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Executive summary

Project Title: Identification of microsatellite and species-specific markers of the tropical

abalone (Haliotis asinina) in Thailand: population genetic bases for

improving its culture efficiency

Principal investigator: Dr. Sirawut Klinbunga

Position: Researcher 3

Address: National Center for Genetic Engineering and Biotechnology

(BIOTEC), National Science and Technology Development Agency

(NSTDA), 113 Paholyothin Road Klong 1, Klong Luang,

Pathumthani 12120 and

Center of Excellence for Marine Biotechnology, Faculty of Science,

Chulalongkorn University, Bangkok 10400

Telephone: 02-2185279 Telefax: 02-2547680

e-mail: sirawut@biotec.or.th

Co-investigator: Dr. Anchalee Tassanakajon

Position: Associate Professor

Address: Department of Biochemistry, Faculty of Science, Chulalongkorn

University, Bangkok 10330

Telephone: 02-2185439 Telefax: 02-2185436

e-mail: Anchalee.K@chula.ac.th

Objectives

To select microsatellite markers which are useful for selective breeding programmes and to

identify population- and species-specific RAPD markers of H. asinina in Thailand.

Methodology

I. Identification of population- and species-specific markers and determination of genetic diversity

of  H. asinina.
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-Selection of RAPD primers illustrating species-specific markers and those suitable for

examination of genetic diversity of H. asinina.

-Determination of genetic variation levels of abalone (H. asinina, H. ovina and H. varia) in

Thailand using RAPD-PCR and PCR-RFLP of 16S and 18S rDNA.

-Cloning and characterisation of 16S rDNA of representative individuals showing composite

haplotypes found in H. asinina, H. ovina and H. varia

-Cloning and characterisation of population-specific (H. asinina), region-specific (H. ovina)

and species-specific RAPD fragments (H. asinina, H. ovina and H. varia).

-Designation of primer and optimisation of  PCR conditions.

-Examination of species-specificity and sensitivity of designed primers.

-Identification species-origin of H. asinina-specific primers using DNA template from fresh,

frozen, ethanole-preserved, dried and boiled specimens for practical application of primers.

Determination of genetic diversity of the tropical abalone (H. asinina) using microsatellites.

-Construction of partial genomic library and selection of recombinant microsatellite clones.

-Determination of microsatellite sequences and designation of primers.

-Optimisation of appropriate PCR conditions for each microsatellite locus.

-Examination of genetic variation levels including sizes, numbers, and frequencies of alleles

and heterozygosity of each microsatellite locus in natural populations of H. asinina in coastal

Thai waters.

-Analysis of data to identify whether population differentiation of H. asinina in Thailand is

existent and to evaluate the possibility to utilise microsatellite polymorphism in selective

breeding programmes of  H. asinina.

Outputs from the projects

1. Knowledge about genetic diversity and population differentiation of H. asinina, H. ovina and H.

varia based on 16S and 18S rDNA and RAPD-PCR analyses.

2. Knowledge about genetic diversity and population differentiation of H. asinina in coastal Thai

waters based on microsatellite analysis.
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3. Microsatellite primers that can be applied for breeding programmes of H. asinina.

4. Species-specific markers of H. asinina, H. ovina and H. varia based on PCR-RFLP of 16S rDNA.

5. Species-specific markers of H. asinina, H. ovina and H. varia based on RAPD analysis.

6. DNA markers (PCR-RFLP of 16S rDNA and RAPD-PCR) for differentiation of H. ovina

originating from the Andaman Sea and the Gulf of Thailand.

7. Simplified species-specific PCR for identification of H. asinina and H. varia based on 16S rDNA

polymorphism.

8. Simplified species-specific PCR for identification of H. asinina and H. varia using RAPD-derived

markers (SCAR markers).

9. Six international papers, 2 international presentations (1 oral and 1 poster presentations) and 4

national presentations (1 oral and 3 poster presentations).
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�	
�����
��������	
���
���
����������	���
���������� H. asinina, H. ovina ��� H. varia �!��

�"�# PCR-RFLP ����#�18S rDNA ���16S rDNA $�%�&�����'��18S rDNA �!�����*$	+'��&/����� Alu

I, Taq I ��� Hae III ���16S rDNA �!�����*$	+'��&/����� Bam HI, Eco RI, Hae III ��� Alu I  �;

�<��;;���'�� 12 ��� 13 �;;'�	�/���; =���; composite haplotypes
���
	� 49 �<��;; ����;�>�

composite haplotypes ���16S rDNA ?�	��J'��&?�;Q�"����
���������� H. asinina, H. ovina ���

H. varia *�!��>��J<�'!�� ���&���#����?�	��JVQ! composite haplotypes ���16S rDNA&/����
��

�������� H. ovina 
#%	�&��
��������	�� (ABBB) ����>��*
� (AAAB ��� AABB) *�!�#��!��

�W�X<	" UPGMA 
#%?�!����
�>������
>��
����������	��� composite haplotypes �?��

V
!�
Y�����;>������� gene pool 
����������Q�"�'>��Z =��H. asinina	#���	V��!Q"�
����������	

��; H. ovina 	����>� H. varia &������"�����
+ geographic heterogeneity ��� FST �;=���?�!��

���Q������
���������� H. ovina 
#%	�&��
��������	������>��*
� (P < 0.0001) ����;���	�'�

'>��
����������	��� H. asinina 
#%	�&��\]�"��]�?+������>	'����>����%�Z
#%
/���������

���&���#����
/������������	
���
���
����������	������	�'�'>��������Q������

H. asinina, H. ovina ��� H. varia �!���"�# RAPD-PCR $�%��;�>�
���������������>��	#���	
���
���


����������	
#%?<�V�
��� 3 Q�"� =�����	
���
���
����������	X��V� H. varia 	#�>�?<���>� H.

ovina ��� H. asinina '�	�/���; ���*���	��+ OPB01, UBC101, UBC195, UBC197 ��� UBC271

�?�����	�'�'>��
����������	��� H. asinina ���	Q�'"
#%	�&��
��������	�� (HATRAW) ���

_̀{��>��*
� (HACAME ��� HASAME) ��>��	#���?/���|
��?J"'" (P < 0.0001)

?/�
��;�����������	
���
���
����������	���
���������� H. asinina �!��*	=���$


�
�*�'+���� *�!
/����?�!��
!��?	���#� 3 �;; 
!��?	�����*�!&�����'���#��Y������
�����������!��

���*$	+'��&/����� Alu I 
!��?	���#��;;
#%?��*�!&�����
/��#��Y������
��V
!����!����� vortex

��� sonication 
!��?	���#��;;
#%?�	*�!&�����'���#��Y������
��=��VQ!���*$	+'��&/�������	���

?�	Q�"���� Alu I, Rsa I ��� Hinc II �	�%�'��&
�*	=���$�
�*�'+�!��'��'��&?�; (GT)15 �;=���


#%V
!W�;���
>���; 0.2% 0.43% ��� 1.46% '�	�/���; =��	#*	=���$�
�*�'+Q�"� perfect, imperfect

��� compound V���'��?>��
#%�
>���� &���/���;�"���#=�*
�+;�"��~*	=���$�
�*�'+
#%�!��;&/����

33 '/��
�>� ?�	��J�/�	�����;;*��+�	��+*�! 10 �<> �	�%�
�?�;���	
���
������*	=���$�
�

*�'+
��� 10 '/��
�>� (Has1 - 10) &/��������#�
#%�;��<>V�Q>�� 3 - 26 ����#� �>���
�
�=�*$=�$"'#�
#%�;

(observed heterozygosity, HO) ����>���
�
�=�*$=�$"'#�
#%������� (expected heterozygosity, HE) 	#

�>���<>V�Q>�� 0.24 - 0.93
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V������������	���W��
����������	������Q���
���������� H. asinina &/���� 6 �
�>�

$�%��;>�����&�����	Q�'" 3 �
�>� ��� 
����������&��
��������	��$�%���Y;'����>��&��;�"��~����

'��";� &��
���'��� (HATRAW) 
����������&���>��*
�$�%���Y;'����>��&��;�"��~�����?	Y� &��
���

����� (HASAME) ���&������
���	�<Q� (HACAME) ���'����>��
����������&��=��������#��� 3

�
>� $�%�	#�>��	>�����+	�&��;�"��~�����?	Y�&��
�������� (HASAMHE) &������
���	�<Q�

(HACAMHE) ���&������
�\]�"��]�?+ (HAPHIE) =��VQ!*	=���$�
�*�'+
#%�����*�!  3  '/��
�>�

��� Has2, Has3 ��� Has8  �;�>��>����#%���� effective number of alleles (ne) �����
�
�=�*$=�$"'"�

(HO) ���'����>��
�������������	Q�'"&���>��*
� (HASAME = 7.66, 0.78 ��� 0.86 ��� HACAME

= 9.37, 0.62 ��� 0.88) 	#���	
���
���
����������	
#%?<���>�
�������������	Q�'"&��
��������

	�� (HATRAW = 6.04, 0.58 ��� 0.62)

�	�%�
/�����"�����
+�>�
��?J"'"���%�'��&?�;=���?�!�����Q������ H. asinina *	>�;���	

�'�'>�����
����������	��>��	#���?/���|������>	'����>��
����������X��V��>��*
� (P > 0.0027) �'>

�;���	�'�'>����>��	#���?/���|
��?J"'"��
�>�����>	'����>��
�������������	Q�'"&���>��*
� 

(HASAME ��� HACAME) ���
��������	�� (HATRAW)


/�������������%��
	��
#%&/�����'>�Q�"����
���������� =���/����W�"'X�~�+
#%*�!&��

��"�"�"�� PCR 
#%VQ!�#��Y������'���
�
����������
#%	# composite haplotype AAAA ��� AAAE $�%��;

V� H. asinina AAAB, AABB ��� ABBB $�%��;V� H. ovina ��� AABC, BABC, BABD, BABF

��� BABG $�%��;V� H. varia 	�=��� 
��/���;�"���#=�*
�+ �������;;*���	��+
#%&/����� $�%�

?�	��J����� species-specific PCR V� H. asinina ��� H. varia =��	#���	�>��*�������'��&?�;

���	�~ 25 pg ��� 50 pg ����#��Y���'!��;;&�� H. asinina ��� H. varia '�	�/���;

&������"�����
+�������?'�+���Q������
�����������!���"�# RAPD-PCR �;����%��
	��

RAPD
#%&/�����'>�Q�"�&/���� 15 ����%��
	�� ����%��
	��RAPD
#%&/�����'>����>	'����>��&/���� 6

����%��
	�� �������%��
	��RAPD ���� 1650 bp 
#%&/�����'>� H. ovina 
#%	�&���>��*
� &��
/����

���������%��
	�� SCARs =�����=������
��/���;�"���#=�*
�+�������%��
	��RAPD �����>��

����;;*���	��+&/���� 20 �<>���
/����'��&?�;���	&/������;����'!� (N = 12 ��� 4 ?/�
��;'��&

?�; target species ��� non-target species '�	�/���;)

$�%��;�>�*���	��+&/���� 7 �<> (CUHA1, CUHA2, CUHA4, CUHA11, CUHA12, CUHA13

��� CUHA14) �?�����	&/�����'>� H. asinina V��~�
#% CUHO3 ��� CUHV1�?�����	&/�����

'>� H. ovina ��� H. varia '�	�/���; &��'��&?�;���	&/�������� CUHA2, CUHA12, CUHA13,

CUHO3 ��� CUHV1 ��;'����>��&/����	�� (N = 111, 73 ��� 32 ?/�
��; H. asinina, H. ovina ���

H. varia '�	�/���;) $�%�W����������;���	&/������������%��
	��SCARs 
#%���������V� H. asinina



vi

(CUHA2, CUHA12 ��� CUHA13) ��� H. varia (CUHV1) $�%�	#���	�>��*�������'��&?�;
#%�#

(20 pg ����#��Y���'!��;;&�� H. asinina ��� H. varia ?/�
��; CUHA12 ��� CUHV1 ��� 100 pg

?/�
��;CUHA2) ����%��
	��SCARs 
#%���������?�	��J�/�*�'��&?�;W�"'X�~�+�;;'>��Z��� H.

asinina *�!��>��J<�'!��
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ABSTRACT

Genetic diversity of abalone in Thailand; Haliotis asinina, H. ovina, and H. varia were

analysed by PCR-RFLP of 18S and 16S rDNAs. Restriction analysis of 18S (nuclear) rDNA with Alu

I, Taq I and Hae III and 16S (mitochondrial) rDNA with Bam HI, Eco RI, Hae III and Alu I gave 12

and 13 digestion patterns, respectively. A total of 49 composite haplotype were found. Composite

haplotype of 16S rDNA could differentiate H. asinina, H. ovina and H. varia unambiguously. In

addition, differentiation of H. ovina from the Andaman Sea (ABBB) and the Gulf of Thailand (AAAB

and AABB) could also be carried out by PCR-RFLP of 16S rDNA.

A UPGMA dendogram constructed from genetic distance between pairs of composite

haplotypes revealed reproductively isolated gene pools of these abalone and indicated that H. asinina

and H. ovina are genetically closer than H. varia. Disregarding H. varia due to small sample sizes,

geographic heterogeneity analysis and FST estimate indicated clear genetic differentiation between H.

ovina originating from the Andaman Sea (west) and the Gulf of Thailand (east, P < 0.0001) whereas

partial differentiation was observed between the Philippines and the remaining H. asinina samples (P

< 0.0021).

Genetic diversity and population differentiation of the tropical abalone (H. asinina) were also

analysed RAPD-PCR. Based on restriction analysis, a lack of population differentiation was observed

between natural H. asinina samples in coastal Thai waters (P > 0.0083). Conversely, RAPD analysis

using primers OPB11, UBC101, UBC195, UBC197 and UBC271 illustrated significant

differentiation between natural H. asinina from the Andaman Sea (HATRAW) and the Gulf of

Thailand (HASAME and HACAME) (P < 0.0001).

Three partial genomic libraries were constructed from Alu I-digested, vortexed/sonicated and

mixed enzyme (Alu I, Hinc II and Rsa I) digested genomic DNA of H. asinina and yielded the

percentage of microsatellite containing clones of 0.20%, 0.42% and 1.46%, respectively. Eleven clones each

of perfect, imperfect and compound microsatellites were isolated. Ten locus-specific primer pairs (Has1 -

Has10) were analyzed to evaluate their polymorphic levels.

The numbers of alleles per locus, observed (Ho) and expected (He) heterozygosity were 3 - 26

alleles, 0.27 - 0.85 and 0.24 – 0.93, respectively. Three microsatellite loci (Has2, Has3 and Has8) were

further used for examination of genetic diversity and differentiation of natural H. asinina in coastal waters of

Thailand. The effective number of alleles (ne), Ho and He of HACAME (9.37, 0.62 and 0.88) and HASAME

(7.66, 0.78 and 0.86) from the Gulf of Thailand were greater than those of HATRAW (6.04, 0.58 and 0.62)
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from the Andaman Sea. Genetic heterogeneity and FST analyses indicated intraspecific population

differentiation between natural H. asinina from the Gulf of Thailand (HASAME and HACAME) and the

Andaman Sea (HATRAW) samples (P < 0.0001).

For development of species-specific markers, the amplified 16S rDNA of individuals

representing composite haplotypes found in this study (AAAA, AAAE in H. asinina; AAAB, AABB

and ABBB in H. ovina and AABC, BABC, BABD, BABF and BABG in H. varia) was cloned and

sequenced. A neighbor-joining tree constructed from sequence divergence of 16S rDNA allocated

those sequences according to species origins of abalone accurately. Species-specific PCR based on

16S rDNA polymorphism was successfully developed in H. asinina and H. varia but not in H. ovina.

The sensitivity of detection was approximately 25 pg and 50 pg for DNA template of H. asinina and

H. varia, respectively.

Species- and population-specific markers of abalone; Haliotis asinina, H. ovina, and H. varia

in Thai waters were also identified based on RAPD analysis. Fifteen species-specific and six

population-specific RAPD markers and a 1650 bp band (UBC195) restricted to H. ovina from the

Gulf of Thailand (east) was found. All specific RAPD markers were cloned and sequenced.

Twenty pairs of primers were designed and specificity-tested (N = 12 and 4 for target and

non-target species, respectively). Seven primer pairs (CUHA1, CUHA2, CUHA4, CUHA11,

CUHA12, CUHA13 and CUHA14) were specifically amplified H. asinina DNA whereas a single pair

of primers showed specificity with H. ovina (CUHO3) and H. varia (CUHV1), respectively.

Five primer pairs including CUHA2, CUHA12, CUHA13, CUHO3 and CUHV1 were further

examined against 216 individuals of abalone (N = 111, 73 and 32, respectively). Results indicated

species-specific nature of all except CUHO3 with the sensitivity of detection of 100 pg and 20 pg of

the target DNA template for CUHA2 and CUHA12 and CUHV1, respectively. The species-origin of

frozen, ethanol-preserved, dried and boiled H. asinina specimens could be successfully identified by

CUHA2. CHHA12 and CUHA13.
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���%��!�
�����%��
	��
����������	
#%	#���=�Q�+'>�=�����	�����������%����W?	�����+

�������%��
	��
����������	
#%	#���	&/�������;
����������Q�"� H .asinina

"����������	
�

-���1F�?��
���1�
%���)��,�&)���+������,-�.�/�)��* H. asinina, H. ovina "$& H.  varia
1. �����������	
���
���
����������	���=���?�!�����Q������
����������Q�"�

H. asinina, H. ovina ��� H.  varia �!���"�# PCR-RFLP

2. �����������	
���
���
����������	���=���?�!�����Q������
����������Q�"�

H. asinina, H. ovina ��� H.  varia �!���"�# RAPD-PCR

3 �����������	
���
���
����������	���=���?�!�����Q������
����������Q�"�

H. asinina �!�� microsatellites

-����
>�����������������
��������'�	(����&% �����,-�.�/�)��* H. asinina  "$& H.  varia
4. ������������%��
	��
����������	
#%&/�����'>�
����������Q�"� H. asinina  ��� H.

varia &�� 16S rDNA polymorphism

5. ������������%��
	��
����������	
#%&/�����'>�
����������Q�"� H. asinina  ��� H.

varia �;; SCAR markers
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1. ���1F�?��
���1�
%��,�&)���+������,-�.�/� Haliotis asinina,

Haliotis ovina "$& Haliotis varia *������' PCR-RFLP

1.1 ���'*(���������*$��

1.1.1 ��������	
��
��

/������Y;'����>��
����������&�����	Q�'" &��\��+	������#��� ���'"�'>�?�%�$���&��Q��

���	�
!��J"%� *�!&/������	
���?"�� 331 '����>�� =���;>�����Q�"� H. asinina, H. ovina ��� H.

varia &/���� 163, 135 ��� 33 '����>�� '�	�/���; ('����
#% 1.1)

?/�
��;
����������&�����	Q�'" ��Y;'����>��=�����VQ!�����~+�/���/��;; SCUBA

;�"��~Q��_`{��������'>�� Z �������
�*
�
���_̀{������	������>��*
� (�<�
#% 1.1) =��
��

��������Q�"� H. asinina �;*�!V�;�"��~$��������� V'!�W>��������'�� ���;�"��~���
"�V'!��/�


#%*	>���	����� 
����������Q�"� H. ovina 	���;;�"��~$���������=�� �������������� ?>��


����������Q�"� H. varia &��;;�"��~$��
"�;�"��~Q��_`{�����;��/�����-��/��� =�� H. varia 	#

�������>��;�����V�
���_`{������	���
>�����

�	�%��/���/�?/���&�;
������������!�&��>�� Z VQ! spatula $�%������W>�?�'���?;��	#�!�	

&�; ���
����������V
!
������&����?��
#%���������>�������Y� 	"������
����������&���"�
�;��!�

*�V�$��
#%����"%����� 
�������'"���;�!���������
����!��
"�������>�	������ ��&
/�V
!?<|�?#�

'����>��
���*�!'����>��
#%;���&Y;V���������	���
�������������&����?������ ��;��	
��

��������
#%*�!V?>J����� ����/�	�������#���*�!V�
���&���>�&��/����;	����=��������#��� =��

��#���V�X�Q��
#%	#��/�
������	��Y	�
>���;�
�>�
#%��Y;	�V
!*
�W>��'������� ���V
!��
��

���	Q�'" (?�
�>��
�������V
|>) 
�����
��?/���Y&�����
��%������ V
!���������;�������


����������Q�"� H. asinina &��\��+	������#��� *�!���	��������
+&��\��+	�"&��=���

�����������W�"'
����������V���;;���
/�\��+	;�;� (?��.) ~ ?J��#�"&��?�'�+
����>���"��

&. Q�;��# &�������~+	
��"
����� =�� ��.��.�W�"	����"� &���������+ ���X<��Y'��;�=��#%\��+	

����?"�
�> &. X<��Y' =�� �.?�. ?"
�"����"� �
	���?"� $�%�'����>��
#%*�!�����<�
����������&�����

����\�̀=��	#�>��	>�����+&�� 2 �
�>� *�!��> �����?	Y� &. ����� ��������� ����
���	�<Q�

���&���#�V�Q>����������&"���� 2543 
��
�!�=������*�!��"�
��*�����
�\]�"��]�?+ &����Y;

'����>�� H. asinina &�� =��������#���
#% Southeast Asian Fisheries Department Center

(SEAFDEC) $�%����� F1=��	#�>��	>�����+ (N = 200) �������
�\]�"��]�?+
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%�����'� 1.1 ?J��
#%��Y;'����>�����&/������Y;'����>��
���������� H. asinina, H. ovina ��� H. varia
#%

VQ!V���������������#�

)��*+������,-�.�/�"$&
D���'���I�%
�

�� ��

)����$� �%
��� �� 	(����%
��� ���'���I� (	(����

%
��� ���'��(����1F�?�*���

���' PCR-RFLP)

H. asinina
=��������#��� (�>��	>�����+�����?	Y� &.

�����)

HASAMHE 28 (19)

=��������#��� (�>��	>�����+��	�<Q�) HACAMHE 15 (15)

����'��";� &. '��� HATRAW 28 (28)

�����?	Y� &. ����� HASAME 19 (12)

��	�<Q� HACAME 23 (21)

\]�"��]�?+ HAPHIE 30 (20)

�"�=��#�$#� HAINDW 20 (-)

%
��� �� H. asinina 143 (115)

H. ovina
�����!����� �. ����?#Q�� &. Q�;��# HOCHOE 29 (24)

�����?	Y� &. ����� HOSAME 43 (18)

�����Q��� &. '��� HOTRAW 47 (18)

����?"	"��� &. ����� HOPHAW 16 (11)

%
��� �� H. ovina 135 (71)

H. varia
������� &. X<��Y' HVPHUW 29 (21)

����?"	"��� &. ����� HVPHAW 4 (2)

%
��� �� H. varia 33 (23)

���%
��� ���
/���* 331 (209)

1.1.2 ���������������������	
��
�������������
?���=��=	=$	���#��Y���&�������?>���
!�
���&����������
�����������!���"�#  

Phenol/chloroform =��	#�"�#�����?���������#� �/������?>���
!� (foot tissue) ���'����>��
��

��������
#%��Y;*�!'������Q"����Y� (�������	�~ 1 x 1 x 5 mm3) ;�V
!����#��V�?������� TEN
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��,�'� 1.1 �W�
#%����
�*
� �?��?J��
#%��Y;'����>�����
���������� H. asinina , H. ovina ��� H. 

varia 
#%VQ!V���������������#� &����	�?��?J��
#%
��X<	"��?'�+����
�>�
#%��Y;'����>�� (*	>��	'��

��>��&������
�\]�"��]�?+) 
	���
'� �����?	Y�(SAM) ��<>V�&��
�������� (RAY)

THAILAND

Gulf of 

Thailand

Andaman

Sea 

CAM
RAY

CHO

SR

PHU

PHA

TRA
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%�����'� 1.2 *���	��+
#%VQ!V����
/� PCR-RFLP

Primer Sequences

18S rDNA F : 5’ TGG ATC CGG GCA AGT CTG GTG CC 3’

R : 5’ TGA AGT CAA GGG CAT CAC AGA CC 3’

16S rDNA (16SF1+16SR1) F1 : 5’ CGC CTG TTT AAC AAA AAC AT 3’

R1 : 5’ CCG GTC TGA ACT CAG ATC ATG T 3’

16S rDNA (16SF1+16SR2) F1 : 5’ CGC CTG TTT AAC AAA AAC AT 3’

R2 : 5’ GGT CTG AAC TCA GAT CAG ATC ACG T 3’

16S rDNA (16SF1+16SR3) F1 : 5’ CGC CTG TTT AAC AAA AAC AT 3’

R3 : 5’ CCG GTC TGA ACT CAG ATC AGA TCA CGT 3’

CO I-II F : 5’ TTG ATT TTT TGG TCA TCC AGA AGT 3’

R : 5’ CCA CAA ATT TCT GAA CAT TGA CC 3’

COI F : 5’ GGT CAA CAA ATC ATA AAG ATA TTG G 3’

R : 5’ TAA ACT TCA GGG TGA CCA AAA AAT CA 3’

buffer 
/�V
!�$��+�'��!��?������� 10% SDS 
/���� RNA �!�����*$	+ RNase A =��;>	
#%

��~
X<	" 37 0C �������� 1 Q�%�=	� 
/����=��'#��!�����*$	+ Proteinase K =��;>	
#% ��~
X<	" 55
0C �������� 3 - 4 Q�%�=	� ?���=��'#�����!��\���� ���=�\��+	-*�=$��	"���������+���'�

'�����#��Y����!����
����


/�����"�����
+��"	�~�����~X������#��Y����!���
��"� Spectrophotometry 
#%

���	������%� 260 ��� 280 ��=��	'� ��� mini-gel electrophoresis =��������#�;�
#�;��;�#

��Y���	�'����
#%
��;���	��!	�!���>���

1.1.3 ���������
������������
��� PCR-RFLP

�/��#��Y���
#%?���*�!	�
/���"�"�"�� PCR ���%���"%	��"	�~ =�����VQ!*���	��+'>��Z 
#%

?�������
+���� ('����
#% 1.2) 
/�������;?X��'>�� Z V���"�"�"�����%�V
!�
	��?	��;�'>���<>���

*���	��+  �Q>�  ���	��!	�!���� MgCl2, ���	��!	�!� dNTPs, ��"	�~*���	��+, ��"	�~���*$	+

Taq polymerase, ��"	�~�#��Y���'!��;; 
�����~
X<	"�������V��'>������'�������"�"�"��

PCR  
���&�������/��#��Y���
#%*�!	�'��&?�;�!�� agarose gel electrophoresis
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1.1.4 ��!
��"���
��#��$��������������%$& ���'(�)�	�������*

�/��#��Y���
#%��"%	&/����*�!	��>���!�� ���*$	+'��&/�����Q�"�'>��Z ��!����Q"���#��Y���
#%

J<��>��;� agarose gel ���#�;�
#�;��;�#��Y���	�'���� =�����*$	+'��&/�����
#%VQ!V�����>��

Q"���#��Y���	#&/���� 24 ���*$	+ *�!��> Alu I, Hin fI, Dra I, Taq I, Bam HI, Hind III, Eco RI, Rsa

I, Mbo I, Hae III, Dde I, Acs I, Bfr I, Swa I, Bgl II, Nde I, Ssp I, Cla I, Sal I , Pst I, Kpn I, Sma I,

Bst EII, ���Vsp I

1.1.5 ���+/�0��	��6+�7��)��*$���#�������������
��������	
���
���
����������	���
���������� 3 Q�"� (H. asinina, H. ovina ���  H. 

varia) �!���"�# PCR–RFLP ��� �#� 18S rDNA =���>���#� 18S rDNA �!�����*$	+ Alu I, Taq I

��� Hae III ����#� 16S  rDNA �!�� Alu I, Bam HI, Eco RI ��� Hae III &������&��?�!�� 

composite haplotypes ���
�����������'>��'��&���#� 18S rDNA 
#%�>���!�� Alu I, Taq I ��� Hae 

III ����#� 16S  rDNA 
#%�>���!�� Bam HI, Eco RI, Hae III ��� Alu I '�	�/���;


/�����"�����
+�!�	<������>��=���/���~
��>� genetic distance (d) ��
�>�� haplotypes 

=��VQ!=�����	 REAP version 4.0 (McElroy ����~� 1992) �/��>�  genetic distance 
#%*�!	�
/�

���?�!�� phylogenetic tree=���"�# UPGMA �!�� PHYLIP version 3.56 (Felsenstein, 1993) '��&

?�; geographic heterogeneity ��
�>�����>	'����>�����
�����������!�� Monte Carlo simulation 

(Roff ��� Bentzen, 1989) V�=�����	  REAP 4.0 (McElroy ����~� 1991) ��� FST statistics 

(Weir ��� Cockerham, 1984) ��
�>�����>	'����>�����Q�"����
���������� =��VQ!=�����	 

GENEPOP (Raymond ��� Rousset, 1995) ���%�'��&?�;=���?�!�����Q������
����������
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1.2 ;$����*$�����1F�?��
���1�
%��,�&)���+������,-�.�/�)��* H. asinina , H. ovina
"8* H. varia  *������' PCR-RFLP

1.2.1 !
���8���8��9���	��6����#������������� H. asinina, H. ovina "8* H. varia
&�����
�����;�>�?�	��J��"%	&/���� 18S rDNA (�"����#��#��Y���) ���16S rDNA 

(*	='������#���#��Y���) V�
����������
��� 3 Q�"� (H. asinina , H. ovina ��� H. varia) =��'��

��>�� 
���
	�
#%�����?�	��J��"%	&/����=��VQ!*���	��+ 18SF+18SR��� 16SF1+16SR1  V��~�
#%

*���	��+ 16S rDNA�<>��%� (16SF1+16SR2��� 16SF1+16SR3)V
!W��
#�;��#����� &�������VQ!�<>*��

�	��+ 16SF1+16SR1 ?/�
��;���������������?'�+���Q������
���������� ?/�
��; COI ��� COI-

COII  ����*	>?�	��JVQ!��"%	����Q"���#������>��V�
����������*�!

W�W�"'&�������"%	&/����V� 16S rDNA 	#�������	�~ 580 �<>�;? V��~�
#%W�W�"'

��� 18S rDNA 	#�������	�~ 900 �<>�;? ���=����'"��!� &�	#Q"���#��Y�������
#%*	>&/�����

J<���"%	&/����	��!�� =�������V� H. ovina �����������&���/�W�W�"'
#%*�!&��	�
/� 

electrophoresis ���
/����Q� �#��Y����'>��'����>��&���&� �>��&��/�	�VQ!V�����"�����
+=��

���'���!�����*$	+'��&/�����

�	�%��/�18S ��� 16S rDNAs  ��� H. asinina , H. ovina ��� H. varia 	�
�?�;�!��

���*$	+'��&/�����&/���� 24 ���*$	+ �;���*$	+ 3 Q�"� (Alu I, Taq I ��� Hae III) 
#%V
!W�

polymorphismV� 18S rDNA (�<�
#% 1.2) ����;  ���*$	+ 4 Q�"� (Bam HI, Eco RI, Hae III ��� 

Alu I) 
#%V
!W�polymorphism V� 16S rDNA (�<�
#% 1.3  ��� 1.4)

&������"�����
+=��VQ!'����>��
����������&/���� 209 '����>�� �;�<��;;������'��

�!�����*$	+'��&/�����&/���� 25 �<��;; $�%�	�&��&��W����'�� 18S rDNA �!�����*$	+ Alu I, 

Taq I ��� Hae III &/���� 12 �<��;; ���&�����'�� 16S rDNA �!�����*$	+ Bam HI, Eco RI, 

Hae III ��� Alu I &/���� 13 �<��;; ('����
#% 1.2)

W����'��18S rDNA �!�����*$	+ Alu I �; �<��;;���'��&/���� 6 �<��;; (A, B, C,

D, E ��� F) $�%��<��;;
#%*�!&�����'��V�
���������� H. asinina ����;
���
	������<��;; B 

(66.96%) V��~�
#%'����>��?>��V
|>��� H. ovina ��� H. varia �����<��;; A (83.09% ���

43.48% '�	�/���;) �	�%�'��18S rDNA�!�����*$	+ Taq I �; �<��;;���'��&/���� 4 �<��;; (A, 

B, C ��� D) =���<��;;
#%�;	��
#%?��V� H. asinina  ����<��;; A (75.65%) =���<��;; B 

(33.80%) ��� C (49.29%) �;	��V� H. ovina ����<��;; B &��;	��
#%?��V� H. varia 

(82.61%) &�����'�� 18S rDNA �!�����*$	+ Hae III �;�<��;;���'��&/���� 2 �<��;;=���<�
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��,�'� 1.2 �<��;;
#%*�!&�����'��18S rDNA �!�����*$	+ Alu I (�<� A), Taq I (�<� B) ��� Hae III 

(�<� C) V� H. asinina (Q>�� 2 – 5), H. ovina ( Q>�� 6 - 9) ��� H. varia (Q>�� 10 - 13) Q>�� M ���

1 ��� �#��Y�������%��
	������100 �<>�;? ����#� 18 S rDNA 
#%*	>*�!'���!�����*$	+ (���	���

���	�~ 900 �<>�;?) '�	�/���;

A

C

B
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��,�'� 1.3 �<��;;������'���#� 16S rDNA ��� H. asinina  (Q>��
#% 2 - 5) H. ovina (Q>��
#% 6 - 8)

��� H. varia (Q>��
#% 9 - 11) �!�����*$	+'��&/����� Alu I (A) ��� Hae III (B) Q>�� M = �#��Y���

����%��
	������ 100 �<>�;? Q>�� m = ��	�!��#��Y���
#%'���!�� Hind III Q>��
#% 1 = 16 S rDNA 
#%

*	>*�!'���!�����*$	+

��,�'� 1.4 �<��;;������'���#� 16S rDNA ��� H. asinina  (Q>��
#% 2  - 4) H. ovina (Q>��
#% 5  - 6)

��� H. varia (Q>��
#% 7  - 11) �!�����*$	+'��&/����� Bam HI (A) ��� Eco RI (B) Q>�� M = �#��Y�

������%��
	������ 100 �<>�;? Q>�� m = ��	�!��#��Y���
#%'���!�� Hind III Q>��
#% 1 = 16 S rDNA 


#%*	>*�!'���!�����*$	+

Kb

2.0

0.6

bp

1500

1000

500

M  1  2   3   4   5  6  7   8   9 10 11 m

100

bp

1000

500

M   1  2   3  4  5  6  7   8  9 10 11M

100

1000

500

100

bp

A B

A B
Kb

2.0

0.6

bp

1500

1000

500

M  1  2   3   4   5  6  7   8   9 10 11 m

100

Kb

2.0

0.6

bp

1500

1000

500

M  1  2   3   4   5  6  7   8   9 10 11 m

100
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�����	
� 1.3 ��������	 18S rDNA �
� 16S rDNA ��	��
�����������	 3 ���� (H. asinina, H. 
ovina �
� H. varia) ������������!����"
����#$&!���'��*������!+�	/

���!#�� ��,"�� (bp)

18S rDNA

Alu I A: 680, 520, 410, 350, 290, 250, 240, 110

B: 520, 410, 290, 250, 110, 110

C: 680, 520, 410, 290, 250, 110

D: 650, 520, 410, 350, 290, 250, 240, 110

E: 520, 410, 350, 290, 250, 240, 110

F: 520, 410, 350, 290, 250, 110

Taq I A: 410, 270, 210, 80

B: 500, 410, 410, 270, 210, 80

C: 500, 410, 270, 210, 80

D: 500, 500, 410, 270, 210, 80

Hae III A: 390, 210, 200

B: 390, 210, 200, 180

16S rDNA

Bam HI A: 580

B: 380, 200

Eco RI A: 580

B: 300, 280

Hae III A: 380, 120, 80

B: 500, 80

Alu I A: 175, 140, 95, 50

B: 175, 175, 95, 80, 50

C: 220, 175, 80, 50, 35

D: 175, 175, 50

E: 175, 140, 95, 80, 50

F: 220, 140, 80, 50, 35

G: 175, 140, 50, 35
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�;; A &��;	��V� H. asinina ��� H. varia (94.78% ��� 100% '�	�/���;) �'>�<��;; B �;

	��V� H. ovina (73.24%)

W����'��16S rDNA �!�����*$	+ Bam HI V
!�<��;; A (580 �<>�;?) ��� B (380, 200 �<>

�;?) �Q>���#����;W�&�� Eco RI; A (580 �<>�;?) ��� B (380,200 �<>�;?) ��� ���*$	+ Hae III; A 

(380, 120 ��� 80 �<>�;?) ��� B ( 500 ��� 80 �<>�;? ) '�	�/���; V��~�
#%���'�� 16S rDNA �!�� 

Alu I �;�<��;;���'��&/���� 7 �;; (A, B, C, D, E,  F���G) ('����
#% 1.3) ���?�	��J�;>�

��� H. asinina (�<��;; A ��� E) ���&�� H. ovina (�<��;; B) ��� H. varia (C, D, F ��� G)

�	�%��"&��~�J�������W�PCR-RFLP ��� 16S rDNA &��;&/���� composite haplotypes 

10 �;; ('����
#% 1.4) =�� H. asinina 	# 2 composite haplotypes (I, AAAA ��� II, AAAE) �'> 

haplotypes I &��;	����>� (95.65% ���'����>��H. asinina) composite haplotypes III (ABBB) 

�;V� H. ovina $�%�	#J"%��/���"�	�&��
���_`{��>��*
� (59.15% ���'����>��H. ovina
���
	�) 

�~�
#% H. ovina 
#%	�&��
���_`{������	��
���
	�	# composite haplotypes �<��;; IV, AAAB 

(39.44% ���'����>��H. ovina
���
	�) ��� V, AABB(1.41% ���'����>��H. ovina
���
	�) V� 

H. varia �; composite haplotypes &/���� 5 �;; (VI, BABD; VII, BABC; VIII, BABG; IX, 

BABF ��� X, AABC) �'> composite haplotype VII (BABC) &��;V�'����>��?>��V
|>���'��

��>��H. varia (60.8%)

�	�%��"&��~� PCR-RFLP ��� 18S rDNA + 16S rDNA �;�<��;; composite haplotypes 

(18S rDNA '���!�����*$	+ Alu I, Taq I ��� Hae III '�	�!��16S rDNA '���!�����*$	+ Bam 

HI, EcoR I, Hae III ��� Alu I) 
���
	� 49 composite haplotypes =���; composite haplotypes 

15 �;;V� H. asinina; I (BBAAAAA),  II (ACAAAAA), III (BCAAAAA), IV (BBAAAAE), V 

(BAAAAAA), VI (BAAAAAE), VII (CAAAAAA), VIII (AAAAAAA), IX (ABAAAAA), X 

(CABAAAA), XI (EAAAAAA), XII (BABAAAA), XIII (AABAAAA), XIV (EBAAAAA), 

��� XV (DBAAAAA) 9 composite haplotypes V� H. ovina 
#%	�&��
���_`{��>��*
�; XVI 

(BBAABBB), XVII (ACAABBB), XVIII (ACBABBB), XIX (ADBABBB), XX (DBBABBB), 

XXI (ABBABBB), XXII (DCBABBB), XXIII (ADAABBB) ��� XXIV (ABAABBB) ��� 13 

composite haplotypes V� H. ovina 	�&��
���_`{������	��; XXV (ABBAAAB), XXVIF 

(BAAAAB), XXVII (ACBAAAB), XXVIII (FBBAAAB), XXIX (DDBAAAB), XXX 

(DCBAAAB0, XXXI (CBAAAAB), XXXII (BBAAABB), XXXIII (ABAAAAB), XXXIV 

(ADBAAAB), XXXV (DBAAAAB), XXXVI (ACAAAAB) ��� XXXVII (BAAAAAB )
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��� 12 composite haplotypes; XXXVIII (BBABABD),  XXXIX (BBABABC), XL 

(BBABABG), XLI (ABABABC), XLII (DBABABC), XLIII (EAABABC), XLIV (EAABABF), 

XLV (ABAAABC), XLVI (ACABABC), XLVII (CBABABC), XLVIII (DBABABD)  ��� XLIX 

(ABABABD ) �;V� H. varia ('����
#%1.5 )

���&���#����*	>�;���$�/�$!����� (overlap) ��� composite haplotypes ��
�>��'����>��
��

��������'>��Q�"����*	>�>�&��������
/� PCR-RFLP ��� 16S rDNA ��#����>����#�� 
������
/� PCR-

RFLP ��� 16 S + 18S rDNA V��~�
#% PCR-RFLP ��� 18S rDNA ��#����>����#��	# shared 

composite haplottypes ��
�>��Q�"����
���������� ����������&/����Q�"�
���������� H. asinina, H. 

ovina ��� H. varia ?�	��J
/�*�!=������"�����
+ PCR-RFLP ��� 16S rDNA

1.2.2 �*�*�
��9���	��6�����*�

�� composite haplotypes  #�������������"8*!
��
7	��	��)9���	��6����

�W�X<	" UPGMA 
#%?�!��&������
>��
����������	��
�>���<>��� composite haplotypes ���


���������� H. asinina, H. ovina ��� H. varia ?�	��J�;>� composite  haplotypes 
���
	�*�!���� 3 

���>	 (���>	 I, II ��� III) =�����>	 I 
���
	������;�!�� 15 composite haplotypes  ��� H. asinina

��� 11 composite haplotypes  ��� H. ovina 
#%	�&��
���_`{������	�� =��	# composite haplotypes  

BAAAAAB ��� H. ovina 
#% misclustering ���J<�&��V
!��<>V����>	��� H. asinina ���>	 II �����;

�!�� composite haplotypes ��� H. ovina 
#%	�&��
���_`{��>��*
� (9 composite haplotypes) ��� 1 

composite haplotype ��� H. ovina 
#%	�&��
���_`{������	��(BBAAABB) =�� composite haplotypes 


���
	����  H. varia J<�&��V
!��<>V����>	 III (�<�
#% 1.5)

1.2.3 Haplotype diversity "8* nucleotide diversity %��86
��	
��
�� nucleotide divergence
�*�

���86
��	
��
�� "8*!
��7	��	��)�$��
�
	:�����#�������������

Haplotype diversity ��� nucleotide diversity ���'����>��
����������
#%
/���������������#�

�?��V�'����
#% 1.6 =��	# haplotype diversity ���16S + 18S rDNA  �
>���; 0.6762 (0.0000 - 0.9013) 

V��~�
#% nucleotide diversity 	#�>� 0.3716% (0.0000 - 0.8114%) ��>��*��Y'�	 H. varia &������?"	"

��� &��
��������	#��#�� 2 '����>�� ���%��&��*	>?�	��J��Y;'����>��*�! ��������!�	<��������?'�+���Q�

��&�����>	'����>�������>��&�����?���*	>*�!

