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Abstract

Six species of abalones (Haliotidae) are found on the 
Korean coasts. Identification and characterization of 
these abalones are usually based on morphologic 
characters. In this research we compared the partial 
sequences of the mitochondrial 16S ribosomal RNA 
and cytochrome c oxidase subunit I genes to identify 
species using molecular data and to determine their 
phylogenetic relationships. Sequence alignments and 
phylogenetic analysis revealed that the 6 species fell 
into 2 distinct groups which were genetically distant 
from each other and exhibited little internal phylo
genetic resolution. One group included Haliotis 
discus hannai, H. discus discus, H. madaka, 
and H. gigantea, while the other group contained 
H. diversicolor supertexta and H. diversicolor 
diversicolor. The 16S rRNA sequences were relatively 
more conserved than to the COI sequences, but both 
gene sequences provided sufficient phylogenetic 
information to distinguish among the 6 species of 
Pacific abalone, and thus could be valuable molecular 
characters for species identification.

Key words: 16S rRNA — cytochrome c oxidase 
submit I (COI) — molecular character — phyloge
netic relationship

Introduction

Pacific abalones are economically important marine 
seafoods in Eastern Asia, with the majority of the
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annual yield now based on aquaculture production 
(Zhang et al., 1998). Six species of abalone have been 
reported to occur along the Korean coasts, Haliotis 
discus hannai Ino, H. discus discus Reeve, H. madaka 
Habe, H. gigantea Gmelin, H. diversicolor supertexta 
Reeve, and H. diversicolor diversicolor Reeve (Kim 
et al., 1988), but these species are quite similar in 
external morphology, and natural hybrids are fre
quently found (Miyaki et al., 1995). Traditional mor
phologic characters have led to conflicting species 
identifications, prompting us to examine systematic 
relationships among the species using molecular data 
to provide fundamental information for resource 
management and breeding in artificial crosses.

Traditional studies characterizing these species 
have relied on morphometric analyses (Ino, 1952). 
However, it is well known that such characters are 
environmentally influenced. Genetic studies using 
isozyme protein electrophoresis have also been em
ployed (Fujino et al., 1979; Sasaki et al., 1980; Arai 
et al., 1982; Hara, 1992; Hara and Fujino, 1992a, 
1992b); however, only a fraction of existing amino 
acid substitutions for soluble enzymes are resolved, 
and detecting variation in band patterns of the dif
ferent developmental stages is difficult because of 
the amount of tissue required (Fester, 1978; Hedge- 
cock et al., 1982; Fewontin, 1991).

With recent advances in biotechnology, the 
maximum information available for understanding 
genetic relationships can be obtained by looking di
rectly at the order of nucleotides in the DNA chain 
(Kocher et al., 1989; Vacquier et al., 1990; McVeigh 
and Davidson, 1991; Fee and Vacquier, 1992, 1995's; 
Ovender et al., 1993; Domanico and Phillips, 1995;
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Table 1. Materials used, Geographical Origin, and Gene Sequences Obtained (GenBank Accession Numbers are Given)

Species Origin 16S rRNA COI
H. discus hannai Pohang, Korea AY146393 AF0608473
H. discus discus Cheju island, Korea AY146392 AY146398
H. madaka Cheju island, Korea AY146394 AY146399
H. gigantea Cheju island, Korea AY146395 AY146400
H. diversicolor supertexta Cheju island, Korea AY146396 AY146401
H. diversicolor diversicolor Cheju island, Korea AY146397 AY146402
“Our sequence is identical to that to already subm itted by others.

SY. Lee et al., 2000; YH. Lee, 2000). The unique 
properties of nucleotide sequence polymorphism of 
mitochondrial DNA (mtDNA) can provide high- 
resolution information on the evolutionary relations 
between taxonomically bound families because 
mitochondrial genes evolve approximately 10 times 
faster than single-copy nuclear DNA (Brown et al., 
1979); therefore, mtDNA is a useful molecular 
marker (Brown and Simpson, 1981; Barton and Jones, 
1983; Aquadro et al., 1984; Palumbi and Cipriano, 
1998).

Mitochondrial 16S rRNA gene and the protein- 
coding cytochrome c oxidase subunit I (COI) gene are 
reasonably well conserved, and have been sequenced 
in various invertebrate taxa (Brown, 1985; 
Bermingham and Lessios, 1993; Brower, 1994). To 
date COI has proved to be a robust evolutionary 
marker for determining intraspecific- and interspe
cific relationships in many marine mollusks (Clary 
and Wolstenholme, 1985; Baldwin et al., 1996; Hoeh 
et al., 1996; Boudry et al., 1998). Numerous studies 
have used 16S DNA sequences to resolve evolu
tionary relationships at different taxonomic levels 
(Palumbi and Benzie, 1991; Cunningham et al., 1992; 
Levinton et al., 1996; Sturmbauer et al., 1996). Thus 
the COI and 16S rRNA were chosen for this study 
because of their potential to be phylogenetically 
informative at lower taxonomic levels.

In the present study, genetic relations among 6 
Pacific abalones were investigated using data from 
DNA sequences. These were obtained for parts of the 
mitochondrial 16S rRNA and COI genes.

