
Validation des outils immunotoxicologiques pour l’étude

des effets biologiques des contaminants du milieu marin

Matthieu Duchemin

To cite this version:

Matthieu Duchemin. Validation des outils immunotoxicologiques pour l’étude des effets bi-
ologiques des contaminants du milieu marin. Biologie cellulaire. Université de Bretagne occi-
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������������ Les xénobiotiques présents dans le milieu marin 

A. Les instruments législatifs relatifs à la présence de 

substances chimiques dans l’environnement marin 
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Europe (TGD) 
Canada 
(LCPE) 

Persistance (P) Substances PBT Substances vPvB 

} Demi-vie > 60 j Demi-vie > 182 j 
� eau de mer 
� eau douce 
� sédiments d’eau de mer 
� sédiments d’eau douce 

Demi-vie > 60 j 
Demi-vie > 40 j 
Demi-vie > 180 j 
Demi-vie > 120 j } Demi-vie > 180 j Demi-vie > 365 j 

Bioaccumulation (B) FBC > 2 000 ou 
Log Koe > 4,5 

FBC > 5 000 
FBA � 5 000 ou 
FBC � 5 000 ou 
Log Koe � 5,0 

Toxicité (T) 

NOEC (No Observed Effect 
Concentration) < 0,01 mg.L-1

Substances CMR (Cancérigènes, 
mutagènes ou ayant des effets sur la 
reproduction) ou effets perturbateurs 
endocriniens 

Toxique selon la 
LCPE ou 
équivalente 
toxique selon la 
LCPE 

Principalement 
anthropique 

- 

Présence dans 
l’environnement 
largement due à 
une activité 
humaine 

�
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B. Les biocides dans le transport maritime 
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C. Les pesticides à usage agricole 
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D. Les rejets industriels 
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E. Les produits pharmaceutiques, cosmétiques et 

vétérinaires 
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���������������� Les modèles biologiques étudiés 

A. Les Bivalves, écosentinelles du milieu marin 
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B. L’aquaculture, un outil nécessaire de production de 

modèles biologiques 
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Production conchylicole au Canada et en Europe en 2004
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C. L’huître creuse, Crassostrea gigas (Thunberg, 1793) 
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D. La moule, Mytilus edulis (Linné, 1758) et Mytilus 

galloprovincialis (Lamarck, 1819) 
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E. Des organismes soumis aux maladies 
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������������ Les hémocytes, cellules circulantes et pluripotentes chez les 

Bivalves 

A. Les différents types d’hémocytes 
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C. Le centre hématopoïétique chez les Mollusques 
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�������� Le système immunitaire des Bivalves 

A. Mécanismes cellulaires du système immunitaire 
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B. Peptides antimicrobiens et autres facteurs humoraux
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C. Les réponses anticipées du système immunitaire chez les 
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������������ Immunotoxicologie et santé de l’environnement 

A. L’immunotoxicologie 
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B. Les mécanismes immunotoxiques des pesticides 
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C. Les mécanismes immunotoxiques des métaux lourds 
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D. Immunotoxicité d’autres impacts anthropiques 
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F. Immunotoxicité et facteurs endogènes 
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G. L’évaluation  du système immunitaire 

�� !����$�# ��(�!�����*%�#����#.�"�##�$�# *���*$2"��*�#��*�2 *3���!#�%!�+��&�!"���(�

 �( (� �$$!#� �-�����%�,!�(�(!"� "�#%�!"(� A��������ESSPB��$*�(� ��(�#��(�# �&*(��# �<"�$�# �

(* �('*�(*# (� &�!"� ��2.*�!* ��#� +!� (5( <$�� �$$!#� *�"�� ���L� +�*! "�(� $�+<��(� *#�$*!-��

��" *�#(���$&*" �$�# (�+!�(5( <$���$$!#� *�"��+�(��*$$�'<"�(�#��-�( *# �  �! �(�$&��$�# �

&*(� A�"�!((�*!� ��� ��#�� ESS9B:� 2*#$��#(�� &�!(��!"(� &*"*$< "�(� �$$!#� *�"�(� &�!.�# � ; "��

$�(!"2(����L�&�!(��!"(��(&<��(�$�+<��(��#�2�� �-�����%���A�"�!((�*!������#��ESS9F��"�!((�*!�

�����#��ESSPF��*��� �����#��788UB�� �#� *$$�# ����L� ��(���.*�.�(� A�!''"� �� 788UB:����(5( <$��

�$$!#� *�"�� ��$&�" �� &�!(��!"(� ��$&*" �$�# (� � � �*� �*"*� 2"�(* ��#� +�� (�#� 3�#�

'�#� ��##�$�# � #2��((� �� +�� 3��#� 2.*�!�"� ���# 2%"� 2� +�� ��(�2�2$�# (� ( "!� !"*!-� �*"$�� ��(�

&*"*$< "�(��! ���(*3��(�)���  ��'�#�����L���(���.*�.�(�#�!(�&�!.�#(�$�# ��##�"O��*�����!�*"� 2�

A#�$3"��+��2$��5 �(�+�(&�#�3��(�&�!"� �*�+2'�#(�� �$$!#� *�"�B� � � �*�$�" *�� 2��2$��5 *�"�:�

�*�,!*�� 2�+��'�#� ��##�$�# �+�(��2$��5 �(�+�� ���#(!� ���; "����##!��#2��((� *# �!#��3*  �"���

+��  �( � *'�#� +�� �*"*� 2"�(�"� &�!(��!"(� &*"*$< "�(� '�#� ��##��(:���(� $2�*#�($�(� ����!�*�"�(�

+�''2"�# (�"2%�((�# ���*�!#�+����(�&*"*$< "�(�� �&�!.�# �; "��&�" !"32(�&*"�+�(�-2#�3�� �,!�(�



��!7#���	IB	��.��	$�	 #��1�!����	 	 	GL	

A�!''"� �� 788UB:� 
�!(� (�# � (!(��& �3��(� +�; "�� +�(� &��# (� +�*#*�5(�� +!� '�#� ��##�$�# � +!�

(5( <$�� �$$!#� *�"��� �#��"�� '*! G���,!���(� (���# �$�(!"*3��(�� �,!���(��-�( �# �� 2.�+�$$�# ��

+*#(� ���(&<��� 2 !+�2�� A�*��� ��� ��#�� 788UB:� �*"$�� ��(� +�''2"�# (� &*"*$< "�(�� �*� '*�!� 2� +�(�

�2$��5 �(�)� �# �"#*��(�"� ��(�*%�# (�2 "*#%�"(� �#� �( �!#�+��&"�$�<"�� �$&�" *#��� A��!"#��"� ���

��#��7888*B:�
�! �'��(��(*��*# �,!0!#��(!3( *#������$�,!��&�! ��#+!�"��+�(��''� (�#2'*( �(�,!��

(!"� ��" *�#(� ��$&*" �$�# (�� ��� �( � �$&2"* �'� +�� $�(!"�"� &�!(��!"(� &*"*$< "�(� ( "!� !"*!-� � �

'�#� ��##��(��A�!( �"������#��ESS7F��!( �"������#��ESSJF����.�"�� ���(��"��ESSSF���"$������788TB:�

�

H. L’analyse des paramètres immunitaires : intérêt de la 

cytométrie en flux 

��*#*�5(��+�(�&*"*$< "�(� �$$!#� *�"�(���""�(&�#+�����L� ��(���.*�.�(�� )�!#��*#*�5(��

+�(� &*"*$< "�(� ����!�*�"�(� +�(� �2$��5 �(:� ��� #�$3"�!-� &"� �����(� (&�� "�&�� �$2 "�,!�(�

A*3(�"3*#���+�!#�&"�+!� �+��+2%"*+* ��#��#L5$* �,!�B��!��& �,!�(�A����"* ��#�+�(��2$��5 �(�

&!�(� �3(�".* ��#� (�!(� $��"�(��&�B� �-�( �# �� $*�(� ���#( "!$�# � &"�.��2%�2� +�� �*� $�(!"�� +�(�

&*"*$< "�(� ����!�*�"�(� �( � ��� �5 �$< "�� �#� '�!-:� �#� ������ 2��*�"�� !#� '�!-� *(��#+*# � +��

����!��(:� �*� "2'��-��#� � � ���$3"�� &�" 2�� (�# �  "*#(�"� �(� �#� (�%#*!-� 2��� "�,!�(� &*"� +�(�

&�� �$!� �&���* �!"(�&�!"���*,!������!����!�H�2.2#�$�# �I:������(�����!��(��# �&"2*�*3��$�# �

2 2� "*� 2�(�&*"�!#��(�#+��'�!�"�(��# ���(&2��'�,!��+�!#��( "!� !"���!�+�!#��'�#� ��#�����!�*�"���

*��"(� ����������-�� ����  �� (�#+��� � �*� '�!�"�(��#���2$�(�� �( ��#"�%�( "2��&*"�!#�  "��(�<$��

&�� �$!� �&���* �!"� A��%!"�� EQB:� ���#(�$3��� +�(� (�%#*!-� 2��� "�,!�(� �( �  "*#($�(� )� !#�

�"+�#* �!":� ��! ���(* �!"� *��<+�� *�#(�� )�  �! �(� ��(� +�##2�(� &�5(���G���$�,!�(� +�(� ����!��(�

2 !+�2�(������!���&*"�����!��:���(� ��%�����(�*((���2(�&�"$�  �# �+��# �""�%�"�%"*&��,!�$�# � �*�

3*(�� +�� ��(� +�##2�(� &�!"� !#� 2��*# ����#:� ��!(��!"(� �5 �$< "�(� �-�( �# � *� !����$�# � (!"� ���

$*"��2:� �;$�� (���(� '�#� ��##�# �  �!(� (!"� ��� $;$�� &"�#��&��� #2*#$��#(�� ��� �-�( �� +�(�

+�''2"�#��(�+����#��& ��#�+����*&&*"����*%��� �+�� "*#(+!� ��#�+!�(�%#*���#+!� :�	� ��#( "!$�# �

+2+�2�)� �*��5 �$2 "���� �)� �*��5 ���%����( �! ���(2� �*"%�$�# �+*#(���(�2 !+�(��$$!#���%�,!�(�

A\��*��7888B�� ��$$!#� �-�,!�(�A�"�!((�*!������#��7888B:�

�



	GJ	

Ombre portée

mesurée sur

FSC

Réflexion mesurée sur SSC

Fluorescence mesurée sur PMT1, PMT2, PMT 3, etc.)

