genomic variation in the ITS1 locus of tunas was often
observed in this study. Tuna ITS1 intra-specific variation was generally lower
than that between species, and intraspecific variation observed in the ITS1 of
two sand goby species (Pomatoschistus lozanoi (de buch) and Pomatoschistus
microps (Krøyer)) was much larger (Huyse et al., 2004). The large variation in
YFT combined with the sequence similarity between species obscured phylo-
genetic relationships among tropical tunas, indicating that depending on single
sequence data from a single individual should be treated with caution. Thus,
phylogenetic relationships between the closely related three tropical tunas (BKT,
LTT and YFT) may not be sufficiently resolved based on analysis of the ITS1
region. Furthermore, the small number of clones examined for BKT and LTT, as
well as the sorting paralogous gene copies between species, may also bias the
phylogenetic resolution. Nevertheless, the ITS1 and mtDNA data both support
the monophyletic status of the yellowfin tuna group and indicate that these
tropical tunas are recently derived taxa. The intraspecific variation in YFT was
slightly larger than the variation observed among the tropical tuna species (see
Table III) and a similar level of variation was observed even when gaps among
species and repeated units were removed, contradicting the hypothesis of
concerted evolutions. Although horizontal gene transfer after speciation may
act to elevate the intraspecific variation, no signal for such events was shown in
the mtDNA data. It appears unlikely that the mutation rate of ITS1 of YFT is
significantly higher than in the other closely related tuna species. It is more likely
that the observed large variation in YFT predates the speciation events and
arises from maintenance of ancestral polymorphism and incomplete lineage
sorting (Moore, 1995; Moran & Kornfield, 1995). Since population size and
generation length may affect estimation of the molecular clock (Korey, 1981),
the apparently large population size and the geographically wide and temporally
extending reproductive characteristics of YFT and also SKJ (Schaefer, 2001)
may serve to maintain ancestral polymorphism and newly evolved rDNA
elements despite the homogenizing force of concerted evolution.
The ITS1 and mtDNA data are congruent in their separation of two large

clades in the genus Thunnus: ALB-NBTP (plus NBTA in ITS1) in one and the
remaining Thunnus species in the other. A hypothesis based on morphological
and ecological subdivision of the genus into two subgenera (Neothunnus and
Thunnus) has stood for many years (Collete, 1979), suggesting a cladistic event
separated tropical (yellowfin) and temperate (bluefin) tuna lineages into these
subgenera. In contrast, the molecular data suggest intermittent speciation events,
in which the ancestral ALB-NBT lineage branched off first, followed by BET or
SBT. The NBTA and NBTP are unique, as these two populations or sub-species
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share almost identical ITS1 sequences while having distinct mtDNA. Male
biased gene flow is quite unlikely, because the northern bluefin tuna do not
distribute in the Indian Ocean and very few individuals have been caught in the
southern hemispheres of the Atlantic and Pacific Oceans (Collette & Nauen,
1983). Since Chow & Kishino (1995) did not observe any difference between
NBTA and NBTP in restriction profiles of the ITS1 fragment and allozymes,
they considered that hybridization followed by mitochondrial introgression must
be responsible for the sequence similarity between the NBTP and ALB mtDNAs.
They could not, however, investigate further phylogenetic relationships among
Thunnus species due to limited data from the restriction analysis on the ITS1
fragments. The present study provides sequence variation of the ITS1 locus
within and between Thunnus tunas showing that the difference between NBTA
and NBTP was comparable to, or even smaller than, variation within other
species. It might be proposed that molecular drive may replace a major lineage
with minor paralogous units, obscuring phylogenetic relationships. Moore
(1995) indicated that the mtDNA gene tree is more likely to track the species
tree than is a single nuclear gene tree. Therefore, analysis of several independent
nuclear genes may be necessary to obtain an equivalent level of confidence to
analyses based on mtDNA. Nevertheless, the present ITS1 data and previous
allozyme data (Chow & Kishino, 1995; Pujolar et al., 2003) are concordant in
showing very low genetic differentiation between NBTA and NBTP.
Furthermore, detection of introgressive hybridization may not be difficult
when investigating mtDNA haplotypes in conjunction with those of nuclear
genes (Moore, 1995), as the present study illustrates. One explanation for the
observed discrepancy between classifications based on the ITS1 and mtDNA in
NBT is that the mitochondrial introgression occurred between the ancestral
lineage of NBT which distributed or immigrated into the Atlantic, and a species
in the stem gene pool which subsequently led to the SBT, BET and tropical tuna
lineages.
Although the morphological and ecological similarities between NBTA and

NBTP are obvious and concordant with the present ITS1 sequence data and
data for several allozymes (Chow & Kishino, 1995; Pujolar et al., 2003), the
specific status of these groups will remain unresolved until more data from the
nuclear genome become available.
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