Materials and Methods

Sample Collection. Table 1 lists in sources of 
materials used. Samples were collected between 
February and May of 1999 and again in 2000.

DNA Extraction, Amplification, and Sequenc
ing. Total genomic DNA was extracted from mantle 
musculature of the abalones. The removed muscu
latures were minced and lysed by TNES-urea buffer 
(6 or 8 M urea, 10 mM Tris-HCl, pH 7.5, 125 mM

NaCl, 10 mM EDTA, sodium dodecylsulfate 1% 
[SDS]) (Asahida et al., 1996). The genomic DNA was 
precipitated from the lysate with 100% ethanol. 
Following an ethanol wash the DNA was solubilized 
in water (or 8 mM NaOH). DNA was diluted with 
water to a final concentration of 20 ng/pl. The partial 
regions of the 16S rRNA gene and the COI gene were 
amplified by polymerase chain reaction (PCR) (Saiki 
et al., 1988). The primers used for the amplification 
of the partial 16S rRNA gene were 16SAR (5'- 
C G C C TG TTTA TC A A A A A C A T-3, ) and 16SBR (5 '-C C G G T C  
t g a a c t c a g a t c a c g t -3 ')  (Kessing et al., 1989). The 
primers used for the amplification of partial COI 
gene were FI (5 '- t g a t c c g g c t t a g t c g g a a c t g c -3 ')  
and RI ( 5 '- g a t g t g t t g a a a t t a c g  g t c g g t -3 ')  (Metz 
et al., 1998). PCR reactions were done in 50-pl vol
umes. Each reaction contained 5 pi of 10X EX Ta- 
qTM  buffer (Takara), 0.2 mM of each dNTP, 0.4 pM 
of each primer, 2.5 U of EX TaqTM  polymerase 
(Takara), and 5 pi genomic DNA. Amplification was 
carried out in GeneAmp PCR System (Perkin Elmer). 
The temperature regimer used for the amplification 
of partial 16S rRNA gene was 36 repetitions of a 3- 
step cycle consisting of dénaturation at 94°C for 1 
minute, annealing at 55°C for 1 minute, and exten
sion at 72°C for 1 minute 30 seconds. Denaturation 
for the first cycle was 4 minutes, and extension for 
the final cycle was 7 minutes. The temperature 
regimen of 35 cycles for partial COI gene was 30 
seconds at 94°C, 30 seconds at 55°C, and 1 minute at 
72°C with a first dénaturation step of 1 minute at 
94°C and a final extension step of 7 minutes at 72°C.

Amplification products were checked for size by 
loading 5 pi on a 2% agarose gel with 0.5 pl/ml 
ethidium bromide. The remaining product was 
purified by QIA quick PCR purification kit (Qiagen). 
These purified products were sequenced directly 
using the dye-terminator cycle sequencing reaction 
(PerkinElmer) with ABI DNA sequencer 377. Direct 
sequencing of the PCR products was performed on 
all samples. Sequencing reactions were performed 
according to the manufacturer's instructions. Prim
ers used for the sequencing were the same as those 
for PCR. All final sequences were obtained from
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Hdh C C T  A C G G G T T  A A A C G G C C G C G G T  A C A C T  G A C C G T  G C A A A G G T  A G C A C A A T  C A C T T  G C C T T  
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Hg .................................................................................................................................................................................................................................................................................................................................
Hds ......................................................................................................................................................................................................................................................................................................................... C .
Hdd ......................................................................................................................................................................................................................................................................................................................... C .

130 140 150 160 170 180
Hdh T T  A A T T  G G A G G C T  G G T  A T  G A A T  G G T T T  G A C G A G G G C T  G A G C T  G T  C T  C T  C C T  G G A A T  A T T T
Hd .................................................................................................................................................................................................................................................................................................................................
Hm .................................................................................................................................................................................................................................................................................................................................
Hg .................................................................................................................................................................................................................................................................................................................................
Hds .............................A ......................................................................................................................................................... T ..............................................................T T ......................................................
Hdd .............................A ......................................................................................................................................................... T ..............................................................T T ......................................................

190 200 210 220 230 240
Hdh A A A A A T T  A A C T T  C T  A A G T  G A A A A G G C T T  A G A T T T  A G C T  G A G G G A C G A G A A G A C C C T  G T T  G
Hd .................................................................................................................................................................................................................................................................................................................................
Hm .................................................................................................................................................................................................................................................................................................................................
Hg .................................................................................................................................................................................................................................................................................................................................
Hds .................................................................................G ..................................................... C .............................. G .............................................................................................................................................
Hdd ................................................................................G .................................................... C .............................. G .............................................................................................................................................
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Hdh A G C T T T  A G T  G T  G G A A T  A A A G G G  - G T T  G T T T  C T  A T T  A G  - A A T  A G A G G A T T T T  A A A T T T  A T T
Hd ...................................................................................................................... - .......................................................................- ..........................................................................................................................
Hm ...................................................................................................................... - .......................................................................- ..........................................................................................................................
Hg .....................................................................G .......................................... - ......................................................................... - ................................................... C ..............................................................
Hds ........................................................... T . G G ........................A . C . G C A ..................................................T T ................................... A A G - . . . .  G .............................C .
Hdd ........................................................... T . G G ..........................A . T . G C A ................................................T T ................................... A A G - . . . .  G .............................C .