LASER

�

��%!"��7:ETO����2$*�+!�&"�#��&��+�� �*��5 �$2 "����#� '�!-:�	�*,!������!����# "*4#2��+*#(� ���

'�!-��( ��-�� 2��&*"�!#������:��*� *������ ��*���$&��-� 2�+����2.2#�$�# ��(�# ��#"�%�( "2�(�(!"�

��(��*& �!"(���	��� ���	:��*�'�!�"�(��#���#* !"������!�+�!#��(�#+��*((���2��)�!#��( "!� !"��

����!�*�"�� �( � $�(!"2�� (!"� +�(� &�� �$!� �&���* �!"(:� ���#(�$3��� +�(� +�##2�(� �( � �#(!� ��

*#*�5(2�&*"�!#���%������+2+�2�A+�*&"<(���	���XXX:�5 �:&!"+!�:�+!B:�



5< 	�1.� )77�&�%�	

&1��)$) ):#N��	

�

�

�

��������� ����&	�
��&�� 33�

������������� 
&�(�����&��	���(�����������������������	2���&
.����(��#� ���	����#��
� ����

(���
��	�'��� ��� 	���� #�� ������ 	�� ���
#�� �		�
����� 
��0� #2������� 
�����/�


����&������%�%��/�(���#2���#�����&��	��	��!��
.�&������� 31�

����������������� 4��	���	2����&������&��	�������&	���	2���#.���	��� (���������� ������������

� :-�

������������� ��	�
������ 	�� #�� 
&�	���&�� (�.��&#&%�'��� %#&"�#�� 	2��� ��	� �	�� ���

	� �#&((������	2����&� ����(�&�&
&#��	2�!(&����&����	� �	��##�� 55-�

��������� �((#�
���&�� 	�� �&� ���� (�&�&
&#�� 	2�!(&����&�� 6���� ��"&�7��� �((�&
���


&�(����� ��	2�����!(&����&�����
�#&�����	�����
���� 551�

������������� &���#��	2���#.�����������&�&!�
&#&%��� 5)-�

����������������� �.������� 5,*�





<B	�1.� )77�&�%�	&1��)$) ):#N��	 	 	GG	

�������� Introduction 

��(�.*"�* ��#(� �#+�.�+!����(���#=!%!2�(�*!-�'*� �!"(���#'�#+*# (� '�# ��3( *����)�!#��

! ���(* ��#�&"*%$* �,!��+�(��! ��(��$$!#� �-�����%�,!�(�+*#(���2.*�!* ��#��#.�"�##�$�# *���

+!� "�(,!�� ���$�,!�� � � +�!#�� $*#�<"�� %2#2"*��� )�  �! �� 2 !+�� 2�� �-�����%�,!�� � �

2��&�5(����%�,!�� (!"� ��  �� '*$����� +�� ����!(,!�(:� � *$$�# �� �*� $�+2��(* ��#� +�(�

&*"*$< "�(� &�5(����%�,!�(� #2��((� �� +�� 3��#� ��$&"�#+"�� ��� ��$&�" �$�# � +�!#� H��#+�.�+!�

$�5�#�I:� 	�  �� &*" ��� (�*  *���"*� )� 2 !+��"� &"2��(2$�# � ��(� .*"�* ��#(� �#+�.�+!����(:�

2*#$��#(�� ��� �( � �#+�(&�#(*3��� +�� (�*((!"�"� ,!�� ��(� $2 ��+�(� +�*#*�5(�� +!� (5( <$��

�$$!#� *�"�����L���(�3�.*�.�(�#��(�# �&*(��!-G$;$�(�)����"�%�#��+����(�.*"�* ��#(:�	��( �*�#(��

,!�� +*#(� ���& �,!�� +��*"$�#�(�"� ��(� $2 ��+�(�� !#� %"�!&�� +�� (���# �'�,!�(� �!"�&2�#(� � �

�*#*+��#(� (��( � '�"$2�&�!"���#( � !�"� ����2(�*!�� �*# �,!����.*�.�(:���(��-&2"��#��(�� � ��(�

��##*�((*#��(��#� �$$!#� �-�����%������L� ��(�3�.*�.�(��# �*�#(��&!�; "��2��*#%2�(�*!���!"(�

+�� "��(�"2!#��#(�* ����"(�,!��(��(�# �+2"�!�2(�)��"�( ��#�788T�A��*%����B��)��!23����#�788U�

A�*"$*���B�� �)�#�!.�*!�)��"�( ��#�788Q�A������B:���(�+�''2"�# (�"2(!� * (�(�# �&"2(�# 2(�

���� (�!(� �*� '�"$�� +�!#� *" ����� (���# �'�,!�:� ��� 2 *� � #2��((*�"��� *!((��� *'�#� +�*$2���"�"� ��(�

��##*�((*#��(� (!"� ��(� .*"�* ��#(� �#+�.�+!����(�� +�� +�(&�(�"� +�!#�� $2 ��+���%��� *+*& 2�� )�

��2 !+�� �#+�.�+!����:���(�&"2�2+�# �(�2 !+�(�*!�������� �)� ���#( � ! ��"$*#+��"*&&��"��# �

&�"$�(�+��+2.���&&�"�+�(�$��"�$2 ��+�(�+�*#*�5(��+!�(5( <$���$$!#� *�"��+�(�3�.*�.�(�*'�#�

+�� &�!.��"� 2.*�!�"� !#� �#(�$3��� +�� &*"*$< "�(� )� &*" �"� +��2$��5$&��� &"2��.2�� (!"� !#�

�#+�.�+!�A�"�!((�*!������#��ESSPF��!''"� ������#��788TB:�2*#$��#(����(�&"� �����(�! ���(2(��#�

��#+� ��#(� ��# "?�2�(� #�� (�# � &*(� &���#�$�# � (* �('*�(*# (� ,!*# � )� ��2 !+�� +�� ��  ��

&"�3�2$* �,!�:� �#� �''� �� ��(� 2 !+�(� �
� �����  "*+� ��##����(� ���L� ��(� 3�.*�.�(� ! ���(�# � +�(�

H�&*,!� (� +�� $�!��(�I� � � ���#� #�� &�! � ; "��� '�#*��$�# �� =*$*�(� ��" *�#� +�� ����$�%2#2� 2� +!�

 "*� �$�# � *&&��,!2� �# "�� ��(� $�!��(� (� !2�(� �#� &2"�&�2"��� +�� ��� &*,!� � � � �����(� *!� ��# "�:�

��!#�*! "���? 2�� ��(�2 !+�(� �
�������&�"$�  �# �+�2 !+��"��+��$*#�<"��&"2��(��� ��(��''� (�+�!#�

 "*� �$�# � (!"� ��(� ����!��(� +�� �*� +2'�#(�� �$$!#� *�"�:� �*�(�� *!� .!� +!� '*�3��� ,!*# � 2�

+��2$��5$&��� +�(&�#�3���� ��(� 2 !+�(� �# �"+�(�# � +�(� �#.�( �%* ��#(� (!"� ��(� "2&�#(�(�

�#+�.�+!����(�*!� "*� �$�# :����+2.���&&�$�# �+�!#�#�!.�*!�&"� �������*&&��2�(�!(�'�"$��+��

���#�+�>���H��
���1��I��( �&"2(�# 2��#���$&*"*�(�#�+�(�+�!-�&"2�2+�# (�&"� �����(�(!� ��)�!#��

��# *$�#* ��#� *!� ����"!"�� +�� $�"�!"�:� �#'�#�� ��*#*�5(�� +!� (5( <$�� �$$!#� *�"�� � � +�� (*�

$�+!�* ��#� �#� "2&�#(�� *!-� .*"�* ��#(� ���$�,!�(� +!� $����!� #2��((� �� �*� &"�(�� �#� ��$& �� +��

&�!(��!"(� &*"*$< "�(� A�!''"� �� 788UB:� ��(� &*"*$< "�(� ��#(�+2"2(� '�# � +�*����!"(� ���3=� � +��



	G=	

��%#�(� +�"�� "���(� &"2��(�(� +*#(� ��� �*(� +�2 !+�(� �$$!#� �-�����%�,!�(� ���L� ��(� ��" 23"2(�

A�����ESSPB:��#��''� ��+�(�-2#�3�� �,!�(�&�!.�# �#�*.��"�*!�!#��''� �(!"���" *�#(�&*"*$< "�(�

� � +�(� �''� (� (�%#�'��* �'(� (!"� +�*! "�(:� ��!"� (�! �#�"� �*� +2$*"���� +!� (���# �'�,!�� +*#(� �*�

'�"$!�* ��#� +�!#�� ��#��!(��#�� ��� �( � *��"(� �#+�(&�#(*3��� +�*.��"� )� +�(&�(� ��#� !#��

$2 ��+���%���&�"$�  *# ��*�&"�(���#���$& ��+�� �!(���(�&*"*$< "�(�! ���(2(�(�!(��*�'�"$��+�!#�

(�!�:� 	�  �� +2$*"���� �( � &"2(�# 2�� +*#(� �*� +�"#�<"�� &*" ��� +�� ��� ��*&� "�� ���!( "2�� &*"� +�!-�

*" ����(�&!3��2(��#�788T�� �788Q:�



<B	�1.� )77�&�%�	&1��)$) ):#N��	 	 	GH	

������������ Comparaison des paramètres immunitaires d’hémocytes 

prélevés dans la cavité péricardique et dans le sinus du 

muscle adducteur chez l’huître creuse, Crassostrea gigas, par 

l’utilisation de deux  cytomètres 
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�������� Application du nouveau protocole d’exposition « in tubo » : 

approche comparative d’une exposition au chlorure de 

mercure 
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Abstract – Immunological alterations may be used as ecotoxicological biomarkers to detect and monitor biological

effects of chemical contaminants in polluted environments. This study reports on a survey of Pacific oysters from the

Atlantic coast of Britanny (France) after the “Erika” oil spill. Reared stocks were sampled twice a year from November

2001 to March 2003 at three impacted sites and at an additional site outside the spill area. A multiparametric diagnosis

of the immune system was performed on individual hemolymph samples to identify structural, immunopathological

alterations and functional impairment of immunocompetent cells. One year after the spill, severe immunological alter-

ations were observed in a site heavily impacted by oil. Since the oysters there had higher contents of PAH compared

to the other sites, it was suggested that chronic contamination, possibly generated by oil trapped in the sediments, had

induced immunotoxicity. Moreover, moderate variations in some hemolymph parameters observed at the non-impacted

area strongly suggested that natural environmental factors may have generated physiological stress. An immunotoxico-

logical index applied here in order to integrate all measurements of defense-related functions appeared to be an efficient

tool to identify samples suffering immunological stress.