Nucleotide diversity ��� nucleotide divergence ���'����>��
#%
/���������
���
	� �?��V�

'����
#% 1.7 =���>����#%���� nucleotide diversity ��� nucleotide divergence ��� 18S rDNA + 16S 

rDNA 	#�>��
>���; 0.0169 ��� 0.0132 '�	�/���; =��	#�>� nucleotide divergence ?<�
#%?����
�>��'��

��>���
>���; 0.0281 (HASAME - HVPHAW
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�W�X<	" UPGMA 
#%?�!��&�� nucleotide divergence ��
�>�����>	'����>�� (�<�
#% 1.6) ?�	��J

������	�'�'>����� H. asinina V� 3 ���>	V
|>'�	Q�"����
���������� ����!� H. ovina 
#%	�&��


���_`{������	��
#% cluster ��; H. asinina $�%�����~������>���>�&�	�&�����VQ!&/�������*$	+'��

&/����� 
#%�!����"�*�

%�����'� 1.6 Haplotype diversity ��� nucleotide diversity ���'����>��
����������
#%�;V�����
�*
�


#%*�!&������"�����
+�!�� PCR-RFLP ��� 18S ��� 16 S rDNA

%
��� �� Haplotype diversity

� SE

Nucleotide diversity

(x100)

H. asinina
HASAME 0.0000 � 0.0000 0.0000

HASAMHE 0.7511 � 0.0508 0.3139

HACAME 0.3391 � 0.0898 0.1715

HACAMHE 0.7816 � 0.0518 0.4809

HATRAW 0.7065 � 0.0536 0.3758

HAPHIE 0.8359 � 0.0288 0.4910

H. ovina
HOCHOE 0.6241 � 0.0679 0.1897

HOSAME 0.7937 � 0.0392 0.1903

HOTRAW 0.8317 � 0.0417 0.4073

HOPHAW 0.8831 � 0.0293 0.4222

H. varia
HVPHUW 0.9013 � 0.0248 0.8114

HVPHAW 0.6667 � 0.2041 0.6057

� ���$'�� 0.6762 � 0.0057 0.3716 � 0.0000
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��,�'� 1.5 �W�X<	" UPGMA 
#%�?�����	?�	����+
����������	��
�>�� composite haplotypes ��� H. 

asinina, H. ovina ��� H. varia 
#%*�!&������"�����
+�!���"�# PCR-RFLP ���  18S ��� 16S rDNA

1.00%

BBAAAAE

BBAAAAA

BCAAAAA

BAAAAAE

BAAAAAA

BABAAAA

BAAAAAB

CABAAAA

CAAAAAA

ACAAAAA

ABAAAAA

EBAAAAA

DBAAAAA

AABAAAA

AAAAAAA

EAAAAAA

ACBAAAB

ADBAAAB

ACAAAAB

ABAAAAB

ABBAAAB

DCBAAAB

DDBAAAB

DBAAAAB

FBAAAAB

FBBAAAB

CBAAAAB

ADBABBB

ACBABBB

ACAABBB

ADAABBB

ABBABBB

ABAABBB

DBBABBB

DCBABBB

BBAAABB

BBAABBB

ABABABC

ACABABC

DBABABC

BBABABC

CBABABC

EAABABF

EAABABC

ABAAABC

DBABABD

ABABABD

BBABABG

BBABABD

H. asinina

H. ovina

H. ovina

H. varia
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��,�'� 1.6 �W�X<	" UPGMA 
#%�?�����	?�	����+
����������	��
�>�� composite haplotypes ��� H. 

asinina, H. ovina ��� H. varia 
#%*�!&������"�����
+�!���"�# PCR-RFLP ���  18S ��� 16S rDNA

1.00%

HASAME

HACAME

HASAMHE

HACAMHE

HATRAW

HAPHIE

HOTRAW

HOPHAW

HOSAME

HOCHOE

HVPHAW

HVPHUW

H. asinina

H. ovina

H. ovina

H. varia

Cluster I

Cluster II

Cluster III
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1.2.4 !
��"���
��9���	��6����#���	
��
�������������%���*�9+'9�
W�����"�����
+���	�'�'>��
����������	���'����>��
����������
#%�����
���
	� �!��

geographic heterogeneity analysis ��� FST �;�>�	#���	�'�'>����
�>�����>	'����>����>��	#���?/���|


��?J"'" (P <  0.0001) $�%�&���!�	<���� 18S + 16S rDNA �;�>� gene pool ��� H. asinina V�

����
�*
�	#����~����� panmictic gene pool  ��>��*��Y'�	�;���	�'�'>����>��	#���?/���|
��

?J"'"��
�>��'����>��&������
�\]�"��]�?+���'����>����%�Z ����!�'����>�� HACAMHE (P < 0.0021 

���;�>�'�	 sequential Bonferroni approach)

�;���	�'�'>��
����������	
#%	#���?/���|
��?J"'"��
�>��'����>��
���������� H. ovina 
#%

	�&��
��������	�����_`{��>��*
� (P  <  0.0001) $�%�V��~�
#% H. varia  *	>	#���	�'�'>��
�������

���	 (P = 0.7710 '����
#% 1.8)  ���	�'�'>��
����������	������Q���V��'>��'����>��=�����

���	�~&�� �>� FST �;=���?�!�����Q�����>��	#���?/���|V� H. ovina 
#%	�&��_`{�
���
#%�'�'>��

��� �	�%��"�����
+�!�� PCR-RFLP ��� 16S rDNA (P  <  0.001 '����
#% 1.9)

=��
�%�*���!�����"�����
+���	�'�'>��
����������	���'����>��
����������
#%����� �!�� 

geographic heterogeneity analysis ��� FST &�V
!W�
#%?����!����� ��>��*��Y'�	 FST �?��V
!�
Y��>�

���	�'�'>����>��	#���?/���|��
�>��'����>�� H. asinina &������
�\]�"��]�?+���'����>����%�ZV�

����
�*
� (��	��	�<Q�) 	�&�� 18S rDNA (�"����#��#��Y���)
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%�����'� 1.9 Estimated FST (����>� P-value) ��
�>���<>���'����>�����
����������&���������� PCR-

RFLP ��� 18S ��� 16S rDNAs

Geographic samples 18S rDNA 16S rDNA

H. asinina
HASAMHE-HASAME 0.2563 (0.0083 ns) 0.0699 (0.2656ns)

HASAMHE-HATRAW 0.0668 (0.0388 ns) -0.0058 (0.6350 ns)

HASAMHE-HACAMHE 0.0744 (0.0483 ns) 0.0895 (0.2385 ns)

HASAMHE-HACAME 0.0862 (0.0686 ns) 0.1208 (0.0977 ns)

HASAMHE-HAPHIE 0.1591 (0.0008*) 0.1160 (0.1059 ns)

HASAME-HATRAW 0.1641 (0.0141 ns) -0.0074 (0.5693 ns)

HASAME-HACAMHE 0.2934 (0.0022*) Not possible

HASAME-HACAME 0.0437 (0.2712 ns) Not possible

HASAME-HAPHIE 0.4535 (<0.0001*) Not possible

HATRAW-HACAMHE 0.0052 (0.3347 ns) 0.0051 (0.5347 ns)

HATRAW-HACAME 0.0497 (0.0747 ns) 0.0224 (0.4999 ns)

HATRAW-HAPHIE 0.1801 (<0.0001*) 0.0199 (0.5035 ns)

HACAMHE-HACAME 0.1512 (0.0058 ns) Not possible

HACAMHE-HAPHIE 0.0560 (0.0566 ns) Not possible

HACAME-HAPHIE 0.3302 (<0.0001*) Not possible

H. ovina
HOCHOE-HASAME 0.0385 (0.1173 ns) Not possible

HOCHOE-HOTRAW 0.1296 (0.0035*) 0.9525 (<0.0001*)

HOCHOE-HOPHAW 0.1046 (0.0226 ns) 1.0000 (<0.0001*)

HOSAME-HOTRAW 0.0285 (0.1754 ns) 0.9444 (<0.0001*)

HOSAME-HOPHAW -0.0017 (0.4295 ns) 1.0000 (<0.0001*)

HOTRAW-HOPHAW -0.0134 (0.5747 ns) -0.0299 (1.0000 ns)

H. varia
HVPHUW-HVPHAW 0.0876 (0.3125 ns) -0.2409 (1.0000 ns)

ns = *	>	#���?/���|
��?J"'"; * P < 0.0042 ?/�
��; H. asinina, P < 0.0125 ?/�
��; H. ovina ��� P < 0.05 ?/�
��; H.

varia ���;'�	 sequential Bonferroni method (Rice, 1989).



2. ���1F�?��
���1�
%���)��,�&)���+������,-�.�/� Haliotis asinina,

Haliotis ovina "$& Haliotis varia  *������' RAPD-PCR

2.1 ���'*(���������*$��

2.1.1 �	
��
��

/����'��&?�;����~����	���W��
����������	���
����������
#%
/������Y;'����>��&��

���	Q�'"���&��\��+	������#��� &/������	
���?"�� 226 '����>�� ('����
#% 2. 1)

2.1.2 ���������������������	
��
�������������
?���=��=	=$	���# ��Y� ��&������ �?>���
! �
���&����������
����� ���� ��!���"�#  

Phenol/chloroform 
/�����"�����
+��"	�~�����~X������#��Y����!���
��"� Spectrophotometry 
#%

���	������%� 260 ��� 280 ��=��	'� ������	�~�>� high molecular weight genomic DNA �!��

mini-gel electrophoresis =��������#�;�
#�;��;�#��Y���	�'����
#%
��;���	��!	�!���>���

2.1.3 ������������
������������
��� RAPD-PCR
��"%	&/�����#��Y����!���"�# RAPD-PCR =���/��#��Y������'����>��
����������
��� 3 Q�"�
#%?���

*�!	�
/���"�"�"��PCR ���%���"%	��"	�~ =��VQ!*���	��+?/�
��; RAPD (University of British

Columbia, UBC ��� Operon Technologies, OPA ��� OPB) 	"�"�$
�
�*�'+ (minisatellite core

sequences) ���*	=���$
�
�*�'+ (microsatellites) ����?���!��'����
#% 2.2

$�%�V���"�"�"��PCR��"	�'� 25 �l �����;�!�� 10 mM Tris-HCI, pH 8.3, 50 mM KCI, 2 mM

MgCI2, 100 �M dNTPs (dATP, dGTP, dTTP ��� dCTP), 0.2 �M *���	��+ ��� 1 Unit ��� Taq

polymerase ��� 25 ng ����#��Y���'!��;; =��
/���"�"�"��&/���� 35-40 ��;

��������*���	��+
#%�
	��?	V�
�����������'>��Q�"� =�������*���	��+
#%V
!�J;�#��Y���;�

agarose gel 
#%Q���&� ���V
!W��
	������V�'����>����#������	�%�
/�$�/� 
/�������;?X��'>�� Z V�

��"�"�"�����%�V
!�
	��?	��;*���	��+�'>��Q�"� �Q>� ���	��!	�!���� MgCl2, ���	��!	�!� dNTPs,

��"	�~*���	��+, ��"	�~ Taq polymerase, ��"	�~�#��Y������'����>�� 
�����~
X<	"�������V��'>��

����'�������"�"�"�� PCR 
���&�������/��#��Y���
#%*�!	�'��&?�;�!�� agarose gel electrophoresis

�/�*���	��+&��������������;����'!�
#%V
!W���
#% (reproducible) ���V
!����%��
	��
�������

���	
#%&/�������;Q�"����
���������� (species-specific RAPD markers) &/���� 5 primers �����;

�!�� OPB11, UBC101, UBC195, UBC197 ��� UBC271
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%�����'� 2.1 ?J��
#%��Y;'����>�����&/����'����>��
���������� H. asinina, H. ovina ��� H. varia
#%VQ!

V���������������#�

)��*+������,-�.�/�"$&
D���'���I�%
��� �� )����$� �%
��� �� 	(����%
��� ���'���I� (	(����

%
��� ���'��(����1F�?�*���

PCR-RFLP)

H. asinina
=��������#��� (�>��	>�����+�����?	Y� &. �����) HASAMHE 28 (14)

=��������#��� (�>��	>�����+��	�<Q�) HACAMHE 15 (13)

����'��";� &. '��� HATRAW 28 (19)

�����?	Y� &. ����� HASAME 19 (14)

��	�<Q� HACAME 23 (19)

\]�"��]�?+ HAPHIE 30 (20)

�"�=��#�$#� HAINDW 20 (-)

%
��� �� H. asinina 163 (99)

H. ovina
�����!����� �. ����?#Q�� &. Q�;��# HOCHOE 29 (29)

�����?	Y� &. ����� HOSAME 43 (27)

�����Q��� &. '��� HOTRAW 47 (23)

����?"	"��� &. ����� HOPHAW 16 (16)

%
��� �� H. ovina 135 (95)

H. varia
������� &. X<��Y' HVPHUW 29 (28)

����?"	"��� &. ����� HVPHAW 4 (4)

%
��� �� H. varia 33 (32)

���%
��� ���
/���* 331 (226)
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2.1.4 ���+/�0��	��6+�7��)�$����*$���#�������������
�/�*���	��+
#%*�!��������*�!&/���� 5 *���	��+ (OPB11, UBC101, UBC195, UBC197 ���

UBC271) 	�
/����������������?'�+���Q������ H. asinina ���VQ! OPB11 ��� UBC101 �����

�������?'�+���Q������'��&?�;���	
���
���
����������	���
���������� H. asinina, H.

ovina ��� H. varia �/��<��;; RAPD 
#%*�!	��������� binary code 
#%�?���>� 0/1 =�� 0 = *	>	#Q"��

DNA 
#%'/��
�>�
#%'��&?�; ��� 1 = 	#Q"�� DNA V�'/��
�>�
#%'��&?�; &������&���/� matrix �����>��

	��/���~�>�?J"'"
���������?'�+'>�� Z

=��
/�����"�����
+�>� similarity index ��
�>��
�����������'>��'��
#%
/����
�����!��?<'�

2 /xy xy x yS n n n� �  (Nei ��� Li, 1979)

�	�%� Sxy ��� �>� similarity index ��
�>��'����>�� x ��� y

nxy ��� &/���� shared RAPD bands 
#%�����V�'����>��
����������  x ��� y

nx ��� ny ��� &/���� RAPD bands 
���
	�
#% score V�'����>��
����������  x ��� y '�	�/���;

:+� similarity index ;�
=��
>+$!�"�
+�	��
��������  :'��"?@�
�����:+��B
��
 similarity index 

���"+�	��
���������!+
�!�" ;�
=��
>+$!�"�
+�	���� :+� similarity index ���"+�	�
>+$!�"�
+�	 (Sij) :'��"?@�


�����:+� similarity index ���"+�	��
���������!+
�:�+ ����
>+$!�"�
+�	 i ��� j @�
=��F�!�����
+�"$��
�"���	!�� 

�
��'�:+� similarity index ������$���
��
��
���*�����:+�:"�$�!�!+�	��	*��I>���$ (genetic distance) @�
=��

F�!� 2 /xy xy x yS n n n� �  (Lynch, 1990)

�/��>� genetic distance 
#%*�!	�?�!�� phylogenetic tree �!���"�# Neighbor-joining method  

(Saitou ��� Nei, 1987) =��VQ!=�����	 NEIGHBOR  V� Phylip (Felsenstein, 1993) 
/����'��&

?�; genetic heterogeneity ��
�>�����>	'����>����� H. asinina �!�� =�����	 Tools for Population 

Genetic Analysis (TFPGA)
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2.2 ;$����*$�����1F�?��
���1�
%��,�&)���+������,-�.�/� H. asinina, Haliotis ovina "$&

Haliotis varia *������' RAPD-PCR

2.2.1 ���!	��8���'������)
&������/�'����>���#��Y������
���������� H. asinina H. ovina ��� H. varia 	�
�?�;���

��"%	&/���� (amplification) =����"�"�"��PCR =��VQ!*���	��+?/�
��; RAPD-PCR &/���� 128 *��

�	��+ �;�>�	#*���	��+&/���� 34 *���	��+
#%?�	��JVQ!amplificationV���"�"�"��RAPD-PCR*�! ('�

���
#% 2.2) ���*�!�/�*���	��+�
�>��#�	�
�?�;��;&/����'����>��
#%��"%	���� =��V���������������#� *�!

VQ!*���	��+ 2 Q�"� ��� UBC101 ��� OPB11 ������������?'�+�Q"����Q������
����������
��� 3 Q�"�

V��~�
#%VQ!*���	��+ UBC101, OPB11, UBC195, UBC197 ��� UBC271 ��������	
���
���
��

��������	V�
���������� H. asinina (�<�
#% 2.1)

2.2.2 !
���8���8��9���	��6����#����������������%$&
��� RAPD-PCR

2.2.2.1 !
���8���8���*�

��7�;$�7)
&������"�����
+�!���"�# RAPD-PCR �;�>�	#���	
���
���
����������	V�����;?<�V� H.

asinina H. ovina ��� H. varia =���	�%�VQ!*���	��+ UBC101 ��� OPB11 	��"�����
+��������	���


����������
��� 3 Q�"�V�����
�*
� �;�J;�#��Y���&/���� 72 �J; $�%�	#������
�>�� 320 bp J��

2300 bp =����������J;�#��Y���
#%*�!&��*���	��+ UBC101 	#������<>��
�>�� 320 bp J�� 1850 bp

���&��*���	��+ OPB11 $�%�	#������<>��
�>�� 390 bp J�� 2300 bp ���	#&/�����J;�#��Y���
#%V
!W�

�
	�����"	�	�%�
/�$�/���;'����>��
���
	�&/���� 37 �J;&��*���	��+ UBC101 ���&/���� 35 �J;&��

*���	��+ OPB11 ����;�>�����+�$Y�'+���	
���
�������J;�#��Y��� (polymorphic band) ���

100% V�
���?��*���	��+ =�� polymorphic band ��� &/�����J;�#��Y���
#%�;�!����>� 95% ���
��

'����>��X��V��'>��?��Q#?+ ('���� 2.2, 2.3, 2.4 ��� 2.5)

����+�$Y�'+���	
���
�������J;�#��Y������ H. asinina H. ovina ��� H. varia &�����

�"�����
+�!��*���	��+ UBC101 ��� OPB11 ��� 84.96%, 94.74%, ��� 91.23% '�	�/���; ����;�>�

H. ovina 	#���	
���
�������J;�#��Y���?<�
#%?�� '�	�!�� H. varia ��� H. asinina $�%�&/�����J;

�#��Y���
���
	� ����+�$Y�'+���	
���
��� ��� monomorphic band X��V�
�����������'>��?��Q#?+

�?��*�!V�'����
#% 2.5



27

%���� 2.2 W���������"%	&/�����#��Y��� (amplification) 
����������=��VQ!*���	��+?/�
��; RAPD-PCR

!������� $(�*
���
 Amplification

Strength

!������� $(�*
���
 Amplification

Strength

UBC101 GCG CCT GGA G +++ UBC164 CCA AGA TGC T -

UBC111 AGT AGA CGG G - UBC166 ACT CCT ACA G -

UBC114 TGA CCG AGA C - UBC167 CCA ATT CAC G -

UBC115 TTC CGC GGG C - UBC168 CTA GAT GTG C ++

UBC117 TTA GCG GTC T - UBC169 ACG ACG TAG G -

UBC118 CCC GTT TTG T - UBC170 ATC TCT CCT G -

UBC119 ATT GGG CGA T ++ UBC171 TGA CCC CTC C -

UBC120 GAA TTT CCC C - UBC174 AAC GGG CAG C ++

UBC121 ATA CAG GGA G - UBC175 TGG TGC TGA T -

UBC122 GTA GAC GAG C - UBC187 AAC GGG GGA G -

UBC128 GCA TAT TCC G - UBC189 TGC TAG CCT C -

UBC132 AGG GAT CTC C - UBC191 CGA TGG CTT T -

UBC135 AAG CTG CGA G - UBC193 TGC TGG CTT T ++

UBC138 GCT TCC CCT T - UBC195 GAT CTC AGC G +++

UBC139 CCC AAT CTT C - UBC197 TCC CCG TTC C +++

UBC140 GTC GCA TTT C - UBC200 TCG CGGA TAT G ++

UBC142 ATC TGT TCG G - UBC210 GCA CCG AGA G ++

UBC143 TCG CAG AAC G - UBC217 ACA GGT AGA C -

UBC144 AGA GGG TTC T - UBC220 GTC GAT GTC G ++

UBC146 ATG TGT TGC G - UBC222 AAG CCT CCC C -

UBC148 TGT CCA CCA G - UBC228 GCT GGG CCG A -

UBC153 GAG TCA CGA G - UBC233 CTA TGC GCG C -

UBC158 TAG CCG TGG C - UBC235 CTG AGG CAA A -

UBC159 GAG CCC GTA G - UBC237 CGA CCA GAG C -

UBC160 CGA TTC AGA G ++ UBC255 TTC CTC CGG A -

UBC161 CGT TAT CTC G - UBC259 GGT ACG TAC T -

UBC163 CCC CCC AGA T - UBC262 CGC CCC CAG T -
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�����	
� 2.2 (!+�)

!������� $(�*
���
 Amplification

Strength

!������� $(�*
���
 Amplification

Strength

UBC263 TTA GAG ACG G - OPA9 GGG TAA CGC C -

UBC264 TCC ACC GAG C ++ OPA10 GTG ATC GCA G ++

UBC267 CCA TCT TGT G ++ OPA11 CAA TCG CCG T -

UBC268 AGG CCG CTT A - OPA12 TCG GCG ATA G -

UBC270 TGC GCG CGG G - OPA13 CAG CAC CCA C -

UBC271 TCC CCG TTC C +++ OPA14 TCT GTG CTG G -

UBC272 AGC GGG CCA A ++ OPA15 TTC CGA ACC C ++

UBC273 AAT GTC GCC A - OPA16 AGC CAG CGA A -

UBC277 AGG AAG GTG C - OPA17 GAC CGC TTG T -

UBC281 GAG AGT GGA A - OPA18 AGG TGA CCG T -

UBC282 GGG AAA GCA G - OPA19 CAA ACG TCG G ++

UBC286 CGG AGC CGG C - OPA20 GTT GCG ATC C ++

UBC293 TCG TGT TGC T - OPB1 GTT TCG CTC C -

UBC295 CGC GTT CCT G - OPB2 TGA TCC CTG G -

UBC297 GCG CATT TAG A - OPB3 CAT CCC CCT G -

UBC298 CCG TAC GGA C - OPB4 GGA CTG GAG T -

UBC299 TGT CAG CGG T - OPB5 TGC GCC CTT C -

UBC428 GGC TGC GGT A - OPB6 TGC TCT GCC C -

UBC456 GCG GAG GTC C ++ OPB7 GGT GAC GCA G -

UBC457 CGA CGC CCT G ++ OPB8 GTC CAC ACG G -

UBC459 GCG TCG AGG G ++ OPB9 TGG GGG ACT C -

OPA1 CAG GCC CTT C ++ OPB10 CTG CTG GGA C -

OPA2 TGC CGA GCT G ++ OPB11 GTA GAC CCG T +++

OPA3 AGT CAG CCA C - OPB12 CCT TGA CGG A -

OPA4 AAT CGG GCT G - OPB13 TTC CCC CGC T -

OPA5 AGG GGT CCT G - OPB14 TCC GCT CTG G -

OPA6 GGT CCC TGA C - OPB15 GGA GGG TGT T -

OPA7 GAA ACG GGT G - OPB16 TTT GCC CGG A ++

OPA8 GTG ACG TAG G - OPB17 AGG GAA CGA G ++
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�����	
� 2.2 (!+�)

!������� $(�*
���
 Amplification

Strength

!������� $(�*
���
 Amplification

Strength

OPB18 CCA CAG CAG T - Microsatellites (GACA)4 +

OPB19 ACC CCC GAA G - HRU33 CCC AAG GTC CCC

AAG GTC AGG GAG

GCG AAG GCT

-

OPB20 GGA CCC TTA C - HRU18 ACC CGG CGC TTA

TTA GAG

-

Microsatellites (CA)8 - PER I GAC NGG NAC NGG -

Microsatellites (CT)8 - INS ACA GGG GTG TGG

GG

++

Microsatellites (CAC)5 + M13 GAG GGT GGN GGN

TCT

++

Microsatellites (GTG)5 ++ YNZ22 CTC TGG GTG TCG

TGC

-

Microsatellites (GATA)4 + YN73 CCC GTG GGG CCG

CCG

++

-    = *���	��+
#%*	>V
!Q"�� RAPD

+    = *���	��+
#%V
!Q"�� RAPD 
#%&��

++  = *���	��+
#%V
!Q"�� RAPD
#%��!	����/�*����;?X���
#%�
	��?	

+++ = *���	��+
#%V
!Q"�� RAPD��!	�����������*�!?/�
��;���������������?'�+���Q������
����������
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��, 2.1 �<��;;RAPD 
#%*�!&������"�����
+
���������� H. asinina &�������?	Y� &��
��������

(HASAME Q>�� 1 - 4) ��	�<Q� (HACAMHE Q>�� 5 - 8) ����'��";� &��
���'��� (HATRAW Q>�� 9 -

10) ��� \]�"��]�?+ (HAPHIE Q>�� 11 - 12) �!��*���	��+ OPB11 (A), UBC195 (B) ��� UBC271 (C)

'�	�/���; �J� M ��� m ��� 100 bp ��� 200 bp DNA ladder '�	�/���; �<����?������%��
	��

RAPD
#%&/�������;
���������� H. asinina

m1         4             8              12M A

B

C

bp

2000

400

1000

1500

1000

500

bp
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2.2.2.2 !
���8���8��9���	��6����#�� H. asinina
�	�%��"�����
+���	
���
���
����������	��� H. asinina �!���"�# RAPD-PCR =��VQ!*��

�	��+ 5 Q�"��;�>� H. asinina 	#���	
���
���
����������	V�����;?<� ('���� 2.4)=��&/����

����J;�#��Y���
#%V
!W��
	�����"	�	�%�
/�$�/���;
��'����>��
#%�������� 32, 21, 25, 23 ��� 12 �J; &��

*���	��+ UBC101, OPB11, UBC195, UBC197 ��� UBC271 '�	�/���; =��	#  �J;�#��Y��� 113 �J;


#%	#������<>��
�>�� 250 bp J�� 2300 bp ���
��*���	��+V
!W����	
���
�������;?<�V�
��

�������� H. asinina =������+�$Y�'+��� polymorphic bands &��*���	��+ UBC101, OPB11, UBC195,

UBC197 ��� UBC271 ��� 81.25% (26/32), 90.48% (19/21), 84.00% (21/25), 86.96% (20/23) ���

83.33% (10/12) '�	�/���; ��������J; RAPD V��'>��*���	��+�?��*�!V�'����
#% 2.4

2.2.3 !
��7	��	��)9���	��6����#�������������

2.2.3.1 Similarity index "8* Genetic distance
�>����#%���� similarity index ���'����>��
#%*�!&������"�����
+ RAPD-PCR �!��*���	��+

OPB11, UBC101, UBC195, UBC197 ��� UBC271 	#�>��
>���; 0.6830, 0.7715, 0.8002, 0.8444, ���

0.8396 '�	�/���; ('���� 2.6)

�>����#%� similarity index X��V��'>�����>	'����>�� (geographic sample) ��	
��*���	��+��<>

��
�>�� 0.5259 (HVPHAW) J�� 0.8496 (HATRAW) =��
�%�*��;�>� H. asinina 	#�>� similarity index

X��V�?��Q#?+��<>V�����;?<� (0.8297) �����<>V�Q>�� 0.7927 (HASAME) J�� 0.8496 (HATRAW) V�

�~�
#% H. varia 	#�>� similarity index X��V�?��Q#?+��<>V�����;'%/���>� (0.6010 - 0.7032) ��� H. varia

	#�>����#%���� similarity index ��<>��
�>�� 0.5259 - 0.6102 &��W����
����Q#�V
!�
Y��>����>	'����>��

��� H. asinina 	#���	?�	����+X��V�?��Q#?+V��!Q"����	����>����>	'����>����� H. ovina ��� H.

varia

&�����VQ!*���	��+ OPB11 ��� UBC101 ��������	
���
���
����������	���
��

��������
��� 3 Q�"� ���*�!�/�	��/���~�>� similarity index ��
�>��'����>�� (Sij) &��*���	��+�'>��Q�"�

&�������/���~�>� Genetic distances (Dij) &���>� similarity index ��
�>��'����>�� '�	?	��� Dij =1 -

Sij �;�>��>����#%� genetic distance ��
�>�����>	'����>��X��V�?��Q#?+��� H. asinina H. ovina ��� H.

varia ��<>��
�>�� 0.1578 - 0.4208, 0.3259 - 0.4827 ��� 0.4295 '�	�/���; ('���� 2.7) =���>����#%�

genetic distance X��V� H. asinina H. ovina ��� H. varia	#�>��
>���; 0.2995, 0.4328, ��� 0.4295 '�	

�/���; ����
#%�>�?����'�>� H. ovina 	#���	�'�'>��
����������	X��V�?��Q#?+?<���>� H. varia ��� H.

asinina
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%�����'� 2.6 �>� similarity indices (S)  X��V��'>�����>	'����>�����
���������� =��VQ!�"�# RAPD-PCR

!�������%
��� ��

OPB11 UBC101 UBC195 UBC197 UBC271

� �������������$'��

2�����$� �%
��� ��

	��!��������
/�

��*

HASAMHE 0.8112 0.8812 0.8652 0.8666 0.8011 0.8451 � 0.0362

HASAME 0.7831 0.8571 0.7066 0.8192 0.7974  0.7927 � 0.0556

HACAMHE 0.7973 0.8686 0.8048 0.8941 0.8432 0.8416 � 0.0412

HACAME 0.8411 0.8640 0.7749 0.8667 0.8317 0.8357 � 0.0371

HATRAW 0.8133 0.8146 0.8674 0.8385 0.9141 0.8496 � 0.0423

HAPHIE 0.8143 0.8392 0.7825 0.7811 0.8503 0.8135 � 0.0317

HOCHOE 0.6431 0.7027 - - - 0.6729 � 0.0421

HOSAME 0.6971 0.7092 - - - 0.7032 � 0.0086

HOPHAW 0.4648 0.7371 - - - 0.6010 � 0.1925

HOTRAW 0.5382 0.7053 - - - 0.6218 � 0.1182

HVPHUW 0.4891 0.7313 - - - 0.6102 � 0.1713

HVPHAW 0.5036 0.5482 - - -  0.5259 � 0.0315

� �������������$'��

+��"% $&!�������	��

�$� �%
��� ���
/���*

0.6830

�
0.1474

0.7715

�m

0.0997

0.8002

�
0.0608

 0.8444

�
0.0403

 0.8396

�
0.0424
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�>� similarity index ���  genetic distance ��
�>�����>	'����>����� H. asinina ?�	��J

�/���~=��VQ!�"�#��#�������;����/���~�>� similarity index X��V����>	'����>�� �>����#%���� genetic

distance ��
�>�� geographic sample X��V�?��Q#?+'>�
��*���	��+��� H. asinina ��<>��
�>�� 0.0156 -

0.2381 ('����
#% 2.9) �>����#%� genetic distance ��� H. asinina V��>��*
� (HASAMHE, HASAME,

HACAMHE ��� HACAME) ��� 0.0243 �?��V
!�
Y��>� H. asinina V��>��*
�	#���	��!�����	��

��>��	�%��
#�;��;'����>��&��_`{������	�� (HATRAW) $�%�	#�>� genetic distance ��
�>�� 0.2096 –

0.2381

%���� 2.8 �>����#%�����
>��
����������	 (genetic distance; V'!�?!�
���	�	) ����>���Q�#���	�
	���

(similarity indices; �
����?!�
���	�	) X��V�?��Q#?+��� H.asinina

HASAMHE HASAME HACAMHE HACAME HATRAW HAPHIE

HASAMHE - 0.9730 0.9737 0.9844 0.7619 0.7781

HASAME 0.0270 - 0.9683 0.9781 0.7686 0.7871

HACAMHE 0.0263 0.0317 - 0.9766 0.7904 0.7764

HACAME 0.0156 0.0219 0.0234 - 0.7691 0.7933

HATRAW 0.2381 0.2314 0.2096 0.2309 - 0.8203

HAPHIE 0.2219 0.2129 0.2236 0.2067 0.1797 -

2.2.3 ���
��!��*�) geographic heterogeneity "8*"<�=>��!
��7	��	��)�$��=>��+�7��)
(Phylogeography)

&������"�����
+ geographic heterogeneity ������>	'����>�� H. asinina 
#%
/����������;�>�	#

���	�'�'>��
����������	��>��	#���?/���|
��?J"'"V�
��*���	��+ (P < 0.0001) ���?�	��J�;>�

���>	'����>������ 3 ���>	'����>�� =�����>	
#% 1 �����;�!�� H. asinina &���>��*
� (HACAME,

HACAMHE, HASAME ��� HASAMHE) ���>	
#% 2 �����;�!�� H. asinina &��
��������	��

(HATRAW) ������>	
#%3 �����;�!�� H. asinina &��\]�"��]�?+ (HAPHIE) (P < 0.0001 '����
#% 2.8)

�	�%�*	>�"&��~�'����>��&��=��������#��� (HACAMHE HASAMHE ���HAPHIE) ������;�>� H.

asinina ���	Q�'"&���>��*
� (HACAME ��� HASAME) 	#���	�'�'>��
����������	��;H.

asinina ���	Q�'"&��
��������	�� (HATRAW) ��>��	#���?/���|
��?J"'" (P < 0.0001) &��W����


����;>�Q#��>� H. asinina V�����
�*
�*	>*�!	#����~���������	�;; panmictic gene pool (���
#%�;
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��,�'� 2.2 Neighbor-joining tree �?�����	?�	����+
���������?'�+��� H. asinina, H. ovina ��� H.

varia 
#%�"�����
+&���>� genetic distance ��
�>�����>	'����>��
#%*�!&�� RAPD-PCR �	�%�VQ!*���	��+

OPB11 ��� UBC101

0.1

HASAMHE

HACAMHE

HACAME

HASAME

HATRAW

HAPHIE

HOCHOE

HOSAME

HOTRAW

HOPHAW

HVPHUW

HVPHAW
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�!���"�# PCR-RFLP ���16S rDNA ;

#% 1) �'>	#���	�'�'>����
�>��?�������+&��_`{�
��������	��

���_̀{��>��*
�&�����?�!�� neighbor-joining tree &���>����#%���� genetic distance ��
�>���<>������>	

'����>�� (geographic samples) ���
����������
��� 3 ?��Q#?+ �?��V
!�
Y��>� H. asinina, H. ovina ���

H. varia 	# phylogenetic differentiation 
#%��������>��Q���&� (�<�
#% 2.2) ����;���	�'�'>��
���Q"�

phylogeographyV� H. ovina =�� neighbor-joining tree ?�	��J�;>���� H. ovina ���� 2 ���>	*�!��>��

Q���&� ��� ���>	�>��*
� (HOCHOE ��� HOSAME) ������>	
��������	�� (HOPHAW ���

HOTRAW) ?/�
��; H. varia ���%��&��	#&/����'����>��&������?"	"��� &��
�������� (HVPG) �!�� ���

����*	>?�	��J?���*�!

?/�
��;�W�X<	" neighbor-joining ��
�>�����>	'����>����� H. asinina (�<�
#% 2.2) V
!W�?��

��!����;����"�����
+ geographic heterogeneity =�����	?�	����+
����������	&�� 6 ���>	'����>��

��� H. asinina =���?��V
!�
Y��>�	#���	�'�'>�������>��Q���&���
�>�����>	'����>��&��_`{�
������

��	�� (HATRAW) \]�"��]�?+ (HAPHIE) ������>	'����>��&���>��*
� (HASAMHE, HASAME,

HACAMHE ��� HACAME)
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��,�'� 2.3 Neighbor-joining tree �?�����	?�	����+
���������?'�+��� H. asinina 
#%�"�����
+&���>�

genetic distance 
#%*�!&��RAPD-PCR �	�%�VQ!*���	��+ UBC101, OPB11, UBC195, UBC197 ���

UBC271

0.1

HACAME

HASAMHE

HASAME

HACAMHE

HAPHIE

HATRAW



3. ���1F�?������$���$������
�������"$&����
����,�&)���+��

����,-�.�/� Haliotis asinina *��� microsatellites

3.1 ���'*(���������*$��

3.1.1 �	
��
�������������
'����>��
����������
#%VQ!V����?�!��
!��?	���#� *�!&��=��������#���
#%VQ!�>�-�	>�����+
��&���>��

*
� V����
�?�;���	
���
������*	=���$
�
�*�'+VQ!'����>��
��&�� 4 �
�>� $�%�����'����>��


��&��
#%��Y;&�����	Q�'" 2 �
�>� ���'����>��&��=��������#��� 2 �
�>� '����>��
��&�����	Q�'"��Y;

&��;�"��~����'��";� &��
���'��� (HATRAW) ���&������
���	�<Q�;�"��~Q�����
#%'"���;&��
���

'��� (HACAME) ?>��
��&��=��������#���VQ!'����>��
����>� P0 &��=��������#���
#%VQ!�>�-�	>�����+
��

&�������?	Y� &��
�������� (HASAMHE) ���&��=��������#���
#%VQ!�>�-�	>�����+
��&������
���	�<Q�

(HACAMHE) V������������	
���
���
����������	���
����������*�!VQ!'����>��
��&�� 6 ���>	'��

��>�� $�%�����'����>��
����"	
#%VQ!V����'��&?�;���	
���
������*	=���$
�
�*�'+&/���� 4 ���>	

'����>�� �����"%	�#� 2 ���>	'����>�� ���'����>��
��&�����	Q�'"
#%��Y;&�������?	Y� (HASAME) ���
��

&��=��������#�����>� F1 
#%*�!��;&�� Aquaculture Department Southeast Asian Fisheries Development

Center (SAFDEC) ����
�\]�"��]�?+ (HAPHIE)

3.1.2 ����	:���!���������'��!�"(9�98'8�)

3.1.2.1 ���7�&���&��7�6����  (genomic libraries) #������������� H. asinina
?���&#=�		"��#��Y���&����������%�;�"��~�
!����
���������� H. asinina =��VQ!�"�# proteinase K-

phenol-chloroform &�������/�	�?�!��
!��?	���#� 3 �;; �;;���Q"���#��Y���
#%�/�	�VQ!?�!��
!��?	��*�!

&�����'���#��Y������
�����������!�����*$	+'��&/����� Alu I ('��&#=�	"��#��Y������ H. asinina��"	�~ 5

�g �!�� Alu I &/���� 25 units ;>	
#%��~
X<	" 37�C �������� 2 Q�%�=	�) 
!��?	���#��;;
#%?��Q"���#��Y���
#%

�/�	�VQ!?�!��*�!&������/��#��Y������
��	�
/�V
!����!����� vortex ��� sonication =���/��#��Y���

��"	�~ 1 �g V���"	�'���	 22 �l *� vortex ��� 10 ��
# &�������/�*� sonicate V� sonication bath ����

���� 1 Q�%�=	� Q"���#��Y���
#%�/�	�VQ!?�!��
!��?	���#��;;
#%?�	*�!&�����'���#��Y������
��=��VQ!

���*$	+'��&/�������	���?�	Q�"���� AluI, RsaI ��� HincII ('��&#=�	"��#��Y��������� H. asinina

��"	�~  6 �g �!�� AluI, RsaI ��� HincII ��>���� 20 units ;>	
#%��~
X<	" 37�C �������� 2 Q�%�=	�)

�/��#��Y���
#%�'�#�	*�!&��
��� 3 �"�#*����V� 1.5% agarose gel ��!�?���Q"���#��Y������� 300 - 800

bp ���&���&���!��/�Q"���#��Y���
#%*�!*�
/�V
!��������
<>=��VQ!���*$	+ Klenow  &�������/�*� ligate
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��;���?	"� pUC18/Sma I-BAP ��!�=�����!��$��+ E. coli  XL1-blue =���"�# eletroporation  ��������

=���
#%	# recombinant plasmid ;� LB agar plates  
#%	# 50 mg/ml Ampicillin

3.1.2.2 �����
����!8�9����'��!�"(9�98'8�)����&��7�6���� �����8���	���
!8���'9�) "8*
���"��'������)

'��&
�=���
#%	#*	=���$
�
�*�'+=��VQ!�"�# colony hybridization (Grunstein ��� Hogness,

1975) =��VQ!'��'"�'�	
#%����=��"=��"���#=�*
�+Q�"� (GT)15 ��� (CT)15 
#%'"������!��?�����?# [� -32P]

ATP �/�=���
#%V
!W�;��	�?������?	"�=���"�#��� Holmes ��� Quigley (1981) ���?	"�
#%*�!�/�*�
�

�/���;�"���#=�*
�+=��VQ! T7 sequencingTM kit (Amersham Pharmacia Biotech) ����;;*���	��+&��

�/���;�"���#=�*
�+;�"��~
#%���;�!��*	=���$
�
�*�'+=��VQ!=�����	 OLIGO 4.0


/����
�������#�;�
#�;��"	�~*	=���$
�
�*�'+Q�"� (CT)n ��� (GT) n 
#%���&����<>V�&#=�	

���
���������� =�����
���#��Y������
���������� H. asinina  ����#��Y��������!������/� Penaeus

monodon (VQ!����'����;��	) ��>���� 200 ng ���W>� nylon membrane 2 �W>� ��!��/�*� hybridize ��;'��

'"�'�	 (CT)15 ��� (GT)15 
#%'"������!��?�����?# [�-32P]ATP ��>�����W>� ���#�;�
#�;��"	�~*	=��

�$
�
�*�'+Q�"� (CT)n ��� (GT)n &�����	��!	���&��
#%*�!
���&���/��W>� membrane *�
/�

autoradiography

3.1.3 ���9�7��!
���8���8��#��'��!�"(9�98'8�)
�/�*���	��+
#%����;;*�!	�'��&?�;&#=�*
�����
����������'����>�� =��
/�PCRV���"	�'� 5 

�l �����;�!�� 1x PCR buffer, 200 �M ����'>�� dNTP, 0.45 �M reverse primer, 0.425 �M forward 

primer, 0.025 �M forward primer 
#%'"������!�� [�-32P]ATP, 0.15 U Tag polymerase ����#��Y���'!��;;

15 - 25 ng =�����	
#%VQ!V����
/���"�"�"��PCR ��� pre-denaturation 95�C �������� 3 ��
# &/���� 1 ��; 

denaturation 95�C �������� 1 ��
#, annealing �������� 2 ��
# ��~
X<	"V���"�"�"�� annealing �?��V�'�

���
#% 3.4, extension 72�C �������� 1 ��
# &/���� 30 ��; ���extension 72�C �������� 10 ��
# &/���� 1 

��;  �/�W�W�"'&����"�"�"��PCR
#%*�!	�'��&?�;&#=�*
�����
����������&�������������#� (�������

W�W�"'&����"�"�"��PCR) =������"�����
+ electrophoresis V� 6% denaturing polyacrylamide gel &������

�/�*�
/� autoradiography ���%��<������� W�W�"'&����"�"�"��PCR 
#%*�!;��W>�\]�	+

���%��&��'!��'��&?�;&#=�*
�����'����>��
��&/����	�� ����������%�V
!?������������Y�V�

&��VQ!�"�# chelex based method (Walsh ����~�, 1991 ��� Altschmied ����~�, 1997) ���?����#��Y���

=��VQ!��������%�;�"��~�
!����
�������������	�~ 50 mg 	�;�V� chelex working solution (5% chelex V�

��/���"	�'� 400 �l) (w/v) �/�*�;>	
#%��~
X<	" 56�C �������� 3 Q�%�=	� 
���&�������/�*�'!	V���/������

��� 5 ��
# ��!��̀{����'���������Y;?>��V?*�
/���"�"�"���#$#���+���%�'��&?�;
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&#=�*
�����
���������� =��VQ!�#��Y������
��
#%?���*�! 1 �l V����
/���"�"�"���#$#���+
#%?X������
#%��>��

	�����

3.1.4 ���9�7��!
��'
%������
�����'9�B
���
�?�;���	*�V����'��&?�;&#=�*
�����
����������  �"&��~�V���>������������"	�~

�#��Y���
#%�!��
#%?��
#%?�	��J'��&?�;*�!V�����
#%�
	��?	  =���/�*	=���$
�
�*�'+'/��
�>�
#%VQ!����

V����'��&?�; (����V����
/� autoradiography) �!��
#%?�����	��
#%?�� 	�VQ!����	"����	*�V����

'��&?�;*	=���$
�
�*�'+V�
��Z '/��
�>�

V����
�?�;�<��"	�~�#��Y���
#%�!��
#%?��
#%?�	��J'��&?�;&#=�*
��*�! *�!
/����
����=��

����'�#�	?��������#��Y���
#%VQ!V����
/���"�"�"��PCR V
!	#���	��!	�!�'>��Z ��� 12 ���	��!	�!� =��VQ!