310 320 330 340 350 360
Hdh C T T  A C A T  C T T T  A G T T  G G G G T  G A C T  A G G G A A C A T  G A A A A G C T T  C T  C T  G T T  A A T T T  G T  A G A A  
Hd .................................................................................................................................................................................................................................................................................................................................

Hg  A . .
Hds T  G . T ................................................................... G T . . G T . T A .  C
Hdd T  G . T ................................................................... G T . . G T . T A .  C

370 380 390 *2 400 410 420
Hdh T T  - - - T T  G G T T T  A C T  A A C A A G T  G A T  C C A G C A T T  G T T  G A T T  A T  C G G A A A A A G T T  A C C A C A G
Hd . . - - - ...............................................................................................................................................................C ....................................................................................................................................

Hg  ..........................................................................................................................................C ......................................................................................................................................................
Hds . . A A T .......................G G . . . G . . T G .........................................................................................................................................................................................................................
Hdd . . A A T .......................G G . . . G . . T G .........................................................................................................................................................................................................................

430 440 450 460 470 480
Hdh G G A T  A A C A G C G T  A A T  C T T T  C T  G G A G A G T T  C A C A T T  G A A A G A A G G G T T T  G C G A C C T  C G A T  G
Hd .................................................................................................................................................................................................................................................................................................................................
Hm .................................................................................................................................................................................................................................................................................................................................
Hg .................................................................................................................................................................................................................................................................................................................................
Hds .................................................................................................................................................................................................................................................................................................................................
Hdd .................................................................................................................................................................................................................................................................................................................................

490 500 510 520 530 540
Hdh T T  G G A T T  A A G G T  G T  C C T  G A G G G T  G T  A G C A G C T T T  C G T T  G G T T  G G T  C T  G T T  C G A C C A T T  A A
Hd .................................................................................................................................................................................................................................................................................................................................
Hm .................................................................................................................................................................................................................................................................................................................................
Hg .................................................................................................................................................................................................................................................................................................................................
Hds .................................................................................................................................................................................................................................................................................................................................
Hdd .................................................................................................................................................................................................................................................................................................................................

550 562
Hdh A A C C T T  A C G T  G A T  C T  G A G T T  C A

Hg
Hds
Hdd

Fig. 1. Alignment of partial DNA sequences of the mitochondrial gene, 16S rRNA of 6 species of Pacific abalone. 
(Alignment gaps indicated by hyphen. Sites with a nucleotide identical to that on the top line indicated with a dot. 
Variations between closely related species in each group indicated by*l and *2.)

both strands for verification. The partial mitochon
drial COI and 16S rRNA genes were sequenced from 
10 individuals for each of the 6 abalone species.

Sequence Analysis. Sequences were aligned 
using DNASIS Version 2.5 (DNASIS, 1994-1997) and 
submitted to GenBank under the accession numbers 
in Table 1. The extent of sequence difference be
tween individuals was calculated by averaging pair
wise comparisons of sequence difference across all 
individuals. The sequences of the 16S rRNA gene for 
the 6 species of abalone were aligned to yield a final 
alignment of 562 bp. The sequences of the COI gene 
for the 6 species of abalone were aligned to yield a 
final alignment of 544 bp. Percentages of sequence 
divergence were determined by dividing the number 
of variable sites by the total number of sites. Genetic 
distances were determined by the Kimura 2-param-

eter method (Kimura, 1980) using the software pro
gram MEGA (molecular evolutionary genetics 
analysis) (Sudhir et al., 2000).

Phylogenetic trees were constructed using the 
neighbor-joining method in MEGA. The data set was 
bootstrapped 1000 times to estimate the internal 
stability of the tree nodes.

Results

Alignment of sequences was simple and unambigu
ous for both gene regions. For phylogenetic analyses, 
only one sequence was included for species exhibit
ing no intraspecific variation. The partial 16S rRNA 
gene alignment (Figure 1) was 562 bases long 
including insertions and deletions. The similarity of 
nucleotide sequences among Pacific abalone species 
was 91.8% to 100%. Identical 16S rRNA sequences
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Table 2. Pairwise Differences Among 16s rRNA Sequences

Species 1 2 3 4 5 6
H. discus hannai (1) — 1/0 0 3/1 28/15 29/16
H. discus discus (2) — 1/0 4/1 29/15 30/16
H. madaka (3) — 3/1 28/15 29/16
H. gigantea (4) — 27/14 28/15
H. diversicolor supertexta (5) — 1/0
H. diversicolor diversicolor (6) —
aValues above the diagonal are transitions/transversitions.

were obtained from H. discus hannai and 
H. madaka, and these differed from H. discus discus 
sequences at only a single site. H. diversicolor 
supertexta and H. diversicolor diversicolor se
quences differed from one another at one site. These 
changes were codon third-position transitional 
substitutions. But these 2 species differed at many 
sites from H. discus hannai, H. discus discus, 
H. madaka, and H. gigantea (Table 2). Figure 2 
shows relationships among the Pacific abalone spe
cies inferred from their partial 16S rRNA sequences.