Key words: Immunotoxicology / Bivalve molluscs /Monitoring / Environmental stress / PAH

1 Introduction

Environmental surveys of chemical contamination rely on
methodological procedures where biological responses to an-
thropogenic signals may be quantified and used as tools for
risk assessment. In marine organisms, several measurable,
biological and physiological changes may now be consid-
ered as biomarkers and their application in monitoring pro-
grammes has entered an operational phase (Depledge 1994;
Forbes and Forbes 1994). Among benthic invertebrates, sev-
eral species of bivalve molluscs such as mussels and oys-
ters have been introduced as biological models for research
in ecotoxicology. As sedentary filter-feeders, bivalves may
bioaccumulate environmental pollutants to very high tissue
concentrations (Zatta et al. 1992; Phillips 1995). Under normal
conditions the immune system of molluscs maintains efficient
protection against most microbial or parasitic attacks. How-
ever, many chemical contaminants may act as immunosup-
pressors and reduce immune efficiency, even at low concen-
tration (see reviews by Anderson 1993; Pipe and Coles 1995).
Among those, polycyclic aromatic hydrocarbons found in oil,

a Corresponding author: Michel.Auffret@univ-brest.fr

have been demonstrated to alter many immune parameters in
marine invertebrates (Coles et al. 1994; Gomez-Mendikute
et al. 2002). Moreover, observations from experimental ex-
posures suggested a species-dependent sensitivity to these
contaminants (Wootton et al. 2003). Recent advances in the
knowledge of how chemicals target immune mechanisms in
aquatic organisms have allowed immunotoxicology to evolve
as an area of primary importance for detecting early signals of
physiological alterations in contaminated biota (Zeeman 1996;
Auffret 2004). Field-collected resident oysters have been used
to explore relationship between chemical contamination and
defense-related measurements (Fisher et al. 2000; Oliver et al.
2001). Results from a two-year survey of immune characteris-
tics in oysters reared in intertidal areas impacted by the Erika

oil spill (December 1999) are presented here.

2 Material and methods

2.1 Animals

Pacific oysters, Crassostrea gigas, from aquaculture stocks
were collected (n = 15) from November 2001 to March 2003
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Table 1. Sampling protocol applied to oysters for the survey. Tagged

cells identify collection dates in the sites (S-year: spring, A-year: au-

tumn). N99, N00, N01, N02: spat settled respectively in 1999, 2000,

2001, 2002 in the sites.

Sites Oyster stocks Sampling dates

A-2001 S-2002 A-2002 S-2003

N99 X

Pen Bé N00 X X X

N01 X X

Le Croisic

N99 X

N00 X X X

N01 X X

N02 X

N99 X

Les Moutiers N00 X X X

en-Retz N01 X X

N02 X

Rade de Brest
N00 X X X

N01 X

at three locations in the Loire-Atlantique (France): Pen-Bé,
Le Croisic, Les Moutiers-en Retz. The oysters were reared ac-
cording to standard farming protocols from spat settled each
year from 1999 to 2002. In the present paper, the stocks were
identified according to spat year-of-birth. They were sampled
in spring and autumn from the year after settling and there-
after, the year corresponding to a commercial size (Table 1).
All of this area had been severely contaminated by hydrocar-
bons during the winter 1999-2000 and thereafter, following
winter storms disturbing buried oil slicks. In addition, oysters
were sampled from the Rade de Brest (Finistère), an area not
exposed to oil contamination. There were no reports of abnor-
mal mortalities, pathogenic attack or specific disesase in any
of these stocks during the survey. Growth was considered as
normal by the farmers. After sampling, the individuals were
transported to the laboratory and maintained 24 h, until pro-
cessing in 30 L-tanks containing aerated sea-water.

2.2 Hemolymph analysis

Approximately 1 ml of hemolymph was withdrawn from
the adductor muscle sinus of each individual as previously de-
scribed by Auffret and Oubella (1995). Because only microas-
says were applied, a full set of immunological measurements
could be performed on individual samples. Most parameters
were determined using a flow cytometer (FACSCaliburTM,
Becton Dickinson) as described by Auffret et al. (2002).
Briefly, the flow rate was measured to allow absolute cell
counts. Cell mortality was measured using the propidium
iodide-exclusion method (final concentration = 10 µg L−1).
Phagocytic activity was measured in vitro by incubating
hemolymph cells with 2.2 µm latex beads at a 1:30 cell-to-
bead ratio. A phagocytic index (PI expressed in % positive
cells) was calculated as the percent of cells that had engulfed
three beads and more, a means to consider only the most ac-
tive hemocytes. An overall phagocytic capacity (PC expressed
in arbitrary units) of the hemocyte population was calculated
by the CellQuest softwareTM from the histogram of relative

fluorescence intensity distribution, as the geometric mean of
values provided by positive cells. The microbicidal capacity of
hemocytes was assessed by measuring the production of reac-
tive oxygen species (ROS) using the fluorescent probe DHR
123 (final concentration = 50 µgL−1). The oxidative burst
of phagocytic cells was triggered by the addition of phor-
bol myristate acetate (PMA) (final concentration = 100 nM).
The specific, lipophilic probe DIOC6 (final concentration =
1.25 µM) was used to detect possible alterations of the mito-
chondrial membrane potential∆Ψm. To detect lysosomal desta-
bilization and cell lysis, acid phosphatase (ACP) release from
lysosomes was measured in serum by microtitration using p-
nitrophenyl phosphate as a substrate. A specific activity has
been calculated after total serum protein (PRTS) determina-
tion. The level of metallothioneins was assayed in hemolymph
cell lysates by ELISA according to Boutet et al. (2002).

2.3 Contaminant analysis

The concentration of polyaromatic hydrocarbons (PAHs)
in oyster soft tissues was determined by gas chromatogra-
phy/mass spectroscopy in either lyophilized or raw material.
The values presented are those for the 16 compounds selected
by US-EPA. Trace metal burdens were measured by atomic
absorption.

2.4 Statistical analysis

Normal distribution of the data and homoscedasticity were
examined using Kolmogorov-Smirnov and Levene tests, re-
spectively. Where necessary, data were transformed to al-
low variance analysis. The difference among sites for oys-
ters reared from year-2000 spat (N00) was tested with an
ANOVA. When significant differences (α = 0.05) were ob-
served, Tukey’s test was used for pairwise comparisons.

2.5 Data management

To increase the ecotoxicological relevance of the multi-
parametric study, a “site immunotoxicological index” has been
calculated from the set of biological characteristics measured
in each oyster sample. The principle was to cumulate, for each
sample collected, the variation of each parameter from a ref-
erence value. Considering that no immunological data were
available for this species in the area impacted by the spill
and that oysters reared in the additional site (Rade de Brest)
were not from the same stocks as in the impacted sites, ref-
erence values were defined a posteriori as each parameter av-
erage from all sites and sampling dates (Table 2). First, log10-
transformed values were calculated from the mean value of
each biological measurement. The formulation was adapted to
arbitrarily affect the unit value when the parameter was either
doubled or reduced by half. The calculation for a parameter pi

in a sample was as following:

Transformed pi = (log10 mean value pi − log10

“reference” value) / log10 2.
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Table 2. Immunological parameters measured in oysters with their

reference value (mean and standard error) defined from individuals

collected from all sites/campaigns and corresponding ecophysiolog-

ical significance factors (EPSF). Groups refer to clusters of param-

eter related either to structural changes in the hemolymph compart-

ment (immunopathology) or to functional alterations in hemocytes

(immunocompetence).

Group Immunological parameter Reference EPSF

value

Total hemocyte counts 2.1 (1.3) 2

Serum acid phosphase 48.1 (14.3) 0.5

Immunopathology Cell mortality 1.05 (0.46) 1

Granulocyte ∆Ψm 127 (106) 1

Hemocyte 0.90 (0.85) 0.25

metallothioneins

Phagocytic index 39 (10) 2

Immunocompetence Phagocytic capacity 1243 (340) 2

Hemocyte microbicidal 75 (26) 1

capacity

In a second step, to increase the discriminating power of
highly stress-responsive parameters, an “ecophysiological sig-
nificance factor” (EPSF) was applied to these values (Table 2).
Establishing this factor was based on previous experimental
results obtained through single contaminant assays run in the
laboratorywith so-called “sentinel-bivalve species”, especially
mussels and oysters. It was arbitrarily high for hemolymph
parameters observed to consistently vary with most contam-
inants. Indeed, experimental exposure to heavy metals or or-
ganics induced a conspicuous rise of circulating hemocyte
numbers either in mussels (Coles et al. 1995; Pipe et al. 1999)
or in oysters (Auffret et al. 2002). In all bivalve mollusc species
studied yet, phagocytosis was found to be altered by various
xenobiotics and has become a very sensitive tool for immuno-
toxicologists when hemocyte competence in non-specific im-
munity has to be assessed (Auffret 2004). Other measure-
ments as cell viability, which appear more responsive when
hemocytes are exposed in vitro to contaminants (unpublished
data) were attributed here a low EPSF value. In a third step,
the transformed parameters were cumulated into two groups
defined as i) parameters related to structural changes in the
hemolymph compartment (immunopathology) ii) parameters
related to functional alterations in hemocytes (immunocompe-
tence) (Table 2).

3 Results and discussion

The present study was performed on several series of adult
oysters raised from spat settled either just before or after the
spill depending on the site. Twenty-threemonths after the spill,
the PAH content had decreased to reach background levels on
these coasts (around 200−300 µg kg−1 DW). However, values
2.5 fold higher than in the non-impacted site were measured
during March 2002 at two severely impacted sites, Moutiers
and Le Croisic (Fig. 1). The levels at Le Croisic remained
high until the following autumn. Even if they were much be-
low those measured in the months following the spill (over
1500 µg kg−1 DW in Le Croisic, RNO 2002), the variations

Fig. 1. Monitoring of PAH contents (sum of 16 compounds according

to US-Environmental Protection Agency) in soft tissues from oysters

settled in year 2000 in three rearing sites. Relative values were calcu-

lated as the percent of levels measured at the non-impacted site (Rade

de Brest).

observed there may have resulted from local harbour activi-
ties but disturbance of oil in the sediments in the vicinity of
the oyster growing site was also suspected. At the Le Croisic
site, contamination by PAHs could therefore be considered
as chronic. Other contaminants known to generate biological
responses, namely heavy metals, were also measured in oys-
ters. During this survey, the tissue concentration of cadmium
throughout the sites remainedwithin the range of expected val-
ues on these coasts (1.5−2.5 mg kg−1 DW, RNO 2004). Cop-
per levels were also found around normal at 100−150 mgkg−1

DW, except at the site Moutiers where contents 2.5 to 3 fold
higher were regularly found. The source, not related to the
spill, has not been identified yet.