�#��Y��� 25 ng 	�
/� two-fold serial dilutions &�������/�*�
/���"�"�"��PCR =��VQ!*���	��+�<>
#%	#���	*�

V����'��&?�;&#=�*
��	��
#%?������!��
#%?��	�'��&?�; =��
#%?�����?#
#%VQ!V����
/���"�"�"��PCR 

([�-32P]ATP) 	#���	����
>���; 3,000 Ci/mmol V����
#%��"%	
/����
���� &�������/�W�W�"'&����"�"�"��

PCR *��"�����
+ electrophoresis ��� autoradiography =������;\]�+	
#%����'>��Z ���%�
�����
#%�
	��

?	

���&�����
�?�;
���"	�~�#��Y���
#%�!��
#%?����!� *�!
/����
�?�;�������
����������
#%

?�	��J�/�	�'��&?�;&#=�*
��*�! =���/�
�������������� spat 3 '��	�?����#��Y���=��VQ!
��
���'��;�

V� 400 �l ��� chelex working solution 
/����?����#��Y��� ����/��#��Y�����"	�'� 1 �l 	�'��&?�;&#=�

*
��=��VQ!*���	��+
#%�<>
#%	#���	*�V����'��&?�;&#=�*
��	��
#%?������!��
#%?��	�VQ!'��&?�;

3.1.5 ���%$&'��!�"(9�98'8�)9���	:��'�&%������
�7�������������$��� H. ovina "8*H. varia
(cross amplification)

�/��#��Y������
���������� H. ovina ��� H. varia 
#%?���=���"�# proteinase K-phenol-chloroform

Q�"��� 5 '��	�'��&?�;&#=�*
��=�����
/���"�"�"��PCR '�	?X�����#��������'��&?�;V� H.

asinina

3.1.6 ���
��!��*�)#&��>89��7I���
�����*	=���$
�
�*�'+ 3 '/��
�>� (Has2, Has3 ��� Has8) 	�VQ!V������������	
���
���


����������	���
���������� H. asinina 
��� 6 ���>	'����>�� =���/�&#=�*
��
#%*�!	��"�����
+W�
��?J"'"���

�#�
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3.1.6.1 ���
��!��*�) Genotypic disequilibrium

/�����"�����
+ Genotypic disequlibrium ���*	=���$
�
�*�'+
#%?�	��J�/�	�VQ!*�!
���
	�

���%�
�?�;�>�*	=���$
�
�*�'+�'>��'/��
�>�	#���	��#%���!�������>��*� =���"&��~�&��&#=�*
�����

*	=���$
�
�*�'+V��'>��'/��
�>��>�	# segregation 
#%*	>�����;;?�>	 (non-random) ��;&#=�*
�����*	

=���$
�
�*�'+V�'/��
�>���%�Z
���*	> =��VQ!�"�# Exact test (Raymond ��� Rousset, 1995) V�

=�����	 GENEPOP =��
�?�;��;&#=�*
�����'����>��
����������&�� HATRAW ��� HASAME

3.1.6.2 ���9�7��7��68 Hardy-Weinberg #���86
��	
��
��

/����
�?�;���>	'����>��
�����������>���<>V�?	��� Hardy-Weinberg 
���*	>=��VQ!�"�# Markov

chain (Guo ��� Thomson, 1992) 
�?�;?		'"����>�	# heterozygote deficiency 
���*	> =��VQ!=�����	

GENEPOP ���;����;���	�>�&�����
#%&���"�?�?		'"���=��VQ!�"�# sequential Bonferroni (Rice, 1989)

3.1.6.3 !
��"���
��9���	��6����#���86
��	
��
����������������"�8
��
��J
����� geographic heterogeneity ����'>���<>'����>��=�� �"&��~�&��������&���������#�
#%*	

=���$
�
�*�'+'/��
�>���#���������'>���<>'����>���>�	#���	�'�'>�������>��	#���?/���|
��?J"'"
���*	> 

=��'���?		'"����>�������&���������#�����'>���<>'����>��*	>	#���	�'�'>�������>��	#���?/���| 


�?�;?		'"���=��VQ!�"�# exact test (Raymond ��� Rousset, 1995) V�=�����	 GENEPOP

���&���#�*�!
/������������	�'�'>�����
����������	������>	'����>��=��VQ!�"�# Wright’s F-

statistics (Wright, 1978) �/���~�>� FST &�����	J#%&#=�*
��X��V'!���%��*�
#%�>�������&�����&#=�*
��

��
�>���<>'����>��
#%'��&?�;*	>	#���	�'�'>�������>��	#���?/���|
��?J"'" (null hypothesis; Ho) =��VQ!

=�����	 GENEPOP ���;����;���	�>�&�����
#%&���"�?�?		'"���=��VQ!�"�# sequential Bonferroni

(Rice, 1989)

3.1.6.4 �*�*�
��9���	��6����"8*"<�=��"7��!
��7	��	��)9���	��6���� (phylogenetic
tree) #���86
��	
��
����������������"�8
��
��J

�/���~����
>��
����������	��
�>���<>���>	'����>���/���~=��VQ!�"�#��� Cavalli-Sforza ��� 

Edwards (1967) =���/��!�	<����	J#%�������#�	�VQ!�/���~����
>��=��VQ!=�����	Gendist V� PHYLIP 

(Felsenstein, 1993) 
/���� bootstrap�!�	<�&/���� 2,000 ����� ���?�!�� phylogenetic tree =��VQ!�"�#

neighbor-joining



45

3.2 ;$����*$�����1F�?������$���$������
������� "$&����
����,�&)���+������,-�.�/�

Haliotis asinina  *��� microsatellites

3.2.1 ����	:���!���������'��!�"(9�98'8�)

3.2.1.1 �����
����!8�9����'��!�"(9�98'8�)����&��7�6����
&�����?�!��
!��?	���#� 3 �;; ���%��!�
�*	=���$
�
�*�'+V�
���������� H. asinina 
!��?	��

���*�!&�����'���#��Y������
�����������!�����*$	+'��&/����� AluI 
!��?	���#��;;
#%?��*�!&�����
/�

�#��Y������
����������V
!����!����� vortex ��� sonication 
!��?	���#��;;
#%?�	*�!&�����'���#��Y���

���
��
����������=��VQ!���*$	+'��&/�������	���?�	Q�"���� Alu I, Rsa I ��� Hinc II �	�%�'��&
�*	

=���$�
�*�'+�!��'��'��&?�; (GT)15 �;�>�
!��?	���#���� (2,510 =���) V
!=���
#%V
!W�;���!��
#%

?����� 0.2% �~�
#%�;;
#%?�	 (3,487 =���) V
!W�;��	��
#%?�� (1.46%) ?>��
!��?	���#��;;
#%?��

(4,564 =���) V
!W�;�� 0.43%  �	�%�'��&
�*	=���$
�
�*�'+�!��'��'��&?�; (CT)15 ��;
!��?	���#�

�;;
#%?�� (4,464 =���) �;�>�V
!W�;����#�� 0.07%  ���&���#�&�����
/�   dot blot hybridization �;�>�


����������	#*	=���$�
�*�'+Q�"� (CT)n �!����>�Q�"� (GT)n  	�� ���&��W����
���������>������?��

V
!�
Y��!���>�V�
���������� H. asinina 	#*	=���$
�
�*�'+Q�"� (GT)n ��� (CT)n �!����>�V���!������/�

Penaeus monodon (�<�
#% 3.1)

��,�'� 3.1 W����
/� dot blot hybridization ����#��Y��������!������/� (P. monodon) ����#��Y������
��

�������� H. asinina (��>���� 200 ng) =��VQ!'��'"�'�	 (GT)15 ��� (CT)15 
#%'"������!��?�����?# 32P

P. m
on

od
on

H. a
sin

ina

P. m
on

od
on

H. a
sin

ina

(CT)15 (GT)15
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3.2.1.2 8	�0K*#��'��!�"(9�98'8�)9������������8���	���
!8���'9�)
�	�%��/�=���
#%V
!W�;��&/���� 68 =���	�
��/���;�"���#=�*
�+�;�>�	#*	=���$
�
�*�'+
���


	� 26 =��� (38.2%) =��
#%�;*	=���$
�
�*�'+&/���� 33 '/��
�>� �;*	=���$
�
�*�'+Q�"�

perfect, imperfect ��� compound V���'��?>��
#%�
>������� 11 =���   �	!�>�&�����
����&�VQ!'��'"�'�	

Q�"� (GT)n ��� (CT)n �'>�Y����;*	=���$
�
�*�'+
#%	#�<��;;��%��!���Q>���� ('����
#% 3.1, 3.2, ��� 3.3)

=���;*	=���$
�
�*�'+
#%	#�<��;;���
�>��$�/� 3 Q�"���� �;;
#%	#�;?$�/����� di-, tetra- ���

hexanucleotides =��
#%*	=���$
�
�*�'+Q�"� di- ��� tetranucleotides 	#&/����
�>��$�/���<>V�Q>�� 8 - 37

��� 3 - 45 
�>��$�/� '�	�/���; �~�
#%�; *	=���$
�
�*�'+Q�"� hexanucleotides 
#%	#&/����
�>��$�/� 6


�>�� ��#�� 1 �����

%�����'� 3.1 *	=���$
�
�*�'+Q�"� perfect  
#%�;V�
���������� H. asinina

Q�"� 
�>��$�/� &/����=���?

Dinucleotide (GT/CA)n

(CG/GC)n

6

-

Tetranucleotide (GGTT)n

(GTGA)n

(GTGC)n

1

2

1

Hexanucleotide (GTGTGC)n 1

%�����'� 3.2 *	=���$
�
�*�'+Q�"� imperfect 
#%�;V�
���������� H. asinina

Q�"� 
�>��$�/� &/����=���?

Dinucleotide (AT/TA)n

(CT/GA)n

(GT/CA)n

1

1

7

Tetranucleotide (GTGA)n 2

3.2.1.3 ���9�7��!
���8���8��#��'��!�"(9�98'8�)
&���/���;�"���#=�*
�+;�"��~*	=���$
�
�*�'+ 33 '/��
�>� ?�	��J�/�	�����;;*���	��+

*�! 14 �<>  �'>�;�>�	#��#�� 10 �<> (Has1 - Has10) 
#%?�	��J�/�	�VQ!V����
/���"�"�"��PCR *�!?/���Y& ��~
X<	"


#%�
	��?	V�����'�� annealing V����
/���"�"�"��PCR (TA) �?��V�'����
#% 3.4 �	�%��/�'����>��
��

�������� 4 ���>	'����>�� (HATRAW, HACAME, HASAMHE ��� HACAMHE) 	�'��&?�;&#=�*
�����%�
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%�����'� 3.3 *	=���$
�
�*�'+Q�"� compound 
#%�;V�
���������� H. asinina

Q�"� 
�>��$�/� &/����=���?

di-di (AG)21(GT)14

(AT)7(GT)37

(GT)24(GA)18

(GT)17(AG)10

1

1

1

1

di-tetra (GT)11(CTGT)7

(GT)37(CTGT)8

(GT)6(TGCA)4

(GT)9(TGAG)6

(GT)13(AGTG)5

1

1

1

1

1

tetra-tetra (AGTG)7AG(AGTG)19 1

tetra-tetra-tetra-di (CTAT)10(GTAT)23(CTAT)12(AC)20 1

%�����'� 3.4  
�>��$�/����*	=���$
�
�*�'+��� H. asinina ��~
X<	"V���"�"�"�� annealing (TA) ?/�
��;

���
/� PCR ��������������#�
#%�;V� recombinant clone ��������������#�
#%�;V����
����

'/��
�>� 
�>��$�/�       TA �����������#� �����������#�

(�C) �;V�=��� 
#%�; (N)#

      (bp) (bp)

Has1 (GT)17 N36(GT)10 53 257 258-360 (72)

Has2 (AT)7(GT)37 57 333 286-340 (65)

Has3 (GT)24(GA)18 57 175 134-178 (71)

Has4 (GT)6(TGCA)4N15(GT)7 57 254 222-250 (67)

Has5 (GT)17 49  98 104-173 (72)

Has6 (GT)19 57 232 232-240 (48)

Has7 (ACGC)6 49 117 112-126 (48)

Has8 (AGTG)16 49 191 148-238 (72)

Has9 (GT)34 53 117 148-240 (48)

Has10 (CA)16CG(CA)4 53 140 118-160 (48)

(N)# &/����'����>��
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����	"�����;���	
���
������*	=���$
�
�*�'+V��'>��'/��
�>��;�>�*	=���$
�
�*�'+


��� 10 '/��
�>�	#���	
���
��� ���	#�����������#���<>V�Q>�� 104 - 360 bp ('����
#% 3.4) =��
#%

'/��
�>� Has1 ����'/��
�>�
#%	#���	
���
���?<�?�� ���	#&/��������#�
���
	� 26 ����#� ���	#�>� 

observed heterozygosity 0.85 �~�
#%'/��
�>� Has7 	#���	
���
���'%/�
#%?�����	#&/��������#� 3 

����#� ���	#�>� heterozygosity 0.27 �>� expected heterozygosity ���*	=���$
�
�*�'+
��'/��
�>� 

(����!� Has7) 	#�>�?<���>��>� observed heterozygosity ('����
#% 3.5)

%�����'� 3.5 &/��������#�
���
	� �>� expected heterozygosity ��� observed heterozygosity  
#%*�!

&�����'��&?�;&#=�*
�����*	=���$
�
�*�'+
��� 10 '/��
�>� =��VQ!'����>��
���������� H. 

asinina &�� 4 ���>	'����>�� ('��";� HATRAW, ��	�<Q� HACAME, =��������#��������?	Y� 

HASAMHE ���=��������#�����	�<Q� HACAME)

Heterozygosity'/��
�>� &/����'����>�� &/��������#�

observed expected

Has1 72 26 0.85 0.93

Has2 65 21 0.68 0.93

Has3 71 13 0.62 0.82

Has4 67 5 0.40 0.59

Has5 72 19 0.35 0.91

Has6* 48 6 0.75 0.71

Has7* 48 3 0.27 0.24

Has8 76 19 0.71 0.88

Has9# 48 26 0.81 0.92

Has10# 48 9 0.42 0.63
**	>��	'����>��&�� HATRAW $�%�*	>?�	��JV
!W�W�"'&����"�"�"��PCR*�!

# *	>��	'����>��&�� HASAMHE ��� HACAMHE ���%��&��*	>*�!
/����'��&?�;&#=�*
��
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3.2.1.4 8	�0K*#��'��!�"(9�98'8�)"�
8*���"��
�9����
Has1

*	=���$
�
�*�'+'/��
�>��#�	#����~����������	������*	=���$
�
�*�'+Q�"� (GT)n

&/���� 2 ;�"��~ ((GT)17 N36(GT)10) Q>�������������#���!�� (258 - 360 bp) �������&��	#���	�'�'>�����

������	��!	�������#�	����
�>������#�����V
|>���������Y� ����#�����V
|>&/�����
#%&�'!��VQ!����

V��������;\]�	+�����>�������Y� ����������'��
�&#=�*
�����
��V�'/��
�>��#�&���>���!��������

��&&���"� null alleles (	#����#�&�����
/� PCR *	>��;
/�V
!'����>��
#%���� heterzygotes V�'/��
�>�
#%

'��&?�;�������� homozygotes) *�!�>��

Has2

*	=���$
�
�*�'+'/��
�>��#�����*	=���$
�
�*�'+Q�"� compound 	#
�>��$�/����� (AT)7(GT)

37 �����������#�	#������<>V�Q>�� 286 - 340 bp ���?�	��J�>��*�!�>���	!�>�&�	# stutter bands ���%��&��	#

����V
|> ����������'��&?�;&#=�*
��&��'!��VQ!����V����
/� electrophoresis ��� autoradiography 

��� 
#%'/��
�>��#��;�>�	#���	
���
���?<�

Has3

*	=���$
�
�*�'+'/��
�>��#�����*	=���$
�
�*�'+Q�"� compound microsatellite 	#
�>��$�/�

���� (GT)24(GA)18  ����;���	
���
������'/��
�>��#�*	>?<�	������	�%��
#�;��; Has1 �'>�������W�

W�"'&����"�"�"�� PCR 	#������Y� (134 - 178 bp) ����>��*�!�>��

Has4

*	=���$
�
�*�'+'/��
�>��#�	#����~����������	������*	=���$
�
�*�'+Q�"� (GT)6

(TGCA)4N15(GT)7 �����������#���<>V�Q>�� 220 - 250 bp 	#���	
���
���'%/� '/��
�>��#�	#���	*�V�

���'��&?�;&#=�*
��
#%�'�'>�������
�>��'����>�� H. asinina &���>��*
� (HACAME, HACAMHE 

��� HASAMHE) ��;H. asinina &��
��������	�� (HATRAW) =��*	=���$
�
�*�'+
#%*�!V�����"&��

������#�*�!	�&�� 
����������&��_`{��>��*
� &��	#���	����*�*�!�>� 
����������&��_`{������	��	#���	
>��
��

��������	��;
����������&���>��*
� �������'/��
�>�
#%*���	��+��&�����; template �!�� efficiency 
#%'>��

���

Has5

*	=���$
�
�*�'+'/��
�>��#�����*	=���$
�
�*�'+Q�"� perfect 	#
�>��$�/����� (GT)17  

'/��
�>��#�	#���	
���
���?<� �����������#���<>V�Q>�� 104 - 173 bp 	#&/��������#�	���'>	#����;��� 

heterozygosity '%/� '�	
���#��!���&&���"� null allele V�'/��
�>��#�*�!  ���
�?�;�����"� null alleles 
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?�	��J'��&?�;��; pedigreed samples 
���Z���;���� ��>��*��Y'�	��;;���W�"'
����������V�

�̀&&�;�� �����;; mass spawning 
/�V
!W<!�"&��*	>	#'����>��V����'��&?�; null alleles 
#%*	=���$
�
�

*�'+'/��
�>�'>��Z

Has6

*	=���$
�
�*�'+V�'/��
�>��#����� perfect 	#
�>��$�/����� (GT)19 �����������#�	#������<>V�

Q>�� 231 - 240 bp ���?�	��J�>��*�!�>�� ��>��*��Y'�		#��#�� 6 ����#��
>�����
#%�;&�����'��&?�;'��

��>�� H. asinina &�� HACAME, HACAMHE ��� HASAMHE ���*	>?�	��JV
!W�W�"'�����"�"�"��

PCR �	�%�VQ!'����>��&�� HATRAW

Has7

*	=���$
�
�*�'+
#%'/��
�>��#����� perfect 	#
�>��$�/�Q�"� tetranucleotide repeats (ACGC)6 

�����������#�	#������Y� (112 - 126 bp) �������&��?�	��J�>��&#=�*
��*�!�>�� band 
#%*�!�	Q�����*	>	# 

stutter band �'>*	>?�	��JV
!W�W�"'�����"�"�"��PCR �	�%�VQ!'����>��
��&�� HATRAW �Q>����

Has8

*	=���$
�
�*�'+'/��
�>��#�	#
�>��$�/����� tetranucleotide repeats (AGTG)16 �����������#���<>

V�Q>�� 148 - 238 bp ���	#�>� heterozygosity ?<� �<��;;�������#��	Q�����?�������	# stutter band 

&��Z 2-3 bands �������'/��
�>��#�&��?�	��J'��&?�;*�!�>��

Has9

*	=���$
�
�*�'+'/��
�>��#�����Q�"� perfect �#�'/��
�>�
��%� 
#%	#
�>��$�/����� (GT)34 *�!VQ!


�?�;���	
���
��������'����>��&�� HATRAW ��� HACAME �
>����� �<��;;�������#����

'/��
�>��#�	#���	�	Q�����	# stutter bands 
#%'/��
�>��#�	#���	
���
���?<�	#&/��������#�	�����	#

����;��� heterozygosity 
#%?<� �����������#����'����>��&�� HATRAW 	#������Y���>����'����>��&�� 

HACAME (HATRAW, 148 - 162 bp; HACAME 184 - 240 bp) �������&����&�?��V
!�
Y��>�	#���	�'�

'>�������
�>��'����>��
����������&�� 2 �
�>��#�

Has10

*	=���$
�
�*�'+
#%'/��
>���#����� imperfect dinuceotide repeats ���*�!VQ!
�?�;���	
���


��������'����>��&�� HATRAW ��� HACAME �
>����� 	# stutter band �����������#�	#������Y� 

(118 - 160 bp) ����>���>�� �'>	#����;������	
���
����>���!��'%/�
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3.2.2 ���9�7��!
��'
%������
�����'9�B "8*���%$&'��!�"(9�98'8�)9���	:��'�&%����
��
�7������������� H. asinina "$& H. varia (cross-amplification)

���%��&��V����'��&?�;&#=�*
�����
����������=��VQ!*	=���$
�
�*�'+
#%�����*�!
��� 10 

'/��
�>��;�>� *	=���$
�
�*�'+'/��
�>� Has4 ����'/��
�>�
#%V
!���	*�V����'��&?�;	��
#%?��

�~�
#%'/��
�>� Has1 V
!���	*�V����'��&?�;�!��
#%?�� �������V����
�?�;���	*�V����'��&?�;

&#=�*
����� H. asinina =��&��*�!�����VQ!*	=���$
�
�*�'+ 2 '/��
�>��#�	�VQ!����	"����	*�V����

'��&?�;&#=�*
�����
��'/��
�>� &�����
�����;�>�����
#%VQ!V����'��&?�;?���
#%?�����	�~ 2 Q�%�

=	� J�� 1 ���������<>��;'/��
�>����*	=���$
�
�*�'+
#%'��&?�;  ���	������?�����?#
#%VQ!V����

'��&?�;�~�����  ����#��Y���'!��;;���	�~ 50 �"=����	?�	��J'��&?�;&#=�*
��*�!J<�'!��V�

�������������>�� (�<�
#% 3.2 ��� 3.3)     ���&���#��;�>�?�	��JVQ!'��&?�;&#=�*
������<�
����������

H. asinina ���� spat *�! (�<�
#% 3.4)

&�����
����
/� PCR ��;
���������� H. ovina ��� H. varia �;�>�*���	��+
��� 10 �<>�#�*	>?�	��J

VQ!��"%	��"	�~�#��Y�V�
���������� H. ovina ��� H. varia *�!
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��,�'� 3.2 ���	*�V����'��&?�;&#=�*
�����*	=���$
�
�*�'+'/��
�>� Has1 (����V��������;

\]�+	
#% 1/2  ��� 1 ��� ��� 2 ���)

Q>�� ACGT    = marker (sequencing ladder ��� M13 mp18)

Q>��
#% 0-12  =  �<��;;���W�W�"'&����"�"�"��PCR 
#%*�!&�����VQ!�#��Y�����"	�~ 25, 12.5, 6.25, 

3.13, 1.56, 0.78, 0.39, 0.20 ��� 0.10 ng ��� 48.83, 24.41, 12.21 ��� 6.10 pg '�	�/���;
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��,�'� 3.3 ���	*�V����'��&?�;&#=�*
�����*	=���$
�
�*�'+'/��
�>� Has4 (����V��������;

\]�+	
#% ½, 1, 2, 4, 8 ��� 16 Q�%�=	�) =��VQ! sequencing ladder ��� M13 mp18 ���� marker

Q>�� ACGT  = marker (sequencing ladder ��� M13 mp18)

Q>��
#% 1-3    =  �<��;;���W�W�"'&����"�"�"��PCR 
#%*�!&�����VQ!�#��Y�����"	�~ 25, 12.5, 6.25, 

3.13, 1.56, 0.78, 0.39, 0.20 ��� 0.10 ng ��� 48.83, 24.41, 12.21 ��� 6.10 pg '�	�/���;
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��,�'� 3.4 �<��;;���*	=���$
�
�*�'+
#%'/��
�>� Has1 ��� Has4 ���
���������� H. asinina ���� 2 

?����
+ (���� spat)

Q>�� ACGT  = marker (sequencing ladder ��� M13 mp18)

Q>��
#% 1-3    =  �<��;;���W�W�"'&����"�"�"��PCR 
#%*�!&�����VQ!�#��Y�������<�
�����������'>��'��
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3.2.3 ���
��!��*�) Genotypic disequilibrium
&������"�����
+ Genotypic disequlibrium ���*	=���$
�
�*�'+ 8 '/��
�>� (*	>*�!�"�����
+

'/��
�>� Has6 ��� Has7 ���%��&�� 2 '/��
�>��#�*	>?�	��JV
!W�W�"'&����"�"�"��PCR ��; HATRAW =��

����"�����
+�!�	<�&#=�*
�����'����>��
��&�� HATRAW ��� HACAME �;�>�&#=�*
�����
��

'/��
�>�	#���	��#%���!�������>��?�>	 (P > 0.0031) ('����
#% 3.6)

3.2.4 ���+/�0�!
���8���8��9���	��6����#������������� H. asinina

3.2.4.1 #���"8*�����*����	88�8#��'��!�"(9�98'8�)%������������ H. asinina
&�����VQ!*	=���$
�
�*�'+ 3 '/��
�>� Has2, Has3 ��� Has8 	���������	
���
���
�������

���	������	�'�'>����
�>�����>	'����>�����
���������� H. asinina 6 ���>	'����>�� ��� HATRAW,

HASAME, HACAME, HAPHIE, HASAMHE ��� HACAMHE '����>��W�W�"'&����"�"�"��PCR ���*	

=���$
�
�*�'+ 3 '/��
�>��#��?��V��<�
#% 3.5

%�����'� 3.6 ����"�����
+ genotypic disequilibrium ���*	=���$
�
�*�'+'/��
�>� Has1, Has2, Has3,

Has4, Has5, Has8, Has9 ��� Has10 =��VQ!'����>��&�� HATRAW ��� HACAME

Has1 Has2 Has3 Has4 Has5 Has8 Has9 Has10

Has1 -

Has2 1.0000ns -

Has3 0.0480ns 1.0000ns -

Has4 0.6522ns 0.4474ns 0.2029ns -

Has5 0.9816ns 0.1131ns 0.3816ns 0.9826ns -

Has8 0.8208ns 1.0000ns 0.2381ns 0.5223ns 0.9902ns -

Has9 0.7085ns 1.0000ns 0.6899ns 0.6828ns 0.7118ns 0.7069ns -

Has10 0.9994ns 0.3478ns 0.9852ns 0.3326ns 0.0067ns 0.5770ns 0.5229ns -

* ����;���?/���|J<����;���� P < 0.00625 =���"�# sequential Boferroni

   ns = *	>	#���?/���|
��?J"'"
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��,�'� 3.5 �<��;;*	=���$
�
�*�'+���
���������� H. asinina 10 '�� (Q>��
#% 1-10) 
#%'/��
�>� Has2 (A),

Has3 (B) ��� Has8 (C) �����������#��
#�;��; sequencing ladder ��� M13 mp18 (ACGT)
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&�����'��&?�;&#=�*
�����
���������� 106 '��&�� 6 ���>	'����>�� =��VQ!*	=���$
�
�*�'+

Has2, Has3 ��� Has8 �;&/��������#� 23, 18 ��� 21 ����#� '�	�/���; =��
#%'/��
�>� Has2 ����#�	#����

V
|>������&����<>V�Q>�� 286-340 bp �~�
#% Has3 $�%�	#��������#���Y�	#������&���������#���<>V�Q>��

134-196 bp  ?>�� Has8 	#������&���������#���<>V�Q>�� 148 - 238 bp ('����
#% 3.7 )

�<��;;������&������#�	#���	
���
���	��
#%'/��
�>� Has2  (�<�
#% 3.6) 
#%'/��
�>� Has3 	#���

�#�
#%	#���� 160 bp 	#���	J#%
#%�;?<�	�� (0.760) V�'����>��&������'��";� '��� (HATRAW �<�
#% 3.7) 
#%

'/��
�>� Has8 �;��#�� 2 ��� 4 ����#�V����>	'����>��&��\]�"��]�?+ (HAPHIE) �������'��";� '�	

�/���; (�<�
#% 3.8) �<��;;������&������#�
��� 3 '/��
�>���� HASAME, HACAME, HACAMHE ���

HASAMHE 	#�<��;;
#%��!����������'>	#���	�'�'>��&��'����>��&������'��";����\]�"��]�?+ 
#%

'/��
�>� Has2 '����>�����	Q�'"&������'��";� V
!&/��������#�	��
#%?�� (17 ����#�) �~�
#% H. asinina

&��\]�"��]�?+V
!��#�� 4 ����#�

3.2.4.2 !
���8���8��9���	��6����=��%��86
��	
��
��#�� H. asinina
&������"�����
+*	=���$
�
�*�'+
��� 6 ���>	'����>����� H. asinina �;�>� Has2 ����'/��
�>�
#%

	#���	
���
���?<�
#%?��'�	�!�� Has3 ��� Has8 �	�%��"&��~�&���>����#%����&/��������#����&/����

effective number of alleles (9.67 ��� 9.14; 7.33 ��� 6.67 ��� 7.50 ��� 5.54 '�	�/���;) ('����
#% 3.7) �>�

���#%���� observed heterozygosity ���� 0.63 (Has8), 0.72 (Has2) ��� 0.78 (Has3) '����>��
��&��\]�"�

�]�?+	#&/��������#��!��
#%?�����
#%'/��
�>� Has8 	#�>� observed heterozygosity �
>���; 0.00 �'>	# observed

heterozygosity 
#%'/��
�>� Has2 ��� Has3 �
>���; 1.00     �>� observed heterozygosity V� H. asinina &��

��	�<Q� (Has3) ���\]�"��]�?+ (Has2 ��� Has3) 	#�>�?<��>� expected heterozygosity

�"&��~�&������;���	
���
����������#�����'>�����>	'����>��V�
��Z '/��
�>���!��;�>� H.

asinina &����	�<Q� (HACAME) 	#&/��������#���� effective number of alleles ?<�
#%?�� (12.00 ��� 9.37)

('����
#% 5.8) '����>����%�Z ����!�&�� HAPHIE (3.67 ��� 3.58) 	#�>�
#%V��!��#����; HACAME (7.67 - 8.67

��� 6.04 - 8.74) �>� expected heterozygosity V��'>��'����>��*	>	#���	�'�'>��&���>� observed

heteozygosity 	�����  ����
#%�>�?����'�>�'����>��&��\]�"��]�?+ (HAPHIE) 	#&/��������#���� effective

number of allele '%/� �'>���;	#�>� observed heterozygosity ?<���>�'����>�� HACAME $�%�	#&/��������#����

effective number of allele ?<�
#%?��
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%�����'� 3.7  ����'����>�� Q>����������#� ������	
���
������*	=���$
�
�*�'+ (&/��������#�'>�=���?,

number of effective alleles (ne) ��� heterozygosity) 
#%'/��
�>� Has2, Has3 ��� Has8 &�����'��&?�;&#=�*
��

���
���������� H. asinina  &/���� 6 ���>	'����>��

Heterozygosity'����>�� &/����'����>��

('��)

��������#�

(bp)

&/����

����#�

ne

observed expected

Has2

HATRAW 23 286-336 17 14.29 0.87 0.93

HASAME 11 314-340 9 8.33 0.64 0.88

HACAME 19 310-340 10 11.11 0.47 0.91

HAPHIE 19 290-336 4 4.35 1.00 0.77

HASAMHE 9 322-340 8 7.69 0.67 0.87

HACAMHE 14 314-340 10 9.09 0.64 0.89

�>����#%� 15.83 286-340 9.67 9.14 0.72 0.88

Has3

HATRAW 25 158-168 5 1.67 0.32 0.40

HASAME 9 158-182 8 9.09 0.89 0.89

HACAME 21 158-178 12 11.11 0.62 0.91

HAPHIE 20 142-196 5 4.35 1.00 0.77

HASAMHE 10 134-172 7 6.67 1.00 0.85

HACAMHE 15 134-172 7 7.14 0.87 0.86

�>����#%� 16.67 134-196 7.33 6.67 0.78 0.78

Has8

HATRAW 28 148-164 4 2.17 0.54 0.54

HASAME 10 174-214 8 5.56 0.80 0.82

HACAME 23 166-238 14 5.88 0.78 0.83

HAPHIE 20 150-194 2 2.04 0.00 0.51

HASAMHE 10 166-238 8 7.14 0.80 0.86

HACAMHE 15 166-238 9 10.00 0.87 0.90

�>����#%� 17.67 148-238 7.50 5.47 0.63 0.74
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��,�'� 3.6 ������&�����	J#%�������#�
#%'/��
�>� Has2 ���'����>��
�������#�� H. asinina &�� (a) ����'��";� '���

(HATRAW, N = 23 '��), (b) =��������#���\]�"��]�?+ (HAPHIE, N = 19 '��), (c) �����?	Y� (HASAME, N = 11 '��), (d)

��	�<Q� (HACAME, N = 19 '��), (e) =��������#���
#%	#�>��	>�����+&�������?	Y� (HASAMHE, N = 9 '��), (f) =��������#���


#%	#�>��	>�����+��	�<Q� (HACAMHE, N = 14 '��)  ��� (g) ���	J#%��	
��� 6 ���>	'����>�� (N = 95 '��)
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��,�'� 3.7 ������&�����	J#%�������#�
#%'/��
�>� Has3 ������>	'����>��
�������#�� H. asinina &�� (a) ����'��";�

(HATRAW, N = 25 '��), (b) =��������#���\]�"��]�?+  (HAPHIE, N = 20 '��), (c) �?	Y�  (HASAME, N = 9 '��), (d) ��	�<Q�

(HACAME, N = 21 '��), (e) =��������#���
#%	#�>��	>�����+&�������?	Y�  (HASAMHE, N = 10 '��), (f) =��������#���
#%	#�>�

�	>�����+&����	�<Q� (HACAMHE, N = 14 '��)  ��� (g) ���	J#%��	
��� 6 ���>	'����>�� (N = 100 '��)
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��,�'� 3.8 ������&�����	J#%�������#�
#%'/��
�>� Has8 ������>	'����>��
�������#�� H. asinina &�� (a) ����'��";�

(HATRAW, N = 28 '��), (b) =��������#���\]�"��]�?+ (HAPHIE, N = 20 '��), (c) �����?	Y� (HASAME, N = 10 '��), (d)

��	�<Q� (HACAME, N = 23 '��), (e) =��������#���
#%	#�>��	>�����+&�������?	Y� (HASAMHE, N = 10 '��), (f) =������

��#���
#%	#�>��	>�����+&����	�<Q� (HACAMHE, N = 15 '��)  ��� (g) ���	J#%��	
��� 6 ���>	'����>�� (N = 95 '��)
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%�����'� 3.8 �>����#%����&/��������#�'>�=���? effective number of alleles ����>����#%���
�
�=�*$=�$"'"�

����'>�����>	'����>��&��*	=���$
�
*�'+ 3 '/��
�>� (Has2, Has3 ��� Has8)

� ���$'���.������!#��#�%'/%
��� �� � ���$'��+��	(����

�
$$'$% ��$�



 Effective no. of

alleles (ne) �'���

(hobs �  SD)

�'���*!��

(hexp �  SD)

HATRAW 8.67 �  7.234 6.04 0.58 �  0.277 0.62 � 0.27

HASAME 8.33 �  0.577 7.66 0.78 �  0.127 0.86 � 0.04

HACAME 12.00 �  2.000 9.37 0.62 �  0.155 0.88 � 0.05

HAPHIE 3.67 �  1.528 3.58 0.67 �  0.577 0.68 � 0.01

HASAMHE 7.67 �  0.577 7.17 0.82 �  0.166 0.86 � 0.02

HACAMHE 8.67 �  1.528 8.74 0.79 �  0.133 0.88 � 0.07

3.2.4.3 7��68 Hardy-Weinberg
&������"�����
+?	���Hardy-Weinberg ������>	'����>��
���
	��!��*	=���$
�
�*�'+'/��
�>�

Has2, Has3 ��� Has8 �;�>�J!�����!�
#%'/��
�>� Has2 ��� Has3 ���'����>�� HACAME ���
#%'/��
�>�

Has8 ���'����>��HAPHIE��!� 
�����>	'����>��&���<>V�?	��� Hardy-Weinberg (P < 0.0001) '����>��

HASAME ���HACAMHE 
#%'/��
�>� Has2 $�%�*	>��<>V�?	������ Hardy-Weinberg 
#% P < 0.05 
���&��

���;�>����	�>�&�����=��VQ!�"�# sequencial Bonferroni ��!��>����	�>�&����������>��&�*	>	#���?/���|
��

?J"'" (P > 0.0027; '����
#% 3.9)
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%�����'� 3.9 �>����	�>�&�����
#%�'>�����>	'����>����� H. asinina &���<>V�?	��� Hardy-Weinberg 
#%*	

=���$
�
�*�'+'/��
�>� Has2, Has3 ��� Has8

P-value*

%
��� ��
Has2 Has3 Has8

HATRAW 0.1497ns 0.0960ns 0.3759ns

HASAME 0.0102ns 0.6599ns 0.6267ns

HACAME <0.0001* <0.0001* 0.3726ns

HAPHIE 1.0000ns# 1.0000ns# <0.0001*

HASAMHE 0.0904ns 1.0000ns# 0.2456ns

HACAMHE 0.0227ns 0.6827ns 0.4427ns

*����;���?/���|J<����;���� p < 0.0083 =���"�# sequential Bonferroni

ns = *	>	#���?/���|

# = 
�?�;�!�� heterozygote excess

3.2.4.4  !
��"���
��9���	��6�����*�

���	
��
������������� H. asinina
����"�����
+ geographic heterogeneity &�����	J#%����#����'����>����� H. asinina &���
�>�

'>��Z �?��V
!�
Y��>�	#���	�'�'>�����
����������	X��V�?��Q#?+�#� =�����>	'����>��
#%*�!&���>��*
�

('����>��
#%��Y;&�����	Q�'"���
#%*�!&��=��������#���&�������?	Y������	�<Q�) *	>	#���	�'�'>�����
��

��������	 (P > 0.0027) ('����
#% 3.10) �?��V
!�
Y��>� gene pool ���'����>���
�>��#�*	>*�!	#����;>����

���&����� V�
��'������!�	 H. asinina &������'��";� (HATRAW) ���\]�"��]�?+ (HAPHIE) 	#���	

�'�'>�����
����������	��>��	#���?/���|��;'����>��&���>��*
����	#���	�'�'>���������!�� (P <

0.0001) Q#�V
!�
Y�J������;>������������	 (genetic differentiation)��� H. asinina

�>� F-statistics ��	����'>��'/��
�>�V�
�����>	'����>��Q#�V
!�
Y��>�	#���	�'�'>�����
�������

���	������>	'����>�� H. asinina 
#%�������>��	#���?/���|
��?J"'" (P  < 0.0001) ('����
#% 3.11) ���

�"�����
+ FST ������>	'����>���'>���<>�?��W��Q>���#����;����"�����
+ geographic heterogeneity (P <

0.0027) ����!���
�>��'��";� (HATRAW) ��;�����?	Y� (HASAME) �������'��";� (HATRAW) ��;

��	�<Q� (HACAME) 
#%'/���
�>� Has2 ('����
#% 3.12)
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3.2.4.5 �*�*�
��9���	��6���� "8*"<�=��"7��!
��7	��	��)9���	��6���� (phylogenetic
tree) #������������� H. asinina

&������"�����
+����
>��
����������	���'����>�� H. asinina �;�>�'����>��
����������X��V�

�>��*
�	#����
>��
����������	��
�>������!�������
�>�� 0.0113 - 0.0871 �~�
#%	#����
>��
�������

���	
#%	��������
�>��'����>��&���>��*
���;'��";� (HATRAW) ����>��*
���;\]�"��]�?+ (HAPHIE) 

(0.1310 - 0.1556 ��� 0.1486 - 0.1716 '�	�/���;) ����
>��
����������		��
#%?����<>
#%��
�>��'����>��

&��'��";����\]�"��]�?+ (HATRAW - HAPHIE; 0.1717) ?>������
>��
#%�!��
#%?����<>��
�>��'����>��&��

=��������#����?	Y���;=��������#�����	�<Q� (HASAMHE - HACAMHE; 0.0113) ('����
#% 3.13) �<��;;

��� bootstrapped neighbor-joining tree �?���<��;;������	�'�'>���Q>���#����;W�&������"�����
+ 

geographic heterogeneity ��� FST �������&��'����>��
#%
/���������
���
	�?�	��J�;>� H. asinina ���*�!

���� 3 ���>	��� ���>	 A (�>��*
�) ���>	 B (����'��";�&��
��������	��) ��� ���>	 C (\]�"��]�?+) (�<�
#% 

3.9)
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%�����'� 3.10 ����"�����
+ geographic heterogeneity ���'����>��
���������� H. asinina 6 ���>	'����>�� =��

VQ!*	=���$
�
*�'+'/��
�>� Has2, Has3 ��� Has8

P-value*

%
��� ��
Has2 Has3 Has8

HATRAW – HASAME 0.0009 <0.0001 <0.0001

HATRAW- HACAME <0.0001 <0.0001 <0.0001

HATRAW – HAPHIE <0.0001 <0.0001 <0.0001

HATRAW- HASAMHE <0.0001 <0.0001 <0.0001

HATRAW – HACAME <0.0001 <0.0001 <0.0001

HAPHIE  -  HASAME <0.0001 <0.0001 <0.0001

HAPHIE - HACAME <0.0001 <0.0001 <0.0001

HAPHIE - HASAMHE <0.0001 <0.0001 <0.0001

HAPHIE –HACAMHE <0.0001 <0.0001 <0.0001

HASAME  - HACAME 0.2709ns 0.1080ns 0.2206ns

HASAME – HASAMHE 0.0100ns 0.0258ns 0.0188ns

HASAME  - HACAMHE  0.0310ns  0.0030ns 0.0093ns

HACAME - HASAMHE 0.0362ns 0.2380ns  0.5050ns

HACAME – HACAMHE 0.0190ns 0.0216ns 0.1098ns

HACAME –HASAMHE 0.9746ns 0.9316ns 0.9273ns

*����;���?/���|J<����;���� P < 0.0083 =���"�# sequential Bonferroni

ns = *	>	#���?/���|
��?J"'"

%�����'� 3.11 �>����#%� F-statistics &��
���������� 6 ���>	'����>�� (HATRAW, HASAME, HAPHIE,

HACAME, HACAMHE ��� HASAMHE) &������"�����
+*	=���$
�
�*�'+ 3 '/��
�>� (Has2, Has3

��� Has8)

Locus FST P-value*

Has2 0.0738 < 0.0001

Has3 0.1669 < 0.0001

Has8 0.2535 < 0.0001

Overall 0.1647 -
*����;���?/���|J<����;���� P < 0.0083 =���"�# sequential Bonferroni
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%�����'� 3.12 �>� F-statistics 
#%*�!&������"�����
+'����>��
���������� H. asinina 6 ���>	'����>�� =��VQ!*	=���$


�
*�'+'/��
�>� Has2 Has3 ��� Has8

Has2 Has3 Has8
�� %
��� �� FST P-value* FST P-value* FST P-value*

HATRAW – HASAME 0.0471 0.0046ns 0.2569 0.0002 0.3453 < 0.0001

HATRAW – HACAME 0.0346 0.0043ns 0.2402 < 0.0001 0.3205 < 0.0001

HATRAW –HPHIE 0.1187 < 0.0001 0.2648 < 0.0001 0.4672 < 0.0001

HATRAW – HASAMHE 0.0756 < 0.0001 0.3596 < 0.0001 0.3265 < 0.0001

HATRAW – HACAMHE 0.0618 < 0.0001 0.3336 < 0.0001 0.2983 < 0.0001

HAPHIE – HASAME 0.1752 < 0.0001 0.1260 0.0002 0.3036 0.0005

HAPHIE – HACAME 0.1340 < 0.0001 0.1213 < 0.0001 0.2810 < 0.0001

HAPHIE – HACAMHE 0.1259 < 0.0001 0.1706 < 0.0001 0.2943 < 0.0001

HAPHIE – HASAMHE 0.1491 < 0.0001 0.1844 < 0.0001 0.3204 0.0002

HASAME – HACAME -0.0145 0.7039ns 0.0036 0.3831ns -0.0047 0.4918ns

HASAME – HASAMHE 0.0536 0.0422ns 0.0552 0.0268ns 0.0266 0.1567ns

HASAME – HACAMHE 0.0333 0.0955ns 0.0593 0.0140ns 0.0385 0.0657ns

HASAME – HASAMHE 0.0205 0.1883ns 0.0031 0.3769ns -0.0010 0.4265ns

HASAME – HACAMHE 0.0169 0.1734ns 0.0198 0.1074ns 0.0200 0.0934ns

HACAMHE - HASAMHE -0.0456 0.9623ns -0.0211 0.8258ns -0.0270 0.9062ns

*����;���?/���|J<����;���� P < 0.0083 =���"�# sequential Bonferroni

ns = *	>	#���?/���|
��?J"'"

%�����'� 3.13  �>�����
>��
����������	����'>���<>'����>�����
���������� H. asinina 
#%*�!&������"�����
+�!�

	<����	J#%����#�V�'/��
�>� Has2, Has3 ��� Has8 =��VQ!�"�# Cavalli-Sforza ��� Edwards chord distance

HATRAW HASAME HAPHIE HACAME HACAMHE HASAMHE

HATRAW -

HASAME 0.1393 -

HAPHIE 0.1486 0.1649 -

HACAME 0.1310 0.0578 0.1564 -

HACAMHE 0.1494 0.0767 0.1670 0.0531 -

HASAMHE 0.1556 0.0871 0.1716 0.0521 0.0113 -
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��,�'� 3.9 �W�X���?�����	?�	����+
����������	 (bootstrapped neighbor-joining tree) ���
����������

H. asinina 6 ���>	'����>��
#%?�!��&������
>��
����������	
#%�/���~=��VQ!�"�# Cavalli-Sforza ���

Edwards chord distance  '�����
#%���'>�����'>���"%��?������+�$�'+����>� bootstrapped ����'>���<>'��

��>��

 

0.01

HACAMHE

HASAMHE

HACAME

HASAME

HATRAW

HAPHIE

100

100

100
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4. ����
>�����������������
��������'�	(����&% �����,-�.�/� Haliotis asinina "8*
Haliotis varia 	�� 16S rDNA polymorphism

4.1 ���'*(���������*$��

4.1.1 #&��>8����	��6+�7��)��*$���#�������������
&�����������������?'�+���Q������
����������=������>�� 16S rDNA �!�� Bam HI, Eco RI,

Hae III ��� Alu I &�*�!composite haplotypes 
���
	� 10 �;; $�%�V� H. asinina &��; composite

haplotypes&/���� 2 �;; *�!��> AAAA ��� AAAE V� H. ovina &��; composite haplotypes&/���� 3

�;; *�!��> ABBB, AAAB ��� AABB ?>��V� H. varia &��; composite haplotypes  &/���� 5 ��;; *�!