The partial COI gene alignment (Figure 3) was 
544 bases long. In contrast to the 16S rRNA se
quence, no 2 species exhibited identical COI nucle
otide sequences. There were 2 to 4 nucleotide 
differences among H. discus hannai, H. discus 
discus and H. madaka, representing a minimum of 
0.37% and a maximum of 0.74% sequence diver
gence. All changes were codon third-position tran
sitional substitutions. The above species differed 
from H. gigantea at many more sites, with most of 
the changes being third-position transitions. There 
were 12 to 14 nucleotide differences, representing 
2.20% to 2.57% sequence divergence. H. diversicolor 
supertexta and H. diversicolor diversicolor se
quences differed from one another at one site, but

A 3 T - Hd 

 *  Hm

------------------------------------------------------  LHdh
Hg

_____________________________________________________|- Hds

loo I Hdd

I--------------1
0.01

Fig. 2. Tree showing phylogenetic relationships among 6 
species of Pacific abalone inferred from DNA sequences of 
the mitochondrial gene, 16S rRNA. A distance matrix was 
calculated using the Kimura's 2-parameter model and the 
tree was constructed using the neighbor-joining approach 
in MEGA. The data set was bootstrapped 1000 times, and 
the appropriate bootstrap values were placed on each 
branch.

these two species differed at many sites from the 
remaining species. There were 107 to 109 nucleotide 
differences, representing 19.60% to 20.04% sequence 
divergence (Table 3). The tree in Figure 4 shows 
relations among the 6 Pacific abalone species based 
on the partial COI nucleotide sequences. The many 
nucleotide substitutions seen among the 6 species 
were all synonymous.

Discussion

The 6 species of Pacific abalone were genetically 
distinct from each other and partitioned into at least 
2 groups according to both the 16S rRNA and COI 
sequences. One group consisted of H. discus hannai, 
H. discus discus, H. madaka, and H. gigantea, and 
was further subdivided into H. discus hannai, 
H. discus discus, and H. madaka and H. gigantea. 
The former three species are less clearly defined 
from both genes data. The second group consisted of 
H. diversicolor supertexta and H. diversicolor di
versicolor and exhibited relatively little molecular 
variation between the 2 species. The 2 groups are 
also distinguished from each other in terms of the 
major biological features, such as shell shape and the 
number of chromosomes. Members of the second 
group are comparatively small in size compared with 
other species (Yoo, 2000) and have a chromosome 
number of 2n = 32 compared with 2n = 36 in other 
species (Arai et al., 1982; Nakamura, 1985; Paderm- 
sak et al., 1988; Miyaki et al., 1999).

In general, the genetic divisions identified by our 
data correspond with the taxonomic subdivisions 
previously proposed based on morphologic charac
ters. The division pattern based on the 2 mitochon
drial gene sequences also agreed with that of the 
phylogeny constructed for the genus Haliotis using 
DNA sequences of the sperm lysin nuclear gene 
(Lee and Vacquier, 1995). The DNA sequences of 
H. discus hannai, H. discus discus, and H. madaka, 
and those of H. diversicolor supertexta and 
H. diversicolor diversicolor, are almost identical to 
each other based on both mitochondrial genes. Re
sults based on isozyme studies and lysin cDNA
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Hg
Hds
Hdd
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................................................. C ................................................................................................................................................................................................................................................................
................................................. C ................................................................................................................................................................................................................................................................
. C . . T ..........................................................................................................................................C ...................... C . . T .............................................................. A . . T T . . .
. C . . T ..........................................................................................................................................C .......................C . . T ......................................................... A . . T T . . .

*4 130 140 150 160 *5 170 180
T A A T T  G G A G G A T T T  G G A A A C T  G A T T  A G T  C C C C C T  A A T  A C T  G G G A G C A C C G G A C A T  G G C T T

G C 
G C

T T 
T T

190 200 210 220 230 240
T C C C C C G A C T  A A A T  A A C A T  G A G A T T  C T  G A C T  C C T  C C C A C C A T  C C T T  A A C T  C T  G C T  C T T  A A

Hg  C ................
Hds . . . . A ........................................................................A ........................................ G . . A . . T ................................................... C .  G .  . . T .  . T .  A C . . .
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250 260 270 280 290 300
Hdh C A T  C A G G C G C A G T  A G A G A G A G G A G C A G G G A C A G G C T  G A A C A G T  C T  A T  C C C C C C C T  C T  C T  A
Hd ........................................................................................................................................................................................................................................................................................................................
Hm ........................................................................................................................................................................................................................................................................................................................
Hg  A . . G ..........................................................................................................................................................T .................................................
Hds . C ........................A . . C . . T . . A . . C . . T ........................ T ..............................A .  . G .......................................... C ........................... A .  . T . . . .
Hdd . C ........................A . . C . . T . . A . . C . . T ........................ T .............................. A .  . G .......................................... C ........................... A .  . T . . . .

310 320 330 *6 340 350 360
Hdh G T  A A C C T T  G C C C A T  G C A G G A G C A T  C A G T  A G A C T T  G G C A A T T T T  C T  C C C T  A C A C C T  A G C C G
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Hdd
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Hm
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Hdd
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. C . . . T . A . . T .....................G .  . G ............................G ............................ T C . T . . C . . C . . T . . A . . C . . T T . . . . T .