When the immunological parameters of oysters reared
from year-1999 spat were compared among sites, conspicuous
immunopathological alterations were observed in November
2001 at Le Croisic (Table 3). In these oysters, the mitochon-
drial function was impaired in hemocytes as indicated by
low membrane potential, suggesting depressed cell viability.
All parameters used to assess the phagocytic function, as the
phagocytic index and the phagocytic capacity, were reduced by
50 percent compared to expected values and reflected impaired
hemocyte immunocompetence. By this time, total hemocyte
counts were high. After data processing, a high immunotoxi-
cological index (value > 10) was established in this site com-
pared with normal values expected in the range of 2−4 units
(Fig. 2b). This elevated index value summarized variations of
several elementary, immunological parameters from their ref-
erence value. All these features considered together strongly
suggest that immunosuppression occurred in these oysters
reared from year-1999 spat and settled there in spring 2000. In-
duction of immunotoxic responses in molluscs collected from
contaminated stocks is well documented (Auffret 2004). Struc-
tural alterations in hemolymph affecting cell numbers and via-
bility have been regularly reported (Pipe and Coles 1995) and
do reflect systemic, deleterious effects during the toxicokinetic
phase of contamination.Moreover, any depression of phagocy-
tosis appears as a direct evidence of impaired immune function
in individuals (Fournier et al. 2000, 2001).
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Table 3. Average values for hemolymph parameters measured in oyster samples collected at the four sites during the Erika survey. Station labels and abbreviations are those used in the text.

Stock labels refer to spat from which oysters were reared in each site as described in materials and methods section. Results are expressed as the mean ± SEM (n: number of individual). Nd:

no data. Site comparison at each sampling date (A-2001, S-2002 or A-2002) was made for N00. Values that share a same letter for the same sampling date were not statistically different.

Total hemocyte Serum ACP Cell mortality ∆Ψm Hemocyte Phagocytic Phagocytic ROS level

Oysters counts metallothioneins index capacity

Site Stock Sampling 106 cells ml−1 Units.mg−1 PRTS % Units ngmg−1 protein % positive cells Units Units

date

Pen-Bé N99 A-2001 1.5±0.2 (15) 55 ± 2 (15) 0.7± 0.1 (15) 237±22 (10) 2.04±0.29 (15) 34±2 (10) 1165±85 (10) 121±8 (10)

N00 A-2001 4.6±0.9 (15)ab 57 ± 3 (15) nd 165±32 (10) 2.94±0.41 (15)b 23±3 (10)a 790±65 (10)a 100±11 (10)

S-2002 2.7±0.4 (10)a 63 ± 7 (10)ab 0.9± 0.3 (10)b 112±18(10)b 0.60±0.07 (10)b 51±2(10)a 1520±95 (10)b 52±5 (10)a

A-2002 0.8±0.1 (10)b 26 ± 2 (10)b 1.5± 0.2 (10)b 57±5 (10) 0.15±0.05 (10) 42±3 (9) 1750±55 (9)b 85±5 (10)b

N01 A-2002 1.4±0.3 (10) 28 ± 3 (10) 0.7± 0.2 (10) 72±5 (10) 0.38±0.12 (8) 44±4 (10) 1425±100 (10) 62±6 (10)

S-2003 4.1±1.2 (10) nd 1.0± 0.3 (10) 38±3 (10) 0.35±0.06 (10) 49±4 (10) 1500±115 (10) 134±25 (10)

Le Croisic N99 A-2001 4.1±0.6 (14) 53 ± 3 (13) 0.2± 0.1 (14) 40±6 (10) 2.57±0.37 (13) 21±2 (10) 675±105 (10) 77±13 (10)

N00 A-2001 2.7±0.3 (13)ab 59 ± 3 (14) 0.2± 0.1 (15)a 446±127 (10) 1.84±0.34 (13)ab 34±2 (10)b 780±115( 10)a 73±8 (10)

S-2002 0.9±0.1 (10)b 50 ± 2 (10)a 1.6± 0.2 (10)a 227±14 (10)a 1.29±0.19 (10)a 56±3 (10)a 1860±85 (10)a 46±3 (10)a

A-2002 1.2±0.2 (10)a 37 ± 4 (10)a 0.9± 0.2 (10)ab 64±6 (10) 0.48±0.05 (10) 41±3 (10) 1055±85 (10)a 47±4 (10)a

N01 A-2002 0.8±0.2 (10) 25 ± 2 (10) 1.9± 0.3(10) 104±11 (10) 0.46±0.08(10) 52±4 (10) 1785±120 (10) 84±10 (10)

S-2003 2.1±0.4 (10) nd 1.7± 0.4 (10) 44±6 (10) 0.44±0.08 (9) 38±3 (10) 1105±100 (10) 59±4 (10)

N02 S-2003 2.9±0.6 (10) nd 0.8± 0.2 (10) 31±3 (10) 0.34±0.09 (10) 43±4(10) 1230±65) (10 72±7 (10)

Moutiers N99 A-2001 2.7±0.4 (15) 58 ± 6 (15) 1.1± 0.3 (14) 225±25 (10) 1.80±0.20 (15) 35±2 (10) 1080±160 (10) 71±5 (10)

N00 A-2001 4.2±0.5 (20)a 56 ± 1 (18) 0.6± 0.1 (20)b 266±27 (10) 1.43±0.12 (20)a 28±2 (14)ab 1140±85 (14)b 91±13 (9)

S-2002 1.4±0.2 (10)b 58 ± 4 (10)ab 0.6± 0.1 (10)b 218±44 (10)a 0.50±0.09 (10)b 47±4 (10)ab 1495±80 (10)b 42±5 (10)ab

A-2002 0.9±0.1 (10)ab 31 ± 4 (10)ab 0.7± 0.2 (10)a 47±5 (10) 0.17±0.05 (8) 43±3 (10) 1330±75 (10)c 53±6 (10)a

N01 A-2002 1.0±0.3 (10) 41 ± 3 (10) 1.2± 0.2 (10) 90±12 (10) 0.17±0.03 (10) 32±3 (10) 945±50 (10) 53±9 (10)

S-2003 2.3±0.5 (10) nd 1.2± 0.2 (10) 48±7 (10) 0.25±0.07 (10) 34±4 (10) 1025±60 (10) 69±5 (10)

N02 S-2003 3.2±0.6 (10) nd 0.9± 0.3 (10) 38±6 (10) 0.15±0.03 (10) 42±3 (10) 1010±60 (10) 94±13 (10)

Rade N00 A-2001 2.1±0.3 (15)b 60 ± 6 (15) 1.2± 0.3 (15)c 217±30 (9) 1.42±0.24 (15)a 21±3 (10)a 820±60 (10)ab 98±7 (10)

S-2002 1.0±0.2 (10)b 70 ± 4 (10)b 1.5± 0.2 (10)a 88±15 (10)b 1.25±0.21 (6)a 38±3 (10)b 965±35 (10)c 33±2 (10)b

A-2002 1.3±(0.2 (10)a 48 ± 3 (10)c 0.9± 0.2 (10)ab 56±5 (10) 0.42±0.10 (10) 41±3 (10) 1290±65 (10)ac 78±8 (10)b

N01 A-2002 1.0±0.2 (10) 40 ± 8 (10) 2.6± 0.3 (10) 109±12 (10) 0.19±0.02 (8) 45±3 (10) 2090±130 (10) 101±14 (10)
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Fig. 2. Cumulative immunotoxicological index (white bar: im-

munopathology, grey bar: immunocompetence) calculated in oysters

sampled from November 2001 to March 2002 at the three impacted

sites (a: Pen Bé, b: le Croisic, c: Moutiers) and at the non-impacted

area (d: Rade de Brest). The samples were grouped on the horizontal

axis according to spat characteristics. Sample labels are those detailed

in Table 1.

Stocks reared from year-2000 spat had been settled in im-
pacted sites 10 to 15 months after the spill. At Le Croisic, very
high hemocyte numbers were measured in November 2001
(Table 3). In this sample however, all phagocytosis parameters
were abnormally low. Consequently, the immunotoxicological
index reached nearly 8 units (Fig. 2b). The spring after, this
high level was maintained. Persistent alterations of immune
parameters at this site could be related to environmental stress
generated by winter conditions and possibly, hydrocarbon
release as mentioned above. At Pen Bé and Moutiers, high

index values were calculated in autumn 2001 and 2002
(Figs. 2a,c), suggesting a seasonal variation pattern. Finally,
the most severe immunotoxic alterations were observed at
Le Croisic in the first samples of the survey, more than twenty
months after the spill. This persistence of effects suggests that
they rather resulted from chronic contamination than from the
spill itself. All the sites appeared to have recovered two years
later.

In the non-impacted area, immune parameters were oc-
casionaly found altered, as a reduced phagocytic activity in
November 2001 and low numbers of circulating cells in 2002
(Table 3). Consequently, the index was above expected val-
ues (Fig. 2d) but taken as a whole, this immunological con-
dition most probably revealed temporary, environmental stress
in this estuarine site. Indeed, physico-chemical factors such
as salinity and temperature naturally varying in coastal wa-
ters may affect hemocyte activities (Fisher 1988; Anderson
1993; Auffret and Oubella 1994). Even if site-specific differ-
ences in hemocyte characteristics may occur in oysters (Oliver
and Fisher 1995), the immunological changes revealed here
strongly suggest that natural environmental factors may also
generate physiological stress. Complementary investigations
would be necessary to study its influence on immune param-
eters of benthic organisms and especially, possible synergistic
effects with pollution.

The immunotoxicological index allowed here to identify
samples suffering immunological stress, even if the reference
value had been calculated from all sites and sampling dates.
This calculation procedure was found reasonable here because
the survey was run after the major episode of contamination in
a wide geographic area. By including samples where immuno-
logical changes occurred, reference values were undoubtedly
overestimated and slight alterations obscured. To increase the
discriminating power of the method, it is recommanded that
baseline values would be obtained for this species by a long-
term survey in pristine sites and subsequently integrated in in-
dex calculation. The definition of quantitative, descriptive pa-
rameters deriving from multiparametric sets of data generally
contributes to the development of physiological biomarkers to
assess possible effects of environmental stress in contaminated
ecosystems. For immunological alterations which appear as
various structural and functional changes, the calculation of an
immunotoxicological index may increase the ecotoxicological
relevance of the observations.
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Abstract

As a part of the multidisciplinary program Biological Effects of Environmental Pollution in Marine Coastal Ecosystems of the

European Commission, this study aimed to validate immunological alterations as biomarkers of exposure to chemical contamination in

polluted areas of Western Mediterranea. The status of the immune system has been assessed in mussels (Mytilus galloprovincialis) by

measuring several immunopathological and immunocompetence parameters. Alterations of total hemocyte counts, lysosomal stability,

and phagocytosis were among the most reliable effects observed in polluted sites and suggested immunosuppressive conditions in

contaminated mussels. An immunotoxicological index was calculated from the set of individual data. By providing a single value per

sampling station to score immunological alterations in mussels, this novel approach allowed recognition of a gradient of perturbation

correlated to pollution intensity in two of the three sites monitored. Processing a set of biological parameters by this method was found

to increase the ecotoxicological relevance of such multiparametric studies for the assessement of chemical contamination in coastal

waters.

r 2005 Elsevier Inc. All rights reserved.

