
.,,,,, ;f :ffi i:'l ?:j:ii;,'iji;.'j,l ji"-"'
Genetic Diversity of the Hawksbiil Turtle in the Indo-Pacific and Caribbean Regions
TosnrNlo OxaYlvrAr, Rocnr,ro Dfuz-FnnNAnonzr, Yosnryurr BAnAr, Mlrnnus H.ll,rMr,

Oslvru Ann2, Naor,uvrr AzENo3, ano Hrnoxo Korrnr,a
tl'aboratory of Material Information, Graduate School of Social antl Cultural Studies, Kyushu Ilniversity, Fukuok6, 8I0-0056 Japan

I Fax : 8 I -92 -7 26 -4842, E-mail : ko ike g s c @ mbox. nc. lqt u sh u_ u. ac j p ] ;2lshigakiTropical Station, Seikai National Fisheries Research Institute, Ohta 148-446, Ishigaki Citlt,
3Japan NUS Co. Ltd., Gaikan 3-9-l5, Minato-ku, Tokyo, Japan;

Okinawa, Japan;

aCorresponding Author for Reprint Requests

Assrnlcr. - Genetic diversity of the hawksbill turtle (Ere tmochelys imbricata)inthe Indo-pacific and
Caribbean regions was examined using 15 nesting samples from Okinawa and Ishigaki Island,
Japan, and Seribu Islands, Indonesia, and 106 foraging samples from Okinawa Prefecture, Japan,
Philippines, Solomon Islands, Fiji, Maldives, and Seychelles. A phylogenetic tree using the 24
haplotypes detected in the Indo-Pacific samples and 29 haplotypes from Caribbean ."-pl"r ,ou.
divided into Indo'Pacific and Caribbean haplotypes. Some similar characteristics were recognized
in the genetic structure between the Indo-Pacific and Caribbean hawksbilts. Due to the low number
of nesting samples in Okinawa, contribution rates could not be calculated, and so haplotype diversity
(h) for 104 individuals from the Yaeyama Archipelago (0.776) were compared with those of 115
individuals from Isla de Pinos, Cuba (0.777) and 106 individuals from Mona Island, puerto Rico
(0.791), suggesting that these three foraging populations exhibit comparable high haplotype
diversities, consisting of 40-50Vo of the most common haplotype, lS-3OVo of the second and third
most common haplotypes, and accompanied by several less common haplotypes. Network analysis
indicated that in the Indo-Pacific A cluster there were 12 haplotypes with l-substitution differences
radiating from haplotype L, and in the Caribbean A cluster, T haplotypes radiated from CUI with
l'substitution differences. The Caribbean B cluster had a complicated network consisting of
multiple l-substitution differences. These l-substitution differences suggest a recent common
ancestor for each cluster.

Krv Wonrs. - Reptilia; Testudines; Cheloniidae; Eretmochelys imbricata; sea turtle; genetics;
genetic diversity; mitochondrial control region; network analysis; Caribbean Sea; Indian Oceanl
Pacific Ocean; Japan; Indonesia

Mitochondrial DNA (mtDNA) has been widely used
for molecular phylogenetic studies. Because mtDNA is
maternally inherited and does not recombine, mtDNA se-
quence analysis can provide precise estimates of diver-
gence within a gene phylogeny. Furthermore, mtDNA has
a high mutation rate, about l0 times that of nuclear DNA,
and nucleotide substitutions therefore accumulate quickly
even between species that diverged quite recently. In par-
ticular, sequences within the mtDNA control region evolve
rapidly, and have proven useful for resolution of population
structure (Avise, 1994).

The mitochondrial control region has proven very use-
ful for identifying the nesting origin of migratory animals
(Bowen and Avise, 1996). Hawksbill turtles are thought to
migrate from foraging grounds to nesting rookeries every
two to three years (Miller ,1997). Nesting populations of this
species are less colonial than other marine turtles, and it is
often difficult to survey them. Examination of mtDNA
haplotype frequencies between nesting areas in northeastern
and northwestern Australia (Broderick et al. , lgg4) indi-
cated significant differences. Bowen et al. (1996) used
mtDNA control region sequence data from seven western
Atlantic nesting populations (Bass et al., 1996) to estimate
the contribution of regional rookeries to a foragin g area at

Mona Island in Puerto Rico. Koike er al. (1998) and Diaz-
Ferndndez et al. (1999) also analyzed mtDNA haplotype
frequencies using nesting samples from Cuba, Mexico, and
Puerto Rico, which indicated that each nesting population had
specific haplotypes which may be useful as genetic markers.