. C . . . T . A . . T .....................G .  . G ............................G ............................ T C . T . . C . . C . . T . . A . . C . . T T . . . . T .
370 380 390 400 410 420

G A A T  C T  C A T  C A A T T T T  A G G G G C A G T  A A A C T T T  A T  C A C T  A C A G T  A A T  A A A T  A T  A C G T  G T  G A

A 1
...................................T .................................C .  . . . A .......................................T .  . C .  . T . .  C ...........................................G .  . C ........................... A .  . C .
...................................T .................................C .  . . . A .......................................T .  . C .  . T .  . C ...........................................G .  . C . . .  . A .  . C .

430 440 450 460 *7 470 480
A A G C A C A A C C T  C T  A G A A C G A A T  A C C A T T  A T T T  G T T T  G A T  C A G T  A A A A A T T  A C T  G C C A T  C T  
..............................................................................................................................................................................................................................G ....................................................................................

. G .  . C ...............................T .  . . . G ....................... G . . T ....................................................................................................................... C .  . A . .  T . . . .

. G .  . C ...............................T .  . . . G ....................... G . . T ....................................................................................................................... C .  . A . .  T . . . .
*8 490 500 510 520 530 540

T G T T  A C T  C T T  A T  C A C T  G C C T  G T T  C T  A G C A G G T  G C T  A T T  A C A A T  A C T  C C T  A A C C G A C C  G T  A 
. A ................................................................................................................................................................................................................................................................................................................

. A . . .

. A C . .  

. A C . .
544

A T T T

A . 
A C 
A C

Fig. 3. Alignment of partial DNA sequences of the mitochondrial gene, COI of 6 species of Pacific abalone. (Alignment 
gaps indicated by a hyphen. Sites with a nucleotide identical to that on the top line indicated with a dot. Variations 
between closely related species in each group indicated by *3 to *8.)

sequence analysis also indicated the close genetic 
relationship among these species.

Hara and Fujio (1992a, 1992b) suggested the 
genetic distance between H. discus hannai and 
H. discus discus was at the level of local race based 
on isozyme studies, and that H. madaka might be 
only one population of H. discus. On the basis of 
morphologic characters, Weber (1928) assigned

H. supertexta Lischke, 1882 as a synonym of 
H. diversicolor Reeve, 1846.

Lee and Vaquier (1995) were unable to 
distinguish between H. diversicolor aquatilis and 
H. diversicolor supertexta or between H. madaka 
and H. discus hannai based on lysin cDNA sequence 
analysis. They suggested that analysis of other 
molecular data such as mitochondrial DNA se-

Table 3. Pairwise Differences Among COI Sequences

Species 1 2 3 4 5 6
H. discus hannai ( 1 ) — 4/0 2/0 13/1 66/41 67/41
H. discus discus (2) 0 — 4/0 l i / i 67/41 68/41
H. madaka (3) 0 0 — 13/1 67/41 68/41
H. gigantea (4) 0 0 0 — 68/40 69/40
H. diversicolor supertexta (5) 0 0 0 0 — 1/0
H. diversicolor diversicolor (6) 0 0 0 0 0 —

Walues above the diagonal are transitions/transversitions. Those below are amino acid differences.
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Fig. 4. Tree showing phylogenetic relationships among 6 
species of Pacific abalone inferred from DNA sequences of 
the mitochondrial gene, COI. A distance matrix was cal
culated using the Kimura’s 2-parameter model and the tree 
was constructed using the neighbor-joining approach in 
MEGA. The data set bootstrapped 1000 times and the 
appropriate bootstrap values were placed on each branch.

quences would be necessary to validate the abalone 
phylogeny based on lysin cDNA sequences.

Recently Sawabe et al. (2002) showed that ampli
fied fragment length polymorphism (AFLP) analysis 
and repetitive extragenic palindrome (REP)-PCR fin
gerprinting techniques grouped the 47 V. halioticoli- 
like strains into 3 main clusters which roughly reflect 
the different species of host abalone from which they 
were isolated. Cluster 1 included the strains from 
H. discus hannai, cluster 2 from H. discus discus, 
and cluster 3 from H. diversicolor aquatilis and 
H. diversicolor diversicolor. This variation in the 
strength of host species specificity in the abalone gut- 
microbe relationship suggests that H. discus hannai 
and H. discus discus are less closely related than 
are H. diversicolor aquatilis and H. diversicolor 
diversicolor. Overall, it is clear that the genetic rela
tionships among H. discus hannai, H. discus discus, 
and H. madaka, as well between H. diversicolor 
aquatilis and H. diversicolor diversicolor are very 
close and may require additional analyses based on 
more polymorphic nuclear loci to determine whether 
current species designations are accurate.

According to our molecular sequence data, con
sistent differences shared by 10 individuals per spe
cies were found. Position 395 of 16S rRNA 
sequences and positions 71, 164, 335, 464, and 482 of 
COI showed differences between H. discus hannai, 
H. discus discus and H. madaka, and position 263 of 
16S rRNA sequences and positions 128 of COI re
vealed differences between H. diversicolor aquatilis 
and H. diversicolor diversicolor (see indels labeled 
*1 to *8 in Figures 1 and 3). Therefore these differ
ences could be valuable molecular characters for 
distinguishing among these putative species.