��> BABG, BABC, BABD, BABF ��� AABG =��*	>�; composite haplotype 
#% share �����
�>��
��

��������'>��Q�"���� ����~�������&��'����� composite hapltypes V� H. asinina *	>;>�Q#�����~������"�

population differentiation V�
����������Q�"��#� �!�	<������>��;>�Q#��>�	#���	����*�*�!
#%&������ species-

specific markersV�H. asinina

4.1.2 ����!8�$��� 16S rDNA

/���"�"�"��PCR?/�
��;�#� 16S rDNA =��VQ!�#��Y���&��'���
�
����������
#%�?�� composite 

haplotypes 
��� 10 �<��;; �/�W�W�"'&����"�"�"��PCR
#%*�! 	�
/� electrophoresis ���'���J;�#��Y���
#%

'!��������&���&� &������
/����Q��#��Y��� ����/�	�?���V
!;�"?�
�"��!���"�# proteinase K/

phenol/chloroform

�/� Q"���#��Y���
#%*�!	�
/��Q�%�	��; pGEMR- T easy vector ��� J>����!��$��+ E. coli XL 1- Blue =��

�"�# electrotransformation �����������=���
#%	# recombinant  plasmid 	�'��&?�;
�Q"�� insert =�����

�>���!�� Eco RI ����"�����
+Q"�� insert V� 1.0% agarose gel electrophoresis ��!��/� recombinant plasmid

*�
��/���;�"���#=�*
�+=��VQ! automated DNA sequencer

4.1.3 �����*��K!
� sequence divergence "8*���7�&�� phylogenetic tree

/� multiple alignment ����/���;�"���#=�*
�+
#%*�!
��� 10 �;; &�������/���~
� sequence 

divergence ����/���;�"���#=�*
�+����#� 16S rDNA �!���"�# Kimura’s (1982) two parameter �/��>�
#%*�!

	�
/����?�!�� phylogenetic tree=���"�# neighbor-joining �!�� PHYLIP version 3.56 (Felsenstein, 1993)
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4.1.4 ������"��'������)"8*���9�7��!
��������*"8*!
��

��'
(sensitivity)#��'��
����)


/� multiple alignment ����/���;�"���#=�*
�+
#%*�!
��� 10 �;; �������;; reverse primers 
#%

�?�����	&/�����'>�Q�"����
���������� H. asinina, H. ovina ���  H. varia (*���	��+ 16SRHA, 16SRHO

��� 16SRHV '�	�/���;) �!��=�����	 Oligo 4.0 =��VQ! 16SF1 ���� forward primerV���"�"�"��PCR 
/����

��"%	������"	�~�#��Y��� =��	#����'�� ��� denaturation 
#%��~
X<	" 94 oC �������� 60 �"��
# annealing 
#%

��~
X<	" 60 oC �������� 60 �"��
# (65 oC ?/�
��;16SF1/16SRHV) extension 
#%��~
X<	"  72 oC �������� 60 

�"��
# &/���� 35 ��; ��� final extension
#%��~
X<	" 72 oC �������� 7 ��
# &/���� 1 ��; ���
/����

�"�����
+W�W�"'&����"�"�"��PCR V� 1.5% agarose gel &�������/��<>���*���	��+ 16SF1/16SRHA, 

16SF1/16SRHO ��� 16SF1/16SRHV	�'��&?�;���	&/�����'>�
����������
��� 3 Q�"�

'��&?�;���	&/��������*���	��+V���"�"�"��PCR =�����
/� 2 fold serial dilution ����#��Y���

'!��;;��
�>�� 25 ng - 12.25 pg ���
/���"�"�"��PCR���
#%�?���!��'!�
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4.2 <8���9�8������
>�����������������
��������'�	(����&% �����,-�.�/� H. asinina "$& H. varia
	�� 16S rDNA polymorphism


/����=���'���
�
����������
#%�?�� composite haplotypes '>��Z��� 16S rDNA 
��� 10 �<��;;

����/��/���;�"���#=�*
�+
#%*�!	�
/� multiple sequence alignment (�<�
#% 4.1) �	�%��/� sequence divergence 


#%*�!	�?�!�� neighbor-joining tree �;�>� phylogenetic tree 
#%*�!?�	��J�;>����
�����������'>��Q�"�*�!

��>��Q���&� (�<�
#% 4.2)

&������&������;; reverse primers 
#%&/�������;Q�"���;
����������Q�"�'>��Z ����/�*��������;


����������
��� 3 Q�"� W�����������;����'����>��&/����	�������; species-specific PCR product V� H.

varia��� H. asinina �'>*	>�; specific markers V� H. ovina =��*���	��+ 16SF1/16SRHA V
!W�;����;

98.7% ��� H. asinina 
#%
/����'��&?�;
���
	� =��	#W� false positive ��; H. varia 1 '����>�� �'>���	

��!	���W�W�"'&����"�"�"��PCR &��!����>�W�W�"'&�� H. asinina 	����>�
��%��
>�'�� �������*���	��+

16SF1/16SRHA ?�	��JVQ!��;�<>��;*���	��+ 16SF1/16SRRHV �\�{����	�	>��/�V����'��&?�; species

origin ���
���������� H. asinina (�<�
#% 4.3 ��� '����
#% 4.1)


/����'��&?�;���	�>��*����*���	��+
#%
/������������� �;�>� 16SF1/16SRHA ��� 

16SF1/16SRHV  	#���	?�	��JV����'��&?�;Q�"����
���������� H. asinina ��� H. varia �	�%�VQ!�#��Y���

'!��;;V���"�"�"��PCR��#�� 25 pg ��� 50 pg '�	�/���; (�<�
#% 4.4) ����%��
	����������	
#%&/�����'>�

Q�"���� H. asinina 
#%���������?�	��J*�VQ!V����'��&?�; species origin ���'����>����>�������Y� 

���?�	��JVQ!�>�	��;����%��
	�� PCR-RFLP (;

#% 2) ��� SCARs (;

#% 5) *�!�#��!��
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             16SF1
AABB         CGCCTGTTTAACAAAAACATGGCTCCTTGGTTGTCTGA-GTGGATGAGGAGTCGGACCTG
AAAB         CGCCTGTTTAACAAAAACATGGCTCCTTGGTTGTCTGA-GTGGATGAGGAGTCGGACCTG
ABBB         CGCCTGTTTAACAAAAACATGGCTCCTCGGTTGTTTGA-GTGGATGGGGAGTCGGACCTG
BABC         CGCCTGTTTAACAAAAACATGGCTCCTCGGTCAATTAGTGTGGATGGGGAGTCGGACCTG
BABF         CGCCTGTTTAACAAAAACATGGCTCCTCGGTCAATTAGTGTGGATGGGGAGTCGGACCTG
BABD         CGCCTGTTTAACAAAAACATGGCTCCTCGGTCAATTAGTGTGGATGGGGAGTCGGACCTG
AABC         CGCCTGTTTAACAAAAACATGGCTCCTCGGTCAATTAGTGTGGATGGGGAGTCGGACCTG
BABG         CGCCTGTTTAACAAAAACATGGCTCCTCGGTCAGCTAGTGTGGATGGGGAGTCGGACCTG
AAAA         CGCCTGTTTAACAAAAACATGGCTCCTTG--TGTTTTAGGCGGATAAGGAGTCGGACCTG
AAAE         CGCCTGTTTAACAAAAACATGGCTCCTTG--TGTTTTAGGCGGATAAGGAGTCGGACCTG
             *************************** *      *   * ****  *************

AABB         CCCGGTGACTTACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
AAAB         CCCGGTGACTTACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
ABBB         CCCGGTGACTTACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
BABC         CCCGGTGAC-TACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
BABF         CCCGGTGACCTACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
BABD         CCCGGTGAC-TACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
AABC         CCCGGTGAC-TACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
BABG         CCCGGTGAC-TACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
AAAA         CCCGGTGAC-TACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
AAAE         CCCGGTGACCTACGGGTTAAACGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAATCA
             ********* **************************************************

AABB         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTCTG
AAAB         CTTGCCTCTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTCTG
ABBB         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTCTG
BABC         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
BABF         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
BABD         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
AABC         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
BABG         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
AAAA         CTTGCCTCTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
AAAE         CTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTTTG
             ******* ************************************************* **

AABB         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAGGCTGAGGGACGAGAAGA
AAAB         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCCTAGATTAGGCTGAGGGACGAGAAGA
ABBB         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAGGCTGAGGGACGAGAAGA
BABC         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGAAGA
BABF         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGAAGA
BABD         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGAAGA
AABC         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGAAGA
BABG         AAATATTTAAAAATTAACTTCTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGAAGA
AAAA         GAATATTTAAAAATTAACTTCTAGGTGAAAAGGCCTAGATTGAGCTGAGGGACGAGAAGA
AAAE         GAATATTTAAAAATTAACTTCTAGGTGAAAAGGCCTAGATTGAGCTGAGGGACGAGAAGA
              ********************************* ******  *****************

AABB         CCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTC-TAATTTCTAGTTGTACTAGAGAATTTA
AAAB         CCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTC-TAATTTCTAGTTGTACTAGAGAATTTA
ABBB         CCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTTATAATTTCTAGTTGTACTAGAGAATTCA
BABC         CCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGCTCA
BABF         CCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGCTCA
BABD         CCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGCTCA
AABC         CCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGCTCA
BABG         CCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGCTCA
AAAA         CCCTGTTGAGCTTTAGTGTTGAATAAAGGTTTATATTTCCTAGTTGAATTTAGAGGTTTA
AAAE         CCCTGTTGAGCTTTAGTGTTGAATAAAGGTTTATATTTCCTAGTTGAATTTAGAGGTTTA
             ******************* ** * ****    *  *    *  *    *       * *
                 16SRHV             16SRHO
AABB         AATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTTTTT
AAAB         AATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTTTTT
ABBB         AATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTTTTT
BABC         GGTTTGTTCTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTTTAT



72

BABF         GGTTTGTTCTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTTTAT
BABD         GGTTTGTTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTTTAT
AABC         GGTTTGTTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTTTAT
BABG         GGTTTGTTCTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTTTAT
AAAA         AGTTTATTCTTACATCTTTAGTTGGGGTGACTGGGGAACAAAAGTAGCTTCTCTACTTAT
AAAE         AGTTTATTCTTACATCTTTAGTTGGGGTGACTGGGGAACAAAAGTAGCTTCTCTACTTAT
               **  ** ******************************* * * ****** **  ** *
                               16SRHA
AABB         AGTA-AATTAAATTTGGTCTGCTGACTGATGATCCGGCATTGTCGATTATCGGAAAAAGT
AAAB         AGTA-AATTAAATTTGGTCTGCTGACTGATGATCCGGCATTGTCGATTATCGGAAAAAGT
ABBB         AGTA-GATTGAATTTGGTCTGCCGACTGATGATCCGACATTGTCGATTATCGGAAAAAGT
BABC         AGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAAAGT
BABF         AGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAAAGT
BABD         AGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAAAGT
AABC         AGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAAAGT
BABG         AGTTTAATAATTTTTGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAAAGT
AAAA         -----TACTGGGTTTGGCTTGCTAGCTAATGATCCGGCATTGCTGATTATTGGAAAAAGT
AAAE         -----TACTGGGTTTGGCTTGCTAGCTAATGATCCGGCATTGCTGATTATTGGAAAAAGT
                   *     ** **  * *   ** * *****  *****  **** * *********

AABB         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
AAAB         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
ABBB         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
BABC         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
BABF         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
BABD         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
AABC         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
BABG         TACCACAGGGATAACAGCGTAATCTTTCTGGAGAGTTCACATTGAAAGAAGGGTTTGCGA
AAAA         TACCACAGGGATAACAGCGTAATCTTTTTGGAGAGTTCATATTGAAAAAAGGGTTTGCGA
AAAE         TACCACAGGGATAACAGCGTAATCTTTTTGGAGAGTTCATATTGAAAAAAGGGTTTGCGA
             *************************** *********** ******* ************

AABB         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
AAAB         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
ABBB         CCTCGATGTTGGATTAAGGTGTCCTGGGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
BABC         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
BABF         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
BABD         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTGGTCTGTTCG
AABC         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGGTTG-TCTGTTCG
BABG         CCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAACAGCTTTCGTTGGTTGGTCTGTTCG
AAAA         CCTCGATGTTGGATTAAGGTGTCCTAAGGGTGTAGCAGCTCTTGTTGGTTGGTCTGTTCG
AAAE         CCTCGATGTTGGATTAAGGTGTCCTAAGGGTGTAGCAGCTCTTGTTGGTTGGTCTGTTCG
             *************************  ******* ***** * ******** ********

AABB         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
AAAB         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
ABBB         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
BABC         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
BABF         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
BABD         ACCATTAAAACTTTACATGATCTGAGTTCAGACCGG
AABC         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
BABG         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
AAAA         ACCATTAAATCCTTACATGATCTGAGTTCAGACCGG
AAAE         ACCATTAAAACCTTACATGATCTGAGTTCAGACCGG
             ********* **************************

��,�'� 4.1 Multiple alignment ����/���;�"���#=�*
�+���'���
�
����������
#%�?�� composite haplotypes

'>��Z&�� PCR-RFLP ��� 16S rDNA '/��
�>����*���	��+?/�
��;�������� species-specific markers

���
�����������'>��Q�"��?���!��'��������;;
��
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��,�'�4.2 Neighbor-joining tree �?�����	?�	����+��
�>��
���������� H. asinina 
#%	# composite haplotypes


#%�'�'>�����=��?�!��&��&���/���;�"���#=�*
�+��� 16S rDNA

1.00%

AABB

AAAB

ABBB

AAAE

AAAA

BABG
BABD

AABC

BABF

BABC

H. asinina

H. ovina

H. varia
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��,�'� 4.3 W����'��&?�; species-specific PCR ��� H. asinina (Q>��
#% 1 – 6), H. ovina (Q>��
#% 7 – 12)

��� H. varia (Q>��
#% 13 – 18) &��*���	��+ 16SF1 + 16SRHA (A) 16S F1 + 16SRHO (B) ��� 16S F1 + 16SRHV

(C). =��VQ! 100 bp DNA ladder (Q>�� M) �����#��Y�������	�'�����

A

B

C

M1     3       6       9      12     15    18M

bp

1000

1000

1000

500

500

500

100

100

100
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��,�'� 4.4 W����'��&?�;���	�>��*� (sensitivity) ���*���	��+ 16SF1 + 16SRHA (A) and 16S F1 + 

16SRHVof (B) &������&��&���#��Y���'!��;;��� H. asinina ��� H. varia (25 ng, 12.5 ng, 6.25 ng, 3.125 

ng, 1.56 ng; 781.25 pg, 390.625 pg, 195.31 pg, 97.65 pg, 48.82 pg, 24.41 pg, ��� 12.21 pg, Q>��
#% 1 – 12

'�	�/���;) =��VQ! 100 bp DNA ladder (Q>�� M) �����#��Y�������	�'�����

%�����'� 4.1 W����'��&?�;���	&/��������*���	��+
#%����;;&���/���;�"���#=�*
�+��� 16S rDNA

���
����������Q�"�'>��Z

)��* 	(����%
��� ���'����;$���: 	(�����'��(����1F�?� (%)

16SF1/16SRa 16SF1/16SRv 16SF1/16SRo

H. asinina 74:75 (98.7%) 0 : 18 (0.00%) 2 : 20 (10.00%)

H. ovina 0: 21 (0.00%) 0 : 18 (0.00%) 44 : 64 (68.75%)

H. varia 1: 20 (5.00%) 17 : 17 (100.00%) 5 : 20 (25.00%)

M 1 2  3  4   5  6  7  8  9 10 1112M

bp bp

1000 1000

1000 1000
500

500 500

500

100 100

100 100



5. ����
>�����������������
��������'�	(����&% �����,-�.�/� Haliotis asinina "$&

Haliotis varia "�� SCAR markers

5.1 ���'����*$��

5.1.1 ����!8�$���RAPD9��������*�
�$��� "8*/�����86
��	
��
��#�������������

/����=�������%��
	�� RAPD �!���"�# T-A cloning =���/�W�W��"'
#%*�!&�� RAPD-PCR 	�
/� 

electrophoresis ��!�
/����'���J;�#��Y���
#%'!��������Q��#��Y������&���&� &�������/��#��Y���
#%*�!	� 

��"%	&/����V
	> (reamplified) �Q�%�	��; pGEMR-T easy vector ���J>����!��$��+ E. coli XL1- Blue =���"�# 

electrotransformation

5.1.2 �����
�7�� inserted fragments#�� recombinant clones �&
� colony PCR �����8���	�
��
!8���'9�)"8*������"��'������)

'��&?�;
�Q"�� insert =�����
/� colony PCRV���"	�'� 10 μl �����;�!�� 10 mM Tris-HCl,

pH 8.8, 50 mM KCl, 0.1% Triton X-100, 2.0 mM MgCl2, 100 �M ��� dATP, dCTP, dGTP ��� dTTP,

0.1 �M ���*���	��+ pUC1 + pUC2 (5’-TCC GGC TCG TAT GTT GTG TGG A-3’ ��� 5’-GTG CTG

CAA GGC GAT TAA GTT GG-3’) 
��� M13F + M13R (5’-CAC GAC GTT GTA AAA CGAC-3’ ���

5’-GGA TAA CAA TTT CAC ACA GG-3’), 0.5 unit ��� DyNAzymeTM II DNA Polymerase

(Finnzymes) ��� cell suspension ���=���
#%'!�����'��&?�;


/������"%	������"	�~�#��Y���=��	#����'����� predenaturation 
#% 94 oC �������� 3 ��
# '�	�!��

denaturation 
#%��~
X<	" 94 oC �������� 30 �"��
# annealing 
#%��~
X<	" 50 oC �������� 45 �"��
# extension


#%��~
X<	" 72 oC �������� 60 �"��
# &/���� 30 ��; ��� final extension
#%��~
X<	" 72 oC �������� 7 ��
#

&/���� 1 ��; ���
/�����"�����
+W�W�"'&����"�"�"��PCR V� 1.2% agarose gel


/����?������?	"��!�� Nucleospin plasmid preparation kit (MACHEREY-NAGEL, Germany) 

�/� recombinant plasmid 
#%*�!*�
��/���;�"���#=�*
�+
��� 2 
"�
��=��VQ! automated sequencer &�������/�

�/���;�"���#=�*
�+
#%*�!*����#�;�
#�;��;����!�	<�V� GenBank ���
/��������;;*���	��+
#%&/�����

'>�=���
#%?�V&�!��=�����	 Oligo 4.0
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5.1.3 ����	:���!��������� sequence-characterised amplified region (SCAR) 9��������*�	� H.
asinina  "$& H. varia


/��������;;*���	��+
���
	�&/���� 20 �<> �/�	�'��&?�;���	&/��������*���	��+��;�#��Y�

�� ��� target species (H. asinina, N = 12) ��� non-target species (H. ovina ��� H. varia, N = 4 V��'>��

Q�"�) 
/���"�"�"��PCR V� 25�l �����;�!�� 10 mM Tris-HCl, pH 8.8, 50 mM KCl, 0.1% Triton X-100,

2.0 mM MgCl2, 100 �M ��� dATP, dCTP, dGTP, ��� dTTP, 0.2 �M ����'>��*���	��+, 1.0 unit ���

DyNAzymeTM II DNA Polymerase (Finnzymes) ��� 25 ng ��� �#��Y���'!��;;

=��
/������"%	��"	�~�#��Y���
#%	#����'����� predenaturation 
#%��~
X<	" 94 oC �������� 3 ��
#

'�	�!�� denaturation 
#%��~
X<	" 94 oC �������� 30 �"��
# annealing 
#%��~
X<	" 65 oC �������� 30 �"��
#

extension 
#%��~
X<	" 72 oC �������� 45 �"��
# &/���� 30 ��; ��� final extension
#% 72 oC �������� 7 ��
#

&/���� 1 ��; ���
/����'��&?�;W�W�"'&����"�"�"�� PCR V� 1.6% agarose gel

��������*���	��+&/���� 5 �<> (CUHA2, CUHA12, CUHA13, CUHO3 ��� CUHVI) 
#%�?��W�

�;����'!��>�&/�������;Q�"����
����������	�
�?�;��;&/����'����>��
����������
#%&/����
#%	������ (N =

216)

5.1.4 �����
�7��!
��

��'
 (sensitivity) #��'������)"8*�����*�6��)%$&%������
�7��
species origin #������������� H. asinina %�<8��=	KO)"���
��J

'��&?�;���	�>��*����*���	��+ CUHA2, CUHA12 ��� CIHV1 ��;�#��Y���'!��;;��� H.

asinina ��� H. varia ��"	�~'>��Z&�� 10 pg. 20 pg, 30 pg, 60 pg, 100 pg, 250 pg, 500 pg, 1 ng, 2.5 ng, 5

ng, 10 ng ��� 25 ng �!����"�"�"�� PCR ����?���!��'!�

���&���#�
�?�;���	?�	��JV����'��&?�; species origin ���*���	��+
#%�����������;�#

��Y������W�"'X�~�+
���������� H. asinina  �;;'>��Z�����;�!�� 
���Q>��Y�(��Y;*�!�������� 3 ��
#% -30�

C) �<�
���Q>��Y� (��Y;
#% 4� C�������� 6 �����) 
��'���
!� (�;
#% 80� C ���  72 Q�%�=	������Y;
#%

��~
X<	"
!���������� 2 ?����
+) �!����"�"�"�� PCR =�����;�"�#���?����#��Y���&�� phenol/chloroform 	�

���� 5% chelex solution
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5.2 ;$����*$������
>�����������������
��������'�	(����&% �����,-�.�/� H. asinina "$& H.
varia "�� SCAR markers

&������"�����
+���	
���
���
����������	 ������	�'�'>��������Q���
���������� H. 

asinina, H. ovina ��� H. varia �!���"�# PCR-RFLP ��� 16S rDNA ��� 18S rDNA �;�>�
���������� H. 

asinina V�����
�*
�*	>	# genetic heterogeneity (P < 0.0001) ��>��*��Y'�	&��W��?��V
!�
Y��>�
��

��������
���?�	Q�"� H. asinina, H. ovina ��� H. varia 	#���	�'�'>��
����������	�����>��Q���&� (P <

0.0001) $�%�Q#�V
!�
Y��>�	#���	����*�*�!��>��	��
#%&�?�	��J�!�
�����%��
	����������	
#%&/�����'>�
��

�������� H. asinina

&�����VQ!*���	��+?/�
��; RAPD-PCR 
���
	�&/���� 113 *���	��+ �; 27 *���	��+�����;

�!�� OPA01, OPA02, OPA10, OPA15, OPA19 ��� OPA20 OPB11, OPB16 ��� OPB17 UBC101, 

UBC119, UBC160, UBC168, UBC174, UBC193, UBC195, UBC197, UBC200, UBC210, UBC220, 

UBC264, UBC267, UBC271, UBC272, UBC456, UBC457 ��� UBC459 ?�	��J��"%	&/�����#��Y���V�


����������
���?�	Q�"� V�����'��'>�	�*�!��������*���	��+ 5 Q�"� �����;�!��*���	��+ OPB11,

UBC101, UBC195, UBC197 ��� UBC271 	�VQ!V�����!�
�����%��
	��
#%&/�������;Q�"�
���&/�����'>�

���>	'����>�����
����������V�����
�*
�

W�&������!�
�����%��
	����������	
#%&/�����'>� H. asinina H. ovina H. varia �;����%��
	��

��������	&/����
���
	� 10, 2 ���3 ����%��
	��'�	�/���; ('����
#% 5.2 ����<�
#% 5.2) �������;����%��


	����������	
#%&/�����'>����>	'����>��
���������� H. asinina 
#%����'��";� (HATRAW) ���\]�"��]�?+ 

(HAPHIE) &/�������>	'����>���� 3 ����%��
	�� ���&������;����%��
	�� RAPD ���� 1650 bp 
#%*�!

&��*���	��+ UBC195 &/�����'>�
���������� H. ovina 
#%	�&���>��*
� �'>*	>�;�J;�#��Y����#�V� H. 

ovina &��
��������	��

���%��&��RAPD-PCR �����
��"�
#%	#���	*�'>�������#%�����������"�"�"������#$#���+ �Q>�

'!������#��Y���
#%	#��~X���# $�%���&&�
/�V
!��"� false negative *�! �������&��*�!���������%��
	�������

���	
#%&/�����'>�Q�"�������>	'����>��
���������� 
#%*�!&���
��"� RAPD *���������%��
	�� SCAR 

(Sequence-Characterized Amplified Region)

&��=�������%��
	�� RAPD &/����
���
	� 22 ����%��
	�� ('����
#% 5.2) ����/�=���
���
	�

&/���� 72 =���*�
��/���;�"���#=�*
�+ �;=���
#%	#�/���;�"���#=�*
�+
#%�'�'>�����
���
	� 39 =��� 

�?���>��J;�#��Y���
#%��������%��
	�� RAPD 	#Q"���#��Y���
#%	#�/���;�"���#=�*
�+�'�'>�����	����>�
��%�
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Q"�� ����%��
	�� RAPD ����;
���
	� ���	�~ 85% (33 &�� 39 �/���;�"���#=�*
�+) *	>	#���	�
	�����;

�/���;�"���#=�*
�+V� Z 
#%	#������*�!V� GenBank �	�%�VQ!=�����	 BlastN ��� BlastX 
#%�>� E values < 

10-4

*�!����;;*���	��+
���
	�&/���� 20 �<> (pCUHA1 - pCUHA15, pCUHO1 - pCUHO4 ��� 

pCUHV1; �<�
#% 5.2 ��� '����
#% 5.3) =��*���	��+&/���� 7 �<>*�!����;;	�&������%��
	����������	
#%

&/�����'>����>	'����>��
���������� H. asinina �;�>�  *���	��+ 4 �<> (CUHA3, CUHA7, CUHA8 ��� 

CUHA10) V
!W������"%	&/�����#��Y���
#%*	>&/�����  (non-specific amplification) ���*���	��+ CUHA9 

��� CUHA15 ?�	��J��"%	&/�����#��Y���V�
����������
��� 3 Q�"�*�! ?>��*���	��+ CUHA11 V
!W����

��"%	&/�����#��Y���
#%&/�����'>�
����������Q�"� H .asinina  	����>�
#%&�&/�����'>����>	'����>�� H .asinina


#%&��
���'��� �������?���*�!�>�*	>�;����%��
	�� SCAR 
#%&/�����'>����>	'����>��
���������� H .asinina

?>��W����*���	��+ CUHA5, CUHA6 ��� CUHO1 ����?�	��J��"%	&/�����#��Y���*�!V�
��

��������
��� 3 Q�"� ���&������&��*�!'��&?�;���	&/��������*���	��+ CUHA5 ��� CUHA6 V�'����>��

&��
��_���#�� (Gastropod) �����;�!�� 
��
����\�"�� (Achatina fulica) ��� 
��=�>� (Pomacea 

canaliculata, Pila ampulaacea, P. angelica, P. pesmei ��� P. polita) ���
��?��_� �����;�!�� 
��

����	 (Crassostera belcheri, C. iredalei, Saccostera cucullata, S. forskali, ��� Striostera mytiloides) 

���
���	��X<> (Perna viridis) ��!������/� Peneaus monodon �����!��!�	���	 Macrobrachium 

rosenbergii &��W����
�����;�>�*���	��+
��� 2 �<>�#�*	>?�	��J��"%	&/�����#��Y���*�!V�?"%�	#Q#�"'��%�Z 
#%


/����
�������&��
���������� $�%�?�	��JVQ!��������%��
	����������	
#%&/�����'>�
����������*�!

W�&����
�����;����'!��;�>� *���	��+ 7 �<> (CUHA1, CUHA2, CUHA4, CUHA11, CUHA12, 

CUHA13 ��� CUHA14) ?�	��JVQ!��������%��
	����������	
#%&/�����'>� H. asinina V��~�
#%*���	��+ 

CUHO3 ��� CUHV1 ?�	��JVQ!��������%��
	����������	
#%&/�����'>� H. ovina ��� H. varia *�!'�	

�/���; ('����
#% 5.4) ��>��*��Y'�	�~�W<!�"&��*	>*�!��������*���	��+ CUHA14 	��"�����
+��;&/����'��

��>��
#%	���������%��&���>�V
!��������#��Y���
#%�'�'>�� =������ 473 bp &��;V�'����>�� HACAMHE 

��� HAPHIE ������� 515 bp &��;V�'����>��&�� HATRAW ��� HAPHIE

*�!��������*���	��+&/���� 5 �<> (CUHA2, CUHA12, CUHO3 ��� CUHVI, �<�
#% 5.3 ��� 5.4) 	�


�?�;��;&/����'����>��
����������
#%&/���� 216 '����>�� ('���� 5.1) &��W����
�����;�>�*���	��+ 

CUHA2, CUHA12 ��� CUHA13 ���*���	��+ CUHVI ?�	��J��"%	&/�����#��Y���*�!����� H. asinina

��� H. varia �
>����� '�	�/���; ?>��*���	��+ CUHO3 ?�	��J��"%	&/�����#��Y���V� H. ovina 
��'����>�� 
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�'>�;�J;�#��Y���&�� Z V�
�� H. asinina ��� H. varia V�;��'����>�� ���%��	�&�������"%	&/�����#��Y�

��
#%*	>&/��������*���	��+�#� ���&���#�*	>�; heterozygotes (��"�&�����	�'�'>���������W�W�"'�#$#

���+) V�
��'����>��
#%�"�����
+�!��*���	��+�
�>��#� $�%�Q#�V
!�
Y��>�����%��
	�� SCAR 
#%�������������� 

dominant segregated markers �
	�������%��
	�� RAPD

���%��&��V���������������#�	#&/����'����>�� H. varia ��>��&/���� (N = 29 &�� HVPHAW ��� N = 

3 &�� HVPHUW) �����������%��
	����������	
#%&/�������; H. varia (229 bp &��*���	��+ CUHV1) ���

&�	#���'��&?�;��;&/����'����>��
#%	������ ������;���	
�������
#%�>��
#%&��/�����%��
	�������

���	�#�	�VQ!V�����'

&�����'��&?�;���	�>��*����*���	��+ CUHA2, CUHA12, ��� CUHVI ��;�#��Y���
#%	#���	

��!	�!�'����'> 10 pg - 25 pg =�� agarose gel elctrophoresis ��� ����!�	�!�� ethidium bromide �;�>�
��� 3 

*���	��+�#�V
!W�
#%?����!�������>���#��
�>�� ��"	�~�#��Y���
#%VQ!��;���	��!	���W�"'W����PCR =��

�;�>�*���	��+ CUHA2 ��� CUHA12, ?�	��J'��&�#��Y���*�!�!�����	�~ 100 pg ?>��*���	��+ 

CUHVI ?�	��J'��&�#��Y���*�!�!��J�� 20 pg $�%�����;������	�>��*����*���	��+�#�?�	��J�/�	�VQ!

'��&?�;���	&/�����'>�Q�"����
����������V�����
#%�����<�
��*�! (�<�
#% 5.5)

�~�W<!�"&��*�!��������'��&?�;Q�"����
�� H. asinina  V
!�����Y��"%�����=��VQ!�"�#���?����#

��Y����;; 5% Chelex-based method �
����VQ!�"�# phenol/choloform extraction method $�%������"�#
#%�>��

�!����>�������VQ!������� &��W����
�����;�>�*���	��+ CUHA2 ��� CUHA13 ?�	��J��"%	&/�����#

��Y���V�'����>��
����������  H. asinina �Q>��Y� �<�
����������V���������+ 
����������'���
!� 
��

��������
#%W>�����'!	 *�!��>����
#%����	>��/� ?>��*���	��+ CUHA12 ?�	��J��"%	&/�����#��Y���*�!V�

����;
��'����>������!�
����������'���
!�&/���� 1 '����>�� (�<� 5.6 ��� 5.7) �	�%�
/����
����$�/�=��VQ!

�#��Y���
#%?���V
	> �;�>�CUHA12?�	��J'��&?�;'��&?�;'����>��*���Q>���#����; CUHA2 ��� 

CUHA13

V����
�����#��~�W<!�"&��*�!���?;���	?/���Y&V�������������%��
	�� SCAR 
#%&/�����'>� H. 

asinina ��� H. varia $�%�����%��
	���������	�
�>��#�?�	��J�/�	�VQ!V����'��&?�;���%�������Q�"����

W�"'X�~�+���
���������� ����<�
����������
#%&��/�	�VQ!V����������#���*�! ���&���#��~�W<!�"&�������	# 

����%��
	�� RAPD 
#%&/�����'>� H. asinina 
#%���*	>*�!������#�
�������%��
	�� $�%�?�	��J
#%&������

����%��
	�� SCAR ��"%	*�! V���~#
#%����%��
	�� SCAR 
#%	#��<> (CUHA2, CUHA12 ���CUHA13) 	#

�̀|
�V����'��&?�;'����>�����>	V
	>Z��� 
����������H. asinina V�����'
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%�����'� 5.1 ?J��
#%��Y;'����>�� ���&/����'����>�����
���������� H. asinina, H. ovina ��� H. varia 
#%

VQ!V���������������#�

)��*+������,-�.�/�"$&
D���'���I�%
�

�� ��

)����$� �%
��� �� 	(����%
��� ���'���I�

(	(����%
��� ���'�%��	
��

����	(����&+��!�������)

H. asinina
=��������#��� (�>��	>�����+�����?	Y� &.

�����)

HASAMHE 28 (15)

=��������#��� (�>��	>�����+��	�<Q�) HACAMHE 15 (12)

�����";� &. '��� HATRAW 28 (23)

�����?	Y� &. ����� HASAME 19 (10)

��	�<Q� HACAME 23 (20)

\]�"��]�?+ HAPHIE 30 (19)

�"�=��#�$#� HAINDW 20 (12)

���%
��� �� H. asinina 143 (111)

H. ovina
�����!����� �. ����?#Q�� &. Q�;��# HOCHOE 29 (20)

�����?	Y� &. ����� HOSAME 43 (19)

�����Q��� &. '��� HOTRAW 47 (18)

����?"	"��� &. ����� HOPHAW 16 (16)

���%
��� �� H. ovina 135 (73)

H. varia
������� &. X<��Y' HVPHUW 29 (29)

����?"	"��� &. ����� HVPHAW 4 (3)

���%
��� �� H. varia 33 (32)

���%
��� ���
/���* 331 (216)
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��,�'� 5.1 agarose gel electrophoresis �?���<��;; RAPD ���	&/�����'>�?��Q#?+���*���	��+ CUHA2

(A) 
#%
�?�;��; genomic DNA ��� H. asinina (Q>��
#% 1 - 4) H. ovina (Q>��
#% 5 - 8) ��� H. varia (Q>��
#%

9 - 12) Q>�� M �?���#��Y���	�'����� 100 bp DNA ladder  �<����?�� candidate species-specific

fragments

m  1   2  3   4   5   6   7   8   9 10  11 12 13 M

bp bp

2000

1000

400
500

1000

1500

m  1   2  3   4   5   6   7   8   9 10  11 12 13 M

bp bp

2000

1000

400
500

1000

1500

m  1   2  3   4   5   6   7   8   9 10  11 12 13 M

bp bp

2000

1000

400
500

1000

1500

m  1   2  3   4   5   6   7   8   9 10  11 12 13 M

bp bp

2000

1000

400
500

1000

1500
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%�����'� 5.2 ����%��
	����������	
#%&/�����'>�?��Q#?+ '>����>	'����>�� ���'>�;�"��~���
������������'

�!��V�����
�*
� (H. asinina , H. ovina ��� H. varia) 
#%*�!&������"�����
+�!���"�# RAPD =��VQ!*��

�	��+ OPB11, UBC101, UBC195, UBC197 ��� UBC271

Species /population Primer RAPD marker

(bp)

Name of Clones

H. asinina OPB11 1400 pCUHA14 ��� pCUHA16

800 pCUHA17 ��� pCUHA18

UBC101 1700 pCUHA19

1325 pCUHA20

590 pCUHA13

UBC195 760 pCUHA4, pCUHA21 ��� pCUHA22

UBC197 1400 pCUHA23

710 pCUHA1

UBC271 1000 pCUHA24

650 pCUHA2, pCUHA3, pCUHA5, pCUHA6,

pCUHA12 ��� pCUHA25

/HATRAW UBC195 650 pCUHA10 ��� pCUHA11

UBC271 850 pCUHA7 ��� pCUHA8

450 pCUHA9

/HAPHIE UBC195 1000 pCUHA26

680 pCUHA27

UBC197 415 pCUHA15

H. ovina OPB11 475 pCUHO1, pCUHO2 ��� pCUHO3

UBC195 950 pCUHO4

/� ��!�� UBC195 1650 pCUHO5

H. varia OPB11 690 pCUHV4, pCUHV5, pCUHV6 ���

pCUHV7

UBC195 700 pCUHV1 ��� pCUHV2

550 pCUHV3
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A.

GCCATCAAGA TGTGACATGT TCATGGGCAA CTAAAATGGA TTGAAAAAAC
GTTACAAGTA TTTCACAAAC CTTTCCCTTT ATATATTTAT CCTGAATTAA
ATTGAACTCT GCTGAAAAGT GGCATATCAT TAATCAAAAT ATAGACTGGT
CAAACGTAAT GACTTCTTCA TGACTAAATA TAACTGAAGA TCAATGAACA
AGGTAAATAT TGCTGTAAAC AATAAACAGG CACATGTTTC AAAACAATTC
CACACAAAGG TAACTTTTGC TATTTGGTTA TGTAAACAAG CTGCAGAGCC
CTCTTATGAA AGTTCACCTC CCAATGACTT CATTTATCAG TAATGTGTGA
                CUHA2-F
TCATATCCAG GATGCTTGTT CAGCATTCTG TGGCAGTTCT TGACAACTTG
ATTTCAGTAC TGAATGAACA AGAAAGACTG ACAATTTTGT TCCATGTTGC
CCCCAAGTTA TTCTTGACAG ATGTAGATTC TGCATTAGTG ACAAAGATTT
                             CUHA2-R
TTATATATCT CCAAAGGGTC AGCAAAAAAG AAGTACAGTA TACCCTGGTG
ATATCTTCCA CTGTTTGTCA GAGGGAACAT ATGGTACTGT ATCCAGACAC
ACGTTATAAC CAGGGTGCAC TGTACATGCC CACATGGAAG CATGAATCAT
GACAGTCAAT ACCATAACTG TATTTAATTT ACAAAAAAAA ATATATATGA
TCTTGATGGC

B.