In this paper, we describe genetic diversity for some
populations of the hawksbill turtl e, Eretmochelys imbricata,
in the Indo-Pacific and Caribbean regions, based on se-
quence data of the left domain in the mitochondrial control
region.

MATERIALS AND METHODS

A total of 136 samples were analyzed from the Indo-
Pacitic region, of which 15 were nesting samples. The latter
consisted of: one hatchling from Okinaw a(1996); 5 samples
from Ishigaki Island (two hatchlings from Osaki beach,
l99l , which were assumed to come from different clutches,
and three breeding individuals originally from a single nest
at Arasaki beach); and t hatchlings from different clutches
at Segama Island (Seribu Islands, Indonesia) collected in
1996 by the Departmenr of Forestry.

The 106 foraging samples from okinawa prefecture
consisted of: 100 samples from turtles taken by traditional
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harvest around the Yaeyama Archipelago; 4 samples from
dead individuals at Ishigaki Island; and 2 samples from
turtles found dead on Okinawa. Another l5 foraging
samples of scutes imported before Japan lifted its CITES
reservation on E. imbricata were offered by the Japan

Bekko Association: 2 from the Philippines, 4 from the

Solomon Islands, I from Fiji, I from the Maldives, and

7 from the Seychelles.
Haplotype data for phylogenetic tree and network analy-

sis and frequency for the foragin.-e populations from Isla de

Pinos in Cuba and Mona Island in Puerto Rico were de-

scribed tnDiaz-Fern6ndez et al . (1999).

About l0 mg of scute or about 20 mg of soft tissue (in

l07o ethanol) was placed in 310 pl of RSB buffer, l5 trtl of
I}Vo SDS, and 25 trtl of 20 mg/ml Proteinase K, and incu-
bated for 2 hrs at 55"C on a rotator for protein digestion.

Nucleic acids were then extracted using an Iso Quick Nucleic
Acid Extraction Kit (ORCA Research Inc., USA).

Extracted DNA was amplified by the Polymerase Chain
Reaction (PCR) method. Universal primer L15926 (5-

TCAAAGCTTACACCAGTCTTGTAAACC- 3 ) (Kocher et

al., I 989) and sea-turtle specific primer TCR6 (5 -

GTAC GTACAAGTAAAACTAC CGTATGC C - 3 )
(Norman et al., 1994) were used and produced sufficient
amplification of the mitochondrial control region of the

hawksbill turtle. The PCR was done with an ASTEC PC-

8O0/Thermolyne Amplytron II with 30 cycles of denatur-

ation at 94"C for 30 sec, annealing at 45"C for 45 sec, and

extension at 72"C for 45 sec.

Direct sequencing was carried out in a R.O.B. DNA
Processor (Pharmacia L.K.B. Co. Ltd.) with a Thermo-

sequenase cycle sequencing kit (Amersham), using Cy5

fluorescent labeled primers with the same sequences used in

the PCR. The cycle was repeate d20 times with denaturation

at 94"C for 30 sec, annealing and extension at 65"C for 30

sec. Sequencing was done with an ALFred DNA Auto-

sequencer (Pharmaci a L.K.B. Co. Ltd.).
Alignment of the sequence data was performed with a

BioResearch/AE program (Fujitsu Ltd.) based on CLUSTAL
V (Higgins et al .,1992) and CLUSTAL W (Thompson et al.,

1994). A Neighbor-joining tree (Saitou and Nei, 1987) and

bootstrap value (Saitou and Imanishi, 1989) was constructed

using BioResearch/SlNcA program version 3 (Fujitsu Ltd.).

Network analysis was undertaken with SplitTree 2.4 (Huson,

1997). Haplotype diversity (h) was calculated using the

formula: h - 2n(l -Ix't) l(2n-1) (Nei and Tajima, 198 I ).

RESULTS

From the 136 Indo-Pacific samples, 40 substitution
sites definin g 24 haplotypes were observed in 481 bp frag-
ments (Table 1). Haplotype Pac was previously identified in
one individual of the foraging sample from Isla de Pinos,

Cuba (Diaz-Fern6ndez, 1999), as a haplotype having a

Table 1. Haplotype table for the 24 haplotypes detected in hawksbill turtles in the Indo-Pacific region. * Haplotype Pac_was lound only
in the sample frririr the Caribbean region (Diaz-Fernrindezetal.,1999). Italic letters indicate transversions; = indicates indels. Haplotypes
are divided into three clusters as indicated by the phylogenetic tree (Fig. l).
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Table 2. Haplotype distribution among the nesting and foraging samples of hawksbill turtles from the Indo-Pacific region.