The 16S rRNA and COI sequences of H. gi
gantea are similar to those of H. discus hannai, H. 
discus discus and H. madaka, but there are 4 to 5

nucleotide differences in the 16S rRNA and 12 to 
14 in the COI gene between H. gigantea and the 
other 3 species (Tables 2, 3). These differences are 
significantly higher than those found among the 
closely related, H. discus hannai, H. discus discus, 
and H. madaka, but still represent only a 0.7% to 
2.5% sequence divergence. Hara and Fujiro (1992a, 
1992b) described the genetic distance between H. 
gigantea and the other 3 species sequences de
scribed above at the level of subspecies based on 
their isozyme studies.

The scientific names for the 6 species of Pacific 
abalones in the genus Haliotis considered here have 
often been confused. In 1983 Habe reported that the 
name H. siboldii Reeve 1840 was incorrect and that 
this species represented a variation of H. gigantea 
Gmelin 1791, and registered a new species, previ
ously called H. gigantea, as H. madaka. In addition, 
H. diversicolor aquatilis, H. diversicolor supertexta, 
and H. diversicolor diversicolor are also controversial 
in their scientific names. K. Stewart proposed that 
H. supertexta Hischke 1882 and H. aquatilis Reeve 
1846 are subspecies of H. diversicolor Reeve 1946 
(Lee and Vacquier, 1995). In Japan H. diversicolor 
aquatilis and H. diversicolor diversicolor have been 
mentioned as the most important species with 
commercial potential (Seibutzudaizukan, 1986), but 
these same species are refered to as H. diversicolor 
supertexta and H. diversicolor diversicolor in Korea. 
In the illustrated book of the commercial mollusks 
from the freshwater and continental shelf in Korea, 
H. diversicolor supertexta and H. diversicolor 
diversicolor are reported as representative species, 
and it is suggested that H. diversicolor supertexta has 
been incorrectly called H. diversicolor aquatilis, a 
species that does not occur in Korea (National Fish
eries Research and Development Institute, 1999). For 
resolving this dispute, morphologic or genetic com
parison studies using molecular markers similar to 
those developed here will be necessary.

In this study the phylogenetic relationship 
among the 6 species of Pacific abalone inferred from 
16S rRNA and COI gene sequences suggests that 
there are 2 groups of species [H. discus hannai to 
H. gigantea, Group A; and H. diversicolor super
texta and H. diversicolor diversicolor, Group B; 
Figures 2 and 4). Each group revealed little internal 
variation, suggesting that the species within each 
group are closely related. However, we found con
sistent sequence differences of one to 5 nucleotides 
among even the most closely related species, indi
cating the value of the 16S rRNA and COI markers 
for species identification. Of the 2 markers, the COI 
gene appeared to have the greatest phylogenetic 
resolving power.



H y e -S u c k  A n  e t  a l .: G e n e t ic  R e l a t io n s h ip  o f  S ix  o f  P a c if ic  A b a l o n e  S pe c ie s 379

Acknowledgments

We thank everyone at the shellfish genetic and 
breeding research center for providing the abalone 
samples. This study was supported by a grant from 
the Ministry of Maritime Affairs St Fisheries, Korea.

References

1. Aquadro CF, Kaplan N, Risko KJ (1984) An analysis of 
the dynamics of mammalian mitochondrial DNA se
quence evolution. Mar Biol Evol 1, 423M34

2. Arai K, Tsubaki H, Ishitani Y, Fujino K (1982) Chro
mosomes of Haliotis discus hannai Ino and H  discus . 
Reeve. Bull Jpn Soc Sei Fish 48, 1689-1691

3. Asahida T, Kobayashi T, Saitoh K, Nakayama I (1996) 
Tissue preservation and total DNA extraction from 
fish stored at ambient temperature using buffers con
taining high concentration of urea. Fisheries Sei 62, 
727-730

4. Baldwin BS, Black M, Sanjur O, Gustafson R, Lutz RA, 
Vrijenhoek RC (1996) A diagnostic molecular marker 
for zebra mussels (Dreissena polymorpha) and poten
tially co-occurring bivalves: mitochondrial COL Mol 
Mar Biol Biotec 5, 9-14

5. Barton N, Jones JS (1983) Mitochondrial DNA: new 
clues about evolution. Nature 306, 317-318

6. Bermingham E, Lessios HA (1993) Rate variation of 
protein and mtDNA evolution as revealed by sea 
urchins separated by the Isthmus of Panama. Proc Natl 
Acad Sei USA 90, 2734-2738

7. Boudry P, Heurtebise S, Collet B, Cornette F, Gérard A 
(1998) Differentiation between populations of the 
Portuguese oyster, Crassostrea angulata (Lamark) and 
the Pacific oyster, Crassostrea gigas (Thunberg), re
vealed by mtDNA RFLP analysis. J Exp Mar Biol Ecol 
226, 279-291

8. Brower AVZ (1994) Rapid morphological radiation 
and convergence among races of the butterfly 
Heliconius erato inferred from patterns of mitochon
drial DNA evolution. Proc Natl Acad Sei USA 91, 
6401-6495