GCCATCAAGA ATAAGCGTTA TGAAAACACT AACTCAAATC AGCCAAATAA
TCCCACTAGT GATATCCTCT TTGGACTGAA GTTGTTTGTT TTAAGAGTAA
                                            CUHA12-F
GAGGATTATA AGGCATGCTC AACTGGGTTT GGTCGTTTAA CTAATCCCAC
ACAGCCATCA CCAGCAGAGG GAATGATTTA CACATCTCAT TTTTTGTGCT
TAATTATTGT GTTTGTTTTT TATTGAAAAA AAAATGAAAT GGGAGTGTGA
ACAGCTTTAC AGTTTATATC GACACTGGTA CCATACAACA TACAATACAA
AATTTAAATG CAGCATGTGT TGTCACATAT GTATATAAAT TTGAATTACA
AACATGGGTA AAGCTTGAAG ACAATCTTAT ATGGAAATAG TGAATTATCT
                                              CUHA12-R
GATCTTGATA ATCTGTCCAT CTTAAGATCT GCCTACCTCT TCGTCACTTC
TTCTTTTAGA TTTGATACTA AACATGATTG AAGAATTAAC CTCGTGGTTT
GTCATATGAC AATCTTGTAT TAGAACTAGG TTAGGTTTAT TTACCTTTGT
AAAGTGCATT ACACACATAC AAACTAACTG TATTAATATA GAGCATTTAT
GAGAATGGTA TTGGTAAGAN AATTATTTTT GGTGTCTTGA TGGC
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C.
GATCTCAGCG CATACATAAT CATATTCATT ACAAAGGATA TAACACCAGA
AATGTCGCGC CATAATTCTT ATGACATACA GAAACCGGGG TAATTTTATC GGCATCGCTG
CTATATAATT TCCCCTCCTG AAACTAATAG AATTTCCTAA
                                  CUHV1-F
TTGGGGtTGT CATGGTAGGT TCTTTGCCTA ACCCCTTGTT TCTCCTTCTT GTCGACATGA
AAAGACCACT TTATCAAATA TTTCATCCTC ACTTCATTCA CAATAATCTC TTGATGAGCC
CAACATTCGT CTGAAACATC CGCACGAGGC AGCCGGAACC ACCAGGCTGT TGGCAACTTA
TTCAAAGTCT CTTCTCTTCA CCCACAGAGA TTTTTTCACA ATACCAACAA ACAATATCCA
TCAAACCGCC
   CUHA1-R
TGCGTCATCG TTTGTACTCA AGCCTCAATC GAACTTCGCC AGTGCACTAT GGACGTGCTT
CGACGGtCGG CTGCAAACCT TTGCAACAAA ACCACCGATT CTAGAAGTTT CGTTCATTGC
ATTCCCCCGA CAACTGCTAT TATAAAACAT TTAGTTAGTG TAATTGTAAC TGGTCTATCT
CGAGTCTTCG TCTTCATTAC GGATAATTAG CCCGTCGCTG AGGGGGGcAC TTTCTACGCT
CATCCATCCC GCTGAGATC

D.
GCGCCTGGAG ACAAGGTTAC GTGTAATTAT ATACTGACAC ATATCATTGT GAGATGATAA
GAGTTAACAC TGCATTCTGG ATTATTCAGT GTGTGTGAAC AGTGTCAAAC TTAATGTTAG
                   CUHA13-F
CGCAGTACAG CACATCACTG ACCTGTGTTG AGACTCTACG GAAAAGTCTA ATATCGTAAT
GCACAACAAT AAAAACCATG GTTACATTTC TATTACCAAA AAACTAGAAA AACAACATCT
ACCAGAATGA GTAAGTGTGT GAAGTTTAGT TCTACACCAC TTCTAGCAAT AATCCAGCAA
TATGACGGGA GTGGGGGAGA TAATAGAAAC GCTAGAAATG GGCTTTACAC ATTGCATCAA
                                                         CUHA13-R
TGAGATGGTT TGCACTTTGG TCTTGGACGT GACGTGCAAA TGCTTTATCC ATGCGGCTAC
TCCATCTCCC CTCATCTAAC TGACACAAAC ACAGGAATTG TCAGCTGTCA AAGCTNCAGT
ACAGTGACTC TCTGCAACCA TTGTTGTTTT GTGTTGTCAC AGGACCAGGA GCCCTATGGG
TTAAAAAGTT GCCAAGTCCC ACCCACCTTC AGCGC

��,�'� 5.2 �/���;�"���#=�*
�+��� CUHA2 (A), CUHA12 (B), ��� CUHV1 (C) '/��
�>�����/���;�"���#

=�*
�+���*���	��+�?��=��VQ!'��
�� ����#��?!�V'!
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%�����'� 5.3 '����>���/���;�"���#=�*
�+���*���	��+
#%����;;&������%��
	�� RAPD 
#%&/�����'>�'��

��>�� (CUHA11) ���&/�����'>�Q�"����
���������� H. asinina , H. ovina ��� H. varia

Primer Sequence

CUHA1 F: 5’-GAATCCAACATGCGTCAAAG-3’

R: 5’-CTGGAAACAATCGCAGGTCA-3’

CUHA2 F: 5'-TTGTTCAGCATTCTGTGGCAGTTCT-3'

R: 5'-CTTCTTTTTTGCTGACCCTTTGGAG-3'C

CUHA4 F: 5'-TCAGCGAAACCAACCAACAC-3'

R: 5'-TTGGACGCAGCTATTCACAT-3'C

CUHA11 F: 5'-CCCCGAGGAGTATACAACTCTTCC-3'C

R: 5'-TCGAGTTCTTTTCCACAATGCACC-3'C

CUHA12 F: 5'-CTAATCCCACACAGCCATCACCAG-3'

R: 5'- AAGAAGTGACGAAGAGGTAGGCAG-3'

CUHA13 F: 5'-TGACCTGTGTTGAGACTCTACGGA-3'C

R: 5'-TGAGGGGAGATGGAGTAGCCGC-3'C

CUHA14 R: 5'-CGTGAAGACAGTTACTGAAAGTGG-3'C

R: 5'-ATCGTTTGTGTTATGTCTCCTCTG-3'C

CUHO3 F: 5'-GGGTATCTTCCCACAACAGC-3'

R: 5'-GCACTTGCCTACATCCTTTCAC-3'

CUHV1 F: 5'-CCCCTTGTTTCTCCTTCTTG-3'

R: 5'-CGATGACGCAGGCGGTTTGA-3'
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%�����'� 5.4 ���
�?�;���	&/�������� SCAR markers 
#%�����&�� population-specific 
��� species-

specific RAPD markers ��� H. asinina, H. ovina ��� H. varia
H. asinina!������� +��*+�� PCR

product (bp)
HACAMHE HACAME HATRAW HAPHIE

H. ovina H. varia

CUHA1-F/R 292 + + + + - -

CUHA2-F/R* 168 + + + + - -

CUHA3-F/Ra 368 NS NS NS NS NS NS

CUHA4-F/R 290 + + + + - -

CUHA5-F/R 264 + + + + + +

CUHA6-F/R 103 + + + + + +

CUHA7-F/Ra 554 NS NS NS NS NS NS

CUHA8-F/Ra 114 NS NS NS NS NS NS

CUHA9-F/Ra 142 + + + + + +

CUHA10-F/Ra 472 NS NS NS NS NS NS

CUHA11-F/Ra 417 + + + + - -

CUHA12-F/R* 312 + + + + - -

CUHA13-F/R 296 + + + + - -

CUHA14-F/R 473 + + a 515 bp

band

a 515 bp

band

- -

CUHA15-F/Rb 171 + + + + + +

CUHO1-F/R 414 + + + + + +

CUHO2-F/R 146 + + - - + and a

215 bp

band

-

CUHO3-F/R* 328 - - - - + -

CUHO4-F/R 619 NS NS NS NS NS NS

CUHV1-F/R* 229 - - - - - +

+ = *�!W�"'X�~�+����'�	
#%�������&���/���;�"���#=�*
�+; - = *	>*�!W�"'X�~�+; NS = *�!W�"'X�~�+�;; non-specific;

* = *���	��+
#%�/�	��������;&/����'����>������V
|> (N = 216); a = *���	��+
#%�����&�� HATRAW-specific RAPD

markers; b = *���	��+
#%�����&�� HAPHIE-specific RAPD marker.
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��,�'� 5.3 agarose gel electrophoresis �?�����	&/�����'>�?��Q#?+���*���	��+ CUHA2 (A) ,CUHA12

(B), ��� CUHV1 (C) 
#%
�?�;��; genomic DNA ��� H. asinina (A, B ��� C, Q>��
#% 1 - 12) H. ovina

(A, B ��� C, Q>��
#% 13 - 24) ��� H. varia (A, B ��� C, Q>��
#% 25 - 36) Q>�� M �?���#��Y���	�'�����

100 bp DNA ladder

 M 1       3          6           9        12        15        18M

100 

500 
1000 
1500 

bp

100 

500 

1000 
1500 

bp
M19    21       24        27         30        33        36M

100 

500 

1000 
1500 

bp
M1       3           6           9         12        15        18M

M19     21        24       27         30         33       36M

100 

500 
1000 
1500 

bp

 M 1      3           6          9         12        15        18M

100 

500 

1000 
1500 
bp

M 19     21        24       27         30        33        36M

100 

500 

1000 
1500 

bp

229 bp

A

B

C

312 bp

168 bp
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��,�'� 5.4 Agarose gel electrophoresis 
#%�?�����	&/�����'>�?��Q#?+���*���	��+ CUHA13 (A) �	�%�


�?�;��; genomic DNA ��� H. asinina (A, Q>��
#% 1 - 18), H. ovina (B, Q>��
#% 1 - 9)  ��� H. varia (B, 

Q>��
#% 10 - 18) Q>�� M �?���#��Y���	�'����� 100 bp DNA ladder

 

bp

100

500

1000

100

500

1000

bp

M  1   2   3   4    5   6  7   8   9  10 11 12 13 1415 16 17 18 M 
A

B
M  1   2   3   4    5   6  7   8   9  10 11 12 13 1415 16 17 18 M 

bp bp

1000 1000

500 500

100 100
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��,�'� 5.5 Agarose gel electrophoresis �?��W����'��&?�;���	�>��*� (sensitivity) ���*���	��+

CUHA2 (A) , CUHA12 (B), ��� CUHV1 (C) 
#%
�?�;��; genomic DNA ���	��!	�!�'>��Z��� H.

asinina ��� H. varia (25 ng, 10 ng, 5 ng, 2.5 ng, 1 ng; 500 pg, 250 pg, 100 pg, 60 pg, 30 pg, 20 pg, ���

10 pg, Q>��
#% 1 – 12 '�	�/���;). =��VQ! 100 bp DNA ladder (Q>�� M) �����#��Y�������	�'�����

M     1      2      3      4      5      6      7      8      9     10    11    12    Mbp
1500

1000

500

  100

1500

1000

500

  100

bp

M    1        2      3      4       5       6       7      8       9     10     11     12    M

bp
1500

1000

500

  100

bp
1500

1000

500

  100

M    1        2      3      4       5       6       7      8       9     10     11     12    M

bp
1500

1000

500

  100

bp
1500

1000

500

  100

A

C

B
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��,�'�  5.6 Agarose gel electrophoresis &��W���������"%	&/�����#��Y���
#%?����!���"�# Phenol/chloroform

(Q>�� 1- 2) ����"�# 5% Chelex extraction (Q>��
#% 3 - 12) ���'����>���Q>��Y� (Q>��
#% 1 - 4) �<�
��
#%��Y;V�

��������+ (Q>��
#% 5 - 8) '���
!� (Q>��
#% 9 - 10) ��� '!	 (Q>��
#% 11 -1 2) �!��*���	��+ CUHA2 (A) ���

CUHA12 (B) Q>�� 13 �?�� negative control (*	>V?>�#��Y���'!��;;) Q>�� M �?���#��Y���	�'����� 100

bp DNA ladder

 M   1    2     3    4    5     6    7    8    9   10   11  12  13   M

A

bp

1500

1000

500

100

bp

1500

1000

500

100

bp

1500

1000

500

100

bp

1500

1000

500

100

 M   1    2     3    4    5     6    7    8    9   10   11  12   13   M

B
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��,�'� 5.7 Agarose gel electrophoresis &��W���������"%	&/�����#��Y���
#%?����!���"�# 5% Chelex

extraction ���'����>�� H. asinina �Q>��Y� (Q>��
#% 1 – 12, A),  '!	 (Q>��
#% 12 – 18, A ���Q>��
#% 1 – 6, B)

��� '���
!� (Q>��
#% 7 – 18, B) �!��*���	��+ CUHA13 Q>�� M �?���#��Y���	�'����� 100 bp DNA

ladder

M 1        5           10         15       M

A

B

296 bp

296 bp



��	����;$����*$��

����	:���!���������9���	��6����7����	����+/�0�!
���8���8��9���	��6����#�������������
%���*�9+'9�

V���������������#�*�!
/������������	
���
���
����������	���
����������
��� 3 Q�"�V�

����
�*
� (H. asinina, H. ovina ��� H. varia) �!���"�# PCR-RFLP ��� 18S rDNA ��� 16S rDNA

����"�# RAPD-PCR $�%��������
/��"&��	����>��W����
#%���*�!�>�&����������� H. asinina ?/�
��;

���VQ!*	=���$
�
�*�'+����*���	��+
#%�����?/�
��; H. asinina *	>?�	��J�/�*�VQ!��; H. ovina

��� H. varia &��*	>*�!��"%	�������
���&���W����V�?>���#�

����%��
	�� PCR-RFLP ����#� 16S rDNA ��� 18S rDNA ?�	��J�/�	����������~������

��?'�+���Q������
����������
��� 3 Q�"�*�!������>���# =��V�?>�� composite haplotypes ��� 16S

rDNA ����*	>	#�<��;;
#%$�/������
�>��Q�"����
���������� (non-overlapping composite haplotypes)


/�V
!?�	��JVQ!����%��
	�������>������ species-specific PCR-RFLP markers ���
�����������'>��

Q�"�*�!��>��J<�'!�� ��>��*��Y�# �~�W<!�"&��*�!
/��������� species-specific PCR &�����	W��������

16S rDNA?/���Y& ���%�������'��
#%'!��
/����'��Q"�� 16S rDNA �!�����*$	+'��&/�����

?/�
��;�"�# RAPD-PCR 
#%VQ!V�����"&��������#� *�!
/������������*���	��+&/���� 128 *���	��+

���?��
!����������*���	��+?/�
��;������������?'�+���Q������
���������� H. asinina H. ovina

��� H. varia &/���� 2 *���	��+ (OPB11 ��� UBC101) ���*���	��+?/�
��; H. asinina Q�"���#��

&/���� 5 *���	��+ (OPB11, UBC101, UBC195, UBC107 ��� UBC271) *���	��+�����>��V
!Q"���#

��Y���
#%&/�����'>�Q�"����
���������� �������&��
/�������������%��
	��
����������	
#%&/�����'>�

Q�"��;; Sequence-characterised amplified region (SCARs) markers &������%��
	�� RAPD

V�?>�����*	=���$
�
�*�'+ �/��#��Y���	�?�!��
!��?	���#� 3 �;;=��'���#��Y����!���"�#

'>��Z ��� �;�>�
!��?	���#�
#%*�!&�����'���#��Y���V
!����!�����*$	+�>�	��� 3 Q�"� V
!&/����=���


#%V
!W�;��	��
#%?�� $�%��>�&���"�&�����
#%'���!��
������*$	+
���Q�"�&�V
!Q"���#��Y���
#%	#*	=��

�$
�
�*�'+���	�	��
#%?�� &����������������*	=���$
�
�*�'+V������� O’Reilly ���

Wright (1995) �;�>�*	=���$
�
�*�'+Q�"� (GT)n ��� (CT)n ����*	=���$
�
�*�'+Q�"�
#%�;	��


#%?�� ��� Tiptawonnukul (1996) �������>� (GT)n ����*	=���$
�
�*�'+Q�"�
#%�;	��
#%?��V���!�

�����/� Penaeus monodon �������V���������������#�&�������VQ!'��'"�'�	
���?��Q�"��#�V����'��&
�

*	=���$
�
�*�'+W�&�����'��&
�*	=���$
�
�*�'+������
/� dot bot hybridization  �;�>�&#

=�	��� H. asinina 	#*	=���$
�
�*�'+Q�"� (GT)n 	����>� (CT)n ���	#��"	�~���*	=���$
�
�

*�'+
���?��Q�"��#��!����>�V�&#=�	�����!������/�
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!
���8���8��9���	��6����"8*���"�
�"����*$���#�������������%���*�9+'9�

!
���8���8��9���	��6����#�� H. asinine, H. ovina "8*H. varia ���!
��"��<	�#��
16S rDNA "8*18S rDNA

�>� nucleotide diversity X��V�
�����������'>��Q�"�	#�>�?<���>�V�
��'�=��	 Crassostrea

belcheri (0.0945%) ��� C. iredalei (0.0912%) �'>�>������>�����'%/���>�
������	�����+��Y� Saccostrea

forskali (2.8711%), Striostrea (Parastriostrea) mytiloides (3.2388%) �����!������/� Penaeus monodon

(3.328%) ���&���#�����;�>����	
���
���
����������	
#%?<�V����>	'����>�� H. asinina&��=��

������#��� (HASAMHE, HACAMHE and HAPHIE) ����>��>�&�	�&�����VQ! founders &/����	��V�

���?�!�� stocks �����>�� ��>��*��Y'�	���
#%*	>�;���	
���
������ 16S rDNA ��� 18S rDNA

V����Q������	Q�'"
#%	�&�������?	Y� (HASAME) �>�&�	#?��
'�	�&�������"� genetic driftV����>	

'����>�������>��

&���������� phylogenetics �; misclustering ��� composite haplotype BAAAAAB 
#%�;

V� H. ovina &��
��������	����; composite haplotype ��� H. asinina ����~������>��*	>*�!;>�Q#����

��"� interspecific hybridization �'>�>�&�	#?��
'�	�&�����VQ!&/�������*$	+'��&/�����V����

�"�����
+���	
���
���
����������	���
����������
#%�!����"�*� �	!�>�&/�������*$	+'��&/�����
#%

VQ!?�	��JVQ!;>�Q#�Q�"����
����������*�!��>���	>��/� ���	#�����"%	&/�������*$	+'��&/�����?/�
��;

�������	"����	
���
���
����������	
#%J<�'!��	��
#%?��

&������"�����
+ geographic heterogeneity ��� FST &���!�	<� PCR-RFLP  ���16S rDNA

��� 18S rDNA �;���	�'�'>����
�>�� H. ovina 
#%	�&��
��������	������>��*
���>��	#���?/���|


��?J"'" (P < 0.0001) $�%�;>�Q#��>� H. ovina ?�	��J�;>����*�!���� 2 ���Q��� (?�������+) V��~�
#%*	>

�;���	�'�'>��
����������	��� H. asinina V����	Q�'" (P > 0.0021) �'>�;���	�'�'>��
��

��������	��� HAPHIE 
#%���� stock 
#%	�&��=��������#�����;'����>�����>	��%�Z����!� HACAMHE (P

< 0.0021) &���!�	<����  16S rDNA ;>�Q#��>� H. asinina 	#����~���������	�;; panmictic gene pool

(���~����#�;�
#�;W����
����&�� RAPD ��� *	=���$
�
�*�'+ V�;

#% 2 ��� 3 '�	�/���;)

=��*	>�; genetic differentiation V� H. varia (P = 0.7710) ��>��*��Y'�	&/���� H. varia 
#%	�&��

����� (HVPHAW) 	#&/����&/���� (N = 2) �������W����
������#%����; genetic differentiation V�
��

��������Q�"��#������*	>?�	��J?���*�!

	#���������W?	�!�	Q�"� (interspecific hybridisation) V� H. rubra and H. laevigata =�����

�"�����
+ allozymes ��>��*��Y'�	W����
����&�� PCR-RFLP ��� 16S rDNA ���
����������
��� 3

Q�"�*	>overlap��� &��*	>;>�Q#� bi-directional interspecific hybridisation ��
�>�� H. asinina, H. ovina
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��� H. varia ��>��*��Y'�	���	����*�*�!V������"� unidirectional hybridisation ��
�>�� H. asinina,

H. ovina 
��� H. varia ����	#���;
�������������W<!'>��Q�"�*	>?�	��J'��&?�;�!������%��
	��&��

mtDNA (�Q>� 16S rDNA) ?/�
��;���	W�������� 18S rDNA (nuclear DNA) 
#%������!���"�# PCR-

RFLP ����*	>?�	��JVQ!V�������Q�"����
����������*�! ����������	����*�*�!V������"�

unidirectional interspecific hybridization ?	���'��&?�;�!������%��
	�� nuclear DNA Q�"���%�Z

�>��
�!��#�*�!	#�������� molecular systematics ���
����������&/���� 27 Q�"� =��VQ!�/���;

cDNA ����#� lysin $�%����	?�	����+�Q"� phylogenetics ��� H. ovina and H. varia 	#���	?�	����+�Q"�

�"��������
#%V��!Q"���� ��>��*��Y'�	 H. asinina *	>*�!��<>V����
�������� (Lee ��� Vacquier, 1995)

&��W����������������?'�+���Q������
����������
��� 3 Q�"� �!���"�# RAPD-PCR ������W����


����
#%	�&�� PCR-RFLP�>� H. asinina 	#���	?�	����+
����������	
#%V��!Q"���; H. ovina 	����>�

H. varia

!
���8���8��9���	��6����#�� H. asinine, H. ovina "8*H. varia ������
��!��*�)
RAPD-PCR

&�����������������?'�+���Q������
���������� H. asinina, H. ovina ��� H. varia �!���"�#

RAPD �;�>����	
���
���
����������	?<�V�
����������
��� 3 Q�"� =�����	
���
���
�������

���	X��V� H. ovina 	#�>�?<���>� H. varia ��� H. asinina '�	�/���; 
����#����	
���
���
�������

���	��� H. ovina &��_`{�
��������	��	#�>�?<���>� H. ovina &���>��*
�

�	�%��"&��~����	
���
���
����������	���=���?�!�����Q��� (genetic diversity and

population structure) ��� H. asinina �;�>�����; polymorphic RAPD bands ��� H. asinina 	#�>��
>�

��; 85.20% $�%�?<���>� V��<
��� (Scylla serrata, S. oceanica ��� S. tranquebarica;47.92% - 77.59%)

(Klinbunga ����~� 2000) V���!������/� (Penaeus monodon; 24.20% - 47.80%) (Tassanakajon ���

�~� 1997) ��� V�
��'��=��	 (Crassostrea  belcheri ��� C. iredalei; 53.23% - 77.67%) �'>�>�

polymorphic RAPD bands �����>��	#�>�'%/���>� V�
������	�����+��Y� (Saccostrea cucullata S.

forskali ��� Striostrea (Parastrioatrea) mytiloides V�����
�*
�$�%�	#�>��
>���; 86.21% - 99.36%

(Klinbunga ����~�  2001).

����;���	
���
���
����������	��� H. asinina 
#%	�&��=��������#��� (P0 ?/�
��;

HASAMHE ��� HACAMHE ��� F1 for HAPHIE) 	#�>��
#�;��#����; H. asinina 
#%	�&�����	Q�'"

(HACAME, HASAME ��� HATRAW) W����
�����������>� founders 
#%VQ!?�!�� hatchey stocks 	#

&/����	�� =��W�����"�����
+ geographic heterogeneity �?�� genetic differentiation ��
�>�� H.

asinina���	Q�'"
#%	�&��
��������	�����_`{��>��*
� �'>*	>�;���	�'�'>��������>	'����>��X��V�
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�>��*
� (HACAME, HACAMHE, HASAME ��� HASAMHE) (P > 0.0017) V�X����	�; genetic

differentiation ��
�>�����>	'����>��
���
	�&���>��*
� (HACAME, HACAMHE, HASAME ���

HASAMHE) ��; '����>��&��
��������	�� (HATRAW) (P < 0.0001) ���'����>��=��������#���&��\]

�"��]�?+ (HAPHIE) (P < 0.0001) $�%�W����
����?����!����;��������*	=���$
�
�*�'+

!
���8���8��9���	��6����#�� H. asinina ���'��!�"(9�98'8�)
&������"�����
+���	
���
������*	=���$
�
�*�'+
#%�����*�!
��� 10 '/��
�>�  �;�>�	#

4 '/��
�>�
#%	#���	
���
���V�����;
#%'%/� (Has4, Has6, Has7 ��� Has10) =��*	=���$
�
�*�'+

'/��
�>� Has6 ��� Has7 ?�	��JV
!W�W�"'&����"�"�"��PCR�������;'����>��
��&���>��*
��'>*	>

?�	��JV
!W�W�"'&����"�"�"��PCR��;
��&��'��";� (HATRAW) ���
#%'/��
�>� Has4 ����;���	

*�V����'��&?�;
��&��'��";��Y'%/���>�
��&���>��*
� $�%��>�&���"�&�����
#%��"� mutation 
#%

;�"��~
#%*���	��+*�&�;V�'����>�� HATRAW

*	=���$
�
�*�'+
#%�
��� (Has1, Has2, Has3, Has5, Has8 ��� Has9) 	#���	
���
���?<�

�'>
#%'/��
�>� Has1 �����;�!��*	=���$
�
�*�'+ 2 ;�"��~ �������&��*	>�
	��?/�
��;VQ!����������

��?'�+���Q������%��&�������������#�
#%�
>������&��"�&�������	��������������#�
#%�'�'>�����

&�� 2 '/��
�>� ��>��*��Y'�	�Y?�	��JVQ!*	=���$
�
�*�'+'/��
�>��#�V����VQ!'��& �>�-�	>-�<� *�!

?>��'/��
�>� Has5 	#&/��������#�	���'>	# heterozygosity '%/�Q#�V
!�
Y��>���&&���"� null alleles 
#%

'/��
�>��#�*�! �����"� null allele �����`|
�?/���|V����������������?'�+���Q��� ����"�����
+

segregation ��� ����"�����
+ �>�-�	>-�<�   V�����"&���#�&��*�!�����*	=���$
�
�*�'+'/��
�>� Has2,

Has3 ��� Has8 	�VQ!V����������������?'�+���Q������ H. asinina ��>��*��Y'�	*	=���$
�
�

*�'+
��� 3 '/��
�>��#��Y���&�*�!
/����'��&?�;'>�*��>�	# null allele 
���*	> =�����'��&?�;'��

��>��
#%�������;���� �'>���%��&����;;���������#���
����������V��`&&�;����������~� mass spawning

�����#����>�-�	>�����+
���Z '����<>��	��� &��
/�V
!*	>	#'����>�����;����?/�
��;�/�	�
�?�; ��>��*�

�Y�#�!�������#����;;�#�?�	��JVQ!*	=���$
�
�*�'+����	"�����+�QY�'+��������"� polyspermy ���

���	�>�&�������������"����W?	�����+��� H. asinina 
#%'>�� stocks ���*�!

�	�%��"&��~����	
���
������*	=���$
�
�*�'+
��� 3 '/��
�>�V���������������#� �;�>�


��Z '/��
�>�	#����;������	
���
���?<�
���V����>	'����>��
����������&�����	Q�'" (HATRAW,

HACAME ��� HASAME) ������>	'����>��&��=��������#��� (HACAMHE, HASAMHE ���

HAPHIE) =���>� heterozygosity '%/�?���;V�'����>��&������'��";� (HATRAW) �~�
#%

heterozygosity ?<�?���;V�'����>��&��=��������#��� (P0) 
#%	#�>��	>�����+&����	�<Q� (HACAMHE)

���
#%�; heterozygosity ?<�V�'����>��&��=��������#���
���
	��?��V
!�
Y��>�	#���VQ!�>�-�	>�����+

&/����	��	�VQ!V����������#���
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&������"&��~�&���>����#%����&/��������#� �>� effective number of allele ����>����#%�

heterozygosity �;�>�	#���	?�	����+*�V�
"�
����#�����V�����;
��'����>�� ����!�'����>��&��

����
�\]�"��]�?+ (
������������>� F1) $�%�	#�>����#%����&/��������#���� effective number of allele '%/�


#%?�� (3.67 ��� 3.58 '�	�/���;) �'>���;	#�>� heterozygosity (0.67) ?<���>�'����>��&������'��";�

(HATRAW; 0.58) �����	�<Q� (HACAME; 0.62) &��W������������	
���
���
����������	���

'����>�� HAPHIE Q����#������!�� PCR-RFLP �;�>�	# haplotype ��� nucleotide diversity = 0.8359

��� 0.4910 '�	�/���; $�%�&��	#���	
���
���
����������	?<�
#%?��V����>	'����>��
#%
/���������

���W����������!�� RAPD-PCR ����;�>� HAPHIE 	# genetic distance X��V����>	'����>���
>���;

0.1865 $�%���;�>�	#�>� genetic distance ?<����������;
#% 2 ���'����>�� H. asinina 
#%�����
���
	� &������

*�*�!�>���"���������������� (selection) V�'����>�� HAPHI

&������"�����
+�!�	<����	J#%�������#��;�>�
�����Q���
#%�������<>V�?	��� Hardy-

Weinberg 
#%
��'/��
�>�����!�V�'����>��&�� HACAME (
#%'/��
�>� Has2 ��� Has3) ���'����>��

HAPHIE (
#%'/��
�>� Has8) &#=�*
�����*	=���$
�
�*�'+
��'/��
�>�	#���	��#%���!������;;?�>	

(genotypic equilibrium) �����<>V�?	��� Hardy-Weinberg

Huang ����~� (2000) *�!'��&?�;=���?�!��
����������	���'����>��
���������� H.

rubra =���"�# RAPD-PCR, 	"�"�$
�
�*�'+&/���� 2 '/��
�>� ���*	=���$
�
�*�'+&/���� 3

'/��
�>� �;�>�&#=�*
�����*	=���$
�
�*�'+
��'/��
�>�*	>��<>V�?	��� Hardy-Weinberg (���%��

&��	# Homozygote 	����"�*�) V�
��'/��
�>����V�
�����>	'����>���	�%�VQ!*	=���$
�
�*�'+ �'>

���
�?�;=��	"�"�$
�
�*�'+�;�>���<>V�?	���
��Z '����>��

Huang ��� Hana (1998) �������>�	#���	����*�*�!
#%&��/�*	=���$
�
�*�'+*�VQ!�����


��?��Q#?+��%� �'>���������?	��� Hardy-Weinberg ���?��Q#?+����
	�� (H. rubra) Q#�V
!�
Y��>����

�"�����
+��������	���
��?��Q#?+��%�=��VQ!*	=���$
�
�*�'+�
�>�������&�>�V
!��"����	W"�����

*�! V����������#�*�!
����
/���"�"�"��PCR ��;
���������� H. ovina ��� H. varia 
#%'/��
�>� Has2,

Has3 ��� Has8 
#%�����&�� H. asinina �'>*	>?�	��JV
!W�W�"'&����"�"�"�� PCR*�!

&������"�����
+���	�'�'>��
����������	��� H. asinina V��'>��'����>���;�>�	#���	

�'�'>��
����������	X��V�?��Q#?+��� H. asinina 
#%*	=���$
�
�*�'+
��Z '/��
�>� (P < 0.0027)

=��	#���	�'�'>�������>��	#���?/���|��
�>��
����������&���>��*
� 
��������	�� ���\]�"��]�?+ (P

< 0.0001) �'>*	>�;�>�	#���	�'�'>��V� gene pool ���'����>��
����������X��V��>��*
� (P >

0.0027)
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=����'"��!�������&�������������#����*	=���$
�
�*�'+ 	��&�	#�����;��#%�����

(overlapping) ��
�>�����>	'����>�� '����>���Q>���������*	=���$
�
�*�'+�����!������/� P.

monodon (Supungul ����~� 2000) ���V�W��� Apis cerana (Sittipraneed ����~� 2001) �������*	

=���$
�
�*�'+&��*	>?�	��J�/�	�VQ!��������%��
	����������	?/�
��;;>�Q#� geographic origins ���

?"%�	#Q#�"'Q�"���#�����*�! ?/�
��;V���������������#��;�>�������&������#����*	=���$
�
�*�'+

'/��
�>� Has9 ���'����>�� H. asinina &��
��������	�� (HATRAW, 148 - 162 bp) ���&���>��*
�

(HACAME, 184 - 240 bp) *	>overlap��� $�%�Q#�V
!�
Y��>�V�*	=���$
�
�*�'+V�'/��
�>��#���&

?�	��J�/�	�VQ!������ H. asinina 
#%	�&�� 2 _̀{�
����#�*�! ��>��*��Y'�	���'!��	#���'��&?�;
��

��������&��
��� 2 �
�>�V�&/����	����>��#��>��&��&�?�	��J?���W�*�!��>����>���

���	?�	��JV�����;>�������	�'�'>����
�>�����>	'����>��V�?��Q#?+
#%	#���	?/���|
��

����!�����?"%�?/���|?/�
��;���&������>�-�	>�����+ ���=�����	����������+?�������+ V����������#�

*�!��������+�����;
����������	��� H. asinina V����	Q�'"���
#%������#��� $�%�&��W���������Q#�

V
!�
Y��>�
���������� H. asinina &�����	Q�'"���	#���&�����������&����� ���%��&��	#=���?�!��

���Q���
����������	 (genetic population structure) V���>������������#�����!�=�����	������

��������%�W?	�����+��� H. asinina ?�	��J
/�*�!�#�"%������	�%�	#���VQ!*	=���$
�
�*�'+�>�	�!�� ���%��

&���<�
��&���>�-�	>
���Z�<>?�	��J��#����!��������?�	��J'"�'�	����~� phenotype 
#%'!�����

������	�~�>� heritability*�!

����"�����
+*	=���$
�
�*�'+�����"�#
#%	#�����������	�����	#���	����*�*�!
#%&��/�	�VQ!

����	"����	
���
���
����������	������	�'�'>��������?"%�	#Q#�"''>��Z �"�#�#������"�#
#%	#

���=�Q�+
����!��V����������������?'�+���Q��� =�����	���W?	�����+������������#���

����%��
	��
����������		#���	?/���|V����������������?'�+���Q���
���Z �!�� &�����VQ!

Has2, Has3 ��� Has8 J!�*	>��;��	'����>��&��\]�"��]�?+ (HAPHIE) ��!� 
�������������	Q�'" (H.

asinina)&��
���_`{�'����������'����'����*
�	#���	
���
���
����������	?<����	#=���

?�!�����Q���
#%Q���&�

&��W����������������?'�+���Q������ H. asinina �!�� PCR-RFLP���16S rDNA

(mtDNA) and 18S rDNA (nuclear DNA) *	>�;=���?�!�����Q���&�����>	'����>��&�����	Q�'"

(HACAME, HASAME ��� HATRAW) �'>�;���	�'�'>��
����������	��
�>��'����>��=������

��#��� HAPHIE ��;'����>����%�Z (P < 0.0001) ��>��*��Y'�	�����������	
���
���
����������	

��� H. asinina =��VQ! RAPD-PCR (OPB11, UBC101, UBC195, UBC197 ��� UBC271) V
!W�
#%

?����!����;��������=��VQ!*	=���$
�
�*�'+
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���	�'�'>��
����������	��
�>��'����>�����
���������� H. asinina ���	Q�'"
#%�;=�����

�"�����
+�!��*	=���$
�
�*�'+��� RAPD (reproductively isolated gene pools) �'>*	>�;&�����

�"�����
+�!�� mtDNA (16S rDNA, panmictic gene pool) �>�&���"�&�������"� founder effects 	����>�


#%&�	�&��W���� biased female gene flow ($�%�	�&������"�����
+�!��16S rDNA) ���%��&��

planktonic larval stages 
#%	#��������?���������	?�	��JV��������%��
#%'%/� (migratory ability) ���


����������

����	:���!���������9���	��6����9��������*�
�$���#������������� H. asinina  "$& H. varia

�!���������9��������*�
� H. asinina "8* H. varia���16S rDNA
&���������� PCR-RFLP ��� 16S rDNAs �;�>����;>�Q#�Q�"����
���������� H. asinina, H.

ovina, ��� H. varia V�����
�*
�?�	��J
/�*�!=�����'��16S rDNA �!�� Alu I 
���VQ! composite

haplotypes ��� 16S rDNA 
#%*	> overlap �����
�>��Q�"����
���������� �	!�>��"�#�#�&�	#���	�	>��/�?<�

=��*	>��"��!�W"�����V����;>�Q#�Q�"����
���������� �'>'!��
/�����>��16S rDNA �!�����*$	+'��

&/����� $�%�?�	��J������'�������>��*�!

�~�W<!�"&��&��
/����=������
��/���;�"���#=�*
�+���Q"�� 16S rDNA &��'���
�
����������


#%�?�� composite haplotypes '>��Z �	�%�
/� multiple alignment ��!�&������;;*���	��+
#%�
	��?	

�	�%�'��&?�;���	&/��������*���	��+ �;�>�?�	��J����� species-specific PCR ?/�
��; H.

asinina ��� H. varia ����W�?/���Y& =��	# sensitivity �>���!��?<� (25 pg ��� 50 pg ����#��Y���'!�

�;;'�	�/���;)

�>��
�!��#�*�!	#������������%��
	��
����������	
#%	#���	&/�����'>�Q�"����
����������

Q�"���%�Z =�� Muchmore ����~� (1998) *�!?�;�!� tandemly repeated satellite DNA (���	��� 290-

291 bp) V�
���������� 5 Q�"� �����;�!��  H. rufescens, H. kamtschatkana, H. corrugata, H.

sorenseni, ��� H. walallensis) &������&������;; Satellite-specific primers ���%�'��&Q�"����
��

���������!���"�# direct sequencing ���Q"�� PCR 
#%*�! $�%��"�#�#��>���!����>�������*	>?�	��J�/���"����*�!

V��Q"���";�'"

Sweijd ����~�  (1998) *�!���������%��
	��
#%&/�����'>�Q�"����%���� H. spadicea ���&��

H. midae $�%�����
����������������"&�����\�"��V'! =��W<!�"&��������"�# species-specific PCR ���

PCR-RFLP ����#� lysine =������%��
	������ 146 bp &�� species-specific PCR ?�	��JVQ!'��&

?�;Q�"���� H. midae *�! ��>���	>��/�
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V����
����������#�?�	��J���Q�"���� H. asinina, H. ovina ��� H. varia ���&�����*�!

��>���	>��/��	�%�VQ!�"�# PCR-RFLP ���16S rDNA ��� species-specific PCR 
#%�����&�����	W�����

��� 16S rDNA

�!���������SCARs9��������*�
� H. asinina "8* H. varia
�	!�>��~�W<!�"&��?�	��J���������%��
	��
����������	
#%&/�����'>� H. asinina ��� H. varia

&�� 16S rDNA *�!?/���Y& V�	�		���������"&������������	����*�*�!�>� ����%��
	�������>����&VQ!

*	>*�!��>��	#���?"
�"X��
�����>	'����>��
#%'��&?�;��"� interspecific hybridization ���/
���

backcrossing ($�%��`&&�;�����*	>�;�Y'�	) ���%��&�� mtDNA (16S rDNA) ����J>��
�������
���	>

(matriarchal transmission) �������������������%��
	����������	
#%&/�����'>�Q�"�
#%	�&�� nuclear

DNA �!��

&����������RAPD-PCR &/���� 128 *���	��+ �;�>�	#*���	��+&/���� 27 *���	��+

?�	��JV
!W�W�"'&����"�"�"�� PCR V�
����������
��� 3 Q�"� �	�%�������������?'�+���Q������ H.

asinina, H. ovina ��� H. varia �!�� OPB11 ��� UBC101 ��� H. asinina �!�� OPA11, UBC101,

UBC195, UBC197 ��� UBC271 �; candidate species-specific RAPD markers &/���� 10, 2 ��� 3

Q"��V� H. asinina, H. ovina ��� H. varia '�	�/���; ����;����%��
	��RAPD 
#%�>�&�&/�����'>�

HATRAW ��� HAPHIE �#��!�� ���&���#�����;����%��
	������ 1650 bp 
#%�;�����V�
��

�������� H. ovina 
#%	�&���>��*
��'>*	>�;V�'����>��
#%&��_`{������	��

�"�#RAPD-PCR?�	��JV
!�!�W"�����*�!�>���	�%��/�	�VQ!V����'��&?�;���	&/�����'>�Q�"�

���
����������V�X��
��� ���%��&��	#���	sensitive'>�?X���
#%VQ!���	# reproducibility '%/� ��	
���

'!������#��Y���'!��;;
#%	#��~X���#�#��!�� ��������~�W<!�"&��&��
/�������������%��
	��SCARs &��

����%��
	��RAPD
#%�;V����
�����#� (Weising et al., 1995).

&��
/����=�������%��
	��RAPD 
���
	� 20 Q"�� ���
��/���;�"���#=�*
�+��� recombinant

clones 
���
	� 72 =���$�%��;�/���;�"���#=�*
�+
#%�'�'>����� 33 �;;�?���>�Q"�� RAPD 
#%	#����

�
>���������;�!���#��Y���
#%	#�/���;�"���#=�*
�+
#%�'�'>����� &��������#�;�
#�;�/���;�"���#=�

*
�+
#%*�!��; GenBank �!�� BlastN ��� BlastX �;�>�Q"���#��Y���
#%
/����=�������;
���
	�����

unknown (E values > 10-4)

&�����'��&?�;���	&/��������*���	��+�; species-specific SCAR markers&/���� 3

����%��
	��V� H. asinina (CUHA2, CUHA12 ��� CUHA13) ��� 1 ����%��
	��V� H. varia

(CUHV1) $�%�	#���	�>��*������"�"�"��
#%�# (���	�� 20 pg ?/�
��; CUHA12 ��� CUHV1 ��� 100

pg ?/�
��;CUHA2) �
#�;��#��*�!��; species-specific PCR 
#%�����&�� mtDNA (16S rDNA) ����%��
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	��SCARs
#%���������?�	��J�/�*�'��&?�;W�"'X�~�+�<��;;'>��Z��� H. asinina ���%��������


/� quality control ���?"��!�*�!

=��?�����!��~�W<!�"&���/���"�����"&��'�	�W����
�������� ���������������?'�+���Q�

�����
����������V�����
�*
��!���"�#Q#��"
��=	������;;'>��Z &�	#���	��!�V&V��!���������?'�+

���Q������?�'�+V����>	�#�������>���# ���&���#����?�	��J���������%��
	����������	
#%&/�����'>�

Q�"����
�����������!���"�#���'>��Z ���?�	��J�/�*�VQ!'��&?�;Q�"����
����������V�����
�

*
�*�!��>���	>��/�
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SUMMARY: Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis
of 16S ribosomal (r) DNA was used to identify species-specific markers of three abalone species;
Haliotis asinina, H. ovina and H. varia in Thailand. A total of 10 composite haplotypes were found
across geographically different samples of these abalone. Species-specific composite haplotypes of
each abalone were found. Intraspecific genetic differentiation was clearly observed in H. ovina but not
in H. asinina and H. varia. The 16S rDNA of an individual representing major composite haplotypes
AAAA, ABBB, AAAB, BABG and BABC were cloned and sequenced. Comparisons of 16S rDNA
sequences suggest the possibility of developing a species-specific PCR for each abalone species.

KEY WORDS: genetic markers, PCR-RFLP, 16S rDNA, abalone

INTRODUCTION

Abalone are economically important marine

gastropods currently being cultured worldwide.

Three species of tropical abalone; Haliotis asinina,

H. ovina and H. varia are found in Thai waters.
1)

 Of

these, H. asinina is the most promising species being

initially cultured in Thailand at present. Nevertheless,

relatively little is known about the basic knowledge

of the genetic diversity and population structure of

this species. This information is essential for the

construction of an appropriate management scheme

leading to sustainable culturing activity of H. asinina
in Thailand.

Appropriate genetic markers can be used to elevate

the culture and management efficiency of abalone in

Thailand. The success of aquacultural activity of

commercially important species requires the basic

knowledge on stock structure and the use of suitable

molecular genetic markers to establish broodstock

management programmes in wild populations of

exploited species.
2,3)

Restriction analysis of mtDNA has been

successfully used to estimate levels of genetic

diversity and to identify population differentiation in

several commercially important marine species, for

example; the mussels Mytilus edulis and M.
galloprovincialis4)

, the American oyster Crassostrea

virginica5)
 and the giant tiger shrimp Penaeus

monodon.
6)

Since mtDNA is haploid and transmitted maternally,

the effective population size estimated from mtDNA

is generally smaller than that estimated from nuclear

markers, such as allozymes and nuclear DNA.
6)

 This

increases its sensitivity to inbreeding and bottleneck

effects compared to nuclear DNA markers.
7)

Species-specific markers also play the important

roles to prevent supplying incorrect abalone larvae for

the industry and for quality control of cultured

abalone from Thailand. These markers are necessary

for the development of monospecific farming of H.
asinina in Thailand.

The objectives of this study were determination of

intraspecific genetic differentiation and molecular

genetic markers showing species-specific nature with

H. asinina, H. ovina and H. varia in Thailand.

MATERIALS AND METHODS

Sampling

Specimens representing H. asinina (N = 47) and H.
ovina (N = 64) were collected from the east (Gulf of

Thailand) and the west (The Andaman Sea) coasts of

peninsular Thailand. Additional H. asinina specimens
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were collected from Cambodia (N = 23) and

Philippines (N = 14). The H. varia abalone (N = 25)

were also collected from the Andaman Sea.

DNA extraction

Total DNA was extracted from the adductor muscle

of each abalone using a phenol-chloroform-proteinase

K method described by Klinbunga et al..2) DNA

concentration was spectrophotometrically determined

and kept at 4� C until required.
8)

Polymerase chain reaction (PCR) and restriction

analysis

The 16S ribosomal (r) DNA of each abalone was

amplified by PCR using primers 16S-F; 5'-

CGCCTGTTTAACAAAAACAT-3' and 16S-R1; -5'-

CCGGTCTGAACTCAGATCATGT-3'.
9)

 Specimens

which were not successfully amplified with those

primers were then amplified with 16S-F and 16S-R2;

5'-CCGGTCTGAACTCAGATCAGATCACGT-3'
10)

according to the conditions described by Klinbunga et
al..3)

Eight microlitres (approximately 250 ng) of the

amplification product were separately digested with

Bam HI, Eco RI, Hae III and Alu I, using standard

conditions.
8)

 The digests were electrophoretically

analysed through 2.0% agarose (Bam HI, Eco RI, Hae
III) or 3.0 % MetaPhor agarose gels (Alu I) and

visualised under a UV light after ethidium bromide

staining.

Restriction profiles of 16S rDNA digested with

each restriction enzyme were alphabetically coded in

order of appearance. Each abalone was then assigned

a four letter code to describe its composite haplotype.

Cloning of 16S rDNA fragments

The 16S rDNA gene segment was amplified from

representative individuals having major composite

haplotypes; AAAA, ABBB, AAAB, BABG and

BABC. A 580 bp fragment was excised and

recovered from the electrophoresed gel individually.