total Haplotypes

Localities t 2 4 5 6 9 l0 ll t2 13 14 t6 18 19 20 21 22

Nesting samples

Okinawa, Japan I

Ishigaki Island, Japan 5

Seribu Islands, Indonesia 9

Foraging samples

Okinawa, Japan

Yaeyama Islands, Japan

Philippines

Solomon Islands
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Maldives

Seychelles
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Pacific origin. Among these substitution sites, only 1 indel
was observed at the 24th site from the beginning of the
control region. Five transversions were observed at sites 69,

79, 205, 251 , and 439. The remaining 34 substitution sites

were transitions.
One nesting sample from Okinawa was haplotype 3,

and 5 individuals from Ishigaki Island all had haplotype 5

(Table 2). The 9 individuals from the Seribu Islands in
Indonesia all had haplotype 1 4 . Even though sample sizes

for these nesting samples were not large, these data suggest

that each nesting population may have a specific haplotype
as a genetic marker.

A total of 22 haplotypes were detected from I04 forag-
ing individuals from the Yaeyama Archipelago in Okinawa
Prefecture (Table2), indicating that genetic diversity there
was high. Almost half of the samples were haplotype 1, and

13.5Vo weft haplotype 3, which was also detected from the
nesting individual at Okinawa (Table 2). The third most

common haplotype was haplotype 9 which was also detected

from the nesting individuals at Ishigaki Island (Table 2).

There did not.appear to be any differences in haplotype
frequencies among the 8 islands sampled in the Yaeyama

Archipelago.
The scute samples from the Indo-Pacific region showed

that haplotype 1, the most common in the Yaeyama Archi-
pelago, was also detected in samples from the Philippines,
Solomon Islands, and FUi. Haplotype 3, which was the

second most common haplotype in the Yaeyama Archi-
pelago, was also detected in the Maldives and the Seychelles.
New haplotypes (23 and 24) were detected from scute

samples from the Seychelles.
Using the 24 haplotypes detected in the Indo-Pacific

samples and 29 haplotypes from Caribbean samples, a

phylogenetic tree was generated by the Neighbor-joining
method (Fig. 1). The green turtle (Chelonia mydas, Allard et

al., 1994) was used as an outgroup in forming the phylo-
genetic tree. The phylogenetic tree was divided into
Caribbean and Indo-Pacific haplotypes. Indo-Pacific
haplotypes were subdivided into three clusters: Indo-
Pacific A, consisting of haplotypes I-2, 4-6,9-14, 16,

18, 19-22, and Pac; Indo-Pacific B, consisting of
haplotypes 3,7-8, 15, and 17; and Indo-Pacific C, con-
sisting of haplotype s 23 and 24. Bootstrap analysis indi-
cated that these clusters were supported by more than
98Vo of replications. Caribbean haplotypes were subdi-
vided into 3 clusters: Caribbean A, consisting of
haplotypes CU1, PR4, &, b, f,, E, i, and n; and Caribbean
B, consisting of haplotypes CU2, CU3, PR1, PR2, PR3,
MXl, MXZ, v, d, e, h, j, m, o, and p. Haplotype zz,
recorded only at Mona Island, Puerto Rico (Diaz-
Fernrindez et al., 1999), was considered to cluster inde-
pendently.

Network analysis (Fig. 2) represents the evolutionary
relationships between haplotypes, and indicates which sub-
stitution sites distinguished each haplotype. In this network
site 100 was presented as a multiple substitution. Nodes I-P
and C, which represent hypothetical ancestors of the Indo-
Pacific haplotypes and Caribbean haplotypes, respectively,
were separated by I I substitutions. Three Indo-Pacific clus-
ters had similar distances from the I-P node. Haplotype 1, the
most common haplotype in the Indo-Pacific A cluster, had
a distance of l3 substitutions from the I-P node; haplotype
3, the most common haplotype in the Indo-Pacific B cluster,
was separated by 14 substitutions; and haplotype 24 was

separated from the I-P node by 11 substitutions.
In the Indo-Pacific A cluster, 12 haplotypes (including

haplotype Pac) differed by I substitution from haplotype 1,

forming a so-called bush-like tree or fireworks-like tree. All the

haplotypes in this cluster were located within 4 substitutions
from haplotype 1. Although the Indo-Pacific B cluster was not
as complicated as the Indo-Pacific A, haplotypes in this cluster
were connected within 3 substitutions. The Indo-Pacific C

cluster, which was found only in the Indian Ocean, was

composed of 2haplotypes separated by a single substitution.