9. Brown GG, Simpson MV (1981) Intra- and interspe
cific variation of the mitochondrial genome in Rattus 
norvegicus and Rattus rattus: restriction enzymes 
analysis of variant mitochondrial DNA molecules 
and their evolutionary relationships. Genetics 97, 
125-143

10. Brown WM (1985) In: The Mitochondrial Genome 
of Animals: Molecular Evolutionary Genetics,
MacIntyre RJ, ed. (New York, NY: Plenum Press) pp 
95-130

11. Brown WM, George M Jr, Wilson AC (1979) Rapid 
evolution of animal mitochondrial DNA. Proc Natl 
Acad Sei U S A 76, 1967-1971

12. Clary GR, Wolstenholme DR (1985) The mitochon
drial DNA molecule of Drosophila yakuba: nucleotide 
sequence, gene organization and genetic code. J Mol 
Evol 22, 252-271

13. Cunningham CW, Blackstone NW, Buss LW (1992) 
Evolution of king crabs from hermit crab ancestors. 
Nature 355, 539-542

14. DNASIS for Windows Version. 2.5. Copyright (C). 
Hitachi Software Engineering Co. Ltd. 1994-1997

15. Domanico MJ, Phillips RB (1995) Phylogenetic analy
sis of Pacific salmon (genus Oncorhynchus) based on 
mitochondrial DNA sequence data. Mol Phylo Evol 4, 
366-371

16. Fujino K, Sasaki K, Wilkins NP (1979) Genetic studies 
on the Pacific abalone: differences in electrophoretic 
patterns between Haliotis discus Reeve and H. discus 
hannai Ino. Bull Jpn Soc Sei Fish 46, 543-548

17. Habe T (1983) Type specimens of Haliotis gigantea 
Gmelin and Ostrea japonica Gmelin housed in the 
zoological museum, Copenhagen. Venus (Jpn Maiae) 
41, 259-263

18. Hara M (1992) Breeding of abalone—cross and selec
tion. Suisanikusyu 18, 1-12

19. Hara M, Fujino Y (1992a) Geographic distribution of 
isozyme genes in natural abalone. Bull Tohoku Natl 
Fish Res Inst 54, 115-124

20. Hara M, Fujino Y (1992b) Genetic relationship among 
abalone species. Suisanikusyu 17, 55-61

21. Hedgecock D, Tracey ML, and Nelson K (1982) In: 
Genetices: Embryology, Morphology and Genetics, 
Abele LG, ed. (New York, NY: Academic Press), pp 
283-355

22. Hoeh WR, Stewart DT, Sutherland BW, Zouros E 
(1996) Cytochrome c oxidase sequence comparisons 
suggest an unusually high late of mitochondrial DNA 
evolution in Mytilus (Mollusca: Bivalvia). Mol Biol 
Evol 13, 418-421

23. Ino T (1952) Biological studies on the propagation of 
Japanese abalone (genus Haliotis). Bull Tokai reg Fish 
Res Lab 5, 1-102

24. Kessing B, Croom H, Martin A, McIntosh C, McMillan 
WO, and Palumbi SP (1989). The simple fool's guide to 
PCR. Version 1.0. Special publication. Honolulu, 
Department of Zoology, University of Hawaii

25. Kim Y, Jee YJ, Kim SH, Baik JM, Yang SG (1988) 
Interspecific characteristic of abalones in the southern 
waters of Korea. Bull Nat Fish Res Dev Agency 42, 71- 
80

26. Kimura MA (1980) Simple method for estimating rate 
of base substitutions through comparative studies of 
nucleotide sequences. J Mol Evol 16, 111-120

27. Kocher TD, Thomas WK, Meyer A, Edwards SV, Pääbo 
S, Villablanca FX (1989) Dynamics of mitochondrial 
DNA evolution in animals: amplification and
sequencing with conserved primers. Proc Natl Acad 
Sei U S A 86, 6190-6200

28. Lee SY, Park DW, An SH, Kim SH (2000) Phylogenetic 
relationship among four species of Korean oysters 
based on mitochondrial 16S rDNA and COI gene. The 
Korean J Syst Zoo 16, 203-211

29. Lee YH (2000) Evolution of sea urchin Strong
ylocentrotus intermedius based on DNA sequences of a 
mitochondrial gene, cytochrome c oxidase subunit I. 
J Kor Soc Ocean 5, 157-168



380 H y e -S u c k  A n  e t  a l .: G e n e t ic  R e l a t io n s h ip  o f  S ix  o f  P a c ih c  A b a l o n e  S pecies

30. Lee YH, Vacquier VD (1992) The divergence of spe
cies-specific abalone sperm lysins is promoted by po
sitive Darwinian selection. Biol Bull mar biol Lab 
Woods Hole 182, 97-104

31. Lee YH, Vacquier VD (1995) Evolution and systemat- 
ics in Haliotidae (Mollusca: Gastropoda): inferences 
from DNA sequences of sperm lysin. Mar Biol 124, 
267-278