Keywords: Immunotoxicology; Bivalve mollusks; Environmental contamination; Population survey; Immunotoxicological index

1. Introduction

Various procedures for environmental surveys, including

monitoring programs, networks for ecological watch, and

institutional observatories, have been set up and are now

operational for medium- and long-term monitoring of

marine ecosytems exposed to chemical contamination. It is

necessary to acquire and study biological variables as

signals produced by biota in response to habitat dis-

turbance to increase knowledge of mechanisms of action of

pollutants in coastal ecosystems and to provide better tools

for site management.

Many chemicals released in the environment are able to

generate toxicity in aquatic organisms. Recent knowledge on

biochemical, cellular, and other genotoxic effects has allowed

development of useful so-called exposure biomarkers

(Depledge, 1994). Among alterations identified in physiolo-

gical systems, chemically induced immunological disorders

have been well documented in an increasing number of

species. Immunotoxicology is now a fertile domain to

develop biomarkers of effect able to detect probably less

specific but sensitive signals for deleterious effects of
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environmental contamination (Luster et al., 1989; Bernier

et al., 1995; Zeeman, 1996; Burchiel et al., 1997). Any

application of such biomarkers in monitoring programs,

however, needs preliminary field studies for validation.

Several benthic species of annelids, mollusks, and

echinoderms are interesting biological models useful to

research in ecotoxicology. As filter-feeders, bivalve mol-

lusks bioaccumulate for most environmental pollutants,

including heavy metals and organics (Zatta et al., 1992;

Phillips, 1995, Gunther et al., 1999). The process of

bioconcentration is obviously an aggravating factor in

toxicity. Furthermore, from an ecological point of view, this

phenomenon leads to a real integration of chronic

contamination in sites usually classified as moderately

polluted. Oysters and mussels, which constitute large

populations with rapid turnovers in intertidal or subtidal

layers of estuarine ecosystems, are now considered ecosen-

tinels in ecotoxicological monitoring programs. As demon-

strated by exposure of mussels in the laboratory, several

classes of xenobiotics are able to induce severe alterations of

both structure and function in their immune system, even at

low concentration (Coles et al., 1994, 1995; Pipe and Coles,

1995). In complement, investigations on individuals

sampled in the field demonstrated that immunotoxicity

could be used to monitor adverse biological effects in

polluted areas (Pipe et al., 1995; Cajaraville et al., 2000).

The present study aimed to validate the use of

immunological alterations in the mussel Mytilus gallopro-

vincialis as biomarkers of chemical contamination within

the framework of the EC program ‘‘Biological Effects of

Environmental Pollution in Marine Coastal Ecosystems’’

(2001–2004). Three polluted sites of Western Mediterra-

nean coasts were selected by the Work Package 3 (WP3)

because of their differences in contamination profile. The

main issues to be adressed here were (i) the ability of

immunological biomarkers to detect slight to marked

differences in contamination among sampling stations

within these sites and (ii) the sensitivity to other factors

such as sampling period, other environmental factors, and

biological cycles. For that purpose, a standardized set of

immunopathological and functional parameters was mea-

sured in mussels sampled twice a year to assess possible

seasonal changes in either the environment or the biota.

The former category of parameters included hemocyte

counts, cell viability, and lysosomal stability. In comple-

ment, cellular detoxication activity based on the expression

of metallothioneins in hemocytes has been investigated.

The phagocytic activity of hemocytes and the production

of intracellular ROS were evaluated as functional para-

meters.

2. Material and methods

2.1. Animals and sampling sites

Adult mussels,M. galloprovincialis, with shell length ranging from 40 to

60mm (n ¼ 30), were collected by scuba divers from natural beds settled

on rocky shores and harbor piers. The sampling stations were located on

maps during the first campaign in May 2001 (BEEP 01) and resampled

during following campaigns in September 2001 (BEEP 02), September

2002 (BEEP 04), and May 2003 (BEEP 05). The sites were not sampled in

May 2002 because of technical problems.

The BEEP program included three sites of the Western Mediterranean

sea, in France, Italy and Spain (Fig. 1), all considered ‘‘hot spots’’ of

marine coastal pollution. The extreme variety of molecules presumably

released by human activities in these areas made the chemical charge an

unsatisfactory picture of the ecotoxicological risk. Consequently, it was

decided by the WP3 component of BEEP to study several stations in each

of the three sites to provide an extensive range of toxic potential (Beliaeff

and Bocquené, 2004). The stations were located with respect to the main

identified pollution sources to follow a suspected contamination gradient.

The most distant from the hot spot was considered the reference station

(L label in the text below for low pollution level). Others were located

either at the hot spot (H label for high pollution level) or near a source of

moderate contamination (M label for medium pollution level). When a

distinct toxicological profile appeared for a given contamination level, an

additional station was sampled (sublabels a and b). For example, the

French station Ha was located near petrochemical plants when station Hb

received urban sewage. The Italian station Ha was located inside Genova

harbor and station Hb outside. The actual contamination level of the sites

was assessed through a chemical analysis for heavy metals and selected

organics provided to BEEP WP3 by other participants, namely

IFREMER-Nantes and the University of Bordeaux.

2.2. Collection of hemolymph and cell preparation

The mussels were processed on board the oceanographic research vessel

‘‘L’Europe’’ chartered for BEEP campaigns. Hemolymph was withdrawn

from the adductor muscle sinus of each individual as previously described

by Auffret and Oubella (1995) and immediately processed. All steps of

assays requiring live cells were performed on board the vessel. Cell extracts

or hemolymph fluids were fixed or frozen as described below and stored on

board in appropriate conditions (refrigerator, freezer, or liquid nitrogen).

All final analyses were performed in the laboratory under standardized

conditions. Since the total volume of hemolymph obtained in a single

mussel ranged from 0.5 to 1mL, all assays and measurements could not be

performed for each individual. Consequently, at each station, subsamples

of 10 mussels were processed as following: one for THC, one for NR

uptake and NBT assays, and one for the phagocytosis assay. The

hemolymph fluid (serum) and the cell fraction were obtained from this last

batch.

2.3. Determination of cell counts

THC were performed in flow cytometry (FACSCalibur, Becton–

Dickinson) from paraformaldehyde-fixed hemocyte suspensions (n ¼ 10).

The flow cytometer was operated with phosphate-buffered saline

(400mOsmkgÿ1) as sheath fluid. The flow rate was measured to allow

absolute cell counts and the number of events set to 10,000. The results

were expressed in 106 cellsmLÿ1.

2.4. Protein measurement

The total protein contents of hemolymph were measured using the Bio-

Rad DC assay (Bio-Rad Laboratories) in samples (n ¼ 10) prepared on

board the vessel from freshly withdrawn hemolymph. The hemolymph

fluid and the cell fraction were obtained by centrifugation (5min, 5000g)

and stored frozen. Their protein contents, PRTS and PRTC were

expressed in mgmLÿ1 serum or in mgmLÿ1 supernatant. Since direct

measurement of cell numbers could not be achieved on board, protein

measurement in total hemolymph (PRTH) allowed indirect quantification

of the number of cells in this fluid.
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2.5. Hydrolase release assay

To detect possible lysosomal destabilization and cell lysis, the activity

of acid phosphatase, a hydrolase naturally stored in hemocyte lysosomes,

has been measured in serum by microtitration. Hemolymph supernatants

(n ¼ 10) were obtained by centrifugation (5min, 5000g) and frozen on

board the vessel until use. The substrate (p-nitrophenyl phosphate, final

concentration 4.4mM) was prepared in 0.2M citrate buffer, pH 4.6. The

assay was performed in 96-well microplates maintained 60min at RT in

the dark. The reaction was stopped by addition of 1N NaOH and the

plates were read at 405 nm in a Multiskan MS reader after calibration with

p-nitrophenol as a reaction standard. The unit of enzyme activity was

calculated in nmol p-nitrophenolmg proteinÿ1 hÿ1. The results were

expressed as units ACPS per mg PRTS.

2.6. Membrane stability assay

To detect possible membrane destabilization and loss in cell

integrity, the neutral red uptake has been assayed in hemocytes by a

method modified from Pipe (1995). The dye (NR, final concen-

tration 0.33mgmLÿ1) was prepared in phosphate-buffered saline,

pH 7.5. Hemolymph cells from mussels (n ¼ 10) were incubated

on board in 1.5mL plastic microtubes for 1 h at RT and washed

twice in HAAS prepared according to Auffret and Oubella (1995).

After the last centrifugation, the pellets were stored at ÿ20 1C.

The amount of NR associated with the cell fraction has been mea-

sured in the laboratory and the results expressed as units per mg

PRTH.

2.7. Measurement of stress response proteins

The level of MTs in lysates prepared from the cell fraction of

hemolymph (see above) has been measured by Enzyme-linked immuno-

sorbent assay according to the protocol described by Boutet et al. (2002).

This assay used an antiserum raised against a recombinant MT obtained

from the Pacific oyster Crassostrea gigas. The results were expressed in ng

MT per mg PRTC.
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located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level; M, medium.

Sublabels a and b indicate additional stations for a given pollution level.
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2.8. Phagocytosis assay

A protocol for measurement of the phagocytic activity by flow

cytometry has been adapted from Voccia et al. (1994) to allow on-board

processing of hemolymph cells. Briefly, for each individual (n ¼ 10), 50mL

of hemolymph was pipeted in 2 replicate wells of a 96-well microplate. The

cells were allowed to settle for 1 h and the supernatant was replaced by

100mL incubation medium containing 2-mm yellow latex beads (Fluores-

brite , Polysciences) suspended in Tris buffer supplemented with glucose

according to Anderson et al. (1992). Considering the expected range of

THC variation in mussels, the bead concentration was set to 6� 107mLÿ1

to provide a minimal bead to cell ratio of about 50:1. After gently mixing,

the plate was covered and incubated in the dark for 4 h at RT. Afterward,

to detach the cells, the supernatant was replaced by HAAS containing

0.5 gLÿ1 trypsin. After 3min, buffered paraformaldehyde was added (final

concentration ¼ 1%) as a fixative and the plate stored at 4 1C. Upon

return to the laboratory, the cells were collected from the wells of the

microplate and further processed in the flow cytometer. A phagocytic

index (PI) was calculated as the percentage of events detected by the

cytometer corresponding to the fluorescence intensity emitted by at least

three beads, as recommended by Voccia et al. (1994) to consider the most

active cells in phagocytosis. The results were expressed as % positive cells.

An index of overall phagocytic capacity (PC) was calculated by CellQuest

software from the histogram of relative fluorescence intensity distribution

as the geometric mean of values provided by cells having engulfed at least

three beads. The results were expressed in arbitrary units.