The gel-eluted DNA was digested with proteinase K

(50 �g/ml in the presence of 0.5% SDS) at 65°C for

1h followed by phenol/chloroform extraction and

ethanol precipitation. DNA was cloned using a T-A

cloning method.
11)

One-tenth volume of each ligation reaction was

electrotransformed to E. coli XL-1 BLUE.

Recombinant clones were selected by a lac Z' system

following standard protocols.
8)

 Five recombinant

clones were unidirectional sequenced. DNA

sequences were aligned using Clustal W.
12)

 The

divergence between pairs of sequences was estimated

using Kimura's two-parameter model.
13)

RESULTS

Digestion of 16S rDNA (approximately 580 bp in

length) with Bam HI, Eco RI, Hae III and Alu I

provided 2, 2, 2 and 7 restriction patterns,

respectively (Table 1). A total of 10 composite

haplotypes were found across overall specimens

(Table 2). These composite haplotypes could

differentiate the species origins of abalone in

Thailand unambiguously. No overlapping haplotypes

were found between different abalone species. Two

composite haplotypes; AAAA and AAAE, were

specifically found in H. asinina whereas haplotypes

ABBB, AAAB and AABB were restricted to H.
ovina.

Fig. 1 RFLP patterns of 16S rDNA of H. asinina (pattern A,

lanes 1-5), H. ovina (pattern B, lanes 6-8) and H. varia
(patterns G, lanes 9-10) digested with Alu I. Lanes M and 1

were a 100 bp DNA ladder and undigested 16S rDNA,

respectively.

The remaining composite haplotypes (BABG, BABC,

BABD, BABF and AABG) were only found in H.
varia. A lack of geographic heterogeneity was

observed in H. asinina even though samples

originating from Cambodia and Philippines were

included. Conversely, genetic differentiation between

H. ovina from the Andaman Sea (west) and Gulf of

Thailand (east) were clearly observed. Differentiation

of H. varia could not be examined because it is found

only in the Andaman Sea.

The 16S rDNA gene segment of representatives of

H. asinina, H. ovina and H. varia showed relatively

high diversity. Interspeciefic sequence divergence

between pairs of 16S rDNA sequences was 10.65%

(between AAAA and AAAB) to 13.42% (between

AAAA and BABC).
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Table 1 Restriction patterns of 16S rDNA of H. asinina, H.
ovina and H. varia digested with Alu I, Bam HI, Eco RI and

Hae III
Enzyme Pattern observed (bp)

Bam HI A: 580

B: 380, 200

Eco RI A: 580

B: 300, 280

Hae III A: 375, 125, 80

B: 500, 80

Alu I A:175, 140, 95, 50, 35

B: 175, 175, 95, 80, 50

C: 175, 175, 50

D: 175, 140, 50, 35

E: 175, 140, 95, 95, 50

F: 220, 140, 80, 50, 35

G: 220, 175, 80, 50, 35

Table 2 Geographic distribution of composite haplotypes

(arranged from 16S rDNA digested with Bam HI, Eco RI, Hae
III and Alu I, respectively) among geographically different

samples of three species of abalone

Geographic distributionHaplotype

H. asinina H. ovina H.
varia

A G C P A G A

AAAA 25 17 23 14

AAAE 3 2 - -

ABBB - 38 - -

AAAB - - - - - 25 -

AABB - - - - - 1 -

BABG - - - - - - 15

BABC - - - - - - 7

BABD - - - - - - 1

BABF - - - - - - 1

AABG - - - - - - 1

Abbreviations: A = the Andaman sea, G = Gulf of Thailand, C

= Cambodia, P = Philippines

DISCUSSION

Species-diagnostic markers of three species of

abalone (H. asinina, H. ovina and H. varia) in

Thailand were successfully identified based on

restriction analysis of the amplified 16S rDNA with

Bam HI, Eco RI, Hae III and Alu I.

Common composite haplotypes with high

frequencies were observed in each species allowing

the use of these RFLP markers as species-diagnostic

markers for classification of H. asinina, H. ovina and

H. varia at different stages of development.

Distribution patterns of composite haplotypes in H.
asinina indicated a lack of intraspecific population

structure of this species over vast geographic areas.

Our results also suggest that H. asinina is probably a

high gene flow species. In contrast, region-specific

composite haplotypes were observed in H. ovina
originating from different coastal sides of peninsular

Thailand, but not within each coast (data not shown).

BABC    CGCCTGTTNACCAAAAACA-GGCTCCTCGGTCAATTAGTGTGGATGGGAAGTCGGACCTG
BABG    CGCCTGTTNAACAAAAACATGGCTCCTCGGTCAATTAGTG-GGATGGGAAGTCGGACCTG
AAAA    CGCNTGTTNACCAAAA-CATGGCTCCTTG--TGTTTAGNC-GNATANGNAGTCGGACCTG
AAAB    CGCCTGTTTAACAAAAACATGGCTCCTTGGTTGTCTGAGT-GGATGAGGAGTCGGACCTG
ABBB    CGCCTGTTTAACAAAAACATGGCTCCTCGGTTGTTTGAGT-GGATGGGGAGTCGGACCTG
        *** **** * ***** ** ******* *      *     * **  * ***********
BABC    CCCGGTGACCTACGGGTTAAACGGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAAT-
BABG    CCCGGTGACCTACGGGTTAACCGG-CCCCGGTACACTGCCGG--CAAAGGTAGCACAATT
AAAA    CCCGGTGACCTACGGGT-AACCGG-CCGCGG-ACACTGACCGTGCAAAGGTAGCACAAT-
AAAB    CCCGGTGACTTACGGGTTAAACGGCCGCGGGTACACTGACCGTGCAAAGGTAGCACAAT-
ABBB    CCCGGTGACTTACGGGTTAAACGGCCGCGG-TACACTGACCGTGCAAAGGTAGCACAAT-
        ********* ******* ** *** *   *  ****** * *  ***************
BABC    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
BABG    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
AAAA    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
AAAB    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTC
ABBB    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTC
        ***********************************************************
BABC    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGA
BABG    TGAAATATTTAAAAATTAACTTCTTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGA
AAAA    TGGAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCCTAGATTGAGCTGAGGGACGAGA
AAAB    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCCTAGATTAGGCTGAGGGACGAGA
ABBB    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCTTAGATTAGGCTGAGGGACGAGA
        ** ********************* ************ ******  **************
BABC    AGACCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGC
BABG    AGACCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGC
AAAA    AGACCCTGTTGAGCTTTAGTGTTGAATAAAGGTTTATATTTCCTAGTTGAATTTAGAGGT
AAAB    AGACCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTC-TAATTTCTAGTTGTACTAGAGAAT
ABBB    AGACCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTTATAATTTCTAGTTGTACTAGAGAAT
        ********************** ** * ****    *  *    *  *    *
BABC    TCAGGTTTGTTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTT
BABG    TCAGGTTTGTTCTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTT
AAAA    TTAAGTTTATTCTTACATCTTTAGTTGGGGTGACTGGGGAACAAAAGTAGCTTCTCTACT
AAAB    TTAAATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTT
ABBB    TCAAATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTT
        * *  **  ** ******************************* * * ****** **  *
BABC    TATAGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAA
BABG    TATAGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAA
AAAA    TATTACTGGGTT-----TGGCTTGCTAGCTAATGATCCGGCATTGCTGATTATTGGAAAA
AAAB    T-TTAGTAAATTAAATTTGGTCTGCTGACTGATGATCCGGCATTGTCGATTATCGGAAAA
ABBB    T-TTAGTAGATTGAATTTGGTCTGCCGACTGATGATCCGACATTGTCGATTATCGGAAAA
        * *   *   **      **  * *   ** * *****  *****  **** * ******
BABC    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
BABG    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
AAAA    AGTTACCACAGGGATAACAGC-GTAATCTTTTTGG-AGAGTTCATATTGAAAAAA-GGGT
AAAB    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
ABBB    AGTTACCACAGGGATAACAGCCGTAATCTTTCTGGGAGAGTTCACATTGAAAGAAAGGGT
        ********************* ********* *** ******** ******* ** ****
BABC    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
BABG    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
AAAA    TTGCGACCTCGATGTTGGATTAAGGTGTCCTAAGGGTGTAGCAGCTCTTGTTGG-TTGGT
AAAB    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
ABBB    TTGCGACTCCNATGTTGGATAAAGGTGTCTGGGGGGNGTAGCAACTTTCGTTGGGTTGGN
        *******  * ********* ********    *** ****** ** * ***** ****
BABC    CTGTTCGACCATTAAAACCTTACGTGATCTGATCTGAGTTCAGACCGG
BABG    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
AAAA    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
AAAB    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
ABBB    CTGTTCNACCATTAAAACCTTACGTGATCTGATCTGAGTTCAGACCGG
        ****** **************** ********     ***********

Fig. 2 Sequences of 16S rDNA amplified from H. asinina
individuals possessing AAAA, H. ovina possessing ABBB and

AAAB, and H. varia possessing BABC and BABG composite

haplotypes.

Distributions of H. ovina composite haplotypes

clearly indicated the existence of intraspecific genetic

differentiation in this species. The most common

haplotypes ABBB and AAAB in H. ovina were

different by 2 restriction sites while the rare

composite haplotype AABB was the intermediate

haplotype between those composite haplotypes. The

highest level of genetic diversity was found in H.
varia. Five composite haplotypes were found in a

relatively small sample size (N = 25) of H. varia
compared to 2 and 3 composite haplotypes from H.
asinina (N = 84) and H. ovina (N = 64), respectively.

The cDNA sequences of the sperm lysin protein

previously used for systematic studies of Haliotis
species showed unusual divergence between species

but was highly conserved within species suggesting

its high species-specific nature.
14,15)

 Recently, Sweijd

et al. 16)
 successfully developed species-specific PCR

for H. midae and H. spadicea based on lysin



133

sequences described by Youn-Ho and Vacquier.
14)

Our results indicated that PCR-RFLP can also be

unambiguously used for identification of species

origins of Thai abalone. Moreover, large genetic

divergence was observed between different species

but lower divergence was observed intraspecifically

(3.19% between ABBB and AAAB in H. ovina and

1.11% between BABC and BABG in H. varia).

Sequences of the amplified 16S rDNA of individuals

showing major composite haplotypes indicated the

possibility of developing rapid and reliable species-

specific PCR of abalone in Thailand.

The ability to identify the species origins of Thai

abalone is crucial for broodstock management and

conservation programmes in these taxa. Following

which, these molecular markers can also be used for

comparisons of growth performance among three

abalone species in communal setting conditions. Our

results illustrated the existence of population

subdivisions in H. ovina but not in H. asinina
suggesting that levels of gene flow in these species

are different. High genetic diversity in a

discontinuously distributed species like H. varia was

surprisingly observed.

PCR-RFLP analysis is a promising approach for

population genetic and systematic studies in various

taxa.
3, 17, 18)

 Genetic markers found in this study can

also identify the species origin of abalone seed

accurately. In addition, the PCR-RFLP approach can

be further used for evaluation of genetic diversity

levels of three abalone species in Thailand.
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SUMMARY: Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis
of 16S ribosomal (r) DNA was used to identify species-specific markers of three abalone species;
Haliotis asinina, H. ovina and H. varia in Thailand. A total of 10 composite haplotypes were found
across geographically different samples of these abalone. Species-specific composite haplotypes of
each abalone were found. Intraspecific genetic differentiation was clearly observed in H. ovina but not
in H. asinina and H. varia. The 16S rDNA of an individual representing major composite haplotypes
AAAA, ABBB, AAAB, BABG and BABC were cloned and sequenced. Comparisons of 16S rDNA
sequences suggest the possibility of developing a species-specific PCR for each abalone species.

KEY WORDS: genetic markers, PCR-RFLP, 16S rDNA, abalone

INTRODUCTION

Abalone are economically important marine

gastropods currently being cultured worldwide.

Three species of tropical abalone; Haliotis asinina,

H. ovina and H. varia are found in Thai waters.
1)

 Of

these, H. asinina is the most promising species being

initially cultured in Thailand at present. Nevertheless,

relatively little is known about the basic knowledge

of the genetic diversity and population structure of

this species. This information is essential for the

construction of an appropriate management scheme

leading to sustainable culturing activity of H. asinina
in Thailand.

Appropriate genetic markers can be used to elevate

the culture and management efficiency of abalone in

Thailand. The success of aquacultural activity of

commercially important species requires the basic

knowledge on stock structure and the use of suitable

molecular genetic markers to establish broodstock

management programmes in wild populations of

exploited species.
2,3)

Restriction analysis of mtDNA has been

successfully used to estimate levels of genetic

diversity and to identify population differentiation in

several commercially important marine species, for

example; the mussels Mytilus edulis and M.
galloprovincialis4)

, the American oyster Crassostrea

virginica5)
 and the giant tiger shrimp Penaeus

monodon.
6)

Since mtDNA is haploid and transmitted maternally,

the effective population size estimated from mtDNA

is generally smaller than that estimated from nuclear

markers, such as allozymes and nuclear DNA.
6)

 This

increases its sensitivity to inbreeding and bottleneck

effects compared to nuclear DNA markers.
7)

Species-specific markers also play the important

roles to prevent supplying incorrect abalone larvae for

the industry and for quality control of cultured

abalone from Thailand. These markers are necessary

for the development of monospecific farming of H.
asinina in Thailand.

The objectives of this study were determination of

intraspecific genetic differentiation and molecular

genetic markers showing species-specific nature with

H. asinina, H. ovina and H. varia in Thailand.

MATERIALS AND METHODS

Sampling

Specimens representing H. asinina (N = 47) and H.
ovina (N = 64) were collected from the east (Gulf of

Thailand) and the west (The Andaman Sea) coasts of

peninsular Thailand. Additional H. asinina specimens
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were collected from Cambodia (N = 23) and

Philippines (N = 14). The H. varia abalone (N = 25)

were also collected from the Andaman Sea.

DNA extraction

Total DNA was extracted from the adductor muscle

of each abalone using a phenol-chloroform-proteinase

K method described by Klinbunga et al..2) DNA

concentration was spectrophotometrically determined

and kept at 4� C until required.
8)

Polymerase chain reaction (PCR) and restriction

analysis

The 16S ribosomal (r) DNA of each abalone was

amplified by PCR using primers 16S-F; 5'-

CGCCTGTTTAACAAAAACAT-3' and 16S-R1; -5'-

CCGGTCTGAACTCAGATCATGT-3'.
9)

 Specimens

which were not successfully amplified with those

primers were then amplified with 16S-F and 16S-R2;

5'-CCGGTCTGAACTCAGATCAGATCACGT-3'
10)

according to the conditions described by Klinbunga et
al..3)

Eight microlitres (approximately 250 ng) of the

amplification product were separately digested with

Bam HI, Eco RI, Hae III and Alu I, using standard

conditions.
8)

 The digests were electrophoretically

analysed through 2.0% agarose (Bam HI, Eco RI, Hae
III) or 3.0 % MetaPhor agarose gels (Alu I) and

visualised under a UV light after ethidium bromide

staining.

Restriction profiles of 16S rDNA digested with

each restriction enzyme were alphabetically coded in

order of appearance. Each abalone was then assigned

a four letter code to describe its composite haplotype.

Cloning of 16S rDNA fragments

The 16S rDNA gene segment was amplified from

representative individuals having major composite

haplotypes; AAAA, ABBB, AAAB, BABG and

BABC. A 580 bp fragment was excised and

recovered from the electrophoresed gel individually.

The gel-eluted DNA was digested with proteinase K

(50 �g/ml in the presence of 0.5% SDS) at 65°C for

1h followed by phenol/chloroform extraction and

ethanol precipitation. DNA was cloned using a T-A

cloning method.
11)

One-tenth volume of each ligation reaction was

electrotransformed to E. coli XL-1 BLUE.

Recombinant clones were selected by a lac Z' system

following standard protocols.
8)

 Five recombinant

clones were unidirectional sequenced. DNA

sequences were aligned using Clustal W.
12)

 The

divergence between pairs of sequences was estimated

using Kimura's two-parameter model.
13)

RESULTS

Digestion of 16S rDNA (approximately 580 bp in

length) with Bam HI, Eco RI, Hae III and Alu I

provided 2, 2, 2 and 7 restriction patterns,

respectively (Table 1). A total of 10 composite

haplotypes were found across overall specimens

(Table 2). These composite haplotypes could

differentiate the species origins of abalone in

Thailand unambiguously. No overlapping haplotypes

were found between different abalone species. Two

composite haplotypes; AAAA and AAAE, were

specifically found in H. asinina whereas haplotypes

ABBB, AAAB and AABB were restricted to H.
ovina.

Fig. 1 RFLP patterns of 16S rDNA of H. asinina (pattern A,

lanes 1-5), H. ovina (pattern B, lanes 6-8) and H. varia
(patterns G, lanes 9-10) digested with Alu I. Lanes M and 1

were a 100 bp DNA ladder and undigested 16S rDNA,

respectively.

The remaining composite haplotypes (BABG, BABC,

BABD, BABF and AABG) were only found in H.
varia. A lack of geographic heterogeneity was

observed in H. asinina even though samples

originating from Cambodia and Philippines were

included. Conversely, genetic differentiation between

H. ovina from the Andaman Sea (west) and Gulf of

Thailand (east) were clearly observed. Differentiation

of H. varia could not be examined because it is found

only in the Andaman Sea.

The 16S rDNA gene segment of representatives of

H. asinina, H. ovina and H. varia showed relatively

high diversity. Interspeciefic sequence divergence

between pairs of 16S rDNA sequences was 10.65%

(between AAAA and AAAB) to 13.42% (between

AAAA and BABC).
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Table 1 Restriction patterns of 16S rDNA of H. asinina, H.
ovina and H. varia digested with Alu I, Bam HI, Eco RI and

Hae III
Enzyme Pattern observed (bp)

Bam HI A: 580

B: 380, 200

Eco RI A: 580

B: 300, 280

Hae III A: 375, 125, 80

B: 500, 80

Alu I A:175, 140, 95, 50, 35

B: 175, 175, 95, 80, 50

C: 175, 175, 50

D: 175, 140, 50, 35

E: 175, 140, 95, 95, 50

F: 220, 140, 80, 50, 35

G: 220, 175, 80, 50, 35

Table 2 Geographic distribution of composite haplotypes

(arranged from 16S rDNA digested with Bam HI, Eco RI, Hae
III and Alu I, respectively) among geographically different

samples of three species of abalone

Geographic distributionHaplotype

H. asinina H. ovina H.
varia

A G C P A G A

AAAA 25 17 23 14

AAAE 3 2 - -

ABBB - 38 - -

AAAB - - - - - 25 -

AABB - - - - - 1 -

BABG - - - - - - 15

BABC - - - - - - 7

BABD - - - - - - 1

BABF - - - - - - 1

AABG - - - - - - 1

Abbreviations: A = the Andaman sea, G = Gulf of Thailand, C

= Cambodia, P = Philippines

DISCUSSION

Species-diagnostic markers of three species of

abalone (H. asinina, H. ovina and H. varia) in

Thailand were successfully identified based on

restriction analysis of the amplified 16S rDNA with

Bam HI, Eco RI, Hae III and Alu I.

Common composite haplotypes with high

frequencies were observed in each species allowing

the use of these RFLP markers as species-diagnostic

markers for classification of H. asinina, H. ovina and

H. varia at different stages of development.

Distribution patterns of composite haplotypes in H.
asinina indicated a lack of intraspecific population

structure of this species over vast geographic areas.

Our results also suggest that H. asinina is probably a

high gene flow species. In contrast, region-specific

composite haplotypes were observed in H. ovina
originating from different coastal sides of peninsular

Thailand, but not within each coast (data not shown).

BABC    CGCCTGTTNACCAAAAACA-GGCTCCTCGGTCAATTAGTGTGGATGGGAAGTCGGACCTG
BABG    CGCCTGTTNAACAAAAACATGGCTCCTCGGTCAATTAGTG-GGATGGGAAGTCGGACCTG
AAAA    CGCNTGTTNACCAAAA-CATGGCTCCTTG--TGTTTAGNC-GNATANGNAGTCGGACCTG
AAAB    CGCCTGTTTAACAAAAACATGGCTCCTTGGTTGTCTGAGT-GGATGAGGAGTCGGACCTG
ABBB    CGCCTGTTTAACAAAAACATGGCTCCTCGGTTGTTTGAGT-GGATGGGGAGTCGGACCTG
        *** **** * ***** ** ******* *      *     * **  * ***********
BABC    CCCGGTGACCTACGGGTTAAACGGGCCGCGGTACACTGACCGTGCAAAGGTAGCACAAT-
BABG    CCCGGTGACCTACGGGTTAACCGG-CCCCGGTACACTGCCGG--CAAAGGTAGCACAATT
AAAA    CCCGGTGACCTACGGGT-AACCGG-CCGCGG-ACACTGACCGTGCAAAGGTAGCACAAT-
AAAB    CCCGGTGACTTACGGGTTAAACGGCCGCGGGTACACTGACCGTGCAAAGGTAGCACAAT-
ABBB    CCCGGTGACTTACGGGTTAAACGGCCGCGG-TACACTGACCGTGCAAAGGTAGCACAAT-
        ********* ******* ** *** *   *  ****** * *  ***************
BABC    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
BABG    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
AAAA    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTT
AAAB    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTC
ABBB    CACTTGCCTTTTAATTGGAGGCTGGTATGAATGGTTTGACGAGGGCTGAGCTGTCTCTTC
        ***********************************************************
BABC    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGA
BABG    TGAAATATTTAAAAATTAACTTCTTAGGTGAAAAGGCTTAGATTAAGCTGAGGGACGAGA
AAAA    TGGAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCCTAGATTGAGCTGAGGGACGAGA
AAAB    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCCTAGATTAGGCTGAGGGACGAGA
ABBB    TGAAATATTTAAAAATTAACTTCT-AGGTGAAAAGGCTTAGATTAGGCTGAGGGACGAGA
        ** ********************* ************ ******  **************
BABC    AGACCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGC
BABG    AGACCCTGTTGAGCTTTAGTGTGGAATGAAGGGGTGTGCTCCTGAAATAAGTTAGAGAGC
AAAA    AGACCCTGTTGAGCTTTAGTGTTGAATAAAGGTTTATATTTCCTAGTTGAATTTAGAGGT
AAAB    AGACCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTC-TAATTTCTAGTTGTACTAGAGAAT
ABBB    AGACCCTGTTGAGCTTTAGTGTGGAGTGAAGGTTTATAATTTCTAGTTGTACTAGAGAAT
        ********************** ** * ****    *  *    *  *    *
BABC    TCAGGTTTGTTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTT
BABG    TCAGGTTTGTTCTTACATCTTTAGTTGGGGTGACTGGGGAACATAAGAAGCTTCCCTGTT
AAAA    TTAAGTTTATTCTTACATCTTTAGTTGGGGTGACTGGGGAACAAAAGTAGCTTCTCTACT
AAAB    TTAAATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTT
ABBB    TCAAATTCATTTTTACATCTTTAGTTGGGGTGACTGGGGAACATAGGTAGCTTCTCTGTT
        * *  **  ** ******************************* * * ****** **  *
BABC    TATAGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAA
BABG    TATAGTTTAATTATTTTCGGTTTTCTGACTAAGGATCCAGCATTGCTGATTGTCGGAAAA
AAAA    TATTACTGGGTT-----TGGCTTGCTAGCTAATGATCCGGCATTGCTGATTATTGGAAAA
AAAB    T-TTAGTAAATTAAATTTGGTCTGCTGACTGATGATCCGGCATTGTCGATTATCGGAAAA
ABBB    T-TTAGTAGATTGAATTTGGTCTGCCGACTGATGATCCGACATTGTCGATTATCGGAAAA
        * *   *   **      **  * *   ** * *****  *****  **** * ******
BABC    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
BABG    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
AAAA    AGTTACCACAGGGATAACAGC-GTAATCTTTTTGG-AGAGTTCATATTGAAAAAA-GGGT
AAAB    AGTTACCACAGGGATAACAGC-GTAATCTTTCTGG-AGAGTTCACATTGAAAGAA-GGGT
ABBB    AGTTACCACAGGGATAACAGCCGTAATCTTTCTGGGAGAGTTCACATTGAAAGAAAGGGT
        ********************* ********* *** ******** ******* ** ****
BABC    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
BABG    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
AAAA    TTGCGACCTCGATGTTGGATTAAGGTGTCCTAAGGGTGTAGCAGCTCTTGTTGG-TTGGT
AAAB    TTGCGACCTCGATGTTGGATTAAGGTGTCCTGAGGGTGTAGCAGCTTTCGTTGG-TTGGT
ABBB    TTGCGACTCCNATGTTGGATAAAGGTGTCTGGGGGGNGTAGCAACTTTCGTTGGGTTGGN
        *******  * ********* ********    *** ****** ** * ***** ****
BABC    CTGTTCGACCATTAAAACCTTACGTGATCTGATCTGAGTTCAGACCGG
BABG    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
AAAA    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
AAAB    CTGTTCGACCATTAAAACCTTACATGATCTGA-----GTTCAGACCGG
ABBB    CTGTTCNACCATTAAAACCTTACGTGATCTGATCTGAGTTCAGACCGG
        ****** **************** ********     ***********

Fig. 2 Sequences of 16S rDNA amplified from H. asinina
individuals possessing AAAA, H. ovina possessing ABBB and

AAAB, and H. varia possessing BABC and BABG composite

haplotypes.

Distributions of H. ovina composite haplotypes

clearly indicated the existence of intraspecific genetic

differentiation in this species. The most common

haplotypes ABBB and AAAB in H. ovina were

different by 2 restriction sites while the rare

composite haplotype AABB was the intermediate

haplotype between those composite haplotypes. The

highest level of genetic diversity was found in H.
varia. Five composite haplotypes were found in a

relatively small sample size (N = 25) of H. varia
compared to 2 and 3 composite haplotypes from H.
asinina (N = 84) and H. ovina (N = 64), respectively.

The cDNA sequences of the sperm lysin protein

previously used for systematic studies of Haliotis
species showed unusual divergence between species

but was highly conserved within species suggesting

its high species-specific nature.
14,15)

 Recently, Sweijd

et al. 16)
 successfully developed species-specific PCR

for H. midae and H. spadicea based on lysin
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sequences described by Youn-Ho and Vacquier.
14)

Our results indicated that PCR-RFLP can also be

unambiguously used for identification of species

origins of Thai abalone. Moreover, large genetic

divergence was observed between different species

but lower divergence was observed intraspecifically

(3.19% between ABBB and AAAB in H. ovina and

1.11% between BABC and BABG in H. varia).

Sequences of the amplified 16S rDNA of individuals

showing major composite haplotypes indicated the

possibility of developing rapid and reliable species-

specific PCR of abalone in Thailand.

The ability to identify the species origins of Thai

abalone is crucial for broodstock management and

conservation programmes in these taxa. Following

which, these molecular markers can also be used for

comparisons of growth performance among three

abalone species in communal setting conditions. Our

results illustrated the existence of population

subdivisions in H. ovina but not in H. asinina
suggesting that levels of gene flow in these species

are different. High genetic diversity in a

discontinuously distributed species like H. varia was

surprisingly observed.

PCR-RFLP analysis is a promising approach for

population genetic and systematic studies in various

taxa.
3, 17, 18)

 Genetic markers found in this study can

also identify the species origin of abalone seed

accurately. In addition, the PCR-RFLP approach can

be further used for evaluation of genetic diversity

levels of three abalone species in Thailand.
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Abstract: Genetic diversity of abalone in Thailand, Haliotis asinina, H. ovina, and H. varia, was analyzed by

polymerase chain reaction (PCR) of 18S and 16S rDNAs, with randomly amplified polymorphic DNA (RAPD)

and restriction fragment length polymorphism (RFLP). Species-specific RAPD markers were found in each

abalone species. Restriction analysis of 18S (nuclear) ribosomal DNA with AluI, TaqI, and HaeIII and 16S

(mitochondrial) rDNA with BamHI, EcoRI, HaeIII, and AluI gave 12 and 13 digestion patterns, respectively. A

total of 49 composite haplotypes were found. A dendogram obtained by the unweighted pair-group method

with arithmetic mean, constructed from divergence between pairs of composite haplotypes, revealed repro-

ductively isolated gene pools of these abalone and indicated that H. asinina and H. ovina are genetically closer

than H. varia. When H. varia was discovered owing to small sample sizes, geographic heterogeneity analysis

and FST estimate indicated clear genetic differentiation between H. ovina originating from the Andaman Sea

(west) and the Gulf of Thailand (east, P < 0.0001), whereas partial differentiation was observed between the

Philippines and the remaining H. asinina samples (P < 0.0021). The amplified 16S rDNAs of individuals

representing composite haplotypes found in this study were cloned and sequenced. A neighbor-joining tree

constructed from sequence divergence of 16S rDNA accurately allocated those sequences according to species

origins of abalone. Species-specific PCR based on 16S rDNA polymorphism was successfully developed in H.

asinina and H. varia but not in H. ovina.
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INTRODUCTION

Abalone are marine gastropods occurring in tropical and

temperate areas, particularly in the subtidal zones (Geiger,

1998). At least 20 species of abalone distributed worldwide

are commercially important. Most of these are large species

harvested from natural stocks (Jarayabhand and Paphava-

sit, 1996).

Abalone has been farmed commercially for the last few

decades in various parts of the world (Shepherd et al.,

1992). Overexploitation of natural abalone resulted in the

rapid development of abalone aquaculture in several Asian

countries (Jarayabhand and Paphavasit, 1996). Three aba-

lone species are found in Thailand: Haliotis asinina, H.

ovina, and H. varia. Only H. asinina and H. ovina are found

along the eastern coasts of the upper Gulf of Thailand, but

all 3 species occur in the Andaman Sea (Tookwinas et al.,

1986; Nateewathana and Bussarawit, 1988).

Thus far, there have been no publications concerning

genetic diversity and population structure of Thai abalone.

This information is essential for the construction of ap-

propriate breeding programs, broodstock selection, and

management schemes (stock structure analysis and phylo-

genetic studies) leading to sustainable culturing of aba-

lone in Thailand. Additionally, species-specific markers can

be used for quality control to prevent incorrect use of ab-

alone larvae and abalone species in canning (Sweijd et al.,

1998).

Among abalone in Thai waters, H. asinina provides the

highest percentage (85%) of meat weight relative to total

weight, compared with 40% and 30% for H. ovina and H.

varia, respectively (Singhagraiwan and Doi, 1993). There-

fore, H. asinina has a high value for the ‘‘cocktail-sized’’

(40–70 mm) abalone market, as is true for H. diversicolor

supertexta in Taiwan (Jarayabhand and Paphavasit, 1996).

It is a target species currently promoted for commercial

culture in Thailand.

There have been few published population genetics

studies in abalone. Huang et al. (2000) analyzed genetic

structure of 100 blacklip abalone, H. rubra (Leach) from 9

sites along the Victorian coast and another site at Eden

(New South Wales, Australia) using randomly amplified

polymorphic DNA and polymerase chain reaction (RAPD-

PCR) (UBC101, UBC135, UBC149, UBC159, UBC169, and

M13), 2 minisatellites (GHR and MIPR), and 3 microsat-

ellites (RUBGT1, RUBCA1, and RUBGACA1). All DNA

markers revealed significant population subdivision within

H. rubra. Deviations from Hardy-Weinberg equilibrium

were observed at all microsatellite loci across all investi-

gated populations, whereas results from minisatellite

analysis of those samples conformed to Hardy-Weinberg

equilibrium.

Hamm and Burton (2000) determined allelic fre-

quencies of 400 individuals of the black abalone (H. crac-

herodii) from 7 geographic sites of southern and central

California (Vandenberg Marine Ecological Reserve, Cam-

bria, San Simeon, Big Creek Marine Ecological Reserve,

Carmel Point, Point Pinos, and Scotts Creek) using allo-

zymes (GPI*, AAT-1*, and PGM*) and COI sequences.

Allelic frequencies among sites were significantly different

Figure 1. Map indicating sample collection sites of abalone; H.

asinina, H. ovina, H. varia were used in this study. Dots represent

geographic locations (excluding the Philippines sample) from which

at least one abalone species was collected (see Table 1 for

abbreviations of sample sites). Samet Island (SAM) is located in

Rayong (RAY) province.
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at all 3 loci. Genetic distance was found to be independent

from geographic distance over approximately 300 km of the

sampling range. The COI sequences (N = 51) obtained

from 5 of the overall investigated populations did not re-

veal population differentiation in this species.

Partial sequences of 18S rDNA were used to differen-

tiate closely related abalone, H. discus discus and H. discus

hannai. The amplified 18S rDNAs (forward primer, 5¢- AAC

CTG GTT GAT CCT GCC AGT-3¢; and reverse primer, 5¢-TGA TCC

TCC TGC AGG TTC A-3¢) were directly sequenced and mul-

tiple-aligned with those ofH.madaka andH. gigantea and

a land gastropod (Limicolaria kambeul). The inferred 18S

rDNA phylogeny indicated that H. discus discus and H.

discus hannai are closely related but distinguishable at the

subspecies level (Naganuma et al., 1998).

The cDNA sequences of a lysin gene of 27 abalone

species were compared, and 22 of 27 investigated taxa were

clearly distinguishable by at least 20 nucleotide differences.

The lysin sequences are almost identical between H. mak-

ada and H. discus hannai, H. conicopora and H. rubra, H.

diversicolor supertexta and H. diversicolor aquatilis, and H.

tuberculata lamellosa and H. tuberculata tuberculata. (Lee

and Vacquire 1995).

The objective of this study was to evaluate the levels of

genetic diversity and population differentiation of H.

asinina compared with those of H. ovina and H. varia using

RAPD-PCR as well as polymerase chain reaction and re-

striction fragment length polymorphism (PCR-RFLP)

analysis of 18S and 16S rDNAs. Representative individuals

of abalone exhibiting 16S rDNA composite haplotypes

found in this study were cloned and sequenced. Species-

specific PCR based on polymorphism of 16S rDNA for

H. asinina and H. varia was developed.

MATERIALS AND METHODS

Sampling

Tropical abalone,H. asinina (N= 59),H. ovina (N= 71), and

H. varia (N = 23), were collected over their geographic dis-

tribution in Thailand (Figure 1 and Table 1). In addition,

H. asinina from Cambodia (HACAME, N = 21 and HA-

CAMHE, N = 15) and the Philippines (HAPHIE, N = 20)

were also sampled. Specimens from the Thai andCambodian

and Philippine hatchery stocks were established from ap-

proximately 100 and 200 founders of the local populations,

respectively. Specimens were kept at )30�C until required.

DNA Extraction

Total DNA was extracted from the adductor muscle of each

abalone using a phenol–chloroform–proteinase K method

(Klinbunga et al., 1996). The concentration of extracted

DNA was spectrophotometrically estimated using a

SPECTRONIC Genesys 5 spectrophotometer (Milton Roy).

DNA was stored at 4�C until needed.

Table 1. Sample Collection Sites and Sample Sizes of Abalone Specimens Used in This Study

Geographic origin Abbreviation Sample size (N)

H. asinina

Samet Island, Rayong (Gulf of Thailand) HASAME 12

P0 stock, Samet Island, Rayong (Gulf of Thailand) HASAMHE 19

Cambodia (east of peninsular Thailand) HACAME 21

P0 stock, Cambodia (east of peninsular Thailand) HACAMHE 15

Talibong Island, Trang (Andaman Sea) HATRAW 28

F1, Philippines (SEAFDEC, Iloilo) HAPHIE 20

H. ovina

Sichang Island, Chon Buri (Gulf of Thailand) HOCHOE 24

Samet Island, Rayong (Gulf of Thailand) HOSAME 18

Churk Island, Trang (Andaman Sea) HOTRAW 18

Similan Island, Phangnga (Andaman Sea) HOPHAW 11

H. varia

L-Island, Phuket (Andaman Sea) HVPHUW 21

Similan Island, Phangnga (Andaman Sea) HVPHAW 2

Total (N) 209
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RAPD-PCR

Three selected minisatellite primers (INS, 5¢-ACA GGG GTG

TGG GG-3¢; M13, 5¢-GAG GGT GGN GGN TCT-3¢; and YN73,

5¢-CCC GTG GGG CCG CCG-3¢; Heath et al., 1993) were an-

alyzed against H. asinina (N = 25), H. ovina (N = 25),

and H. varia (N = 20) individuals. RAPD-PCR was

performed in a 25-ll reaction volume containing 10 mM

Tris-HCl, pH 8.3, 50 mM KCl, 3 mM MgCl2, 100 lM of

each dNTP, 0.2 lM (INS and YN73) or 0.4 lM (M13) of

each primer, 1 unit of AmpliTaq DNA polymerase (Perk-

inElmer Cetus) and 25 ng of DNA template. PCR was

performed in an Omnigene-E thermal cycler (Hybaid)

using conditions described by Klinbunga et al. (2000).

PCR of 16S and 18S rDNAs

Two gene regions, 16S rDNA (mitochondrial gene) and 18S

rDNA (nuclear gene, 18F, 5¢-TGG ATC CGG GCA AGT CTG GTG

CC-3¢; and 18R, 5¢-TGA AGT CAA GGG CAT CAC AGA CC-3¢), of
each abalone were analyzed by PCR-RFLP. The 16S

rDNA was amplified using primers 16SF1 (5¢-CGC CTG TTT

AAC AAA AAC AT-3¢) and 16SR1 (5¢-CCG GTC TGA ACT CAG ATC

ATG T-3¢) (Palumbi et al., 1991). Specimens that were not

successfully amplified with those primers (1%) were then

amplified with 16SF1 and 16SR2 primers (5¢-GGT CTG AAC

TCA GAT CAG ATC ACG T-3¢) (Small and Chapman, 1997).

PCR was performed in 50 ll containing 10 mM Tris-

HCl, pH 8.3, 50 mM KCl, 1.5 mM (18S rDNA), or 2 mM

(16S rDNA) of MgCl2, 200 lM of dATP, dCTP, dGTP,

and dTTP, 0.5 lM of each primer, 1 unit of DyNAzyme II

DNA polymerase (Finnzymes), and 25 ng of DNA tem-

plate, using amplification conditions according to Klin-

bunga et al. (2002).

Restriction Enzyme Digestion and Agarose Gel

Electrophoresis

The 16S rDNA and gel-eluted 18S rDNA amplification

products were screened against 24 restriction endonuc-

leases (AcsI, AluI, BamHI, BfrI, BglII, BstEII, ClaI, DdeI,

DraI, EcoRI, HaeIII, HindIII, HinfI, KpnI, MboI, NdeI, PstI,

RsaI, SalI, SmaI, SspI, SwaI, TaqI, and VspI). Three (AluI,

TaqI, and HaeIII) and 4 polymorphic enzymes (BamHI,

EcoRI, HaeIII, and AluI) were found for the amplified 18S

Figure 2. RAPD patterns resulting from amplification of genomic

DNA of H. asinina (lanes 1–6), H. ovina (lanes 7–12), and H. varia

(lanes 13–18) with the primer YN73. Lane M is a 100 bp ladder; lane

m, k-HindIII.

Table 2. Restriction Fragment Patterns Resulting from Digestion

of 18S and 16S rDNAs of H. asinina, H. ovina, and H. varia with

Restriction Endonucleases

rDNA/Enzyme Pattern Observed (bp)

Alu18S I A: 680, 520, 410, 350, 290, 250, 240, 110

B: 520, 410, 290, 250, 110, 110

C: 680, 520,410, 290, 250, 110

D: 650, 520, 410, 350, 290, 250, 240, 110

E: 520, 410, 350, 290, 250, 240, 110

F: 520, 410, 350, 290, 250, 110

Taq18S I A: 410, 270, 210, 80

6: 500, 410, 410, 270, 210, 80

C: 500, 410, 270, 210, 80

D: 500, 500, 410, 270, 210, 80

Hae18S III A: 390, 210, 200

B: 390, 210, 200, 180

Bam18S HI A: 580

B: 380, 200

Eco16S RI A: 580

B: 300, 280

Hae16S III A: 380, 120, 80

B: 500, 80

Alu16S I A: 175, 140, 95, 50

B: 175, 175, 95, 80, 50

C: 220, 175, 80, 50, 35

D: 175, 175, 50

E: 175, 140, 95, 80, 50

F: 220, 140, 80, 50, 35

G: 175, 140, 50, 35
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and 16S rDNAs, respectively. Digestion of PCR products

was performed in a 15-ll reaction for 6 to 12 hours using

the conditions recommended by the manufacturers

(Promega and New England Biolabs). The digest was

electrophoresed through 2% agarose gel or 3% Metaphor

(AluI-digested 16S rDNA) at 4 V/cm. The restricted DNA

was visualized under a UV transilluminator after ethidium

bromide staining (Maniatis et al., 1982)

Cloning and Sequencing of 16S rDNA of Abalone

The 16S rDNA segment amplified from an individual

representing each composite haplotype was fractionated

through a 1.5% agarose gel, excised, and eluted from the gel

using a Prep-A-Gene DNA purification kit (Bio-Rad). The

eluted DNA was purified by phenol-chloroform extraction

and recovered by ethanol precipitation before being ligated

to pGEM-T easy vector (Promega) at 4�C for 16 hours.

One-tenth volume of each ligation was electrotransformed

to Eschericha coli XL1-BLUE (Dower et al., 1988). Rec-

ombinant clones were selected by a lacZ¢ system following

standard protocols (Maniatis et al., 1982). A 580-bp insert

was verified by digestion of the recombinant plasmid with

Eco RI. Recombinant clones were sequenced for both di-

rections using an automated DNA sequencer (Li-COR).

Species-Specific PCR and Sensitivity Test

A reverse primer for each abalone was designed and tested in

combination with the 16SF1 primer for examining species

specificity against DNA of target and nontarget species

(N = 75, 64, and 20 for H. asinina, H. ovina, and H. varia,

respectively). Species-specific PCR was performed by pre-

denaturation at 94�C for 3 minutes followed by 30 cycles of

denaturation at 94�C for 1 minute, annealing at 60�C (65�C
forH. varia–specific primers) for 1 minute, and extension at

72�C for 1 minute. The final extension was performed at the

same temperature for 7 minutes. The amplified 16S rDNA

was electrophoretically analyzed through 1.6% agarose gels.

The sensitivity test was examined against 2-fold dilutions

(12.25 pg to 25 ng) of DNA template of the target species.

Data Analysis

Restriction patterns generated from each restriction endo-

nuclease were given letter designations alphabetically

according to their appearance. The composite haplotypes T
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were constructed from combinations of restriction patterns

of 18S and 16S rDNAs, respectively. The genetic distance

between composite haplotypes (d), haplotype (h), and

nucleotide diversity (p) within geographic samples and

nucleotide divergence between samples (dA) were calcu-

lated (Nei and Li, 1979; Nei and Tajima, 1981; Nei, 1987)

using REAP (McElroy et al., 1991). An unweighted pair-

group method with arithmetic mean (UPGMA) dendro-

gram (Sneath and Sokal, 1973) based on the percentage of

genetic distance between pairs of composite haplotypes

(PCR-RFLP) was constructed using Neighbor in PHYLIP

3.56c (Felsenstein, 1993). Additionally, 16S nucleotide se-

quences were aligned using CLUSTAL W (Thompson et al.,

1994). The divergence between pairs of sequences was es-

timated using Kimura’s (1980) 2-parameter model. A

neighbor-joining tree (Saitou and Nei, 1987) was con-

Figure 3. A UPGMA dendrogram

indicating genetic relationships be-

tween composite haplotypes of H.

asinina, H. ovina, and H. varia based

on PCR-RFLP of 18S and 16S rDNAs.

Arrow indicates misclustering of H.

ovina composite haplotype (BAAAAAB)

into those of H. asinina.
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structed. Geographic heterogeneity analysis between pairs

of geographic samples were analyzed using a Monte-Carlo

simulation (Roff and Bentzen, 1989) implemented in REAP

(McElroy et al., 1991). FST statistics were calculated using

GENEPOP (Raymond and Rousset, 1995).