32. Lester LJ (1978) Population genetics of penacid shrimp 
from the Gulf of Mexico, ƒ Hered 70, 175-180

33. Levinton J, Sturmbauer C, Christy J (1996) Molecular 
data and biogeography: resolution of controversy over 
evolutionary history of a pan-tropical group of inver
tebrates. J Exp Biol Ecol 203, 117-131

34. Lewontin RC (1991) Twenty-five years ago in genet
ics: electrophoresis in the development of evolution
ary genetics: milestone or millstone?. Genet Austin 
Tex 128, 657-662

35. McVeigh HP, Davidson WS (1991) A salmonid phy- 
logeny inferred from mitochondrial cytochrome b gene 
sequences, ƒ Fish Biol 39, 277-282

36. Metz EC, Robles-Sikisaka R, Vacquier VD (1998) 
Nonsynonymous substitution in abalone sperm fer
tilization genes exceeds substitution in introns and 
mitochondrial DNA. Proc Natl Acad Sei U S A  95, 
10676-10681

37. Miyaki K, Niiyama H, Kiyomoto S, Tanabe O (1995) 
Occurrence of a possible abalone hybrid in Tsushima 
Island, northern Kyushu. Nagasakiseibuthugakaishi 
45, 19-22

38. Miyaki K, Matsuda M, Tabeta O ( 1999) Karyotype of the 
giant abalone, Nordotis madaka. Fish Sei 65, 317-318

39. Moritz C, Brown WM (1987) Tandem duplications in 
animal mitochondrial DNAs: variation in incidence 
and gene content among lizards. Proc Natl Acad Sei 
USA 84, 7183-7187

40. National Fisheries Research and Development Insti
tute (1999) Commercial Molluscs from the Freshwater 
and Continental Shelf in Korea: Order Archaeogastro
poda. NFRDI, 21-22

41. Nakamura HK (1985) The chromosomes of Haliotis 
diversicolor aquatilis (Archaeogastropoda: Haliotidae). 
Malacol Rev 18, 113-114

42. Ovenden JR, Bywater R, White RWG (1993) Mito
chondrial DNA nucleotide sequence variation in 
Atlantic salmon (Salmo salar), brown trout (S. trutta), 
rainbow trout ( Oncorhynchus m ykiss) and brook trout 
(Salvelinus fontinalis) from Tasmania, Australia. 
Aquaculture 114, 217-227

43. Padermsak J, Rungtawan Y, Aporn P ( 1988) Karyotypes 
of marine molluscs in the family Haliotidae found in 
Thailand, ƒ Shell Res 17, 761-764

44. Palumbi SR, Benzie J (1991) Large mitochondrial DNA 
differences between morphologically similar penaeid 
shrimp. Mol Mar Biol Biotech 1, 27-34

45. Palumbi SR, Cipriano F (1998) Species identification 
using genetic tools: the value of nuclear and m ito
chondrial gene sequences in whale conservation. 
J Hered 89, 459^164

46. Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, 
Horn GT, Mullis KB, Erlich HA ( 1988) Primer-directed 
enzymatic amplification of DNA with a thermostable 
DNA polymerase. Science 239, 487-491

47. Sasaki K, Kanazawa K, Fujino K (1980) Zymongram 
differences among five species of the abalones from the 
coasts of Japan. Nippon Suisan Gakaishi 46, 1169-1175

48. Sawabe T, Fabiano LT, Jeroen H, Margo C, Karin H, 
Reiji T, Mamoru Y, Bart H, Jean S, Yoshio E (2002) 
Fluorescent amplified fragment length polymorphism 
and repetitive extragenic palindrome-PCR finger
printing reveal host-specific genetic diversity of Vibrio 
halioticoli-like strains isolated from the gut of Japa
nese abalone. App Env Micro 68, 4140^-144

49. Seibutzudaizukan: Shellfish (1986) Sekaibunkasha, 
32-33.

50. Sturmbauer C, Levinton JS, Christy J (1996) Molecular 
phylogeny analysis of fiddler crabs: test of the 
hypothesis of increasing behavioral complexity in 
evolution. Proc Natl Acad Sei U S A  93, 10855-10857

51. Sudhir K, Koichiro T, Ingrid BJ, and Masatoshi N 
(2000). MEGA (Molecular Evolutionary Genetics 
Analysis) Version 2.0. Avaliable at: http://www 
.megasoftware.net/text/downloads/sht

52. Vacquier VD, Carner KR, Stout CD (1990) Species- 
specific sequences of abalone lysin, the sperm protein 
that creates a hole in the egg envelope. Proc Natl Acad 
Sei U S A 87, 5792-5796

53. Weber A (1928) Haliotis diversicolor Rev., Hal. 
Tayloriana Rev., Hal. Gruneri Phil, und Hal. 
Supertexta Lischke sind artlich nicht verschieden, 
sondern identisch. Arch Molluskenk 60, 150-153

54. Yoo, SK (2000) Cheonhaeyangsik (Shallow-Sea Aqua
culture). Gudeok Press, 289

55. Zhang G, Wang Z, Chang Y, Song J, Ding J, Wang Y, 
Wang R (1998) Triploid induction in Pacific abalone 
Haliotis discus hannai ino by 6-dimethylaminopurine 
and the performance of triploid juveniles. J Shell Res 
17, 783-788

http://www