2.9. Hemocyte microbicidal capacity

The production of microbicidal ROS by phagocytes has been assessed

by an assay adapted from Pipe (1995). The intracellular ROS production

was measured through NBT reduction from a soluble yellow product to

unsoluble blue formazan. Briefly, hemolymph samples (n ¼ 10) were

distributed in replicate into 1.5-mL plastic microtubes. The cells were

chemically stimulated by the membrane stimulant phorbol myristate

acetate (final concentration 20 nM) and then incubated at RT in the dark

for 30min with NBT prepared at 0.1% in desionized water (final

concentration 0.04%). The cells were further processed according to the

original method and the optical density measured in the laboratory. The

microbicidal capacity was expressed as units per mg PRTH.

2.10. Data management

To rationalize the management of data generated through this

multiparametric analysis, a ‘‘station immunotoxicological index’’ has

been calculated from the set of biological measurements as proposed by

Auffret et al. (2004) to increase the relevance of such ecotoxicological

surveys. This method initially set up with oysters was adapted here to

mussels. The principle was to cumulate, for each sample collected at a

station within a site, the variation of each parameter from a reference

value. The method included three steps for each parameter. First, the

variation for a parameter pi in a sample was considered with respect to the

ratio to its reference value. Taking the absolute value made both trends of

variations, namely increase and decrease, contribute together to the index

value. The formula was further adapted to arbitrarily affect the unit value

when the parameter was either doubled or reduced by half:

transformed pi ¼ jlog10ðmean value pi=reference valueÞj=log10 2.

Second, the transformed parameters were cumulated into two groups

defined as (i) parameters concerning structural changes in the hemolymph

compartment (immunopathology) and (ii) parameters concerning func-

tional alterations in hemocytes (immunocompetence). Third, since the

number of measured immunological parameters varied among campaigns,

each index was normalized by dividing its value by the number of

variables.

2.11. Statistical analysis

All hemolymph parameters obtained from samples were compared with

a one-factor analysis of variance (ANOVA) under Statgraphics software

to discriminate among seasons, sites, and stations within sites. When a

statistical difference (Po0:05) was obtained, statistically homogenous

groups were searched among the mean values with a 95% confidence

interval. When the variances were found not equal, a nonparametric test

(Kruskal–Wallis) was applied to compare mean values.

The relationship between the immunotoxicological index and the

established pollution gradients was statistically analyzed by assuming that

if index values and contamination levels are linked then the station

ranking using the L, M, and H labels shoud correspond, respectively, to

the low, medium, and high index values. Additional stations (labeled a

and b) were not interranked here. Samples from Italy were not included in

this analysis since the expected pollution gradient was not sustained by

chemical data. If the index values were randomly distributed (i.e., if the

values were not related to pollution) then the probability of obtaining this

ranking would be

P ¼
2

4!
¼

1

12
.

Consequently, the probability that obtaining a ranking of index values

fitting with the pollution gradient in the absence of any link would be

realized a minimum of X times over n trials (i.e., sampling session) is given

by a binomial distribution:

X ! B
1

12
; n

� �

.

3. Results

3.1. Analysis of chemical data

The predicted pollution gradient was sustained by

chemical measurements in sediments and mussel tissues,

except in Italy. All values for sediments were low in L

stations, except for metals in Italy (Figs. 2 and 3). In

France, M and H sites had low to moderate values for

heavy metal (Fig. 2B), whereas PAHs were high in tissues

(Fig. 3A). The low PAH concentration in 1Ha sediments

(Fig. 3B) remained unexplained considering the proximity

of huge petrochemical plants (Fig. 1). The very high level

for PCBs in 1Hb (Fig. 3B) could represent urban sewage

contribution. In Spain, the Barcelona harbor appeared

indeed as a hot spot with very high levels in metals and

organics. In Italy, unexpectedly high levels were measured

in sediments of the presumed less-contaminated (L and M)

stations, especially for chromium, lead, and copper

(Fig. 2B). However, this was not the case in mussel tissues

(Fig. 2A). The very high value for PAHs in sediments from

2M station (Fig. 3B) likely resulted from a huge oil spill

(tanker ‘‘Haven’’) that occurred in 1991 in this area.

3.2. Overall hemolymph status of mussels:

immunopathological parameters

The mean values for each immunological measurement,

standard deviations, and sample sizes, are given in Table 1

with results of the statistical analysis.
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At the French site, the highest THC values were

obtained in mussels collected from medium or highly

polluted stations. The same pattern was observed in Spain,

except in September 2002 and May 2003. In contrast,

uneven variations occurred in Italy. Positive THC gradi-

ents with increasing exposure level appeared in Spain and

France in September 2001 (P ¼ 0:03 and 0:001, respec-

tively) and 2002 (Po0:001).
A moderate augmentation of total serum proteins

regularly occurred in French contaminated stations but

was significant (P ¼ 0:012) only in September 2001. In

Spain, a comparable trend was observed, except in May

2003, when very low values were measured in all

contaminated stations. In Italy, uneven variations occurred

throughout the survey.

The NR uptake by hemolymph cells was reduced at

Spanish contaminated stations in September 2002

(P ¼ 0:001) and May 2003 (P ¼ 0:002) but no comparable

effect could be detected at the other sites. No data were

available before September 2002. Another potential

indicator of cellular damage, the release of lysosomal

acid phosphatase, gave no clear pattern throughout the

survey. Occasionally, as in Spain in May 2001 or in

France in September 2002, the ACPS level increased at

contaminated stations (P ¼ 0:01 and 0:024, respectively)

but no correlation with a reduced NR uptake could be

established.

In May 2001, MT levels were higher at all French

stations exposed to contamination (P ¼ 0:06), except at the
additional station 1Hb located near the city of Marseille.

This parameter was also high (P ¼ 0:019) at Barcelona

harbor in May 2001 and again in September 2001

(P ¼ 0:06). In Italy, an unexpected lower level

(P ¼ 0:078) was found in September 2001 at the M station

relative to the other locations. No gradient appeared in the

French site.
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Fig. 2. Heavy metal contents measured in mussel soft tissues (A) and in sediments (B) at the three sites monitored during this study. Values are expressed

in ng.103 g DWÿ1 for Cu, Pb, and Cr, in ng.102 g DWÿ1 for Zn, and in ng.104 gDWÿ1 for Cd and Hg. The sampling stations were located according to the

main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level, M, medium. Sublabels a and b indicate

additional stations for a given pollution level.

M. Auffret et al. / Ecotoxicology and Environmental Safety 63 (2006) 393–405 397



3.3. Functional alteration: hemocyte immunocompetence

parameters

For each individual, two complementary parameters

were measured in hemocytes to explore possible alterations

of the phagocytic function. In September 2001, both

indexes (PI and PC) were simultaneously reduced at all

French (P ¼ 0:001 and Po0:001) and Spanish (P ¼ 0:08
and Po0:001) polluted stations. The trend in effect

intensity was in correlation with the gradient of contam-

ination. However, these alterations were not found again

the year after. In May 2001, the level of intracellular ROS

production was severely reduced at several impacted

stations at the three sites. This response was observed

again in September 2001 in France (1Ha, P ¼ o0:001) and
Italy (2M and 2Ha, Po0:001). In contrast, elevated ROS

levels were measured at two polluted stations, in France

(1Hb) and Spain (3Ma) (Po0:001).

3.4. Comprehensive analysis: integrated

immunotoxicological index

A key step for the calculation of the immunotoxicolo-

gical index was to obtain a reference value. This was

achieved through a preliminary analysis where results

obtained at all L stations were statistically compared to

assess any seasonal or site effect. The results of this analysis

have been summarized in Table 2. A clear seasonal effect

ARTICLE IN PRESS

Fig. 3. Organic contaminant contents measured in mussel soft tissues (A) and in sediments (B) at the three sites monitored during this study. White bars,

total PCBs; dark bars, total PAHs. Values are expressed in ng.103 g DWÿ1 except for PAHs in sediments which were in ng.102 g DWÿ1. The sampling

stations were located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level;

M, medium. Sublabels a and b indicate additional stations for a given pollution level.

M. Auffret et al. / Ecotoxicology and Environmental Safety 63 (2006) 393–405398
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Table 1

Average values for hemolymph parameters measured in mussels collected during four BEEP campaigns (A: BEEP 01 / May 2001; B: BEEP 02 / Sept 2001; C: BEEP 04 / Sept 2002; D: BEEP-05 / May

2003) in the sampling stations at the three sites (1: France; 2: Italy; 3: Spain)

Stations Hemolymph parameters

THC

(106 cellsmLÿ1)

PRTS

(mgmLÿ1 serum)

ACPS

(unitsmgÿ1 PRTS)

MTH

(ngmgÿ1 PRTC)

NR

(unitsmgÿ1 PRTH)

PI

(% positive cells)

PC

(units)

ROS

(unitsmgÿ1 PRTH)

Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n

(A)

1L 1.67 1.68 10 0.74 0.28 10 260 104 10 13.03 2.42 10 nd nd nd 1.04 0.63 10

1M 3.23 1.68 10 0.83 0.40 10 266 139 10 14.53 3.85 8 nd nd nd 0.51 0.19 9

1Ha 1.79 0.62 10 0.90 0.48 10 282 157 10 17.63 5.31 8 nd nd nd 0.52 0.18 10

1Hb 2.33 1.33 10 0.82 0.51 7 355 318 7 13.30 2.99 9 nd nd nd 0.81 0.25 10

P value 0.074 K 0.86 ~ 0.99 K 0.06 ~ 0.003 K

2L 1.51 0.93 10 1.00 0.38 10 226 101 10 4.41 1.34 10 nd nd nd 0.69a 0.13 10

2M 3.28 2.06 10 0.68 0.16 9 312 86 9 5.10 0.95 10 nd nd nd 0.47b 0.14 10

2Ha 1.84 1.29 10 0.88 0.48 9 306 102 9 6.68 4.10 10 nd nd nd 0.64a 0.23 10

2Hb 2.44 1.08 10 0.65 0.23 9 263 69 9 5.48 2.24 9 nd nd nd 0.43b 0.17 10

P value 0.07 K 0.14 K 0.15 ~ 0.44 K 0.004 ~

3L 2.23a 1.43 10 0.64 0.29a 9 183a 64 9 9.17 1.33 6 nd nd nd 0.81a 0.12 10

3Ma 2.32a 1.75 10 1.42 0.40c 10 141a 40 10 10.97 3.79 10 nd nd nd 0.57c 0.16 10

3Mb 3.33a 1.13 10 1.17 0.28bc 10 199bc 59 10 11.48 4.12 10 nd nd nd 0.69b 0.13 10

3H 5.60b 2.14 10 1.01 0.31b 9 246c 86 9 19.51 9.76 10 nd nd nd 0.36d 0.06 10

P value 0.000 ~ 0.000 ~ 0.01 ~ 0.019 K 0.000 ~

(B)