DISCUSSION

Haplotypes 3 and 9 were identified as nesting haplotypes
in Okinawa Prefecture, but haplotype l, which was the most
cornmon haplotype in the foraging samples from the Yaeyama
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Figure 1. Phylogenetic tree for hawksbill :ulr.t)e (Eretmochelys imbricara) haplotypes based on Neighbor-joining method for the-24
haplotypes foirnd in 136 Indo-Pacific individuals and the 28 haplotypes found in 344 Caribbean individuals. Numbers above the branches
indicate bootstrap support for the node.

Archipelago, was not identified anywhere as a nesting
haplotype. This is probably due to the limited number of
nesting samples, especially at Kuro Island, which is
thought to be the largest nesting colony in the Yaeyama
Archipelago.

The less common Cuban nesting haplotypes CU2,CU3,
and CU4 did not cluster in Caribbean A with haplotype CU 1,

but did in Caribbean B, indicating that a single nesting
population does not always include only haplotypes from the
same cluster. Although the haplotype frequencies for three
Caribbean rookeries from Cuba, Mexico, and Puerto Rico

t- ?3ta

(Diaz-Ferndndez et al., 1999) indicated that each nesting

population has specific haplotypes as genetic markers, the

one exception was PRl, the main haplotype for the Puerto

Rican nesting population, which was also detected in one

individual from the Cuban nesting population. This may

suggest that nesting females are not completely fixed at

a specific rookery, and there is a possibility of dispersal
of nesting individuals from the main rookery to other
rookeries. Consequently, geographical origin and cur-
rent location of the haplotype are not completely ho-
mologous - a nesting population may exhibit several
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Figure 2. Network analysis of hawksbill turtle haplotypes based on 24 haplotypes from the Indo-Pacific region and 28 haplotypes from
the Caribbean region for48l bp of the mitochondrial control region sequence. Numbers referto polymorphic sites; site 100 is not illustrated
as a network but represented as a multiple substitution; parallel substitutions between clusters are not illustrated as a network in this figure.
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haplotypes of different origins, indicating occasional
haplotype crossovers between nesting colonies during
the long evolutionary history of the species.

Due to the low number of nesting samples, contribution
rates could not be calculated, so haplotype diversity (h) (Nei
and Tajima, 198 I ) for the 104 individuals from the Yaeyama
Archipelago were compared with those of the 1 l5 individu-
als from Isla de Pinos, Cuba, and the 106 individuals from
Mona Island, Puerto Rico (Diaz-Ferndndez et al., 1999).

Numbers of haplotypes detected were 22,14, and 16, respec-

tively, and the haplotype diversities were calculated as

0.776,0.777, and 0.791, respectively (Table 3). This sug-
gests that these 3 foraging populations exhibit comparable
haplotype diversities, consisting of 40-50Vo of the most

Table 3. Haplotype diversity (h) (Nei and Tajima, l98l ) for three
foraging populations of hawksbills. Data from Cuba and Puerto
Rico from Diaz-Ferndndez et al. (1999).

Number of
Samples Haplotypes h

Yaeyama Islands, Japan 104

Isla de Pinos, Cuba I 15

Mona Island, Puerto Rico 106
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common haplotype, l5-307o of the second and third most
common haplotypes, and accompanied by several less com-
mon haplotypes.

Another similar characteristic was recognized in the
genetic structure between the Indo-Pacific and Caribbean
hawksbills (Fig . 2).In the Indo-Pacific A cluster there were
12 haplotypes with I -substitution differences radiating
from haplotype l, and in the Caribbean A cluster, 7

haplotypes radiated from CU I with 1-substitution differ-
ences. The Caribbean B cluster had a complicated net-
work consisting of multiple l-substitution differences.
These l -substitution differences suggest a recent com-
mon ancestor for each cluster.

In the phylogenetic tree (Fig. 1), the three Indo-Pacific
clusters were supported by high bootstrap values and may
represent a geographic cline from the Pacific to the Indian
Ocean. Indo-Pacific A consisted of nesting samples from
Japan and Indonesia, most of the foraging samples from
Japan, and scute samples from the Philippines and Solomon
Islands. Indo-Pacific B consisted of nesting and some forag-
ing samples from Japan and scute samples from the Maldives
and the Seychelles. Indo-Pacific C was composed only of
scute samples from the Seychelles.



Network analysis (Fig. 2) showed that substitution
differences between these three clusters and node I-P were
similar: 12 substitutions for haplotype 5 in Indo-Pacific A;
I 2 substitutions for haplotype I 7 in Indo-Pacific B; and I I
substitutions for haplotype 24 in Indo-Pacific C. These data
indicate that these three clusters may have separated con-
temporaneously.
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