RESULTS

Using minisatellite primers, we found H. asinina–specific

fragments (1450 bp, 1000 bp, and 780 bp from INS and 1190

bp, 980 bp, 710 bp, and 500 bp from YN73), H. ovina–

specific fragments (2100 bp and 420 bp from YN73), and H.

varia–specific fragment (820 bp from YN73) (Figure 2).

Twenty-five restriction patterns were generated from

analysis of 16S (580 bp) and 18S rDNAs (900 bp) of 209

individuals of 3 abalone species. Digestion of 18S rDNA

with Alu I and Taq I revealed the existence of intraindividual

polymorphism in these taxa (Table 2). Restriction analysis

of 16S rDNA with Eco RI indicated that all specimens of

abalone exceptH. ovina from the Gulf of Thailand possessed

pattern A. Therefore, the geographic origin ofH. ovina from

the east and west coasts of peninsular Thailand could be

simply determined by this enzyme digestion. Differentiation

ofH. asinina,H. ovina, and H. varia at the interspecific level

can be carried out by digestion of 16S rDNA with AluI.

Patterns A (95.65%) and E (4.35%) were restricted to H.

asinina, whereas H. ovina exhibited pattern B (100%). Four

restriction patterns (C, 65.21%; D, 26.09%; F, 4.35%; and G,

4.35%) were observed in H. varia (Table 2).

Considering only 16S rDNA, 10 composite haplotypes

were generated and did not overlap between different

species (Table 3). A total of 49 composite haplotypes were

observed when digestion patterns of 18S rDNA were in-

cluded. Distributions of 18S rDNA composite haplotypes

alone overlapped between different species of abalone.

A UPGMA dendrogram constructed from genetic

distance between pairs of 18S and 16S rDNA composite

haplotypes of H. asinina, H. ovina, and H. varia precisely

allocated 48 composite haplotypes according to their spe-

cies origins. Only BAAAAAB found in H. ovina misclustered

with H. asinina composite haplotypes (Figure 3).

The average haplotype diversity and nucleotide diver-

sity within samples of 3 abalone were 0.6762% (0.0000%–

0.9013%) and 0.3716% (0.0000%–0.8114%), respectively

(Table 4). The percentage of nucleotide divergence between

geographic samples of different species (0.81%–2.81%) was

greater than that between geographic samples within a given

species (0.00%–0.47% within H. asinina, 0.00%–1.07%

within H. ovina, and )0.02% within H. varia, respectively).

Disregarding HVPHAW, in which only 2 specimens

were examined, geographic heterogeneity across overall

samples was significant (P< 0.0001), indicating the existence

of genetic differentiation of abalone in this study. Genetic

heterogeneity between geographic samples of different aba-

lone species was also statistically significant (P < 0.0021).

Within H. asinina, significant differences between the

Philippine samples and the remaining samples (except

HACAMHE) were found (P < 0.0021). In contrast, strong

genetic differentiation between H. ovina originating from

the Andaman Sea and theGulf of Thailandwas observed (P<

0.0001, Table 5). Analysis of population differentiation using

the FST estimate provided concordant conclusions (Table 6).

A neighbor-joining tree based on sequence divergence

between composite haplotypes of different abalone species

allocated sequences (Figure 4) of composite haplotypes

AAAA and AAAE (H. asinina), AAAB, AABB, and ABBB

(H. ovina), and AABC, BABC, BABD, BABF, and BABG (H.

varia) accurately according to their species origins (Figure

5). Species-specific PCR was successfully developed in H.

asinina and a small sample of H. varia, but not in H. ovina

(Figure 6). The sensitivity of detection for primers specific

to H. asinina and H. varia was approximately 25 pg and 50

pg, respectively (Figure 7).

Table 4. Haplotype and Nucleotide Diversity Within Samples of

H. asinina, H. ovina, and H. varia Determined by Restriction

Analysis of 18S and 16S rDNAs

Sample

Haplotype

diversity ± SE

Nucleotide

diversity (·100)

H. asinina

HASAME 0.0000 ± 0.0000 0.0000

HASAMHE 0.7511 ± 0.0508 0.3139

HACAME 0.3391 ± 0.0898 0.1715

HACAMHE 0.7816 ± 0.0518 0.4809

HATRAW 0.7065 ± 0.0536 0.3758

HAPHIE 0.8359 ± 0.0288 0.4910

H. ovina

HOCHOE 0.6241 ± 0.0679 0.1897

HOSAME 0.7937 ± 0.0392 0.1903

HOTRAW 0.8317 ± 0.0417 0.4073

HOPHAW 0.8831 ± 0.0293 0.4222

H. varia

HVPHUW 0.9013 ± 0.0248 0.8114

HVPHAW 0.6667 ± 0.2041 0.6057

Average 0.6762 ± 0.0057 0.3716 ± 0.0000
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DISCUSSION

Species-Diagnostic Markers of

H. asinina, H. ovina, and H. varia

PCR-RFLP of 18S and 16S rDNAs provided useful infor-

mation on species identification, population differentia-

tion, and genetic diversity of the abalone we investigated.

Restriction analysis of 16S rDNA was sufficient for species

identification of H. asinina, H. ovina, and H. varia. Species-

diagnostic markers were found from both single (16S

rDNA–AluI) and multiple enzyme digestions (composite

haplotypes of 16S rDNA).

Muchmore et al. (1998) identified tandemly repeated

satellite DNA (290–291 bp in length) in 5 species of eastern

Pacific abalone (H. rufescens, H. kamtschatkana, H. cor-

rugata, H. sorenseni, and H. walallensis). Satellite-specific

primers were designed and used to determine the consen-

sus sequences of 5 abalone species by direct sequencing of

the PCR product.

Sweijd et al. (1998) developed species-specific markers

for differentiation of a commercially exploited abalone in

South Africa, H. midae, and a sympatrically congeneric

species, H. spadicea, for quality control of exported abalone

based on species-specific PCR and PCR-RFLP approaches.

PCR primers designed from cDNA of the lysin gene se-

quences specifically amplified a 1300-bp fragment from

genomic DNA of dried, cooked, and fresh abalone tissues.

A 146-bp fragment was used to verify whether canned

abalone was H. midae. Discrimination of these abalone

could also be carried out by restriction analysis of a 1300-

bp fragment with CfoI, DraI, TaqI, and HinfI.

Species-specific PCR based on 16S rDNA polymor-

phism, which is more accurate and convenient than that

based on RAPD analysis, was successfully developed in H.

varia (100% amplification success without any false posi-

tives) and H. asinina (100% with a false positive from a

single individual of H. varia), but not in H. ovina (68.75%

with extensive false-positive results from H. asinina and H.

varia). As a result, both H. varia– and H. asinina–specific

primers should be used concurrently to eliminate mis-

identification problems.

Genetic Diversity of Abalone in Thai Waters

Analysis of genetic diversity and differentiation of various

organisms is essential for genetic research, including indi-T
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viduality and parentage, population genetics, phylogenetics,

molecular taxonomy and systematics, and evolutionary

studies (Avise, 1994).

Only 2 specimens from HVPHAW were analyzed;

therefore, results from this geographic sample were not

considered. Moreover, interpretation of allelic variation

was not possible for restriction analysis of 18S rDNA with

AluI and TaqI owing to the existence of intraindividual

polymorphism in these taxa. As a result, genetic distances

between individuals carrying different 18S rDNA haplo-

types were estimated using the band-sharing method,

similar to data from 16S rDNA polymorphism (mtDNA).

The nucleotide diversity within each abalone species

was greater than that of the large oysters Crassostrea belcheri

(0.0945%) and C. iredalei (0.0912%), but much lower than

that of the small oysters Saccostrea forskali (2.8711%) and

Striostrea (Parastriostrea) mytiloides (3.2388%), and the

black tiger shrimp Penaeus monodon (3.328%) (Klinbunga

et al., 2001, 2002). High levels of genetic diversity in

hatchery stocks of H. asinina (HASAMHE, HACAMHE,

and HAPHIE) should result from the use of a large number

of founders to establish those stocks. In contrast, a lack of

genetic heterogeneity in HASAME probably resulted from

genetic drift in that geographic sample.

Misclustering of a composite haplotype of H. ovina

(BAAAAAB) originating from the Andaman Sea with those

of H. asinina probably resulted from the insufficient

number of restriction endonucleases used in this study.

Although species identification was successful, estima-

tion of genetic diversity levels in abalone should be re-

examined using additional gene regions or restriction

endonucleases for more accurate results.

Population Differentiation of

H. asinina and H. ovina

The nucleotide divergence between geographic samples

within each species was extremely low, implying a low

degree of intraspecific population differentiation in abalo-

Table 6. Estimated FST (and P value) Between Pairs of Geographic Samples of Each Abalone Based on Restriction Analysis of 18S and 16S

rDNAs

Geographic samples 18S rDNA 16S rDNA

HASAMHE-HASAME 0.2563 (0.0083ns) 0.0699 (0.2656ns)

HASAMHE-HATRAW 0.0668 (0.0388ns) )0.0058 (0.6350ns)

HASAMHE-HACAMHE 0.0744 (0.0483ns) 0.0895 (0.2385ns)

HASAMHE-HACAME 0.0862 (0.0686ns) 0.1208 (0.0977ns)

HASAMHE-HAPHIE 0.1591 (0.0008*) 0.1160 (0.1059ns)

HASAME-HATRAW 0.1641 (0.0141ns) )0.0074 (0.5693ns)

HASAME-HACAMHE 0.2934 (0.0022ns) Not possible

HASAME-HACAME 0.0437 (0.2712 ns) Not possible

HASAME-HAPHIE 0.4535 (<0.0001*) Not possible

HATRAW-HACAMHE 0.0052 (0.3347ns) 0.0051 (0.5347ns)

HATRAW-HACAME 0.0497 (0.0747ns) 0.0224 (0.4999ns)

HATRAW-HAPHIE 0.1801 (<0.0001*) 0.0199 (0.5035ns)

HACAMHE-HACAME 0.1512 (0.0058ns) Not possible

HACAMHE-HAPHIE 0.0560 (0.0566ns) Not possible

HACAME-HAPHIE 0.3302 (<0.0001*) Not possible

HOCHOE-HASAME 0.0385 (0.1173ns) Not possible

HOCHOE-HOTRAW 0.1296 (0.0035*) 0.9525 (<0.0001*)

HOCHOE-HOPHAW 0.1046 (0.0226ns) 1.0000 (<0.0001*)

HOSAME-HOTRAW 0.0285 (0.1754ns) 0.9444 (<0.0001*)

HOSAME-HOPHAW )0.0017 (0.4295ns) 1.0000 (<0.0001*)

HOTRAW-HOPHAW )0.0134 (0.5747ns) )0.0299 (1.0000ns)

HVPHUW-HVPHAW 0.0876 (0.3125ns) )0.2409 (1.0000ns)

nsNot significant; *P < 0.0042 following a sequential Bonferroni method (Rice, 1989).
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ne. This was concordant with population genetic studies of

H. cracherodii along the central California coast, where low

genetic distance (0.001–0.057) resulted from allozyme

(GPI*, AAT-1*, and PGM*) and COI sequence divergence

of specimens collected from a geographic distance covering

about 300 km (Hamm and Burton, 2000). Conversely,

larger nucleotide divergence between abalone species was

observed. The percentage of nucleotide divergence between

pairs of samples from different species was 0.81% to 2.81%.

Naganuma et al. (1998) examined divergence of COI be-

tween H. discus discus and H. discus hannai and found that

the sequence divergence between these morphologically

similar taxa was 0.8%.

Large genetic discontinuity was found between H.

ovina originating from the west (the Andaman Sea) and the

east (the Gulf of Thailand) of peninsular Thailand, re-

flecting strong genetic differentiation of this species. This

was consistently supported by geographic heterogeneity

and FST analyses (P < 0.0001). Genetic population structure

within H. asinina was observed between the Philippines

and the remaining samples except for HACAMHE (P <

0.0021). A lack of population differentiation was found in

small sample sizes of H. varia (P = 0.7710).

Huang et al. (2000) investigated population differen-

tiation of the blacklip abalone (H. rubra) using RAPD-PCR

(UBC101, UBC135, UBC149, UBC159, UBC169, and

M13), minisatellites (GHR and MIPR), and microsatellites

(RBUGT1, RUBCA1, and RUBGACA1). All types of DNA

markers revealed intraspecific genetic differentiation in that

species relating to relatively short larval stages and limited

dispersion of abalone.

Disregarding the Philippines sample, a panmictic gene

pool was found in H. asinina. Therefore, establishment of

the appropriate propagated stock of H. asinina in our

Figure 4. Sequence alignment of abalone individuals exhibiting different composite haplotypes of 16S rDNA (accession numbers AY163250–

AY163259). Asterisks indicate identical bases among compared sequences. Regions used to design primers for development of species-specific

PCR are illustrated in boldface.
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hatchery does not require samples from several geographic

locations.Conversely, strongdifferentiationbetweenH.ovina

from different coastal regions suggested that these popula-

tions should be treated as separate management units.

Hybridization between 2 species of abalone (H. rubra

and H. laevigata) and gene introgression into a gene pool of

the other was reported using allozyme analysis (Brown,

1995). There was no evidences of interspecific hybridization

of abalone in this study. PCR-RFLP of 16S rDNA suggested

a lack of bidirectional interspecific hybridization due to

complete disassociation of mtDNA composite haplotypes

between H. asinina, H. ovina, and H. varia. Nevertheless,

the possibility of unidirectional hybridization between fe-

males of H. asinina, H. ovina, or H. varia with males of

different species could not be completely eliminated be-

cause this circumstance cannot be examined using mtDNA

markers. The 18S rDNA polymorphism based on PCR-

RFLP was not suitable for species discrimination in aba-

lone. Therefore, additional nuclear DNA markers should be

used for further analysis.

Previously, molecular evolution and systematics of 27

abalone species were examined using cDNA sequences of

the lysin gene. Phylogenetic relationships indicated that H.

ovina and H. varia were sister taxa. However, H. asinina

was not included in that study (Lee and Vacquier, 1995).

The topology of UPGMA dendrograms between composite

haplotypes, geographically different samples (data not

shown), and species (data not shown), based on PCR-RFLP

of 18S and 16S rDNAs and a neighbor-joining tree from

16S DNA sequences, indicated that H. asinina and H. ovina

are genetically closer than H. varia. Results were contra-

dictory to those from a karyotyping study of chromosomes

of these 3 abalone in Thailand (Jarayabhand et al., 1998), in

Figure 5. A neighbor-joining tree indicating relationships between

abalone possessing different 16S rDNA composite haplotypes based

on pairs of nucleotide sequence divergence.

Figure 6. Agarose gel electrophoresis showing species-specific PCR

of H. asinina (lanes 1–6), H. ovina (lanes 7–12), and H. varia (lanes

13–18) using primers 16SF1 + 16SRHA (A) 16SF1 + 16SRHO (B), and

16SF1 + 16SRHV (C). A 100-bp DNA ladder (lanes M) was used as the

DNA marker.
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which H. asinina and H. varia were regarded as more

closely related species. Nevertheless, a parallel study based

on RAPD analysis confirms interspecific genetic relation-

ships of Thai abalone based on PCR-RFLP (A. Popongvi-

wat, personal communication).

Restriction analysis of mtDNA has been successfully

used to estimate levels of genetic diversity or to identify

population differentiation in several commercially impor-

tant marine species in Thailand including cupped oysters,

C. belcheri, C. iredalei, S. cucullata, S. forskali, and S. my-

tiloides (Klinbunga et al., 2002), and the black tiger prawn

P. monodon (Klinbunga et al., 2001). The ability to identify

species origins of Thai abalone is crucial for the construc-

tion of broodstock management and conservation pro-

grams in these taxa. These molecular markers could also be

included for estimating heritability and for comparisons of

growth performance among 3 abalone species in communal

settings, to establish an effective selective breeding program

for abalone in Thailand.
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A randomly amplified polymorphic DNA (RAPD) analysis
was used to identify the species- and population-specific
markers of abalone; Haliotis asinina, H. ovina, and H. varia
in Thai waters. Fifteen species-specific and six population-
specific RAPD markers were identified. In addition, an
1650 bp band (UBC195) that was restricted to H. ovina
from the Gulf of Thailand (east) was also found. All of the
specific RAPD markers were cloned and sequenced.
Twenty pairs of primers were designed and specificity-
tested (N = 12 and 4 for target and non-target species,
respectively). Seven primer pairs (CUHA1, 2, 4, 11, 12, 13,
and 14) were specifically amplified by H. asinina DNA,
whereas a single pair of primers showed specificity with H.
ovina (CUHO3) and H. varia (CUHV1), respectively. Four
primer pairs, including CUHA2, CUHA12, CUHO3, and
CUHV1, were further examined against 216 individuals of
abalone (N = 111, 73, and 32, respectively). Results
indicated the species-specific nature of all of them, except
CUHO3, with the sensitivity of detection of 100 pg and 20
pg of the target DNA template for CUHA2 and CUHA12
and CUHV1, respectively. The species-origin of the frozen,
ethanol-preserved, dried, and boiled H. asinina specimens
could also be successfully identified by CUHA2.

Keywords: Abalone, PCR, RAPD, SCARs, Species-specific
markers

Introduction

Abalones are economically important archeogastropods that
are currently cultured worldwide. There are over 15 species of
abalone, which are being farmed and are commercially
important (Jarayabhand and Paphavasit, 1996). The total
world production of abalone was approximately 13,000 metric
tons in 1999, 7,165 tons of which (55%) were produced on
farms. The major producers of abalone are China and Taiwan.
They annually contribute approximately 75% of the cultured
production (Gordon, 2000).

Three species of tropical abalone (Haliotis asinina, H.
ovina, and H. varia) are found in Thai waters (Jarayabhand
and Paphavasit, 1996). Both H. asinina and H. ovina are
distributed along the east coast of the upper Gulf of Thailand,
and all three species occur in the Andaman Sea (Tookvinas et
al., 1986; Nateewatana and Bussarawit, 1988). Among these
abalone, H. asinina, provides the highest percentage (85%)
between the meat weight and total weight when compared to
H. ovina (40%) and H. varia (30%), respectively
(Singhagraiwan and Doi, 1993). Accordingly, H. asinina is
presently being initially commercially cultured in Thailand.

Appropriate genetic markers can be used to elevate the
cultural and management efficiency of abalone in Thailand
(Jarayabhand et al., 2002). The sustainable success of
aquacultural activity of commercially important species
requires a basic knowledge on stock structure as well as the
use of suitable molecular genetic markers to establish
broodstock management programs of exploited species
(Avise, 1994; Calvalho and Hauser, 1994). In addition,
species-specific markers play important roles in preventing the
supply of incorrect abalone larvae for the industry as well as

*To whom correspondence should be addressed.
Tel: 66-2-2185279; Fax: 66-2-2547680
E-mail: sirawut@biotec.or.th



214 Sirawut Klinbunga et al.

quality control of abalone from Thailand. These markers are
also necessary for the development of monospecific farming
of H. asinina in Thailand.

Species-specific sequences of lysin were reported in the
pink (H. corrugata) and red (H. rufescens) abalone (Vacquier
et al., 1990). Partial sequences of 18S rDNA were also used to
differentiate the closely related abalone, H. discus discus and
H. discus hannai. The amplified 18S rDNA was directly
sequenced and multiple-aligned with that of H. madaka, H.
gigantea, and a land gastropod (Limicolaria kambeul). The
inferred 18S rDNA phylogeny indicated that H. discus discus
and H. discus hannai are closely related but distinguishable at
the subspecies level (Naganuma et al., 1998). In addition, a
tandemly-repeated satellite DNA (290-291 bp in length) was
identified by Sal I digestion of genomic DNA of five Eastern
Pacific (California) abalone species, including the red (H.
rufescens), white (H. sorenseni), flat (H. walallensis), pinto
(H. kamtschatkana), and pink (H. corrugata) abalone.
Sequences of satellite DNA were determined by direct
sequencing and revealed species-specificity in these abalone
(Muchmore et al., 1998). For identification of the species
origins of abalone tissue from South Africa, species-specific
PCR was developed to distinguish H. midae from H. spadicea
using a portion of lysin cDNA sequences (Lee and Vacquier,
1995). PCR specifically amplified a 1,300 bp fragment of the
genomic DNA from dried, cooked, and fresh H. midae tissue.
A smaller fragment of the 146 bp product was successfully
amplified and used for the identification of canned H. midae.
Additionally, PCR-RFLP revealed interspecific polymorphism
that differentiated these species unambiguously (Sweijd et al.,
1998).

Recently, species-diagnostic markers of H. asinina, H.
ovina, and H. varia were developed using PCR-RFLP of 16S
rDNA (Jarayabhand et al., 2002). Restriction of the amplified
16S rDNA with Alu I could differentiate these abalone
unambiguously (patterns A and E in H. asinina, N = 115; B in
H. ovina, N = 71 and C, D, F, and G in H. varia, N = 23).
Further digestion of 16S rDNA with Bam HI, Eco RI, and
Hae III yielded non-overlapping composite haplotypes in
these abalones; AAAA and AAAE in H. asinina, ABBB,
AAAB and AABB in H. ovina and BABG, BABC, BABD,
BABF and AABG in H. varia, respectively. Species-specific
PCR, based on 16S rDNA polymorphism, was successfully
developed in H. asinina and H. varia (100% amplification
success with no false positive) but not in H. ovina (68.75%
amplification success with extensive false positives from other
species) (Klinbunga et al., 2003).

Interspecific hybridization and gene introgression between
H. rubra and H. laevigata was reported, based on an allozyme
analysis (Brown, 1995). Theoretically, hybridization between
the male H. asinina and/or H. varia with females of different
species could have eliminated the accuracy of the species
identification, based on matriarchally inherited markers like
16S rDNA. As a result, H. asinina- and H. varia-specific
nuclear DNA markers need to be developed.

Randomly amplified polymorphic DNA-polymerase chain
reaction (RAPD-PCR) is a relatively simple method for the
identification of genetic markers at different taxonomic levels,
without the need for knowledge of sequences of the genome
under investigation (Welsh and McClelland, 1990; Williams et
al., 1990; Hadrys et al., 1992). The objective of this study was
to develop reproducible species-specific markers of H. asinina
in Thailand. Candidate species- and population-specific
RAPD markers were cloned and sequenced. The primers were
designed. Specificity, sensitivity, and stability of the selected
markers were examined. The sequence-characterized
amplified region (SCAR) markers that offered an accurate
discrimination of H. asinina from H. ovina and H. varia were
developed.

Materials and Methods

Sampling Specimens of three abalone species [H. asinina
(N = 111), H. ovina (N = 73), and H. varia (N = 32)] were collected
(Table 1 and Fig. 1) and individually kept at −30oC until required.
Alternatively, the foot muscle of each specimen was dissected and
kept at −80oC until further use for the DNA extraction.

DNA Extraction The total DNA was extracted from a piece of
the foot muscle of each abalone using the phenol-chloroform-
proteinase K method (Klinbunga et al., 1996). The concentration of
the extracted DNA was spectrophotometrically estimated. The
DNA was stored at 4oC until needed.

RAPD-PCR One hundred and thirteen primers that were
purchased from Operon Technologies Inc. (Alameda, USA) and the
University of British Columbia (Canada) were screened for
amplification success against 2-3 representatives of each abalone
species (Fritsch et al., 1993). Five primers (OPB11, UBC101,
UBC195, UBC197, and UBC271) were tested against different
populations of H. asinina (N = 5 per location), H. ovina (N = 7-8
per location), and H. varia (N = 15 and 3 for HVPHUW and
HVPHAW).

RAPD-PCR was carried out in a 25 μl reaction volume
containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.001% gelatin,
2-3 mM of MgCl2, 100 μM of each dNTP, 0.2 μM of a primer, 1
unit of AmpliTaq DNA Polymerase (Perkin-Elmer, Cetus, USA),
and 25 ng of a DNA template. The amplification was performed in
an Omnigene thermal cycler (Hybaid, Middlesex, UK) according to
Klinbunga et al. (2001). Five microlitres of the amplification
reaction were electrophoresed through 1.6% agarose gels and
visualized under a UV transilluminator after ethidium bromide
staining (Maniatis et al., 1982).

Cloning and sequencing of abalone RAPD markers Twenty-
two RAPD fragments, showing population-, region-, or species-
specificity for each abalone (Table 2), were gel-eluted using a Prep-
A-Gene DNA purification kit (Bio-Rad Ltd, Hercules, USA) and
reamplified with the original primer. The target band was eluted and
ligated to the pGEM-T Easy vector (Promega, Madison, USA).
One-tenth of the volume of each ligation reaction was
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electrotransformed to E. coli XL1-BLUE (Dower et al., 1988).
Recombinant clones were selected by the lacZ system following
standard protocols (Maniatis et al., 1982). DNA sequences of 2-6
clones of each insert were examined from both directions using an
automated DNA sequencer (Li-Cor, Lincoln, USA).

Species-specific PCR, sensitivity, and stability tests Twenty
pairs of primers were designed using OLIGO 4.0. They were
preliminarily tested for specificity against genomic DNA of the
target (N = 12) and non-target species (N = 4) using PCR conditions
that are described by Klinbunga et al. (2000), except that the
annealing temperature was increased to 65°C. Four pairs of primers
(CUHA2, CUHA12, CUHO3, and CUHV1) were further examined
against larger specimens (N = 216, Table 1). The amplification
product was electrophoretically analyzed through 1.6% agarose
gels.

Sensitivity of the detection was examined against varying
concentrations of the target DNA template (10 pg to 25 ng), using
the same conditions as were used for the specificity test. The
stability of CUHA2 and CUHA12 was tested against the poor
genomic DNA template that was extracted from 10 individuals of
the ethanol-preserved larvae (approximately 1 mm in size stored at
4oC for 6 mo) and frozen (3 yr at −30oC), dried (80oC for 72 h and
kept at room temperature for 2 wk), and boiled (10 min) H. asinina
broodstock using the Chelex-based method (Walsh et al., 1994).

Results and Discussion

RAPD-PCR has widely been used for population genetic
studies as well as the identification of molecular markers for
various applications in several organisms (Heipel et al., 1998;
Tassanakajon et al., 1998; Klinbunga et al., 2001). An

Table 1. Sample collection sites and sample sizes of abalone (H. asinina, H. ovina and H. varia) used in this study

Geographic origin Abbreviation Sample size (N)

H. asinina
Samet Island, Rayong (Gulf of Thailand) HASAME 10
P0 stock, Rayong (Gulf of Thailand) HARAYE 15
Cambodia (east of peninsular Thailand) HACAME 20
P0 stock, Cambodia (east of peninsular Thailand) HACAMHE 12
Talibong Island, Trang (Andaman Sea) HATRAW 23
F1, Philippines HAPHIE 19
Indonesia HAINDW 12

H. ovina
Sichang Island, Chon Buri (Gulf of Thailand) HOCHOE 20
Samet Island, Rayong (Gulf of Thailand) HOSAME 19
Churk Island, Trang (Andaman Sea) HOTRAW 18
Similan Island, Phangnga (Andaman Sea) HOPHAW 16

H. varia
L-Island, Phuket (Andaman Sea) HVPHUW 29
Similan Island, Phangnga (Andaman Sea) HVPHAW 3

Total (N) 216

Fig. 1. Map of Thailand illustrating sampling collection sites for
abalone (H. asinina, H. ovina and H. varia) used in this study.
Dots represent geographic locations (excluding H. asinina from
Indonesia and Philippines) for which at least one abalone species
was sampled. Note that Samet Island (SAM) is located in
Rayong (RAY) province.
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analysis of the genetic diversity and population differentiation
of H. asinina, H. ovina, and H. varia using PCR-RFLP of 16S
and 18S rDNA (Jarayabhand et al., 2002; Klinbunga et al.,
2003) revealed a lack of genetic heterogeneity of H. asinina in
Thailand (P>0.05). The analysis, however, did indicate
significant genetic differences between H. asinina, H. ovina,
and H. varia (P<0.0001). This suggested the possibility of
identifying a large number of species-specific markers in H.
asinina.

Among the 113 RAPD primers that were screened, 27
primers (OPA1, 2, 10, 15, 10, and 20, OPB11, 16, and 17,
UBC101, 119, 160, 168, 174, 193, 195, 197, 200, 210, 220,
264, 267, 271, 272, 456, 457, and 459) yielded successful
amplification results in three abalone. Five primers (OPB11,
GTAGACCCGT; UBC101, GCGCCTGGAG; UBC195,
GATCTCAGCG; UBC197, TCCCCGTTCC and UBC271,
GCCATCAAGA) were selected for the identification of
candidate species-specific (or population-specific) markers of
each abalone.

In total, the 10, 2, and 3 fixed RAPD markers were found in
H. asinina, H. ovina, and H. varia (Table 2 and Fig. 2). Three
candidate population-specific RAPD markers were observed
in H. asinina that originated from Talibong Island (HATRAW)
and the Philippines (HAPHIE), respectively. In addition, an
1,650 bp RAPD marker that was generated from UBC195
was specifically found in H. ovina, originating from the Gulf

of Thailand (east), but not in the Andaman Sea sample (west).
RAPD-PCR is sensitive to reaction conditions, including

Table 2. Population-, region-, and species-specific markers of tropical abalone in Thailand (H. asinina, H. ovina, and H. varia) revealed
by RAPD analysis using primers OPB11, UBC101, UBC195, UBC197, and UBC271

Species/population Primer RAPD marker 
(bp) Name of Clones

H. asinina OPB11 1400 pCUHA14 and pCUHA16
800 pCUHA17 and pCUHA18

UBC101 1700 pCUHA19
1325 pCUHA20
590 pCUHA13

UBC195 760 pCUHA4, pCUHA21 and pCUHA22
UBC197 1400 pCUHA23

710 pCUHA1
UBC271 1000 pCUHA24

650 pCUHA2, pCUHA3, pCUHA5, pCUHA6, pCUHA12 and pCUHA25
/HATRAW UBC195 650 pCUHA10 and pCUHA11

UBC271 850 pCUHA7 and pCUHA8
450 pCUHA9

/HAPHIE UBC195 1000 pCUHA26
680 pCUHA27

UBC197 415 pCUHA15
H. ovina OPB11 475 pCUHO1, pCUHO2 and pCUHO3

UBC195 950 pCUHO4
/Gulf of Thailand UBC195 1650 pCUHO5

H. varia OPB11 690 pCUHV4, pCUHV5, pCUHV6 and pCUHV7
UBC195 700 pCUHV1 and pCUHV2

550 pCUHV3

Fig. 2. An example of species-specific RAPD markers resulted
from amplification of total DNA of H. asinina from HARAYE
(lanes 1-4), HATRAW (lanes 5-8) and HACAMHE (lanes 9-13)
with OPB11. Arrowheads indicate species-specific RAPD bands
found in H. asinina. Lanes M and m are 100 bp and 200 bp
DNA markers, respectively.
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Table 3. Sequences of primers designed from population-specific (CUHA11) and species-specific RAPD markers of H. asinina, H.
ovina, and H. varia

Primer Sequence

CUHA1 F: 5'-GAATCCAACATGCGTCAAAG-3'
R: 5'-CTGGAAACAATCGCAGGTCA-3'

CUHA2 F: 5'-TTGTTCAGCATTCTGTGGCAGTTCT-3'
R: 5'-CTTCTTTTTTGCTGACCCTTTGGAG-3'

CUHA4 F: 5'-TCAGCGAAACCAACCAACAC-3'
R: 5'-TTGGACGCAGCTATTCACAT-3'

CUHA11 F: 5'-CCCCGAGGAGTATACAACTCTTCC-3'
R: 5'-TCGAGTTCTTTTCCACAATGCACC-3'

CUHA12 F: 5'-CTAATCCCACACAGCCATCACCAG-3'
R: 5'- AAGAAGTGACGAAGAGGTAGGCAG-3'

CUHA13 F: 5'-TGACCTGTGTTGAGACTCTACGGA-3'
R: 5'-TGAGGGGAGATGGAGTAGCCGC-3'

CUHA14 F: 5'-CGTGAAGACAGTTACTGAAAGTGG-3'
R: 5'-ATCGTTTGTGTTATGTCTCCTCTG-3'

CUHO3 F: 5'-GGGTATCTTCCCACAACAGC-3'
R: 5'-GCACTTGCCTACATCCTTTCAC-3'

CUHV1 F: 5'-CCCCTTGTTTCTCCTTCTTG-3'
R: 5'-CGATGACGCAGGCGGTTTGA-3'

Table 4. Specificity of SCAR markers developed from population-specific or species-specific RAPD markers of H. asinina, H. ovina,
and H. varia

Primer Expected
product (bp)

H. asinina
H. ovina H. varia

HACAMHE HACAME HATRAW HAPHIE

CUHA1-F/R 292 + + + + - -
CUHA2-F/R* 168 + + + + - -
CUHA3-F/Ra 368 NS NS NS NS NS NS
CUHA4-F/R 290 + + + + - -
CUHA5-F/R 264 + + + + + +
CUHA6-F/R 103 + + + + + +
CUHA7-F/Ra 554 NS NS NS NS NS NS
CUHA8-F/Ra 114 NS NS NS NS NS NS
CUHA9-F/Ra 142 + + + + + +
CUHA10-F/Ra 472 NS NS NS NS NS NS
CUHA11-F/Ra 417 + + + + - -
CUHA12-F/R* 312 + + + + - -
CUHA13-F/R 296 + + + + - -

CUHA14-F/R 473 + + a 515 bp
band

a 515 bp
band - -

CUHA15-F/Rb 171 + + + + + +
CUHO1-F/R 414 + + + + + +

CUHO2-F/R 146 + + - - + and a 215 bp 
band -

CUHO3-F/R* 328 - - - - + -
CUHO4-F/R 619 NS NS NS NS NS NS
CUHV1-F/R* 229 - - - - - +

Abbreviations: +, successful amplification with the expected product; -, no amplification product; NS, non-specific fragments obtained;
*, primers further tested against a large sample size (N=216); a, primers derived from HATRAW-specific RAPD markers; b, primers
derived from a HAPHIE-specific RAPD marker.
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the requirement of a good quality DNA template for
consistent results. False negatives may possibly occur. We
then converted the candidate species-specific (and population-
specific) RAPD fragments to sequence-characterized

amplified region (SCAR) markers (Weising et al., 1995).
Twenty-two RAPD fragments were cloned (Table 2).

Seventy-two clones were sequenced. Thirty-nine different
sequences were found. These indicated that the RAPD

Fig. 3. Sequences of CUHA2 (A), CUHA12 (B) and CUHV1 (C). The locations and sequences of H. asinina- and H. varia-specific
forward primers and those complementary to reverse primers are labeled in boldface and underlined.
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fragments represented co-migrating fragments that had
different nucleotide sequences but similar sizes. Almost all of
the RAPD markers (33/39 accounting for 85%) were
unknown sequences when compared with the data in the
GenBank using BlastN and BlastX (E values >10−4).

Twenty pairs of primers were designed from those
unknown sequences (pCUHA1-pCUHA15, pCUHO1-
pCUHO4 and pCUHV1; Table 2). Originally, seven primer
sets were designed for the development of population-specific
markers in H. asinina. Four of these (CUHA3, CUHA7,
CUHA8, and CUHA10) provided non-specific amplification

results; CUHA9 and CUHA15 provided positive
amplification in all of the abalone species and CUHA11
yielded a H. asinina-specific rather than a HATRAW-specific
nature (Table 3). Therefore, population-specific SCAR
markers were not found in H. asinina (Table 4).

In addition, the CUHA5, CUHA6 and CUHO1 primers
also showed positive amplification bands in all three abalone
species. We further tested the specificity of CUHA5 (264 bp)
and CUHA6 (103 bp) against gastopods (the giant African
snail, Achatina fulica, and the apple snails, Pomacea
canaliculata, Pila ampullacea, P. angelica, P. pesmei, and P.

Fig. 4. Agarose gel elctrophoresis illustrating species-specificity of CUHA2 (A), CUHA12 (B) and CUHV1 (C) against genomic DNA
of H. asinina (panels A, B and C, lanes 1-12), H. ovina (panels A, B and C, lane 13-24), and H. varia (panels A, B and C, lanes 25-
36). An 100 bp ladder (lanes M) was used as a DNA marker.
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polita), oysters (Crassostrea belcheri, C. iredalei, Saccostrea
cucullata, S. forskali, and Striostrea mytiloides), mussel
(Perna viridis), and crustaceans (the black tiger prawn,
Penaeus monodon and the giant freshwater prawn,
Macrobrachium rosenbergii) (data not shown). These primers
provided no positive amplification fragments in the non-
abalone species and may be used as genus-diagnostic markers
of abalone in this study.

Based on the preliminary screening, seven pairs of primers
(CUHA1, CUHA2, CUHA4, CUHA11, CUHA12, CUHA13,
and CUHA14) revealed species-specificity in H. asinine,
while the CUHO3 and CUHV1 primers exhibited the
expected product in H. ovina and H. varia, respectively
(Tables 3 and 4). We did not select CUHA14 for the analysis
against larger specimens of H. asinina because different sizes
of the amplification products were observed (expected 473 bp
in HACAMHE and HACAME and a larger 515 bp in
HATRAW and HAPHIE, respectively).

Four sets of primers (CUHA2, CUHA12, CUHO3, and
CUHV1, Fig. 3) were further examined against a large sample
size of abalone (N = 216, Table 1). Species-specificity was
observed from CUHA2, CUHA12, and CUHV1 (100%
without false positive/negative results, Fig. 4). Although
CUHO3 yielded a strong amplification product in the target
species (100%), a very faint product was also observed in
some individuals of H. asinina and H. varia, which suggests
that problems may arise from the non-specific amplification of
this primer pair (data not shown). No heterozygotes that
exhibited two different sizes (alleles) of the amplification
products were observed across the overall specimens that
were analyzed by these primers. This implies the retention of
a dominant segregated fashion of the original RAPD markers.

A limited sample size of H. varia was included in this study

(N = 29 and 3 for HVPHAW and HVPHUW, respectively).
This was due to a lack of H. varia that was found in our
sampling sites. Accordingly, a H. varia-specific SCAR marker
(229 bp from CUHV1) should be further tested against
specimens that cover a larger geographic distribution of H.
varia before practical implementation of this marker for the
species-identification purpose.

The sensitivity of CUHA2, CUHA12, and CUHV1 was
tested using different concentrations of the target DNA
template (10 pg-25 ng). These primer pairs revealed a good
correlation between the amount of DNA template and
intensity of the PCR product. The detection sensitivity was
approximately 100 pg of the target DNA template for CUHA2
and CUHA12, but there was a greater sensitivity with
CUHV1 (20 pg). The sensitivity levels of the species-specific
PCR that was developed in this study were sufficient for the
identification of the species-origins of abalone, beginning with
the early development stages.

For rapid species-identification of H. asinina, the tedious
and time-consuming phenol/chloroform extraction method
was simplified to a rapid 5% Chelex-based method. The
positive fragment (168 bp) of CUHA2 was still consistently
obtained from frozen, ethanol-preserved, dried and boiled
specimens of H. asinina. All but a single dried specimen was
successfully amplified by CUHA12 (Fig. 5).

In the present study, we demonstrate the successful
development of species-specific SCAR markers in H. asinina
and H. varia. These markers can be used to verify species-
origins of various forms of abalone products from Thailand
and prevent supplying incorrect abalone larvae for the culture
industry. In the future, a large number of the remaining clones,
possessing H. asinina-specific RAPD inserts, guarantee that
additional SCAR markers could be developed if diagnostic

Fig. 4. Continued.



Species-specific Markers in Abalone 221

markers that are described here fail to provide species-specific
results when used to examine the species-origins of new
populations of H. asinina.
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Abstract: Three partial genomic libraries were constructed from genomic DNA of the tropical abalone (Haliotis

asinina) that was digested with AluI, vortexed/sonicated, and digested with mixed enzyme (AluI, HincII, and

RsaI). The libraries yielded 0.02%, 0.42%, and 1.46% positive microsatellite-containing clones, respectively.

Eleven clones each of perfect, imperfect, and compound microsatellites were isolated. Ten primer pairs (CU-

Has1–CUHas10) were analyzed to evaluate their polymorphic level. The numbers of alleles per locus, observed

heterozygosity (H0), and expected heterozygosity (He) ranged from 3 to 26 alleles, and varied between 0.27 and

0.85 and between 0.24 and 0.93, respectively. Three microsatellite loci (CUHas2, CUHas3, and CUHas8) were

further used for examination of genetic diversity and differentiation of natural H. asinina in coastal waters of

Thailand. Genetic variabilities in terms of the effective number of alleles (ne), H0, and He were higher in 2

samples from the Gulf of Thailand (ne = 9.37, 7.66; H0 = 0.62, 0.78; and He = 0.87, 0.86) than those of one

sample (ne = 6.04; H0 = 0.58; and He = 0.62) derived from the Andaman Sea. Assessment of genetic hetero-

geneity, including allele frequency comparison and pairwise FST analysis, indicated interpopulational differ-

entiation, between natural H. asinina from the Gulf of Thailand and that from the Andaman Sea (P < 0.0001).

Key words: abalone, Haliotis asinina, microsatellites, genetic diversity, population differentiation.

INTRODUCTION

Abalones are marine gastropods distributed worldwide

along the coastal waters of tropical and temperate areas

(Geiger, 2000). Approximately 20 species of abalone are

commercially important (Jarayabhand and Paphavasit,

1996). Abalone aquaculture has been established in several

countries, but approximately 75% of the world production

annually is in China (mainly Haliotis discus hannai) and

Taiwan (mainly H. diversicolor supertexta) (Gordon, 2000).

Three species of tropical abalone, H. asinina, H. ovina,

and H. varia, are locally found in Thai waters (Jarayabhand

and Paphavasit, 1996). Among these species H. asinina is

the most promising for aquaculture. Artificially propagated

breeding programs and culture techniques for H. asinina
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are well developed; however, basic information on genetic

population differentiation and levels of genetic diversity of

H. asinina is necessary to improve the stock selection

program and conserve the existing natural gene pool

(Klinbunga et al., 2003).

An initial step toward natural stock management of

H. asinina is to develop molecular genetic markers that can

be applied to its genetic management, including determi-

nation of stock structure, evaluation of the levels of gene

flow, and reconstruction of intraspecific phylogeny. In

addition, the ability to determine individuality and par-

entage of H. asinina will provide the means to establish

efficient selective breeding programs and to construct ge-

netic linkage maps of H. asinina more effectively.

Microsatellites are short, tandemly repeated DNA loci

(1–6 nucleotides) arrayed for approximately 10 to 50 copies

and abundantly dispersed in eukaryotic genomes. Micro-

satellite loci exhibiting large numbers of alleles are ideally

suited for gene mapping and pedigree analysis (Pepin et al.,

1995), whereas loci with lower polymorphic levels can be

used for population genetic studies (Wright and Bentzen,

1994).

Microsatellite markers have been successfully devel-

oped in several abalone species including H. rufescens

(Kirby and Powers, 1998), H. rubra (Huang and Hana,

1998; Evans et al., 2001), H. asinina (Selvamani et al.,

2000), H. discus discus (Sekino and Hara, 2001), and

H. discus hannai and H. kamtschatkara (Miller et al., 2001).

Genetic diversity and population differentiation of

abalone in Thai waters based on microsatellite polymor-

phism have not been reported. The objective of this study

was to develop informative microsatellites in H. asinina and

to assess the genetic structure of this species in coastal

waters of Thailand. We isolated H. asinina microsatellites

from 3 partial genomic libraries that were constructed

using different approaches. Genetic heterogeneity among

H. asinina populations derived from different areas was

investigated using the 3 microsatellite loci.

MATERIALS AND METHODS

Samples

Specimens of H. asinina were collected from 6 samples

(Figure 1). Natural abalone include samples from Talibong

Island (HATRAW,N = 28) located in the west of peninsular

Thailand, and Samet Island (HASAME, N = 12) and Cam-

bodia (HACAME, N = 23) located in the Gulf of Thailand.