1L 1.66a 1.40 9 0.66 0.33 9 87 20 9 5.23 0.46 3 nd 25.2a 10.0 9 665 183 8 0.69 0.09 6

1M 2.86ab 1.32 10 1.04 0.35 10 65 47 10 5.75 1.68 8 nd 17.7ab 8.9 10 432 35 10 0.81 0.35 10

1Ha 3.32b 1.69 9 1.77 0.93 9 64 35 9 5.96 1.95 6 nd 15.9b 7.4 10 422 50 10 0.25 0.06 10

1Hb 5.05c 1.71 9 1.13 0.52 8 48 24 8 5.91 1.53 6 nd 8.3c 5.5 10 403 29 10 1.24 0.10 8

P value 0.001 ~ 0.012 K 0.14 ~ 0.93 ~ 0.001 ~ 0.000 K 0.000 K

2L 2.24 1.62 9 0.89 0.37 10 74 29 10 6.88 2.33 3 nd 11.9 4.7 10 445 44 10 0.90 0.18 10

2M 2.16 1.80 10 0.71 0.26 10 97 30 10 4.40 1.11 4 nd 15.8 7.8 10 424 41 10 0.30 0.18 10

2Ha 2.48 0.99 9 1.50 0.58 10 73 23 10 7.96 2.69 9 nd 16.6 8.1 10 496 94 10 0.55 0.07 9

2Hb 2.29 0.92 10 0.65 0.12 10 67 9 10 8.33 0.75 3 nd 17.9 7.1 10 470 43 10 0.71 0.32 8

P value 0.96 ~ 0.000 K 0.063 K 0.078 ~ 0.28 ~ 0.06 K 0.000 K

3L 1.23 0.83 10 0.72 0.38 10 74 28 10 7.79a 1.71 5 nd 22.1 6.5 10 505a 74 10 0.17 0.12 7

3Ma 2.41 1.25 10 0.77 0.24 10 68 21 10 7.81a 1.55 9 nd 18.6 8.2 10 505a 42 10 1.16 0.30 10

3Mb 3.97 2.90 8 1.20 0.60 7 133 106 5 6.29a 1.09 5 nd 20.7 13.5 8 377b 54 8 0.47 0.13 8

3H 5.60 3.34 10 1.09 0.31 10 83 35 9 9.72b 1.70 8 nd 13.6 4.7 9 413b 34 9 0.39 0.14 10

P value 0.03 K 0.025 K 0.55 K 0.06 ~ 0.08 K 0.000 ~ 0.000 K

(C)

1L 0.58 0.26 10 0.92 0.24 10 35a 21 10 nd 0.85a 0.18 10 46.4 10.9 10 948 144 10 0.28 0.17 10

1M 1.02 0.49 10 1.19 0.49 10 73b 33 10 nd 0.85a 0.12 10 39.7 8.8 10 773 236 10 0.22 0.15 9

1Ha 2.93 1.00 9 1.06 0.32 10 74b 40 10 nd 0.69a 0.16 10 45.7 9.8 10 782 119 10 0.32 0.19 9

1Hb 2.12 1.47 10 0.55 0.20 10 66b 27 10 nd 1.09b 0.27 10 42.8 11.2 10 911 138 10 0.29 0.15 9

P value 0.000 K 0.16 K 0.024 ~ 0.000 ~ 0.50 ~ 0.043 K 0.68 ~

2L 0.76 0.47 9 0.40a 0.16 10 131 68 10 nd 0.75 0.29 10 34.5ab 10.9 8 1102a 177 8 0.30 0.12 10

2M 1.01 0.50 10 1.08b 0.33 10 54 17 10 nd 0.56 0.18 10 36.3ab 8.9 10 717b 113 10 0.23 0.16 10

2Ha 0.85 0.31 10 0.90b 0.27 10 99 46 10 nd 0.50 0.09 10 28.3a 8.1 10 591b 87 10 0.23 0.16 9
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(P ¼ 0:08) was detected for most parameters, except for the

phagocytic index. Conversely, this parameter alone had a

significant site effect. These findings made it necessary to

calculate a distinctive reference value for each site and

sampling season, i.e., spring and autumn.

When the calculated values were examined, a gradient of

index values vs. pollution intensity appeared in Spanish

spring samples (Figs. 4A and B). At this site, the most

impacted station (Barcelona harbor) had a very high index

in 2001 (Fig. 4a). However, this value was due to a major

contribution of the immunocompetence index. It is noticed

that this value had been calculated only from ROS

measurements (refer to Table 1A). In the other samples

collected in spring, uneven variations were observed.

Moreover, the fact that two of the L stations had zero

value in 2001 prevented running any comprehensive

analysis.

In autumn samples, increased index values were asso-

ciated with high contamination levels, except in France in

2002 (Figs. 4C and D). A clear gradient evoking a

dose–effect response appeared from stations L to stations

H in 2001 in France and Spain (Fig. 4C). The relative

contribution of the immunocompetence index was found

particularly high there. In 2002, the values in Spain again

followed a positive gradient (Fig. 4D). In Italy, no

consistent pattern could be distinguish in any autumn

sample. In 2001 and 2002, elevated indexes were calculated

at all stations (Figs. 4C and D) whereas in spring 2001, one

of the most polluted stations (2Ha) had the lower value at

this site (Fig. 4A).

The relationship between the immunotoxicological index

and the established pollution gradients has been statisti-

cally analyzed. In the present study, among seven sampling

sessions (one per site and per campaign, please refer to

Figs. 4A and B for France and Spain), only six trials could

be considered for analysis, one (site 1/May 2001) being

excluded because as mentioned above, the L station there

had a zero value. The ranking for index values which fitted

with the established gradient occurred five times among six

trials: site 1 for Sept 2001 and site 3 for all campaigns. The

calculated probability to obtain this score (or greater) in
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Table 2

Probability levels generated by the statistical analysis of hemolymph

parameters measured in mussel samples from the three low-impacted (L

label in the text) stations during the BEEP campaigns

Immunological parameters Season Site

THC: total hemocyte counts 0.04 0.12

PRTS: total serum proteins 0.001 0.77

ACPS: serum acid phosphatase 0.000 0.45

PI: phagocytic index 0.08 0.004

PC: phagocytic capacity 0.008 0.10

ROS: reactive oxygen species 0.000 0.93

Data were obtained by ANOVA or Kruskal–Wallis analysis as described

in the text.
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the case of independence between the index value and the

pollution level was P ¼ 0:00002. This very low value clearly

indicated that the values of the immunotoxicological index

and contamination levels along the expected gradients were

linked.

4. Discussion

The internal defense of bivalve mollusks appears a quite

simple system based on innate mechanisms where cellular

and humoral processes together insure cytotoxic and

antimicrobial functions (Lorteau et al., 1995; Roch,

1999). Nevertheless, this system works with a complex

organization of hemolymph cells—or hemocytes—and

correct assessment of contamination may require examina-

tion of several complementary functions as recommended

by Luster et al. (1989). Using bivalve mollusks as models,

immunotoxicologists have to develop a full set of biological

assays to make a diagnosis of immunosuppression (Auf-

fret, 2005). To assess the immunological status of mussels

and to detect possible alterations linked to contamination

levels, the present multiparametric analysis had to include

different levels of physiological organization and biological

significance. An overall hemolymph status of mussels was

established by measuring immunopathological parameters

reflecting both systemic changes in individuals and cellular

damage.

4.1. Immunological alterations in mussels

Changes in hemocyte counts and serum composition are

among unspecific, early effects of physiological alterations

which are classified as immunopathological parameters.

During this 2-year survey, hemocyte counts greatly varied

among sampling stations. The total cell counts were often

increased in the polluted stations and a relationship with

the expected gradient of contamination could be observed

at the French and Spanish sites. Variations in hemolymph

cellular composition, as total and differential counts, were

among the first physiological disturbances described in

bivalves exposed to environmental stressors (Anderson,

1988; Fisher, 1988). In mussels, exposure to heavy metals

or hydrocarbons generated elevated circulating hemocyte

numbers (Coles et al., 1994, 1995; Pipe et al., 1999). The

ARTICLE IN PRESS

Fig. 4. Set of integrated immunotoxicological indexes calculated from immunological parameters measured from May 2001 to 2003 at the three sites.

Values obtained for each of the two groups of parameters (immunopathology, white bars, hemocyte immunocompetence, dark bars) were cumulated for

each station: (A) BEEP 01/May 2001; (B) BEEP-05/May 2003; (C) BEEP 02/September 2001; (D) BEEP 04/September 2002. The sampling stations were

located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level, M, medium.

Sublabels a and b indicate additional stations for a given pollution level.

M. Auffret et al. / Ecotoxicology and Environmental Safety 63 (2006) 393–405 401



observed increase in circulating hemocytes at the polluted

stations monitored here may indicate a chemical stress

induced by environmental contamination. In bivalve

mollusks, hemocytes normally associated with interstitial

tissues would be transferred in circulation as a consequence

of cell disturbance as a loss in adhesion properties (Auffret

and Oubella, 1997). Such a phenomenon could explain this

alteration of cell counts.

The serum fraction has been analyzed to obtain basic

information on the (i) composition of the internal fluid, (ii)

possible individual physiological alterations originating

from environmental changes, and (iii) xenobiotic-induced

cellular damage. Indeed, the amount of total proteins was

regularly increased at the most polluted areas. This

parameter is known to have a good short-term regulation

capability in response to environmental stress such as

osmotic shocks or to nutritional stress (Hand and Stickle,

1977; Thompson et al., 1978). Experimental chemical

contamination of mussels resulted in release of proteins

from hemocytes (Pickwell and Steinert, 1984). Conse-

quently, under nonpathological conditions, alterations of

protein levels could reflect severe tissue damage or

metabolic disorders triggered by contamination. Since this

parameter and variations of hemocyte numbers appeared

to vary during the present survey in the same trend when

contamination increased, it is suggested that the observed

variations in total serum protein levels reflected early

physiological alterations in mussel hemolymph. Individuals

sampled in autumn appeared more responsive. The fact

that several samples were missing may have obscured

responses in spring. However, taking into consideration

that reproductive cycles in bivalve mollusks induce changes

in the biochemical composition of hemolymph (Thompson,

1977), it is recommended that only individuals sampled in

the same period (i.e., season) and in a given geographical

area should be compared for this parameter.

Cellular organelles such as lysosomes are sensitive

targets of many environmental contaminants that induce

various degrees of membrane destabilization, making

lysosome diagnosis a promising approach for the develop-

ment of key biomarkers (Allen and Moore, 2004). In

mussels, lysosomal disruption is a degenerative process

able to alter hemocyte functions such as phagocytosis

(Grundy et al., 1996). Indeed, the NR uptake was

decreased at most French and Spanish polluted areas,

reflecting an alteration of the endocytic ability of hemo-

cytes. These results are not in agreement with observations

by Cajaraville et al. (1996) of increased NR uptake in

mussels sampled at a polluted site. However, these authors

suggested that an enhancement of defense mechanisms

such as endocytosis could have been triggered in a situation

of moderate pollution. In experimental mussels, polycyclic

aromatic hydrocarbons were found to reduce NR uptake

(Grundy et al., 1996), whereas exposure to copper had no

effect (Pipe et al., 1999). Indeed, in this study, areas

contaminated by hydrocarbons such as 1Ha and 2M

provided low values for this parameter.

The level of ACPS, a hydrolase possibly released in the

case of lysosomal membrane disruption, was measured as a

marker of severe cellular damage. In most cases however,

this parameter displayed wide intersample variations with

no correlation with pollution intensity. Finally, no

established relationship appeared between these para-

meters although they were both expected to demonstrate

membrane damage. A possible explanation for this is that

the intensity of damage necessary to trigger ACPS release

or NR uptake reduction requires a different threshold of

contamination.

In addition to the deleterious effects of xenobiotics, the

cellular stress level based on MT expression has been

investigated in circulating hemolymph cells. These proteins

are known as potential indicators of metal ion exposure and

cellular detoxication processes (Roesijadi, 1994). Experimen-

tal exposure to heavy metal induced elevated MT levels in

the digestive gland and gills of oysters (Boutet et al., 2002). In

mussels exposed in situ to high concentrations of metals,

Geffard et al. (2005) reported that MT synthesis may vary

between tissues and seasons, the digestive gland being the

most convenient matrix for MT determination. In the

present study, high MT levels were measured in hemolymph

cells from mussels collected in the hot spot at two sites. In

Spain, the fact that MT induction did not occur in M

stations is particularily meaningful since these sampling areas

mostly received an organic contamination unlike that in

Barcelona harbor where high tracemetal levels were mea-

sured by BEEP participants (see above). This clearly

confirms that the toxicological profile of polluted sites is a

determining factor when MT induction is used as a

biomarker. Unclear differences arose when comparing M

vs. L stations, suggesting that a background stress level in

coastal waters could partially mask the effects of moderate

levels of chemical contaminants. Actually, MTs may be

induced by chemicals other than metals, especially those able

to generate cellular oxidative stress (Klaassen et al., 1999). In

addition, Isani et al. (2000) indicated that, in mollusks, the

physiological state can affect the turnover of these proteins.

It was also noticed in this study that mussels from H stations

displayed a very variable response, possibly related to

individual variability in populations. Further studies on

MT gene polymorphism in mussels could clarify this point.

The capacity of hemocytes to adequately perform their

role in internal defense against pathogens has been assessed

by evaluating their immunocompetence. In laboratory

experiments, chemical contamination impaired the phago-

cytic activity of clam hemocytes (Fournier et al., 2001). An

inhibitory effect was also demonstrated in several species

when hemocytes were incubated in vitro with metals

(Auffret et al., 2002; Brousseau et al., 2000). In September

2001, both phagocytic indexes were reduced at French and

Spanish polluted stations. The conspicuous correlation

between these alterations indicated that the mussels there

experienced a dramatic loss of defense capacity against

pathogenic microorganisms. Reactive oxygen intermedi-

ates are produced by phagocytes upon challenge with
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foreign particles (Badwey and Karnowsky, 1980). This

microbicidal mechanism has been demonstrated in fish

leucocytes (Sharp and Secombes, 1993) and invertebrate

hemocytes (Adema et al., 1991; Anderson, 1994). Altera-

tion in the production of those radicals has been

demonstrated in oyster hemocytes exposed in vitro to

organic pollutants (Anderson et al., 1997) or to heavy

metals (Larson et al., 1989). In this study, decreased ROS

levels were regularly observed but this response did not

appear to be the rule at contaminated sites. Occasionally,

the ROS level rose as a probable consequence of an excess

of oxidant radicals in cells. Some oxidative stress may have

occurred in hemolymph cells of these mussels. This could

be confirmed by complementary measurements of oxida-

tive damage in cells.

4.2. Comparison of sites and campaigns

When data obtained from mussels collected during the 3

years of the survey in the three nonimpacted stations were

compared, a seasonal effect in the variability of immuno-

logical parameters was indicated. Such findings in this

species were mentioned by Beliaeff and Bocquené (2004)

for acetylcholinesterase inhibition levels. As many biologi-

cal functions of bivalve mollusks which undergo marked

seasonal cycles, their immune status may also vary during

the year (Auffret and Oubella, 1994; Oliver and Fisher,

1995). In addition, seasonal environmental factors were

suspected to affect alterations of immunological para-

meters in response to contaminants in mussels and oysters

(Pipe et al., 1995; Fisher et al., 2000). Among immune

parameters measured in this study, changes in cell counts

and phagocytosis-related mechanisms appeared to be

the most affected. Observations of variable numbers of

infiltrating hemocytes in interstitial tissues in mussels from

the Atlantic coast of Spain were indicative that these cells

could be involved in physiological functions other than

immune defense (Cajaraville et al., 1996). Moreover, this

parameter was found to vary on a seasonal basis. In bivalve

mollusks, gametogenesis is probably one of the most

demanding biological events with regard to tissue changes.

Reporting seasonal changes in oyster immune character-

istics, Fisher et al. (2000) warned that such variations might

obscure pollutant related differences among sampling sites.

Recent data in fish on the incidence of pollution effects

depending on sex have revealed differences in metabolic

responses (Koehler and Van Noorden, 2003). In bivalve

mollusks, the observation that pollution altered the

seasonal pattern clearly indicates that natural cycles have

to be considered in sentinel species. Further work is needed

to investigate how sex-related differences but also, in a

more general approach, all metabolic changes could affect

immunological biomarkers.

Another outcome of this long-term study is the

observation of a site effect which indicated that mussels

from different parts of Western Mediterranea were

biologically different. Local environmental conditions

may be suspected rather than populational differences

since Daguin et al. (2001) stated that no genetic differ-

entiation occurred in Mediterranean mussel populations.

Consequently, a site-per-site data processing was required

here and a lightly contaminated station was systematically

included in each area to draw near to reference conditions.

This approach allowed establishment of within-site com-

parisons and validation of immunotoxicological alterations

as biomarkers in these mussel populations.

4.3. Integrated immunotoxicological index: comparison of

sites

The parameter-by-parameter analysis discussed above

has allowed correlation of immunopathological and func-

tional alterations corresponding to immunosuppressive

conditions with high levels of exposure. At that point, any

comprehensive analysis remains hard to achieve for at least

two reasons. First, each mussel sample has provided

between five and seven biological parameters as reported

in Table 1. Second, as for most physiological functions,

immune parameters may be enhanced or depressed in

response to stressful conditions (Luster et al., 1989). This

situation was experienced by Oliver et al. (2001) and Fisher

et al. (2003) who reported stimulated defence factors in

oysters collected from polluted sites. In bivalve mollusks,

functions linked to phagocytosis (internalization, respira-

tory burst) particularly appear to follow this rule (Auffret,

2005). In an attempt to increase the ecophysiological

significance of this multiparameter study, a comprehensive

approach recently proposed by Auffret et al. (2004) was

applied and adapted to the actual set of data. For that

purpose, an immunotoxicological index was calculated for

each sampling station. The calculation of this index

integrated both trends of parameter variations: depression

and stimulation. Reference values per site and per sampling

period (spring and autumn) were obtained from samples

exposed to the minimal pollution level (L stations)

considering that, as mentioned above, a natural immuno-

logical variability occurred among populations and seasons.

When values obtained during this study were examined

with regard to each pollution gradient, the discriminating

power of this index was clearly demonstrated at the

Spanish site. Indeed, Barcelona harbor regularly displayed

the higher value, compatible with heavy pollution originat-

ing from shipping and industrial activities. The lower value

was always obtained in the L station. The uneven index

levels observed near the Ebro delta may reflect a chronic

contamination generated in this river by intensive agricul-

ture.

In France, the 2001 autumn sample provided a

conspicuous index profile with high values for all

contaminated stations. In spring 2001, two of those (1M

and 1Ha) had comparable high indexes. These stations

were localized, respectively, near the delta of the Rhône

river which receives industrial sewage and close to huge

petrochemical plants. However, no real distinction among
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these stations arose from the chemical data provided by

BEEP participants. It is noted that the 1Hb station had a

distinct toxic potential due to urban sewage.

In contrast, this study did not discriminate among

Italian stations. Actually, it appeared that no gradient

emerged from the chemical analysis of tissues and sediment

there. Because a comparable response pattern was ob-

served in 2001 and 2002, it is suggested that more complex

environmental conditions affecting the impact of contami-

nants on mussel populations occurred at this Italian site.

5. Conclusions

Results obtained after this 2-year survey demonstrate

that measurable cellular changes could be detected in the

immune system of mussels collected from several polluted

areas. Especially, immunopathological alterations such as

hemocyte counts in hemolymph and cell membrane

integrity were found correlated with contamination levels.

Among functional parameters, those assessing the phago-

cytic and antimicrobial capacities of hemocytes appeared

interesting discriminant tools. In view of the biological

meaning of these alterations, individuals from several

polluted stations could be considered to suffer immuno-

toxic effects. However, it should be noticed that all

parameters measured here did not always respond simul-

taneously. A differential threshold to trigger these various

responses should be suspected. These considerations

emphasize the need to run a set of parameters in a

multiparametric analysis to establish a pertinent immune

diagnosis for the individuals. By providing a single value

per site (i.e., each mussel sample), the calculation of an

integrated immunotoxicological index allowed recognition

of a gradient of perturbation correlated to the actual

pollution gradient at two sites. However, this profile

appeared inconstant at the French site. It is suggested that

further studies focus on temporal variations of immune

parameters in model species over a pluriannual period at

sites selected for contrasted profiling of the chemical

environment. This approach could enhance the potential

of bivalve immunotoxicology to provide ecotoxicology

with operational effect biomarkers.
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������������ Étude des variations saisonnières des paramètres 

immunitaire en fonction du sexe, du stade de maturation et de 

la ploïdie chez l’huître creuse, Crassostrea gigas
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���������������� Impact de la reproduction et des paramètres 

environnementaux sur les variations saisonnières des paramètres 

immunitaires chez la moule, Mytilus edulis 
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TBT 

(µg.L-1) 

Atrazine 

(µg.L-1) 

Diuron 

(µg.L-1) 

E2 

(mol.L-1) 

Mixture A 0.05 0.8 0.07 0 

Mixture B 50 8 0.7 10-10

Mixture C 50 80 7 10-8

Mixture D 50 80 7 10-10

Mixture E 50 0.8 0.07 10-10
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�������� Les zones côtières, un contexte humain et social 

A. Les zones côtières, berceaux de nos civilisations 
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B. Les zones côtières, exutoire des civilisations 
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C. Les générations futures 
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