Samples of hatcheries were offspring of wild broodstock

initially established from approximately 100 founders orig-

inating in Cambodia (HACAMHE, N = 15) and Samet Is-

land (HASAMHE, N = 10) and the second generation of

H. asinina (HAPHIHE, N = 20) initially established from

approximately 200 founders and maintained at the Aqua-

culture Department, SEAFDEC, Philippines.

DNA Extraction

Genomic DNA extracted from a single individual of H.

asinina (Gulf of Thailand origin) by a proteinase K phenol-

chloroform extraction method (Davis et al., 1986) was used

Figure 1. Map of Thailand indicating sampling sites of H. asinina

used in this study. Dots represent sample locations (except the

Philippines sample) from which H. asinina was collected. CAM

indicates Cambodia; SAM, Samet Island; TRA, Trang.
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for construction of each partial genomic library. For

genotyping of abalone a Chelex-based extraction method

(Walsh et al., 1991; Altschmied et al., 1997) was utilized

(N = 108).

Construction of H. asinina Partial Genomic

Libraries

Three partial genomic libraries were constructed: an AluI-

digested library (5 lg of H. asinina genomic DNA digested

with 25 U of AluI at 37�C for 2 hours); a vortexed/sonicated

genomic library (1 lg of H. asinina genomic DNA vortexed

for 15 minutes and subsequently sonicated in an Ultrasonic

BCGR 5139 bath for 1 hour); and a mixed-enzyme-digested

library (6 lg of H. asinina genomic DNA digested with 20 U

each of AluI, HincII, and RsaI for 2 hours at 37�C). After
agarose gel electrophoresis the resulting 300-bp to 800-bp

DNA fragments were excised, eluted out from the gels, and

further treated with T4 polynucleotide kinase and Klenow

fragment according to conditions recommended by the

manufacturer (New England Biolabs). Approximately

150 ng of manipulated genomic DNA of H. asinina was

ligated to 50 ng of dephosphorylated SmaI-digested pUC18

(Amersham Bioscience) overnight at 16�C. The ligation

mixture was electrotransformed into Escherichia coli XL1-

Blue (Dower et al., 1988). Recombinant clones were se-

lected on ampicillin agar plates according to standard

protocol (Maniatis et al., 1982).

Screening of Microsatellite-Containing Clones

Transformed clones were transferred onto a piece of

Whatman filter paper (#45). The filter paper was hybrid-

ized with the c-32P labeled (GT)15 and (CT)15 probe and

subjected to autoradiography at )80�C for 2 to 4 hours

(Grunstein and Hogness, 1975). Positive clones were picked

up and cultured individually. Plasmid DNAs were extracted

using a boiling method (Holmes and Quigley, 1981).

DNA Sequencing

Plasmid DNAs (500 ng) were sequenced manually using a

T7 sequencing kit (Amersham) with universal or reverse

primers. The products were analyzed on 8% denaturing

polyacrylamide gels at 50 W for 2.5 hours. The sequencing

gel was transferred onto a piece of filter paper, dried in

vacuo, and subjected to autoradiography overnight at room

temperature.

Primer Design and Amplification of Microsatellites

Primer pairs to amplify microsatellite regions were de-

signed using OLIGO 4.0 (National Biosciences; Table 1).

Polymerase chain reaction (PCR) was carried out as

described by Supungul et al. (2000). PCR products were

analyzed on a 6% denaturing polyacrylamide gel at 50 W

for 2.5 to 6 hours. After autoradiography allele sizes of

each locus were determined by comparison with the M13

sequencing marker (Yanisch-Perron et al., 1985). Cross-

species amplification for all loci was tested in H. ovina

(N = 5) and H. varia (N = 5) under different PCR

amplification conditions (annealing temperatures,

MgCl2 concentrations, and thermal profiles)

Data Analysis

The number of alleles per locus and observed, and expected

heterozygosity were calculated (Nei, 1987). The effective

number of alleles (Crow and Kimura, 1965) and allele fre-

quencies at each locus in each sample were calculated.

Hardy-Weinberg equilibrium for each locus was examined

using the exact test (Rousset and Raymond, 1995). Linkage

disequilibrium between loci in each sample and allele fre-

quency distribution between possible sample combinations

were compared using the Markov chain approach (Guo and

Thompson, 1992). Significance of pairwise FST values (Weir

and Cockerham, 1984) was evaluated. All the calculations

described above were conducted using GENEPOP 2.0

(Raymond and Rousset, 1995). The significance levels for

multiple tests were adjusted following a sequential Bonfer-

roni approach (Rice, 1989). Cavalli-Sforza and Edwards

chord genetic distance (Cavalli-Sforza and Edwards, 1967)

was estimated for all possible combinations of samples using

the Gendist routine in PHYLIP 3.56c (Felsenstein, 1993).

RESULTS AND DISCUSSION

Isolation and Characterization of Microsatellites in

H. asinina

With the c-32P-end-labeled GT15 probe, the mixed-en-

zyme-digested library yielded 1.46% positive clones (51 in

3487), While the vortexed/sonicated and AluI-digested li-

braries gave 0.42% (19 in 4564) and 0.20% (5 in 2510),

respectively. Further screening of the vortexed/sonicated

library with the (CT)15 probe provided another 0.07% of

positive microsatellite-containing clones (3 in 4464 clones).
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A total of 78 positive clones were sequenced, and 33 mi-

crosatellite loci were isolated. The proportions of perfect,

imperfect, and compound microsatellites (Weber, 1990)

were identical (11 clones accounting for 33.33% of each

type of microsatellite).

Fourteen primer pairs were designed, of which 10

(CUHas1–CUHas10) worked well in H. asinina samples

(HACAME, HACAMHE, HASAMHE, and HAPHIHE)

with the allelic variations (Table 1, Figure 2). CUHas1

exhibited the highest variability (26 alleles, H0 = 0.85,

He = 0.93), while the lowest variability was observed at

CUHas7 (3 alleles, H0 = 0.27, He = 0.24). Linkage dis-

equilibrium between loci was not significant for all com-

binations of loci after corrections of significance level (P >

0.0083). Three microsatellite loci (CUHas4, CuHas6, and

CuHas7) were successfully amplified in specimens from the

Gulf of Thailand but not in the Andaman Sea sample

(HATRAW). Cross-species amplification for H. ovina and

H. varia was not successful at all loci even though a variety

of PCR conditions were extensively tested.

The level of genetic variability at each microsatellite

locus in this study was as high as that previously reported

in H. rubra (8–41 alleles, H0 = 0.19–0.38, He = 0.81–0.96,

Huang et al., 2000; 2–16 alleles, H0 = 0.14–0.76, He =

0.40–0.90, Evans et al., 2001); H. discus discus (3–10 alleles,

H0 = 0.18–0.80, He = 0.29–0.89, Sekino and Hara, 2001);

and Australian H. asinina (2–25 alleles, He = 0.29–0.96, H0

was not reported; Selvamani et al., 2000), but lower than

microsatellites in H. kamtschatkana (20–63 alleles, H0 =

0.41–0.89, He = 0.68–0.96, Miller et al., 2001).

Nonoverlapping alleles were observed at CUHas9; that

is, the HATRAW sample possessed smaller alleles (148–

162 bp) than those detected in the HACAME sample (184–

240 bp) suggesting that this locus has potential to identify

the coastal origins of Thai H. asinina. However, larger

numbers of specimens from other sites of each coastal re-

gion should be genetically examined to verify our specu-

lations.

Selvamani et al. (2000) also isolated and characterized

11 microsatellites in H. asinina, but the genetic variability

of these microsatellites was only examined in the Heron

reef population of Australia (N = 21–41 per locus). The

failure to genotype HATRAW sample originating from the

Andaman Sea using CUHas4, CuHas6, and CuHas7 primer

Table 1. Characteristics of Ten Novel Microsatellites in H. asinina

Locusa Motif Primer sequence (5¢–3¢) Ta (�C)
Sample

size (N)

Size range

in (bp)

No. of

alleles H0 He

CUHas1 (GT)17N36(GT)10 TCATCTGAGTTAATAAGGGAC 53 72 258–360 26 0.85 0.93

TCAGTCATTATCTTAGCGGAG

CUHas2 (AT)7(GT)37 ATGGAAGTCAACAATAGACAGG 57 65 286–340 21 0.68 0.93

CCCAGATCAGTTCCACAATAC

CUHas3 (GT)24(GA)18 TCCAGACTGCACGTTATTATTCC 57 71 134–178 13 0.62 0.82

GCACCCTGTCTCCCTTGAAC

CUHas4 (GT)6(TGCA)4N15(GT)7 GTTCCGTTCTACCAATGATCG 57 67 222–250 5 0.40 0.59

ACTCGCCGTCGTATACCTAG

CUHas5 (GT)17 ATGAACCTCTAATCTAAAGC 49 72 104–173 19 0.35 0.91

AGTGCTCTTTACCAATCC

CUHas6 (GT)19 CGATGGTGATACGATGATGC 57 48 232–240 6 0.75 0.71

ACGGTATGAACATATCGTGAC

CUHas7 (ACGC)6 CTACACCAACATTATCCTG 49 48 112–126 3 0.27 0.24

AATCAATAAGTGACTGTCTG

CUHas8 (AGTG)16 GTATTACTTGACTTTGAGCC 49 72 148–238 19 0.71 0.88

TGTATGTCCTATCACAGCAT

CUHas9 (GT)34 TGTCGTAACTCCCATAGCG 53 48 148–240 26 0.81 0.92

GGTGTCCATTTATGAATTGAG

CUHas10 (CA)16CG(CA)4 CCACTCACAACAACGCACG 53 48 118–160 9 0.42 0.63

AAGGCAGCGAAACCTCACC

aGenBank accession numbers are BV096864 to BV096873.
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pairs designed from microsatellites of H. asinina from the

Gulf of Thailand implied that locus-specific primers of

Australian H. asinina reported by Selvamani et a1. (2000)

should be carefully tested and characterized with Thai H.

asinina before being used in genetic studies (e.g., the con-

struction of genetic linkage maps and breeding programs)

of natural Thai samples and hatchery stocks.

Genetic Diversity of H. asinina

Three loci (CUHas2, CUHas3, and CUHas8) were prelim-

inarily tested for population genetic studies of H. asinina.

The number of alleles, effective alleles, and observed and

expected heterozygosity per locus across samples varied

from 3.67 to 12.00, 3.58 to 9.37, 0.58 to 0.82, and 0.62 to

0.88, respectively (Table 2).

The HACAME sample exhibited the largest number of

alleles and effective alleles per locus (12.00 alleles, ne = 9.37)

compared with HASAME (8.33 alleles, ne = 7.66) and

HATRAW (8.67 alleles, ne = 6.04). High genetic diversity

was also observed in 2 hatchery stocks, HACAMHE (8.67

alleles, ne = 8.74) and HASAMHE (7.67 alleles, ne = 7.17.

TheHAPHIHE sample exhibited the lowest number of alleles

and effective alleles for all loci (3.67 alleles, ne = 3.58). Three

instances (HACAME at CUHas2 and CUHas3 and HAP-

HIHE atCUHas8) showed significant deviation fromHardy-

Weinberg expectations (P < 0.0001). Comparable levels of

heterozygosity between hatchery stocks (HACAMHE and

HSAMHE) and their natural samples (HACAME and

HASAME) suggested that founders’ contributions in those

hatchery stocks were relatively large.

Genetic Heterogeneity of NaturalH. asinina Samples

On the basis of genetic distance values, the level of genetic

differentiation between HASAME and HACAME was low

(0.0578), but greater genetic distance was observed between

coastal regions (0.1310 and 0.1393, respectively) (Table 3).

Genetic heterogeneity analysis and FST statistics revealed

significant genetic population differentiation in natural

samples of H. asinina (P < 0.0001, Table 3) in addition to

the results seen in the genetic distance data. A lack of ge-

netic heterogeneity was observed between samples in the

Gulf of Thailand (HACAME and HASAME; P > 0.0083),

but significant population structures were found between

those and the Andaman Sea sample (HATRAW) (P <

0.0001). As a result, H. asinina in coastal waters of Thailand

can be differentiated from the Gulf of Thailand and the

Andaman Sea stocks.

Klinbunga et al. (2003) determined genetic diversity

and population differentiation of the same set of H. asinina

samples screened in this study by using PCR–restriction

fragment length polymorphism of 16S rDNA (mitochon-

drial DNA). A panmixia was found in natural H. asinina

populations in Thai waters. In contrast, analysis of genetic

differentiation of those samples by randomly amplified

polymorphic DNA (RAPD) revealed significant differenti-

ation between the Gulf of Thailand samples HACAME and

HASAME and the Andaman HATRAW samples (P <

0.0001; Popongviwat, 2001), as well as the results obtained

in this study.

Figure 2. Microsatellite patterns resulting from analysis of H.

asinina at loci CUHas2 (A), CUHas3 (B), and CUHas8 (C). A

sequencing ladder of M13mp18 was used as the size standard (lanes

A, C, G, and T).

608 S. Tang et al.



Nonsignificant genetic heterogeneity between our

hatchery stocks (HACAMHE and HASAMHE) and their

natural samples (HACAME and HASAME) based on 16S

rDNA (Klinbunga et al., 2003), RAPD (Popongwiwat,

2001), and microsatellites (this study) suggests the possi-

bility of using our hatchery stocks to establish stock

enhancement programs at the geographic origins of

H. asinina.

Microsatellite markers developed in this study can be

further applied to assist genetic improvement and breeding

programs of H. asinina, such as determination of correla-

tion between genotypes and survival rates after settlement of

larvae, and between growth rate and levels of heterozygosity.

In addition, these markers may be useful to identify the

stock units of migration ability in natural H. asinina. Highly

polymorphic levels of microsatellites can also be applied to

Table 2. Mean Number of Alleles, Effective Number of Alleles, and Heterozygosity per Locus of Each Sample of H. asinina Across Three

Microsatellite Loci (CUHas2, CUHas3, and CUHas8)

Mean no. of

alleles per

Effective no.

of allelesa
Mean heterozygosity Haplotype diversityb

Sample locus (ne) H0 ± SD He ± SD 16S rDNA 16S+18S rDNA

Natural

HACAME 12.00 ± 2.00 9.37 0.62 ± 0.16 0.87 ± 0.05 0.0000 0.3391

HASAME 8.33 ± 0.58 7.66 0.78 ± 0.13 0.86 ± 0.04 0.0000 0.0000

HATRAW 8.67 ± 7.23 6.04 0.58 ± 0.28 0.62 ± 0.27 0.1351 0.7065

Hatchery

HACAMHE 8.67 ± 1.53 8.74 0.79 ± 0.13 0.88 ± 0.07 0.0000 0.7816

HASAMHE 7.67 ± 0.58 7.17 0.82 ± 0.17 0.86 ± 0.02 0.2731 0.7511

HAPHIHE 3.67 ± 1.53 3.58 0.67 ± 0.58 0.68 ± 0.01 0.0000 0.8359

aMean ne of 3 loci.
bResults from PCR-RFLP analysis assessed for the same sample sets (Klinbunga et al., 2003).

Table 3. Genetic Heterogeneity Analysis, FST Estimate, and Genetic Distance Between Pairs of Haliotis asinina Samples

Probability valueb

Pairwise comparisona CUHas2 CUHas3 CUHas8 FST Genetic distance

HATRAW–HASAME 0.0009 <0.0001 <0.0001 0.2111* 0.1393

HATRAW–HACAME <0.0001 <0.0001 <0.0001 0.1977* 0.1310

HATRAW–HASAMHE <0.0001 <0.0001 <0.0001 0.2456* 0.1556

HATRAW–HACAMHE <0.0001 <0.0001 <0.0001 0.2258* 0.1494

HATRAW–HAPHIHE <0.0001 <0.0001 <0.0001 0.2870* 0.1486

HAPHIHE–HASAME <0.0001 <0.0001 <0.0001 0.2004* 0.1649

HAPHIHE–HACAME <0.0001 <0.0001 <0.0001 0.1785* 0.1564

HAPHIHE–HASAMHE <0.0001 <0.0001 <0.0001 0.2178* 0.1716

HAPHIHE–HACAMHE <0.0001 <0.0001 <0.0001 0.1979* 0.1670

HASAME–HACAME 0.2709ns 0.1080ns 0.2206ns )0.0052ns 0.0578

HASAME–HASAMHE 0.0100ns 0.0258ns 0.0188ns 0.0455ns 0.0871

HASAME–HACAMHE 0.0310ns 0.0030* 0.0093ns 0.0437ns 0.0767

HACAME–HASAMHE 0.0362ns 0.2380ns 0.5050ns 0.0079ns 0.0521

HACAME–HACAMHE 0.0190ns 0.0216ns 0.1098ns 0.0189ns 0.0531

HACAMHE–HASAMHE 0.9746ns 0.9316ns 0.9273ns )0.0313ns 0.0113

aComparisons between natural H. asinina samples are in bold face.
bProbability values of genetic homogeneity between samples. Genetic heterogeneity analysis was conducted based on allele frequency distributions;

significance level was further adjusted to P < 0.0083 using a sequential Bonferroni method. Superscript ns, indicates not significant; *, P < 0.0001.
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parentage analysis, eliminating problems accompanied by

traditional selective breeding programs in which offspring

of different family lines must be cultured separately.
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Genetic heterogeneity of the tropical abalone, Haliotis
asinina was examined using randomly amplified
polymorphic DNA (RAPD) and microsatellite analyses.
One hundred and thirteen polymorphic RAPD fragments
were generated. The percentage of polymorphic bands of
H. asinina across overall primers was 85.20%. The average
genetic distance of natural samples within the Gulf of
Thailand (HACAME and HASAME) was 0.0219. Larger
distance was observed when those samples were compared
with HATRAW from the Andaman Sea (0.2309 and
0.2314). Geographic heterogeneity and FST analyses
revealed population differentiation between H. asinina
from the Gulf of Thailand and the Andaman Sea (p <
0.0001). Three microsatellite loci (CUHas1, CUHas4 and
CUHas5) indicated relatively high genetic diversity in H.
asinina (total number of alleles = 26, 5, 23 and observed
heterozygosity = 0.84, 0.42 and 0.33, respectively). Significant
population differentiation was also found between samples
from different coastal regions (p < 0.0001). Therefore, the
gene pool of natural H. asinina in coastal Thai waters can
be genetically divided to 2 different populations; the Gulf
of Thailand (A) and the Andaman Sea (B).

Keywords: Abalone, Genetic diversity, Microsatellites,
Population differentiation, RAPD

Introduction

Abalone are economically important marine gastropods
distributed throughout the tropical and the temperate zones
(Geiger, 2000). Approximately 100 species of abalone are
existent and over 15 species are farmed and commercially
important (Jarayabhand and Paphavasit, 1996). The total
world production of abalone was approximately 13,000 metric
tons in 1999. Of these, 7,165 metric tons were from
aquaculture where China (mainly Haliotis discus hannai) and
Taiwan (mainly H. diversicolor supertexta) contributed
approximately 75% of the cultured production annually (Chen
et al., 1989; Gordon, 2000). Three species of tropical abalone,
H. asinina, H. ovina and H. varia are indigenously found in
Thai waters. While H. asinina and H. ovina are found along
the coasts of the upper Gulf of Thailand, all three species are
distributed in the Andaman Sea (Nateewathana and
Bussarawit, 1988). Among these species, H. asinina provides
the highest percentage of a ratio between the meat weight and
the total weight (85%) when compared to H. varia (30%) and
H. ovina (40%) (Singhagraiwan and Doi, 1993). More
importantly, H. asinina is a year-round spawning species. The
spawning cycle is highly predictable. Therefore, H. asinina is
the most promising species for the culture industry (Selvamani
et al., 2001).

Relatively little is known about the basic knowledge on
genetic diversity and population structure of H. asinina. This
information is essential for the construction of an appropriate
management scheme of H. asinina in Thailand (Jarayabhand
et al., 2002). Appropriate genetic markers can be used to
elevate the culture and management efficiency of abalone in
Thailand. Sustainable aquaculture of H. asinina requires the
basic knowledge on stock structure and the use of suitable
molecular genetic markers to establish appropriate broodstock
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management programmes and the effective breeding
programmes to avoid significant reduction of genetic diversity
of the cultured stocks (Klinbunga et al., 2003).

Molecular genetic studies have been carried out in various
abalone species (Brown, 1991, Metz et al., 1998; Huang and
Hana, 1998; Kirby et al., 1998; Sweijd et al., 1998; Huang et
al., 2000; Sekino and Hara, 2001) but publications concerning
population genetics of H. asinina were rather limited.
Recently, 11 microsatellite loci were isolated and characterised
from the Heron reef sample of H. asinina (Selvamani et al.,
2000). Five of these (Has2k, Has2J, Has3K, Has10 and
Has13) were used for genotyping of larvae produced by 3
separate crosses to assess fertilization success and maintaining
pedigree information for selective breeding. The parents of an
individual veliger could be determined from only 3 loci
(Selvamani et al. 2001).

Genetic diversity of abalone in Thai waters; H. asinina, H.
ovina, and H. varia were recently reported. Restriction
analysis of 18S (nuclear) rDNA with Alu I, Taq I and Hae III
and 16S (mitochondrial) rDNA with Bam HI, Eco RI, Hae III
and Alu I gave 12 and 13 digestion patterns, respectively. A
total of 49 composite haplotypes were found. Geographic
heterogeneity analysis and FST estimate indicated strong
genetic differentiation in H. ovina (p < 0.0001) but did not
reveal genetic heterogeneity of H. asinina and H. varia in
Thai waters (p > 0.0021) (Klinbunga et al. 2003).

The objectives of this study were analysis of genetic
diversity and population differentiation levels of H. asinina
using RAPD and microsatellite analyses. The basic
knowledge obtained is useful to avoid including inbred
founder populations and to design appropriate breeding
scheme in breeding programmes of H. asinina. The
information can also be applied for management of wild
broodstock to ensure sustainable aquaculture of H. asinina.

Materials and Methods

Sampling The tropical abalone (H. asinina) were collected from
6 samples (Fig. 1) including natural abalone from Talibong Island
located in Trang Province (HATRAW, N = 28), Samet Island
located in Rayong Province (HASAME, N = 19) and Cambodia
(HACAME, N = 23) (Fig. 1) and hatchery samples composing of
the first (P0) and the second (F1) generation samples which founders
were originated from Cambodia (HACAMHE, N = 15) and Samet
Island (HASAMHE, N = 15) and from the Philippines (HAPHIE, N
= 30), respectively.

DNA extraction Genomic DNA was extracted from a piece of
the foot tissue of each H. asinina using a phenol/chloroform-
proteinase K method (Klinbunga et al., 2004). The concentration of
extracted DNA was spectrophotometrically measured. DNA was
kept at 4oC until required.

RAPD analysis One hundred and thirty decanucleotide primers
were screened (Fritsch et al., 1993). Five selected primers (OPB11,

5'-GTAGACCCGT-3'; UBC101, 5'-GCGCCTGGAG-3'; UBC 195,
5'-GATCTCAGCG-3'; UBC197, 5'-TCCCCGTTCC-3' and UBC
271, 5'-GCCATCAAGA-3'), were used for population genetic
analysis of H. asinina. PCR was carried out in a 25 ml reaction
volume containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 2 mM
MgCl2, 0.001% gelatin, 100 mM of each dNTP, 0.2 mM of an
arbitrary primer, 25 ng of genomic DNA and 1 unit of AmpliTaq
DNA polymerase (Welsh and McClelland, 1990; Williams et al.,
1990). Amplification was carried out in a PCR Sprint thermalcycler
(Hybaid, UK) consisting of a predenaturation at 94oC for 3 minutes
followed by 35 cycles of 94oC for 15 seconds; 36oC for 60 seconds
and 72oC for 90 seconds. The final extension was performed at 72oC
for 7 minutes. The amplification products were electrophoretically
analysed through 1.6% gels and visualised under a UV
transilluminator after ethidium bromide staining (Maniatis et al.,
1982).

Microsatellite analysis Three microsatellite loci; CUHas1 possessed
(GT)17N36(GT)10, CUHas4 possessed (GT)6(TGCA)4N15(GT)7 and
CUHas5 possessed (GT)17, previously isolated in our laboratory
(GenBank accession numbers BV096866, BV096869 and
BV096864; Tang et al., 2004) were used for population genetic
studies of natural (HACAME and HATRAW) and hatchery samples
of H. asinina (HACAMHE and HASAMHE). Genotyping of each
abalone was performed only a single time for each locus. PCR was
carried out in a 5 μl reaction volume containing 10 mM Tris-HCl
(pH 8.8), 1.5 mM MgCl2, 50 mM KCl, 0.1% Triton X-100, 200 μM
of each dNTP, 0.45 μM of the reverse primer, 0.425 μM of the
forward primer, 0.025 μM of the [γ-32P]dATP labelled forward

Fig. 1. Map of Thailand indicating sample collection sites of H.
asinina used in this study. Dots represent geographic locations
(excluding the Philippines sample) from which H. asinina was
collected. Samet Island (SAM) and Talibong Island are located
in Rayong and Trang provinces, respectively.
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primer, 0.15 unit of DyNAzymeTM DNA polymerase and 25 ng of
DNA template (or 1 μl of DNA extracted by a Chelex-based
method; Walsh et al., 1991). The reaction mixture was overlaid
with a drop of mineral oil.

Amplification was performed in an Omnigene thermalcycler
(Hybaid, UK) consisting of a predenaturation at 95oC for 3 min
followed by 30 cycles of denaturation at 95oC for 1 min, annealing
at 53oC (CUHas1), 57oC (CUHas4) or 49oC (CUHas5) for 2 min
and extension at 72oC for 1 min. The final extension was carried out
at 72oC for 10 min. The PCR product was size-fractionated through
6% denaturing polyacrylamide gels. Sizes of microsatellite alleles
were determined by comparing with the M13 sequencing marker
after autoradiography (Yanish-Perron et al., 1985).

Data analysis Each RAPD fragment is treated as an independent
character. Sizes of RAPD bands were estimated by comparing with
a 100 bp ladder and recorded in a binary matrix to represent the
presence (1) or absence (2) of a particular band. The similarity
index between individuals, within samples and between samples
were calculated (Nei and Li, 1979). Genetic distance between
paired samples was then estimated (Lynch, 1990) and used to
construct a neighbor-joining tree (Saitou and Nei, 1987) using
Neighbor in PHYLIP (Felsenstein, 1993). Geographic heterogeneity
and FST statistics between pairs of samples were analysed using
TFPGA (available at http://www.public.asu.edu/~mmille8/tfpga.htm). 

For microsatellite analysis, observed and expected heterozygosity
were calculated (Nei, 1987). The effective number of alleles at each
locus was examined (Crow and Kimura, 1965). Hardy-Weinberg
expectations and genotypic disequilibrium were analysed using the
exact test (Guo and Thompson, 1992). Geographic heterogeneity in
allele distribution frequencies among compared samples was
carried out with the Markov chain approach for χ2 analysis (Guo
and Thompson, 1992). FST between pairs of samples (Weir and
Cockerham, 1984) was determined if it was significantly different
from zero. All tests were routine in GENEPOP (Raymond and
Rousset, 1995). The significance levels for multiple tests were
adjusted following a sequential Bonferroni approach (Rice, 1989).

Results

RAPD analysis High genetic diversity of H. asinina was
found from RAPD analysis. One hundred and thirteen RAPD
fragments ranging from 250 bp to 2300 bp in length were

generated across all investigated samples (21, 32, 25, 23 and
12 bands for OPB11, UBC101, UBC195, UBC197 and
UBC271, respectively; Table 1). The percentage of polymorphic
bands across overall samples generated from OPB11 was
90.48% whereas that of the remaining primer were 81.25-
86.96%. Several RAPD bands including 1700 bp (UBC101,
Fig. 2), 1025 bp and 650 bp (UBC195), 1400 bp and 710 bp
(UBC197) and 650 bp (UBC271) bands were found in all
investigated individuals and regarded as potential species-
specific RAPD markers for H. asinina.

The similarity index within samples across overall primers
of H. asinina was 0.7927 (HASAME)-0.8496 (HATRAW).
Low genetic differences were found between pairs of the Gulf
of Thailand samples (0.0156-0.0317) whereas greater genetic
distance was found between samples from the Gulf of
Thailand and HATRAW (0.2096-0.2381) and HAPHIE

Table 1. Sequences of RAPD primers, size ranges, number of amplified bands and the percentage of polymorphic and monomorphic
bands resulted from RAPD analysis of H. asinina

Primer Sequence Size-range
(bp) No. of bands Polymorphic bands 

(%)
Monomorphic bands 

(%)

OPB11 5'-GTAGACCCGT-3' 390-2300 21 90.48 09.52
UBC101 5'-GCGCCTGGAG-3' 325-1800 32 81.25 18.75
UBC 195 5'-GATCTCAGCG-3' 525-1500 25 84.00 16.00
UBC197 5'-TCCCCGTTCC-3' 500-1500 23 86.96 13.04
UBC 271 5'-GCCATCAAGA-3' 250-1050 12 83.33 16.67

Total 250-2300 1130 85.20 14.80

Fig. 2. Examples of RAPD patterns resulted from analysis of H.
asinina from Samet Island (HASAME, lanes 1-4), Cambodia
(HACAME, lanes 5-8), Talibong Island (HATRAW, lanes 9-10),
and the Philippines (HAPHIE, lanes 11-12) with UBC101. Lanes
M and m are a 100 bp ladder and λ-Hind III, respectively. An
arrowhead indicated a H. asinina-specific RAPD marker (1700
bp).
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(0.2067-0.2236) (Table 2).
Geographic heterogeneity analysis did not revealed genetic

differentiation between H. asinina within the Gulf of Thailand
(p > 0.0083 following a sequential Bonferroni method) but all
RAPD primers showed significant heterogeneity between the
Gulf of Thailand (HACAME, HACAMHE, HASAME and
HASAMHE), the Andaman (HATRAW) and the Philippines
(HAPHIE) samples (p < 0.0001). A neighbor-joining tree
constructed from genetic distance between pairs of H. asinina
samples also indicated large genetic differences among those
samples (Fig. 3).

Microsatellite analysis Allele distribution patterns at
CUHas1, CUHas4 and CUHas5 varied greatly among loci
(Fig. 4 and Table 3). At the locus CUHas1, a 316 bp allele
showed the greatest allele frequency in the Gulf of Thailand
samples (0.158-0.300) but this allele was not found in
HATRAW. At the locus CUHas4, 3 alleles (222, 224 and 228

bp) were found in HATRAW with comparable frequencies
(0.450, 0.225 and 0.325, respectively) whereas 222 bp and
228 bp alleles were predominant in HASAMHE (0.600) and
HACAME (0.864) and HACAMHE (0.550), respectively. At
the locus CUHas5, 114 bp (0.150-0.214) and 154 bp (0.150-
0.250) alleles were predominant in the Gulf of Thailand
samples whereas 109 bp (0.482) and 110 bp (0.304) alleles
were common in HATRAW. Sixteen alleles of CUHas1 and
CUHas5 observed in at least one of the Gulf of Thailand
samples was not found in HATRAW.

Table 2. The average genetic distance (below diagonal) and similarity indices (above diagonal) between samples of H. asinina resulted
from RAPD analysis using OPB11, UBC101, UBC195, UBC197 and UBC271

HASAMHE HASAME HACAMHE HACAME HATRAW HAPHIE

HASAMHE - 0.9730 0.9737 0.9844 0.7619 0.7781
HASAME 0.0270 - 0.9683 0.9781 0.7686 0.7871
HACAMHE 0.0263 0.0317 - 0.9766 0.7904 0.7764
HACAME 0.0156 0.0219 0.0234 - 0.7691 0.7933
HATRAW 0.2381 0.2314 0.2096 0.2309 - 0.8203
HAPHIE 0.2219 0.2129 0.2236 0.2067 0.1797 -

Fig. 3. A neighbor-joining tree illustrating genetic relationships
of H. asinina based on the average genetic distance resulted from
RAPD analysis using OPB11, UBC101, UBC195, UBC197, and
UBC271.

Fig. 4. Microsatellite patterns of non-related H. asinina (lanes 1-
10) at CUHas1 (A), CUHas4 (B) and CUHas5 (C) loci. A
sequencing ladder of M13mp18 is included as the size standard.
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Genotypic disequilibrium analysis indicated that genotypes
of CUHas1, CUHas4 and CUHas5 were associated randomly
(p > 0.05). The highest polymorphic loci across investigated
samples was CUHas1 (Ho = 0.84) followed by CUHas4 (Ho =
0.42) and CUHas5 (Ho = 0.33) with the number of alleles and
effective alleles per locus of 26 (258-360 bp) and 13.93, 5
(222-250 bp) and 2.47 and 23 (104-163 bp) and 10.70 alleles,
respectively.

Among natural abalone samples, HACAME (the average
number of allele and observed heterozygosity per locus, Ho,

= 11.33 alleles and 0.44, respectively) showed a greater
number of allele per locus but a lower Ho than did HATRAW
(6.33 alleles and Ho = 0.61). High genetic diversity levels were
also observed in the hatchery stocks; HACAMHE (7.33
alleles and Ho = 0.54) and HASAMHE (6.00 alleles and Ho

= 0.53).
All investigated samples conformed Hardy-Weinberg

expectations at CUHas1 and CUHas4 (p > 0.05). Only
HATRAW did not deviate from Hardy-Weinberg equilibrium
at CUHas5 after the sequential Bonferroni procedure was

Table 3. Allele frequencies, proportion of observed and expected heterozygosity of CUHas1, CUHas4 and CUHas5 loci across 4
conspecific samples of H. asinina

Allele (bp) HACAME HACAMHE HASAMHE HATRAW

CUHas1 258 0.026 - - -
260 0.053 - - -
262 0.053 0.100 0.150 -
266 0.026 - - -
268 0.053 - - -
272 0.026 0.033 0.050 -
316 0.158 0.300 0.250 -
318 - 0.033 - -
322 0.026 - - -
324 0.026 - - -
326 0.053 0.133 0.150 -
328 0.132 0.067 0.050 -
332 0.053 - - -
334 0.053 0.067 0.100 0.018
336 0.105 0.167 0.200 -
338 0.026 - - -
340 0.079 - - -
344 0.026 - - 0.036
346 - 0.067 - 0.036
348 - - - 0.089
350 0.026 - - 0.036
352 - - - 0.161
354 - - - 0.143
356 - - - 0.339
358 - 0.033 0.050 0.071
360 - - - 0.071

Number of alleles 18 10 8 9
Number of effective alleles 12.21 6.16 6.06 5.45
Ho 0.84 0.87 0.80 0.86
He 0.92 0.84 0.84 0.82
CUHas4 222 - 0.600 - 0.450

224 - - - 0.225
228 0.864 - 0.550 0.325
230 0.045 0.067 0.100 -
250 0.091 0.333 0.350 -

Number of alleles 3 3 3 3
Number of effective alleles 1.32 2.10 2.30 2.79
Ho 0.27 0.40 0.50 0.50
He 0.24 0.52 0.57 0.64
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applied (p > 0.0125).
Geographic heterogeneity analysis and FST statistics was

concordant and indicated significant differentiation between
HATRAW and each of the Gulf of Thailand samples (p <
0.0001).

Discussion

Genetic diversity of H. asinina High levels of genetic
diversity were found between different geographic samples of
H. asinina based on RAPD and microsatellite analyses. This
basic information is crucial for establishment of selective
breeding and conservation programmes of H. asinina in Thai
waters.

Levels of polymorphic RAPD bands (82.5%) of H. asinina
was lower than that in H. rubra (93.33%; Huang et al., 2000)
and mud crabs (Scylla serrata, S. ocenaica and S. tranquabarica,
98.91%; Klinbunga et al., 2000) but greater than that in the
black tiger prawn (Penaeus monodon, 72.5%) (Tassanakajon
et al. 1997) and oysters (Crassostrea belcheri, 53.23% and C.

iredalei 77.67%; Klinbunga et al., 2001) from different
geographic locations in Thailand.

Several fixed RAPD fragments were observed in H. asinina
(see also Klinbunga et al., 2004). We further tested species-
specific nature of a 1700 bp band generated from UBC101 (N
= 130) by genotyping of H. ovina (N = 95) and H. varia (N =
33) originating from different geographic locations in
Thailand. Result indicated specificity of this RAPD marker to
H. asinina suggesting that RAPD-PCR is a rapid and simple
method for generating useful molecular markers in abalone.

More recently, Klinbunga et al., (2004) developed a
sequence-characterised amplified region (SCAR) marker from
a candidate H. asinina-specific RAPD fragment found in the
present study (650 bp, UBC271). Species-specificity of the
marker (312 bp) was found in H. asinina (N = 111) without false
positive results in H. ovina (N = 73) and H. varia (N = 32).

RAPD is sensitive to reaction conditions (e.g. quality of the
DNA template and MgCl2 and primer concentrations).
Moreover, the possibility of comigration of RAPD fragments
having different sequences but similar sizes cannot be
excluded. Accordingly, microsatellites were also included for

Table 3. Continued

Allele (bp) HACAME HACAMHE HASAMHE HATRAW

CUHas5 104 - 0.107 0.100 -
108 - - - 0.071
109 - - - 0.482
110 - - - 0.304
112 - - - 0.071
113 - - - 0.018
114 0.175 0.214 0.150 0.018
115 0.050 - - -
116 - - - 0.036
117 - 0.036 - -
118 0.025 - - -
119 0.025 - - -
145 0.025 0.107 0.100 -
146 - 0.179 0.250 -
147 0.100 0.071 0.100 -
149 0.125 0.036 0.050 -
150 0.050 - - -
151 0.100 - - -
152 0.025 - - -
154 0.150 0.179 0.250 -
155 0.125 - - -
162 0.025 - - -
163 - 0.071 - -

Number of alleles 13 9 7 7
Number of effective alleles 8.89 6.88 5.56 2.97
Ho 0.20* 0.36* 0.30* 0.46
He 0.89 0.85 0.82 0.66

Hardy-Weinberg equilibrium was tested for each sample across all loci.
*significant deviation from Hardy-Weinberg equilibrium (p<0.0001).
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population genetic studies of H. asinina. Locus-specific
primers designed from sequences of microsatellites containing
clones of H. asinina would provide more valid and stable data
for evaluation of genetic diversity levels and subsequent
applications in breeding programmes of H. asinina.

Relatively high levels of genetic diversity were found in
natural samples of H. asinina (HACAME and HASAME).
Comparable levels of heterozygosity between hatchery stocks
(HACAMHE and HSAMHE) and their natural samples
suggested that founders contributed in the hatchery stocks
were relatively large.

Selvamani et al. (2000) isolated and characterized 11
microsatellites in H. asinina but the genetic variability of these
microsatellites was only examined in the Heron reef
population, Australia (N = 21-41 per locus). The number of
alleles per locus was 2-25 alleles and the expected
heterozygosity (He) was 0.29-0.96. The level of genetic
diversity of H. asinina in coastal Thai waters reported in this
study was as high as that reported in H. discus discus (3-10
alleles, Ho = 0.18-0.80, Sekino and Hara, 2001) and H. rubra
(8-41 alleles, Ho = 0.19-0.38; Huang et al., 2000 and 2-16
alleles, Ho = 0.14-0.76; Evans et al., 2000).

Intraspecific genetic differentiation of natural H. asinina
Large genetic distances from RAPD analysis and large
numbers of non-overlapping alleles at CuHas1 and CuHas5
observed in natural samples originating from the Gulf of
Thailand (HACAME and HASAME) and the Andaman Sea
(HATRAW) suggested the existence of genetic subdivisions of
Thai H. asinina.

Shephred and Brown (1993) predicted that microgeographic
population differentiation within each abalone species should
be occurred due to its short planktonic larval stages and
limited dispersal ability. Accordingly, intraspecific genetic
differentiation of abalone may be found within the scale of a
few kilometers. In H. asinina, genetic differentiation was not
observed between HACAME and HASAME located within
the Gulf of Thailand (p = 0.2338-1.0000). Nevertheless, a
neighbor-joining tree between pairs of samples, genetic
heterogeneity analysis and F-statistics revealed significant
genetic differentiation between those and HATRAW located
in the Andaman Sea (p < 0.0001). This suggested that the
gene pool of Thai H. asinina was not panmictic but
reproductively isolated at the macrogeographic level to the
Gulf of Thailand and the Andaman Sea populations.

Non-significant genetic heterogeneity between the hatchery
stocks (HACAMHE and HASAME) and their corresponding
natural samples (HACAME and HASAME) based on RAPD
and microsatellite analyses illustrated the possibility to use
these hatchery stocks to establish the genetic-based stock
enhancement programmes at the local origins of H. asinina.

Using nuclear DNA markers like RAPD and microsatellite,
clear genetic heterogeneity was observed between HATRAW
and the Gulf of Thailand samples (p < 0.0001). In contrast,
Klinbunga et al. (2003) determined genetic diversity and

population differentiation of the same H. asinina samples
using PCR-RFLP of 16S (mitochondrial) rDNA. Only one
mitotype was found in all of the east coast samples (haplotype
diversity = 0) reflected a lack of genetic heterogeneity in this
species. Including 18S (nuclear) rDNA in the analysis resulted
in an increase of haplotype diversity to 0.3391, 0.7816, 0.7511
and 0.7065 in HACAME, HACAMHE, HASAMHE and
HATRAW, respectively. Under the presumption of selective
neutrality of molecular markers and life history of H. asinina,
female founder effects rather than biased female gene flow
may have significantly affected contradictory population
subdivision patterns (panmixia from mtDNA and reproductive
isolation from nuclear DNA, respectively) when examined by
different molecular markers.

Huang et al. (2000) examined genetic population structure
of ten geographic samples of H. rubra in Australia using
RAPD, minisatellites (GHR and MIPR) and microsatellites
(RUBGT1, RUBCT1 and RUBGACA1). All types of DNA
markers revealed significant genetic subdivisions of H. rubra
along the coastline. Significant Hardy-Weinberg disequilibrium
due to homozygote excess was observed at all microsatellite
loci across all investigated samples. Apparently, deviation
from Hardy-Weinberg expectations has been reported in other
abalone genetically analysed by microsatellites including H.
kamtschatkana (Miller et al., 2001), H. discus discus (Sekino
and Hara, 2001) and H. asinina (this study). This may be
caused from restricted larval recruitment patterns and
asynchronous spawning over short geographic distances of
abalone (Huang et al., 2000).

The genetic improvement of H. asinina cannot be achieved
without knowledge on the control of growth, reproduction and
defense mechanisms at the molecular levels. Genomic
researches on gene discovery and development of marker-
assisted selection (MAS) in H. asinina are useful but still in
the initial stages. Amparyup et al. (2004) constructed normal
and subtractive cDNA libraries from ovaries and testes of H.
asinina and 588 randomly selected clones were unidirectional
sequenced. Several functionally important transcripts related
with biological and physiological processes of H. asinina
were isolated. Expression of sex-related genes including
homologues of axonemal p66.0, 18 kDa fertilization protein
(FP), gonadotropin-inducible ovarian transcriptional factor1
(GIOT1), hydroxysteroid dehydrogenase (HSD), tektin A1,
small androgen receptor interacting protein (SARIP), sperm
lysin, vitelline coat protein (VCP) and vitellogenin subunit1
(VTG1) was further examined using RT-PCR. Gender-specific
expression was found from homologues of VCP and VTG1
and axonemal p66.0, tektin A1 and sperm lysin in female and
male H. asinina, respectively.

Besides knowledge from genome studies, the ability to
identify population differentiation within a commercially
important species like H. asinina is crucial for broodstock
management and conservation programmes (Jarayabhand et
al., 2002; Klinbunga et al., 2003). In the present study, we
used RAPD and microsatellite analyses to elucidate the
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existence of population differentiation of Thai H. asinina
which was not able to be detected from the female-mediated
marker like 16S rDNA polymorphism. The information
suggested that H. asinina from the Gulf of Thailand and the
Andaman Sea should be treated and managed separately.
Practically, breeding programmes of H. asinina can be carried
out more efficiently by incorporation of microsatellites.
Offspring from multiple parents can be reared together
allowing a better scrutiny of genetic effects on each
economically important trait by reducing confounding
environmental effects arisen when selected abalone families
are cultured separately.
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